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Preface

Colloids have come a long way from the time when Thomas Graham coined the term colloid to 

describe “pseudosolutions.” These are a dispersion of one phase in another and their size ranges 

from 1 nm to 1 μm, providing fl exibility in the development of drug delivery. Today colloidal sys-

tems are more specifi cally characterized by their submicron size and unique surface properties. 

Colloidal drug delivery has been a boon for the diffi cult to formulate active drug ingredient. It has 

been used by manufacturers to improve therapeutic performance by targeting drugs to the site of 

action and frequently to obtain patentability or to increase the patent life of the product. As pharma-

ceutical carriers, they can be classifi ed as self-assembled lipid systems (emulsions, liposomes, solid 

lipid nanoparticles, etc.), polymer systems (nanoparticles, micelles, dendrimers, conjugates etc.), 

drug nanoparticle systems, and procolloidal systems (self-emulsifying oral delivery systems and 

liquid crystalline systems). Colloidal systems have evolved from use in the enhancement of solubil-

ity and protection of labile substances to reductions in the toxicity of the drugs. The efforts have 

been in the alteration of the surface properties and particle size distribution of drugs incorporated 

into colloidal carriers to achieve a diverse array of therapeutic delivery objectives such as controlled 

and targeted drug delivery, poly(ethylene glycol) (PEG)ylation to escape the reticuloendothelial 

system, active targeting after attaching with biologically reactive material, and antibodies and stim-

uli responsive systems. Anticancer drugs, such as doxorubicin, have been formulated in various 

colloidal systems like microemulsions; solid lipospheres; PEGylated liposomes; polymeric micelles; 

solid lipid nanoparticles; polymeric nanoparticles; dendrimer complexes attached to liposomes; 

tumor-specifi c antibody tagged liposomes; doxorubicin–PEG–folate conjugates; and thermosen-

sitive liposomes to enable enhanced drug solubility and loading, prolong the residence time in the 

body, provide controlled and stimuli responsive release, and tumor-specifi c targeting of the drug. 

A varied range of pharmaceutical surfactant-based colloidal carriers have been explored. The 

constituent surfactant and polymers allow for the controlled and targeted drug delivery, enhanced 

effective solubility of the drug and facilitation of cellular drug uptake, and minimization of drug 

degradation and toxicities. More recently, various types of polymer-based nanocarriers have been 

designed, synthesized, and utilized for the formation of self-assembled micellar structures for life 

science applications. These colloidal systems have been used by the manufacturers for improving 

therapeutic performance by targeting the drug to the site of action and frequently to obtain patent-

ability and to increase the patent life of the product. Hence, the thorough understanding and conse-

quent implementation of the physicochemical properties and interfacial behavior of surfactants can 

provide a major impetus for drug delivery.

The introductory chapter by Misra et al. is an attempt to discuss the basics of surfactant and 

polymer surface activity and self-assembly, the various types of structures formed by such com-

pounds, and their use in drug delivery and biotechnology. It is generally devoted to micelles, liquid 

crystalline phases, liposomes, microemulsions, emulsions, gels, and solid particles. Because bio-

degradation of surfactant and block copolymer systems has a particularly important effect on their 

use in drug delivery, an overview of it is also given in this chapter. Colloid properties have opened 

new frontiers in the delivery of drugs; chemistry; and nano-, micro-, and biotechnological products 

leading to an increased surge of interest. This is further facilitated by fl exibility in tailoring the 

internal structure and surface to achieve new delivery modes for existing drugs and to improve their 

therapeutic effi cacy. The characterization of any prepared dispersion is an important prerequisite 

to confi rm the reproducibility and control of dispersion properties. The characteristics of the 

system provide information on the main features of the dispersion to understand the underlying 
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mechanisms of drug availability at its absorption site. There are numerous techniques available for 

the characterization of colloids. In addition to the basic techniques of macroscopic and microscopic 

analyses, there are numerous novel characterization techniques, such as mechanical spectroscopy, 

neutron scattering, photon correlation spectroscopy, small-angle x-ray scattering, dynamic light 

scattering, and atomic force microscopy, that have provided an impetus for interface studies of col-

loidal systems. The aim of Chapter 2 by Saraf is to develop controlled and targeted delivery systems 

by utilizing these physicochemical, electrical, magnetic, hydrophilic, and lipophilic properties of 

colloids to predict the interaction between the biomolecules and the particle surface. These proper-

ties of colloidal system are an obligatory step in the new processes in colloidal drug delivery.

Chapters 3 to 5 provide recent insights on the use of hard colloidal drug delivery systems formed 

by surfactants, polymers, proteins, and lipids. Nanocapsules are a particular type of nanoparticle 

composed of an oily core surrounded by a polymeric wall and stabilized by surfactants at the 

particle–water interface. These nanocarries based on biodegradable polymers were developed for 

drug delivery in the 1980s, and since then a huge volume of research has appeared. The aim of 

Chapter 3 by Guterres et al. is to discuss the main scientifi c issues and challenges to the development 

of products based on this technology. Poly(alkylcyanoacrylate) (PACA) nanoparticles emerged as a 

new class of particulate drug delivery systems in the 1980s. Since then PACA nanoparticles have 

gained extensive interest and are considered as promising polymer-based colloidal drug delivery 

systems for controlled and targeted drug delivery. In Chapter 4 Graf et al. review the current status 

of drug delivery using PACA nanoparticles with an emphasis on protein delivery, and they look at 

the specifi c challenges of using these particles for vaccine delivery. The different templates and 

methods to prepare PACA nanoparticles and their infl uence on the preparation method and proper-

ties of the nanoparticles were explored. Special consideration was given to microemulsions as 

polymerization templates. An outlook on the future of PACA nanoparticles used as drug delivery 

systems was provided. Particulate drug delivery systems, such as polymer micro- or nanoparticles, 

are advantageous vehicles for topical drug delivery to increase bioavailability and provide controlled 

release to the skin and systemic circulation. Polymer particles are widely used for oral and parenteral 

administration; they are also being used for topical administration and in cosmetics formulation. 

Such particulate carriers show a number of advantages for topical application because of their abil-

ity to incorporate a large variety of active ingredients, to target specifi c sites, and to behave as drug 

reservoirs in the skin for sustained release purposes. The use and formulation of three-dimensional 

gel systems to be used as gelating agents, matrices in patches, and wound dressings for dermal and 

transdermal drugs delivery are presented in Chapter 5 by Musial and Kokol. Correlations between 

various known gel systems and the results of current scientifi c investigations in dermal and trans-

dermal delivery applications are discussed. The applications of these gel systems in the development 

of smart textile materials is presented.

Soft colloidal systems include micelles, multiple emulsions, nanoemulsions, microemulsions, 

liquid crystals, niosomes, and liposomes that are covered in the third part of the book. Chapter 6 

by Mohanty et al. considers the current status and possible future directions in the emerging area 

of multifunctional micellar systems as drug delivery systems. Interest is specifi cally focused on 

the potential application of polymeric micelles in the major areas in drug delivery, drug solubili-

zation, controlled drug release, drug targeting, and diagnostic purposes. Multiple emulsions are 

complex emulsion systems where both oil-in-water and water-in-oil emulsion types exist simulta-

neously. Water-in-oil-in-water based formulations have been widely used in the pharmaceutical 

industry as vaccine adjuvant, sustained release, and parental drug delivery systems. Many 

 particulate drug delivery systems (nanoparticles, microspheres, liposomes) have been prepared 

by using multiple emulsions during one of the developmental steps. The mechanism of its stabil-

ity, different formulation methods used to enhance monodispersibility, and evaluation of the 

 fi nished products ensuring quality are presented at the beginning of the chapter in greater detail. 

Multiple emulsions are versatile drug carriers that have a wide range of applications in controlled 

drug delivery, particulate-based drug delivery systems, targeted drug delivery, taste masking, 
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bioavailability enhancement, enzyme immobilization, overdosage treatment and detoxifi cation, 

red blood cell substitutes, lymphatic delivery, and shear-induced drug release formulations for 

topical application. Some novel applications include encapsulation of a drug by the evaporation 

of the intermediate phase, leaving behind capsules formed of polymers (polymerosomes), solid 

particles (colloidosomes), and vesicles.

The chapters by Khurana et al. (Chapter 7) and Cortesi and Esposito (Chapter 8) review the use 

of multiple emulsions as promising delivery systems. These three chapters also discuss the future 

direction of research to address the persistent stability problem of water-in-oil-in-water multiple 

emulsions using hydrodynamic dual stabilization and other innovative approaches. Nanoemulsions 

are transparent or translucent systems that have a typical dispersed-phase droplet size range of 

20–200 nm. These systems are attractive as pharmaceutical formulations and are used drug carrier 

systems for oral, topical, and parenteral administration. These dosage forms in particular have been 

recently suggested as carriers for peroral peptide–protein drugs. It was hypothesized that formu-

lating a nanoemulsion of the drug would help to increase the bioavailability of the drug because of 

the high solubilization capacity as well as the potential for enhanced absorption. The structure and 

characteristics of nanoemulsions and the use of these systems in the pharmaceutical fi eld are dis-

cussed in Chapter 9 by Tirnaksiz et al. Microemulsions were discovered in 1943 by Schulman, and 

they have been used as new pharmaceutical dosage forms over the last few decades. Their potential 

as pharmaceutical dosage forms was disclosed in 1980 for the delivery of an antibiotic to the skin. 

From the early 1980s, microemulsions have been intensively studied because of their great potential 

in various application domains such as food and pharmaceutical applications. One of the major 

challenges for pharmaceutical formulators is to discover new methods for delivery of poorly soluble 

drugs that will be effi cient and economically acceptable for drug manufacturers. An important 

strategy for the enhancement of the delivery of poorly soluble drugs is the concept of microemul-

sions. Because of their unique properties (thermodynamic stability, heterogeneous microstructure 

with a dynamic character, and signifi cant capacity for solubilization of hydrophilic and lipophilic 

drugs), these colloidal systems are currently of interest as templates for the development of nanopar-

ticulate carriers of drugs such as self-microemulsifying drug delivery systems (SMEDDSs).

Recent developments and future directions in the investigations of SMEDDSs are delineated by 

Djekic and Primorac in Chapter 10. In Chapter 11, I review the solubilization of diclofenac, a non-

steroidal antiinfl ammatory drug in mixed nonionic surfactant-based microemulsions. Procolloidal 

systems or self-emulsifying drug delivery systems are reasonably successful in improving the oral 

bioavailability of poorly water-soluble and lipophilic drugs. Traditional preparation of self-emulsi-

fying drug delivery systems involves the dissolution of drugs in oils and their blending with suitable 

solubilizing agents. Improvements or alternatives of conventional liquid self-emulsifying drug 

delivery systems are superior in reducing production cost, simplifying industrial manufacture, and 

improving stability as well as patient compliance. Most importantly, self-emulsifying drug delivery 

systems are very fl exible to develop various solid dosage forms for oral and parenteral administra-

tion. Chapter 12 by Maurya et al. reviews the use of self-emulsifying drug delivery systems.

During the past decade, there has been great interest in liquid crystalline systems as delivery 

systems in pharmaceuticals that is attributable to the extensive similarity of these colloid systems 

to those in living organisms. Liquid crystalline systems are characterized by intermediate states of 

matter or mesophases and combine the properties of both the liquid and solid states; that is, they 

exhibit in part a structure typical of fl uids and in part the structured, crystalline state of solids. 

Chapter 13 by Patel and Patel introduces different liquid crystalline systems, their characterization 

methods, and pharmaceutical applications in the fi eld of drug delivery. The formation of dispersed 

submicron-sized particles with embedded inverted-type mesophases, such as cubosomes, hexo-

somes, and micellar cubosomes, are receiving much attention in pharmaceutical applications 

because of their unique physicochemical characteristics like high interfacial area, high drug solubi-

lization capacities, and low viscosity. These nanostructured aqueous dispersions represent an inter-

esting colloidal family of naturally occurring surfactant-like lipids that have excellent potential to 



xvi Preface

solubilize bioactive molecules with different physicochemical properties (hydrophilic, amphiphilic, 

and hydrophobic molecules). In particular, there is an enormous interest in testing the possibility of 

forming effi cient drug delivery systems based on such dispersions for enhancing the solubilization 

of poorly water-soluble drugs and improving their bioavailability and effi cacy without causing tox-

icity. Chapter 14 by Yaghmur and Rappolt summarizes recent studies conducted on the possibility 

of utilizing the colloidal aqueous dispersions with confi ned inner nanostructures (cubosomes, hexo-

somes, and micellar cubosomes) as drug nanocarriers. In addition, the authors demonstrate that for 

the optimal utilization of these dispersions we need to characterize the impact of drug loading on 

internal nanostructures, to check their stability under different conditions (such as the presence of 

salt, pH variation), and to fully understand the interaction of these dispersed particles with biologi-

cal interfaces to ensure the effi cient transportation of the solubilized drugs.

Niosomes, a self-assembly of nonionic amphiphiles, have been widely investigated in drug deliv-

ery because of their unique properties. During the past two decades, a variety of biocompatible 

nonionic surfactants have been investigated for formulating niosomal drug delivery systems, and a 

number of techniques have been developed for niosomal delivery both for conventional drugs and 

biotechnology-based pharmaceuticals. The products of the latter are typically peptide and protein 

drugs as well as genetic drugs, and they are usually defi ned as macromolecular drugs in terms of 

their molecular weights. They usually encounter the primary challenge for clinical application: 

delivery to the desired sites in their intact forms. Niosomes represent a promising platform for 

in vivo delivery of macromolecular drugs. Chapter 15 by Huang et al. focuses on the recent develop-

ment of niosomal delivery of macromolecular drugs. Chapter 16 by Bordi et al. focuses on a new 

class of colloids built up by the aggregation of cationic liposomes stuck together by oppositely 

charged linear polyions. These self-assembling supermolecular complexes represent a new class of 

colloids, whose intriguing properties are not yet completely investigated and are far from being 

thoroughly understood. These structures should have wide potential biomedical applications. 

Biocompatibility, stability and, above all, the ability to deliver a broad range of bioactive molecules 

make these colloidal aggregates a versatile drug delivery system with the possibility of effi cient 

targeting to different organs. Recent results are reviewed concerning some of the hydrodynamic and 

structural properties of these aggregates in different environmental conditions, with special atten-

tion to the authors’ own works. This chapter provides a comprehensive overview of electrostatic 

stabilized polyion-induced liposome aggregates, encouraging the proposed strategy into clinical 

reality. Recent advances in liposome technologies for conventional and nonconventional drug 

delivery have provided pharmacologists with a tool to increase the therapeutic index of several 

drugs by improving the ratio of the therapeutic effect to the drug’s side effects. Thanks to liposome 

versatility, effective formulations that are able to deliver hydrophobic drugs, to prevent drug degra-

dation, to alter biodistribution of their associated drugs, to modulate drug release, and, most impor-

tantly, to selectively target the carrier to specifi c areas have been obtained. Moreover, by gradually 

increasing the complexity of the formulation, sophisticated membrane models have been developed 

and new landscapes on characterization possibilities of membrane-associated biomacromolecules 

have been discovered.

Chapter 17 by Luciani et al. covers the correlation between the different liposomal preparation 

strategies and the in vitro activity of biomacromolecules that takes advantage of a lipidic milieu. 

Although it can be demonstrated thanks to a series of recent studies, a systematic approach in 

rationalizing parameters during liposome preparation usually lacks preparation methods that affect 

physicochemical features and consequently biological responses and biomacromolecule function-

ality instead. The examined topics are supplemented with examples of the latest developments in 

the fi eld of liposome applications in pharmaceutics and biotechnology. The successful use of 

approved liposomal drugs in the treatment of intracellular infections and cancer is now a clinical 

reality mainly because colloidal nanocarrier systems are able to improve the cellular uptake of 

drugs and, as a result, are able to increase effi cacy and reduce side effects of antibiotics and anti-

cancer drugs.
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Chapter 18 by Santos-Magalhães et al. presents and discusses the potential applications of col-

loidal nanocarriers systems such as liposomes, nanocapsules, and microspheres to improve the 

antimycobacterial and antitumor activities of usnic acid and to reduce its hepatotoxicity. The 

successful in vitro and in vivo results and the issues associated with further exploitation of these 

colloidal nanocarrier systems are described. In vitro and in vivo results taken together clearly cor-

roborate that the nano- and microencapsulation of usnic acid in colloidal carrier systems improves 

its cellular uptake and biological activity and ensures reduced hepatotoxicity. In particular, the 

development of long-circulating and site-specifi c nanocarriers containing usnic acid may play a 

decisive role in tuberculosis therapy within the foreseeable future because this approach can provide 

a valuable pharmaceutical dosage form for this drug.

Macromolecular self-assembly has been exploited recently to engineer materials for the encapsu-

lation and controlled delivery of therapeutics. Such delivery systems are discussed and exemplifi ed 

in regard to more traditional drug delivery systems such as micelles, liquid crystalline phases, lipo-

somes, and polymer gels as well as more novel structures such as carbon nanotubes, polyelectrolyte 

multilayer capsules, and liquid crystalline particles. Dendrimers have a highly branched, nanoscale 

architecture with very low polydispersity and high functionality, comprising a central core, internal 

braches, and a number of reactive surface groups. Because of their unique highly adaptable struc-

tures, dendrimers have been extensively investigated for drug delivery and have demonstrated great 

potential for improving therapeutic effi cacy. To date, dendrimers have been tailored to deliver a 

variety of drugs for the treatment of various diseases such as cancers.

Chapter 19 by Yang not only traces the evolution of the fi eld of dendrimers in drug delivery but 

also refl ects on the journey through the subject from inception to contemporary progress as well as 

product development. In addition, disease-specifi c treatments based on dendrimer-based drug 

delivery technology are reviewed. Future directions for dendrimer drug delivery are discussed. 

There has been considerable interest of late in using protein- or polymer-based microspheres as drug 

carriers. Several methods of microsphere preparation, like single and double emulsion, phase sepa-

ration, and coacervation, as well as spray drying, congealing, and solvent evaporation techniques 

are used currently. The inclusion of drugs in microparticulate carriers clearly holds signifi cant 

promise for improvement in the therapy of several disease categories. The microspheres are charac-

terized with respect to physical, chemical, and biological parameters. There are numerous applica-

tions of microspheres for drug delivery that include dermatology, vaccine adjuvants, ocular delivery, 

brain targeting, gene therapeutics, cancer targeting, magnetic targeting, and many more. This is 

confi dence that microparticulate technology will take its place, along with other drug delivery tech-

nologies, in enhancing the effectiveness, convenience, and general utility of new and existing drugs.

The use of microspheres as colloidal drug delivery systems is reviewed by Samad et al. in 

Chapter 20. Inhalation drug delivery is gaining increasing popularity in the treatment of lung dis-

eases because of its advantages over oral administration such as less side effects and quicker onset 

of action. However, the therapeutic results of inhaled medications are dependent upon effective 

deposition at the target site in the respiratory tract. Determining the regional and local deposition 

characteristics within the respiratory tract is a critical fi rst step for making accurate predictions of 

the dose received and the resulting topical and systemic health effects. Furthermore, the diversify-

ing areas of pharmaceutical research and the growing interaction among them make inhalation drug 

delivery a multidisciplinary effort, necessitating inputs from engineering and computer techniques 

and from medicine and physiology. Aerosol drug delivery of pharmaceutical colloidal preparations 

is a novel mode of drug delivery that has shown promise in the treatment of various local and 

 systemic disorders. Noninvasive administration of drugs directly to the lungs by various aerosol 

delivery techniques results in rapid absorption across bronchopulmonary mucosal membranes. 

Particle size and size distribution are important factors in effi cient aerosol delivery of medicaments 

into the lungs. A wide variety of medicinal agents are delivered to the lungs as aerosols for the treat-

ment of diverse diseases; however, currently, most of them are for the management of asthma and 

chronic obstructive pulmonary diseases. Aerosolized drug delivery into the deep lungs is expanding 
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with the increased number of different diseases. Local and systemic delivery of drugs for various 

diseases is now focused on using aerosol formulations, which have tremendous potential. The future 

of aerosol delivery of nanoparticles and large molecules for systemic conditions with improved 

patient compliance is promising.

Chapter 21 by Islam focuses on different techniques in aerosol delivery of pharmaceutical col-

loids to the lungs for a wide range of local and systemic disorders. He discusses the contribution of 

colloid science to the development of aerosol drug delivery. Chapter 22 by Xi et al. reviews the latest 

advances in modeling and simulations of reparatory aerosol dynamics with application to phar-

maceutical drug delivery. They also discuss aspects of respiratory physiology that infl uence the 

transport and deposition of inhaled medications as well as the aerosol properties that might be used 

to improve drug delivery effi ciency. Specifi cally, the geometric effect of the oral airway, the effect 

of breathing maneuvers on targeted nasal drug delivery, and the potential of hygroscopic aerosols in 

pulmonary drug delivery are examined. The presented results are intended to provide guidance in 

making appropriate dose–response predictions for either the targeted delivery of inhaled therapeu-

tics or the risk assessment of airborne contaminates.

In the last chapters of the book, subjects such as colloidal nanocarriers for imaging applications, 

colloidal carriers for the treatment of dental and periodontal diseases, and the classifi cation and 

application of colloidal drug delivery systems in tumor targeting are discussed. Chapter 23 by 

Kalaji et al. reviews the biocompatible carriers used for drug delivery in dental tissue engineering 

with a specifi c emphasis on colloidal carriers. The different materials used in dental tissue 

engineering are summarized followed by the development of the methods of microsphere prepara-

tion. The main applications of scaffolds or capsules loaded with growth factors in dental tissue 

engineering are reviewed.

One of the limitations inherent in current cancer chemotherapy is the lack of selectivity of anti-

cancer drugs. The systemic administration of a chemotherapeutic agent results in its distribution 

throughout the body, leading to serious side effects arising from the cytotoxic actions of most anti-

cancer drugs on normal cells. Chapter 24 by Karasulu et al. focuses on the current status of colloidal 

drug delivery systems in cancer therapy and discusses the growing and emerging potentialities of 

these systems, without neglecting possible limitations. Biomedical imaging has revolutionized the 

fi eld of preventive medicine and cellular biology by enabling early detection of diseases and key 

cellular events at the molecular level. Imaging contrast agents comprise moieties with diverse 

natures, ranging from metals such as gadolinium to radionucleotides. Because of such diversity in 

the physical and chemical properties, effi cient and site-specifi c delivery of imaging contrast agents 

is a very challenging task. With the advent of nanotechnology, the diffi culties in the delivery of 

imaging agents can be effi ciently overcome. The specifi city and sensitivity of the contrast agents 

can be signifi cantly enhanced by encapsulating them in nanocarriers. By modulating various prop-

erties of nanocarriers such as the particle size, surface charge, and surface properties, targeting of 

imaging agents to specifi c tumors, organs, tissues, and cells can be successfully achieved. These 

nanocarriers can be used to enhance the diagnosis by different imaging techniques like positron 

emission tomography, computed tomography, magnetic resonance imaging, single photon emission 

computed tomography, magnetic particle imaging, or ultrasound. The last chapter by Patravale and 

Joshi focuses on in vivo applications of various nanocarriers such as liposomes; nanoemulsions; 

polymeric, lipid, and magnetic nanoparticles; dendrimers; quantum dots; and ferrofl uids in the 

delivery of various imaging agents.

This book represents the shared understanding of young and well-known researchers in the 

fi eld of colloidal drug delivery. We discuss the colloidal pharmaceutical applications that include 

controlled release drug delivery, the mechanisms of drug release and solubilization in a particular 

colloidal system, drug targeting, manufacturing particulate products, taste masking, bioavailability 

enhancement, detoxifi cation, enzyme immobilization, extending therapeutic effi cacy, steps for 

the preparation of particular colloidal systems, and advantages of the discussed colloidal system. 

This book also includes present discussions of the key issues pertinent to nasal, ocular, vaginal, oral, 
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buccal, gastrointestinal, and colon drug delivery. It covers the depth and breadth of the fi eld, from 

physical chemistry and assessment of drug permeability to available enhancement technologies to 

regulatory approval. Some chapters of the book focus on the anatomical and physiological aspects 

of the skin barrier and the drug absorption and adsorption mechanism of drug adsorption, kinetics 

of drug delivery, infl uence of skin and the drug properties, skin enzymes, drug delivery enhance-

ment, penetration enhancement, and permeation enhancement. Other chapters provide detailed 

reviews of the methods used for the characterization of colloidal drug delivery systems that include 

microscopy (i.e., transmission electron microscopy, polarized light microscopy), x-ray scattering, 

rheology, conductivity, differential scanning calorimetry, nuclear magnetic resonance, dynamic 

light scattering, and others. This book examines topics necessary to the critical evaluation of a drug 

candidate’s potential for delivery. It describes the preparation, classifi cation, interfacial activity, 

surface modifi cations, and infl uence on particle characteristics, drug delivery, and drug targeting. 

Finally, modeling of the nasal, oral, larynx, and lung respiratory physiologies is also presented in 

some chapters. Each chapter explains why the system is used for the intended application, how it is 

made, and how it behaves.

An important feature of this book is that the authors of each chapter have been given the freedom 

to present, as they see fi t, the spectrum of the relevant science from pure to applied in their parti-

cular topic. Any author has personal views on, and approaches to, a specifi c topic, that are molded 

by his or her own experience. I hope that this book will familiarize the reader with the technological 

features of colloidal drug delivery and will provide experienced researchers, scientists, and engi-

neers in academic and industry communities with the latest developments in this fi eld.

I thank all of those who contributed as chapter authors, despite their busy schedules. In total, 65 

individuals from 15 countries contributed to the work. All of them are recognized and respected 

experts in the areas that were the subject of their chapters. None of them is associated with any  possible 

errors or omissions; for that I take full responsibility. Special thanks are due to the reviewers for their 

valuable comments because peer review is required to preserve the highest standard of publication. 

My appreciation goes to Barbara Glunn of Taylor & Francis for her true awareness in this project.

Monzer Fanun
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applications. Almost every type of colloidal drug delivery system utilizes surfactants or polymers. 

The properties of these substances have been exploited and manipulated to obtain the desired rate 
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and extent of drug release and absorption, including drug targeting to the site of action. Drug dis-

covery programs today concentrate more on the potency and high activity of drugs, which often 

leads to the birth of lipophilic or water-insoluble drug candidates. These drugs have larger volumes 

of distribution, that is, distribution into nonspecifi c tissues that leads to untoward side effects. Hence, 

these high-potency candidates require site-specifi c targeting. Similarly, the increased applications 

of biological candidates such as antibodies and proteins into therapeutics have warranted delivery 

systems that are capable of maintaining their activity and preserving their integrity. This has 

increased the importance of delivery systems that can tackle the physicochemical and biopharma-

ceutical needs of therapeutics and has resulted in the advent of colloidal drug delivery. Colloid sci-

ence refers to the utilization of submicron-sized materials. Although colloidal drug delivery 

originated several decades ago, signifi cant development has come only in the last 25 years. Colloidal 

drug delivery has a major infl uence on the therapeutic effi cacy of a drug. These improved delivery 

techniques that minimize toxicity and improve effi cacy offer great potential benefi ts to patients and 

open new markets for pharmaceutical and drug delivery companies (Table 1.1).

Colloidal drug delivery provides the formulation scientist with an alternative formulation approach 

that could enhance solubility; ensure improved dissolution; and provide options for controlling or 

sustaining drug release, which targets specifi c sites, and for tailoring the surface properties to modify 

the pharmacokinetics and dynamics. These multifarious benefi ts have placed colloidal drug delivery 

in the limelight and forefront of drug research. The emergence of truly biologically interactive systems 

represents the latest step forward in colloidal delivery systems. The various systems have evolved from 

conception to the use of safer excipients, approaching more site-specifi c drug delivery with a greater 

assurance of better therapeutic response and a reduction in the associated untoward responses.

Several types of colloidal formulation approaches have been designed, explored, and applied to 

clinical use. Major thrust areas include micelles, liposomes, nanocarriers, liquid crystalline phases, 

aerosols, microemulsions, and procolloidal systems. The foundation of all advances in colloidal drug 

delivery science has been based on the use of surfactants and polymers. In almost every type of such 

drug carriers, there is a direct or indirect application of these amazing molecules. They are magnifi -

cent in the diverse array of applications that are permitted. A brief introduction to surfactants and 

polymers (Boyd, 2005, 2008; Malmsten, 2002; Kaparissides et al., 2006) is now presented.

1.2 SURFACTANTS

Surfactants or surface-active agents are amphiphilic molecules with a polar, ionic, or zwitterionic 

hydrophilic part and a nonpolar hydrophobic part that usually comprises a hydrocarbon or fl uoro-

carbon chain. They may be ionic or nonionic in nature. The strong dipole interactions between the 

hydrophilic part and water render them water soluble, and the balance between the dual properties 

of hydrophilicity and hydrophobicity endows them with a unique characteristic of surface-active 

properties in solutions. They tend to accumulate at various interfaces, reducing the contact of the 

hydrophobic part with aqueous milieu, and tend to lower the free energy of the phase boundary. 

The amount of surfactant adsorption at the interface is dependent on their structure and the nature 

of the two phases forming the interface. These molecules also undergo self-assembly and form var-

ied structures, for example, micelles, microemulsions, and liquid crystalline phases. The impetus 

for the formation of such a structure is the reduced interaction of the hydrophobic part with water. 

An understanding of the basics of applied surfactant science is necessary to arrive at the right com-

position and control of the system involved. Surfactants have been classifi ed according to their polar 

head group as anionic, cationic, nonionic, and zwitterionic. Figure 1.1 gives a schematic illustration 

of the different types of surfactant structures.

 a. Anionic surfactants: These are molecules with a negatively charged head group. They are 

utilized in the majority of industrial applications. Major classes of anionic surfactants include 

carboxylates (CnH2n+1COO−X), sulfates (CnH2n+1OSO3
−X), sulfonates (CnH2n+1SO3

−X), and 
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TABLE 1.1
Overview of Colloidal Drug Delivery Systems

Delivery System Components
Applicable Route of 

Administration Advantages Disadvantages Size

Micelles Surfactants, block 

copolymers

 Intravenous  1. Enhancement of solubilization 

(tropicamide, vancomycin)

 1. Sensitive to dilution 20–100 nm

 2. Controlled and targeted delivery 

(ADR PEO-polyaspartate)

 3. Ligand mediated targeting (folate 

conjugated PEG-b-PCL micelles 

containing paclitaxel)

 4. EPR effect due to small and 

uniform size

 5. Low surfactant concentration

 6. Long-term stability

Liquid crystals Surfactants, block 

copolymers

Oral, topical, 

intramuscular

 1. Increase in the mean resident time 

of delivery system intended for oral 

cavity (lidocaine)

 1. Diffi cult to prepare

 2. Viscous formulations

<100 nm

 2. Enhanced release and absorption 

nimesulide liquid crystal based 

topical preparation

 3. Lyotropic, thermotropic depot 

formation

 4. Sustained release from depot 

preparation (irinotecan, octreotide)

Emulsion Oils, surfactants, 

aqueous phase

Intravenous, oral, 

topical

 1. Taste masking (choloroquine 

phosphate)

 1. Toxicity due to surfactant 

concentration

>0.5 μm

 2. Enhancement of oral bioavailability 

(cefpodoxime proxetil)

 2. Restricted parenteral use due to 

possible emboli formation

 3. Wide applications in topical 

preparations
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Microemulsion Oil, surfactant, 

cosurfactant, 

cosolute, aqueous 

phase

Intravenous, oral, 

topical, intranasal, 

transdermal, vaginal

 1. Solubilization of poorly water-

soluble drugs (diazepam, 

dexamethasone palmitate)

 2. Solubilization of hydrolytically 

susceptible compounds (lomustine)

 1. Toxicity due to high surfactant 

concentration

<100 nm

 3. Reduction of irritation, pain, or 

toxicity of intravenously 

administered drugs (diazepam, 

propofol)

 4. Sustained release dosage forms 

(barbiturates)

 2. Limited parenteral use

 5. Site-specifi c drug delivery to 

various organs (cytotoxic drugs)

 6. Long-term stability (block 

coplolmer microemulsion)

 7. Ease of preparation

 8. Clarity and stability

 9. Low viscosity

SEDDS Oil, surfactant, 

cosurfactant

Oral, Intravenous  1. Increased rate of absorption 

(phenytoin)

 2. Solubilization of poorly water-

soluble drugs (halofantrine, 

diclofenac, simavastatin)

 3. Improvement in the stability of the 

entrapped drug (BCNU)

 4. Faster dissolution and drug release 

(coenzyme Q10)

 1. Toxicity due to high surfactant 

concentration

SEDDS 

100–300 nm, self-

nanoemulsifying drug 

delivery system 

<50 nm

Liposomes Amphiphilic 

phospholipids, 

cholesterol

Intravenous, 

subcutaneous, 

intraperitoneal, 

pulmonary, oral, 

transdermal, ocular, 

nasal, vaginal

 1. Reduction in toxicity to nontargeted 

tissue accumulation (nephrotoxicity 

reduction in liposomal methotrexate 

and cardiotoxicity in doxorubicin 

liposomal formulation)

 1. Lack of long-term stability 100 nm–0.5 μm

continued
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TABLE 1.1 (continued)
Overview of Colloidal Drug Delivery Systems

Delivery System Components
Applicable Route of 

Administration Advantages Disadvantages Size

 2. Improved bioavailability (acyclovir)  2. Diffi culty in scale up

 3. Tumor and brain targeting

 4. Gene delivery

 5. Excellent biocompatibility

 6. Encapsulation of water-soluble 

drugs

 7. Solubilization of lipophilic drugs

Nanoparticles Natural, synthetic 

polymer materials

Intravenous  1. Sustained release (tamoxifen 

nanoparticles)

 1. Toxicity due to polymeric 

materials

100 nm–1 μm

 2. Targeted and sustained drug 

delivery for tumor and brain

 2. Poor biocompatibility

 3. Diffi culty in scale up

 3. Reduced drug distribution to 

nontargeted sites

Aerosols Propellant, 

surfactants, 

cosolvents

Inhalation, topical  1. Minimization of systemic side 

effects

1–10 μm
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phosphates [CnH2n+1OPO(OH)O−X]. Carboxylates were the earliest soaps, whereas sulfates 

(e.g., sodium lauryl sulfate) form the most important class of synthetic surfactants. Sulfated 

fi xed oils are used as emulsifi ers and solubilizers. Alkyl aryl sulfonates are the most common 

sulfonates, and the subgroup sulfosuccinates (e.g., AEROSOL®-OT) have been explored in 

pharmaceutical applications.

 b. Cationic surfactants: These include molecules that have a positively charged head group. 

This category mostly includes molecules with an amine-containing head group. They are 

known to be more toxic compared to other groups of surfactants. Cationic surfactants 

have been used as bactericidal agents, for example, benzalkonium chloride (Figure 1.2) and 

cetrimide.

 c. Nonionic surfactants: These are uncharged molecules that have the most widespread use. 

This category includes several chemical classes such as alcohol ethoxylates, alkyl phenol 

ethoxylates, fatty acid ethoxylates, sorbitan ester ethoxylates, ethylene oxide–propylene 

oxide copolymers (referred to as polymeric surfactants), polyglucosides, and glycerol 

esters. Sorbitan esters (Figure 1.3) and their ethoxylated derivatives (Spans and Tweens) 

are widely used in cosmetics and pharmaceuticals. Nonionic surfactants are often sensi-

tive to temperature, but they are not sensitive to salts compared to other groups.

 d. Zwitterionic surfactants: These contain both positively and negatively charged head 

groups. They are less common, and their charge is dependent on the pH of the medium. 

The most common amphoterics are N-alkyl betaines. They are used in dermatological 

products because of their comparatively low potential for irritation.

+ 

– 

– 

– 
+ 

+ 
o

Anionic 

Nonionic 

Cationic 

Zwitterionic 

Polar head group 

Hydrophobic chain 

FIGURE 1.1 Different types of surfactants.

+ 
C12H25 CH3 

CH2 CH3 

Cl–N 

FIGURE 1.2 Benzalkonium chloride.
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Speciality surfactants: These include fl uorocarbon and silicone surfactants, which possess excel-

lent wetting properties, but they are expensive (Malmsten, 2002; Tadros, 2005).

Biosurfactants: A number of biological origin compounds possess surface-active properties; exam-

ples include bile salts, phospholipids, lipoproteins–lipopeptides, glycolipids, and polysaccharide–

lipid complexes. They exhibit diverse structures, so it is therefore reasonable to expect diverse 

properties and physiological functions for different groups of biosurfactants. Bile salts are natural 

emulsifi ers that are present in the body. Lipopeptides can act as antibiotics, antiviral and antitumor 

agents, immunomodulators for specifi c toxins, and enzyme inhibitors. Glycolipids have been impli-

cated in growth arrest, apoptosis, and the differentiation of malignant melanoma cells. Phospholipids 

form aggregates, which have been explored in drug delivery applications (Kosaric et al., 1987; 

Rodrigues et al., 2006).

1.3 SURFACTANT-BASED MICELLAR SYSTEMS

Apart from being adsorbed at the interface to reduce the free energy, amphiphiles also undergo 

self-association to form micellar structures. This involves the formation of small aggregates in 

the bulk of solution, where hydrophobic moieties constitute the core and are shielded by a shell 

of ionic or nonionic polar head groups. The generalized structure can be assumed to be com-

posed of a liquid core formed from the association of n hydrocarbon chains with fully ionized 

head groups projecting into water. The stern outer layer also contains associated counterions. In 

polyoxyethylated nonionic micelles, the core is surrounded by a layer composed of poly-

(oxyethylene) chains to which solvent molecules may be hydrogen bonded. This region of the 

micelle is known as the palisade layer. Micelles are dynamic structures with a liquid core, so 

they cannot be assumed to have a defi nitive rigid shape. When used for scientifi c consideration, 

they are usually regarded as having sphericity. Micelles are formed only when the concentration 

of the surfactant in the solution increases above the critical micelle concentration (CMC; 

Attwood and Florence, 1983).

Micellar shape may be affected by factors such as the concentration, temperature, and presence 

of an added electrolyte. Thus, micelles may undergo a transition when any of the factors are 

changed. Micelles also exhibit size polydispersity. Polydispersity is expressed as the ratio of the 

weight average (nw) to the number average (nn). A ratio of unity represents a completely monosized 

system. The size distribution for small surfactants (mostly ionic) is usually close to unity, but the 

values are higher for polyoxyethylated nonionic surfactants (Mukherjee, 1972). CMC and micellar 

size are dependent on several parameters. The nature of the hydrophobic group of the surfactant 

infl uences both size and CMC. It has been observed for ionic and nonionic micelles that the CMC 

decreases with increasing length of the hydrophobic chain. The increasing chain length confers 

higher hydrophobicity and increases micellar size (Arnarson and Elworthy, 1981). The infl uence of 

the hydrophilic group is strikingly different in ionic and nonionic surfactants. With identical 

hydrophobic moieties, nonionic surfactants have a lower CMC that is due to the lack of electrical 

CH2 

CH2OCOR 

H 

H 

H O

C 

C 

C 

C H 

HO 

OH 

OH 

FIGURE 1.3 Sorbitan monoester.
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work required for micelle formation (Anacker et al., 1971). The greater the number of ionized 

groups present, the higher the CMC. In ionic surfactants, a change in the higher polarizable and 

valenced counterion leads to a decrease in the CMC. In nonionic surfactants, the addition of an 

electrolyte reduces the CMC, but the effect is not as signifi cant. The increase in temperature causes 

an increase in the CMC of ionic surfactants because of the dehydration of monomers followed by 

the disruption of structured water around the hydrophobic group, which opposes micellization. An 

opposite temperature effect is observed with nonionic surfactants, ultimately causing phase sepa-

ration (Balmbra, 1962).

1.3.1 THERMODYNAMICS OF MICELLE FORMATION

The two main approaches are the phase separation model and the mass action model. Both 

approaches are based on the classical system of thermodynamics.

 a. Phase separation model: In this approach, micelles form a separate phase at the CMC. In 

ionic molecules, it also includes the counterions. The major drawback with this approach 

is that it predicts the activity of the monomers to remain constant above the CMC, which 

is not consistent with the experimental results. Moreover, micelles cannot be considered as 

a phase because they are not uniform throughout (Pethica, 1960).

 b. Mass action model: This describes a dynamic equilibrium between the micelle and the 

unassociated surfactant molecule, which are in association–dissociation equilibria. 

Although the theory was initially described for ionic surfactants, it was extended to non-

ionic surfactants. It is a more realistic model and describes the variation in monomer 

concentration with the total concentration above the CMC (Murray and Hartley, 1935; 

Corkill, 1964).

1.3.2 KINETICS OF MICELLE FORMATION

Modern analytical techniques have aided in the understanding of micelle kinetics. There are two 

relaxation times for micelles. The slower one accounts for the micellization and dissolution equilib-

rium. This is the equilibrium between the dissociation of the complete micelle into n monomers and 

its complete reformation. The second faster relaxation time is attributed to the exchange of mono-

mers between micellar species and bulk solution (Muller, 1972).

1.3.3 MICELLAR SOLUBILIZATION

The increased solubility of a less soluble organic substance in a surfactant solution has been used in 

applications for many years. This increased solubility of a solubilizate in surfactant solution is 

attributable to some form of attachment of the solubilizate to the exterior of the micelle or solution 

in it. There is a marked difference in the behavior of polar and nonpolar solutes (Lawrence, 1937). 

The solubilizate may be present at different sites in the micelles, which is dependent on its chemical 

nature. Usually, the nonpolar solubilizates are accommodated in the hydrocarbon core and the 

semipolar and polar solubilizates are present in the palisade layer. The location in the palisade layer 

can be either deeply buried or a short penetration (Reigelman et al., 1958). Figure 1.4 depicts the 

simplifi ed structure of a micelle with the different locations of the solubilizate. Similar to surfactant 

molecules, solubilizates also have some freedom of motion, depending on the solubilization site. 

Several factors affect micellar solubilization. The surfactant structure infl uences solubilization; for 

solubilizates located in the micellar core, an increase in alkyl chain length enhances solubilization 

capacity. In general, the solubilization capacity of surfactants with the same hydrocarbon chain var-

ies in the order anionics < cationics < nonionics. This is attributed to an increase of the head group 

area, leading to the formation of looser micelles and more accommodation of the solubilizate 
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(Schott, 1967). The polarity, polarizability, chain length and branching, and molecular size and 

shape of the solubilizate affect its solubilization. The increase in the chain length of the solubilizate 

decreases its solubility in the surfactant, whereas unsaturation and cyclic compounds exhibit higher 

solubility (Klevens, 1950).

To summarize, the solubilization capacity and site are dependent on the solubility parameter of 

the solute as well as the surfactant. In general, solubilization increases with temperature because of 

changes in its aqueous solubility and changes in the micelles (Kolthoff and Stricks, 1948). The addi-

tion of an electrolyte may increase the solubility of the solubilizate present in the core but may 

decrease it when solubilizate is present in the palisade layer.

1.4 BLOCK COPOLYMERS

Block copolymers are high molecular weight compounds made up of connecting blocks (sequences) 

of two or more types of monomer that retain their intrinsic properties. Their molecular arrangement 

may be linear, radial, or both. A simple diblock copolymer AB consists of two types (A and B) of 

sequences linked end to end. Similarly, the molecular structure can be explained for triblock 

co polymers ABA or BAB and (AB)n. Incorporation of a third sequence C gives an ABC triblock 

copolymer. Radial arrangements of the units may form star-shaped structures; if the n homopolymer 

units junction at a common point, they can form a heteroarm block copolymer (Riess, 2003). The 

different block copolymer structures are illustrated in Figure 1.5a and b. Analogous to low mole-

cular weight surfactants, hydrophilic–hydrophobic block copolymers can be classifi ed into three 

groups that are based on their hydrophilic units.

 a. Nonionic copolymers: These are mainly based on poly(ethylene oxide) (PEO), such as PEO–

poly(propylene oxide) (PPO) and PEO–polystyrene (PS) di- and triblock copolymers.

 b. Anionic copolymers: Examples of these polymers are those with poly(acrylic acid) (PAA) 

or poly(methyl methacrylate) (PMMA) blocks.

 c. Cationic copolymers: These have cationic or cationizable units, for example, poly-2- 

vinylpyridine, and poly[amino(meth)acrylates].

Hydrophobic core 

Hydrophilic segment

Highly hydrophobic drug

Moderate hydrophilic drug

Moderate hydrophobic drug
Highly hydrophilic drug

FIGURE 1.4 Simplifi ed structure of a micelle with different possible locations of solubilizate.
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The synthesis of linear block copolymers, whether diblock, triblock, or segmented, follows two 

general reaction schemes. The fi rst reaction involves generation of an active α site, an active ω site, 

or both on one of the polymeric sequences (A). This initiates the reaction with polymeric sequence 

B. The polymerization can proceed through a free radical, anionic, or cationic mechanism. The 

second scheme is the condensation or popularly known coupling, which involves a chemical reac-

tion between the functional end groups of the two units. A synthesis scheme is adopted based on the 

polymerization mechanism involved, the structure of the copolymer, the molecular weight range 

and monodispersity of each block desired, and the required purity of the end product (Riess et al., 

1985; Quirk et al., 1989). The concepts developed for the synthesis of linear polymers have been 

extended to the preparation of block copolymers with complex architectures. The progress made in 

living polymerization techniques and the use of multifunctional initiators have propelled advance-

ments in block copolymer synthesis.

Scientifi c interest in these spectacular polymers is mainly based on the characteristic solution 

and associative properties that are due to their molecular structure. Their segmental incompatibility 

renders them surface active and leads to the formation of self-assembly structures. When dissolved 

in a liquid that is a thermodynamically good solvent for one but not for the other, copolymer 

chains may associate to form micellar aggregates. Micellar assembly is also possible in hydrophilic–

hydrophilic copolymers under varying thermal or pH conditions.

1.5 BLOCK COPOLYMER-BASED MICELLAR SYSTEMS

Micellar self-association takes place in dilute solutions of block copolymers in specifi c solvents at a 

fi xed temperature above the CMC or critical association concentration for polymeric micelles. 

Below the CMC, the polymers are present as unimers; as the concentration rises above the 

CMC,  multimolecular micelles in dynamic equilibrium with unimers can be observed. In block 

A-Homopolymer 

AB-type diblock copolymer 

ABA-type triblock copolymer 

ABC-type triblock copolymer 

A monomer 

B monomer 

C monomer 

FIGURE 1.5a Different types of block copolymers.
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copolymers, micellization is greatly infl uenced by temperature; hence, a critical micelle tempera-

ture (CMT) is usually specifi ed for a fi xed concentration.

Block copolymer micellar systems are usually prepared with two procedures. The fi rst proce-

dure involves dissolution of the block copolymer in a common solvent followed by a change in 

conditions such as the temperature, composition of the solvent system, or a selective precipitant for 

one of the blocks in order to initiate micelle formation. At the end, usually a dialysis process is 

used to replace the common solvent with the selective solvent (Munk, 1996). In the second proce-

dure, a solid sample of the block copolymer is dissolved in a selective solvent and the micellar 

solution undergoes annealing with time or by varying the temperature followed by ultrasonic irra-

diation (Hurtrez, 1992).

The micelles thus exhibit different morphologies. Two extremes of micellar structures can be 

distinguished for diblock copolymers, depending on the relative length of the blocks. If the soluble 

block is larger than the insoluble one, the micelles that are formed consist of a small core and a very 

large corona and are thus called “star micelles.” In contrast, micelles possessing a large insoluble 

segment with a short soluble corona are referred to as “crew-cut micelles” (Mofi tt et al., 1996).

A

A 

A 

A A 

Dumb-bell 

Dendrimer type 

B

B 

B 

B B 

B 

Tapered overlap 

H shaped 

  

A

A

A

A

B

B

B

C

C

B

Ring diblock

Catenated diblock

Graft triblock

Cyclic triblock

FIGURE 1.5b Some of the diverse architectures exhibited by block copolymers.
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Apart from spherical micelles, block copolymers form other morphological micellar structures. 

For instance, Eisenberg and Yu (1998) reported the formation of cylindrical structures by the self-

assembly of PS-b-PEO diblock copolymers in aqueous solution. Flowerlike micelles have been 

reported when the ABA block copolymer is dissolved in a selective solvent for the B block. Reverse 

micelle formation is an enthalpy-driven process in which the hydrophilic blocks form the micellar 

core in an oil continuous system. Amphiphilic block copolymers with opposite charges have been 

used to prepare polyion complexes. These are formed by the coupling of polyelectrolytes with oppo-

sitely charged ionomers.

Block copolymer micelles are similar to low molecular weight surfactant micelles because both 

are characterized the following: the micelle has a typical molecular weight, the aggregation num-

ber (Z), the simplest morphology is spherical, the dynamic equilibrium between unimers and 

micelles, the radius of gyration (Rg), the hydrodynamic radius of the micelle (Rh), the micellar core 

radius (Rc), and the thickness of the corona (L). Similar to nonionic surfactants, micellization is 

promoted by increased length of the hydrophobic block and decreased length of the hydrophilic 

one. Usually micellization is promoted by increased temperature, which is due to more effi cient 

packing. Salts do not affect micellization at low to moderate concentrations, but lyotropic salt 

effects are observed at higher salt concentrations. The localization of the solubilized molecule 

depends on the physicochemical properties of the solubilizate. The solubilization capacity in such 

systems is dependent on the molecular architecture of the copolymer, with a lower solubility 

observed with higher branched copolymers. A major difference in comparison to low molecular 

weight surfactants is the polydispersity in block copolymers, which affects the micellization pro-

cess and the composition of micelles. Only at higher concentrations does it resemble the overall 

composition of the system. The dynamic equilibrium between polymer molecules and the micelle 

also exhibits a higher residence time of the polymer in the micelles compared to surfactants 

because of the slower dissociation kinetics in polymeric micelles. This property has signifi cant 

biological implications for drug delivery (Malmsten, 2002).

1.5.1 DYNAMICS OF MICELLAR SYSTEMS

This encompasses the chain dynamics in the core and corona, the kinetics of micellization that are 

based on the micellar equilibrium between the unimer and micelles, and the concept of hybridiza-

tion. Similar to low molecular weight surfactants, block copolymer micelles also exhibit two relax-

ation times corresponding to unimer ↔ micelle equilibration and a slower process corresponding to 

association ↔ dissociation equilibration. There are observable differences in di- and triblock copo-

lymers that are attributable to restrained escape of the unimer from a triblock copolymer micelle 

(Tuzar and Kratochvil, 1993; Kositza et al., 1999). Scientifi c overviews confi rmed the compactness 

and rigidity of the micellar core, and more recent analytical techniques depict a sharp core–corona 

interface. However, in compatible blocks, partial mixing and the presence of an interphase are sug-

gested (Zana, 2000). Nuclear magnetic resonance (NMR) studies have provided detailed informa-

tion on chain mobility. Hybridization is the formation of mixed micelles by the exchange of unimers 

between two micelle populations, and the driving force for this is the increase in entropy of the 

system (Munk, 1996).

1.5.2 DIFFERENT THEORIES OF BLOCK COPOLYMER MICELLES

A number of theories have been put forward to predict the structural parameters of micelles as a 

function of copolymer characteristics. In these theories and approaches, the total free energy (G) of 

the micelle is expressed as

 G(micelle) = G(core) + G(shell) + G(interface). (1.1)
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 a. Thermodynamic basis: The micellization of block copolymers in an organic medium is an 

enthalpy-driven process. Micellar systems in aqueous media are entropy-driven processes, 

in which micellization is due to hydrophobic interactions and changes in the water micro-

structure near the polymer chains. These observations are similar to those in low molecu-

lar weight surfactants (Price, 1982; Quintana et al., 1996).

 b. Scaling theories: Scaling theories have developed a simple model to correlate the core 

radius, shell thickness, and aggregation number to the block copolymer characteristic. The 

theory explains two types of micelles: crew-cut micelles in which the core radius is much 

higher than the shell thickness and hairy micelles in which the opposite is true. The radius 

of the core (Rc) for crew-cut micelles was proposed as

 
1/3 2/3

c B B~ and ~ ,R N a Z Ng g
 

(1.2)

  where γ is the A/B interfacial tension, a is the segment length, and N is the number of repeat-

ing units. In the case of hairy micelles, it was suggested that the star polymer radius is
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  where f is the number of arms. This theory is more applicable to micellar systems with long 

polymer chains; they fail to include fi nite chain effects and polymer–solvent interaction 

(Daoud and Cotton, 1982; Linse, 2000).

 c. Mean fi eld theory: The self-consistent mean fi eld theory was fi rst developed by Noolandi 

and Hong (1982), who predicted the size of micelles at equilibrium and the variation in 

aggregation number as a function of the degree of polymerization. Their theory takes 

into consideration the molecular characteristics of the polymer, its concentration in 

 solution, and an estimation of the core–corona interfacial tension. The results are consis-

tent with experimental observations. Further development of this theory allowed its use 

for other aspects such as the temperature dependence of the hydrodynamic radius and 

aggregation number, the transition between different morphologies, and the infl uence of 

polydispersity.

Israelachvili (1992) used geometrical considerations to develop a very accessible approach that 

predicts the micellization phenomenon and the resultant morphologies. The approach describes it 

on the basis of the critical packing parameter (CPP), which is based on the geometry of two blocks. 

This in turn is governed by hydrophobic interactions and repulsive electrostatic or steric interactions 

that determine the fi nal structure. The CPP values vary from small values (less than unity) for 

spherical micelles to approximate unity for bicontinuous bilayers to greater than unity for inverted 

structures.

1.5.3 MICELLAR SOLUBILIZATION

The most useful property of micelles in drug delivery is the improved solubilization of hydrophobic 

substances. The micellar core serves as a suitable microenvironment for water-insoluble compounds. 

The solubilization characteristics are defi ned in terms of the micelle–water partition coeffi cient, and 

the solubilization capacity is expressed as the volume or mass fraction of the solubilizate in the 

micellar core. PEO–PPO block copolymers have been widely used and investigated for changes in 

size and shape that are due to solubilization, a change in the CMC, the solubilization capacity, the 

partition coeffi cient, and so forth. It was observed that solubilization in the micellar core was 
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 correlated to the Flory–Huggins parameter (χ), which is dependent on the solubility parameters for 

the core forming block and the solubilizate as given in Equation 1.4:
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where δ represents the solubility parameter for the solubilizate and core, νs is the molar volume of 

the solute, k is the Boltzmann constant, and T is the absolute temperature (Nagarajan, 1996).

The localization of the solubilizate depends on its hydrophobicity; the more hydrophobic solutes 

are located in the core. The molecular volume of the solubilizate governs the amount solubilized. 

The solubilization capacity is dependent on the molecular architecture, molecular weight, and com-

position of the block copolymer. Lower solubilities can be expected in branched polymers. A higher 

aggregation number of the micelle promotes solubilization (Malmsten, 2002).

Scientists have tried to develop a thermodynamic consideration of solubilization. This concept 

assumes that the micellar core containing the solubilizate is a pseudophase in equilibrium with the 

solubilizate and block copolymer molecules present in the solution. It allowed for the prediction of 

solubilization capacity, change in aggregation number, CMC, and so forth, as well as an explanation 

of the selective solubilization of a given component in the presence of a mixture of solubilizates 

(Tuzar and Kratochvil, 1993).

1.5.4 STABILIZATION OF MICELLAR SYSTEMS

Enhancement in the stabilization of block copolymer micellar systems can be achieved through 

functionalization of block copolymers, in addition to improvement in the temporal control for 

the system. Stabilization can be achieved mainly by crosslinking the micellar core or crosslink-

ing the micellar corona. In the crosslinking of the micellar core, functional groups are present 

in the hydrophobic block. Similarly, functional groups on the hydrophilic groups enable cross-

linking of the micellar corona. Crosslinked micelles exhibit stability at concentrations even 

below the CMC; as a result, they are stable at physiological dilution and display higher circula-

tion times. Crosslinking is usually carried out by modifying the hydrophobic chains with a 

polymerizable group or by polymerizing a low molecular weight monomer in the micellar core. 

Shell crosslinked micelles not only improve micellar stability but also offer the possibility of con-

trolling drug release. Here the micellar corona is fi xed in solution after micellization by covalent 

bond formation, ionic bond formation, or both. Wooley et al. (1996) pioneered the concept of 

chemically crosslinking the corona of amphiphilic diblock copolymer micelles using a broad range 

of polymers, including styrene, isoprene, butadiene, ε-caprolactone, and methyl methacrylate. 

Monomers that have been used for the preparation of the hydrophilic, water-soluble corona include 

4-vinylpyridine, methacrylic acid (MAA), and 2-di-methylaminoethyl methacrylate; they possess 

great potential for the development of advanced drug delivery systems (Rosler et al., 2001).

The polymerization of block copolymer end groups inside the micelle also serves to improve the 

stability of micelles. The described methodologies are based on free radical crosslinking. However, 

stabilization can be achieved by chemical crosslinking, crosslinking of the block copolymer in the 

bulk, through hydrogen bonding, and by using some thermodynamic parameters such as the glass-

transition temperature of the polymer (Lecommandoux et al., 2005).

1.6 CHARACTERIZATION OF MICELLAR SYSTEMS

Characterization of micellar systems is important in order to understand the kinetics and dynam-

ics of the system. The main factor to be determined is the CMC or CMT, but other parameters 

like are being studied such as the aggregation number, micellar shape, hydration state, counterion 
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binding, micro viscosity of the micellar core, and micellar dynamics. A number of techniques 

have been applied to study these systems. These include surface tension measurements, light scat-

tering studies, NMR, fl uorescence spectroscopy, calorimetry, osmotometry, conductivity, and 

solubilization studies.

The physical properties change drastically at the CMC, so these simple measurements are often 

employed for the determination of the CMC. The most prominent and widely used is the surface 

tension measurement. Amphiphiles are known to accumulate at surfaces and interfaces, leading to 

lowered surface tension. At concentrations above the CMC, the additional amphiphile molecules 

form micelles and the number of free unimers and the surface tension remain constant. This change 

is recorded to determine the CMC. This test is very sensitive to impurities and thus can be an indi-

rect test for surfactant purity. Calorimetry, osmotometry, and conductivity studies are similarly 

employed. Dilute solution capillary viscometry measurements can be used to obtain information 

about the radius of hydration as well as the intrinsic viscosity (Malmsten, 2002).

1.6.1 LIGHT SCATTERING STUDIES

Light scattering methods for surfactant solutions have been extensively used for small molecular 

weight surfactants. However, they have less applicability for block copolymer micelles because of 

weak signals as the CMC values are low compared to small surfactant molecules (Hadjichristidis 

et al., 2003). This means that equilibrium conditions are reached only after a long time period. 

X-rays, light, and neutrons can be used for scattering studies. Static light scattering (Burchard, 

1983) is a powerful technique to estimate the average molar masses of self-assembled structures 

(and their CMCs). The scattering intensity is collected at different angles for a range of concentra-

tions and summarized in a Zimm plot. In the presence of unimers and micelles, static light scatter-

ing leads to an apparent weight-average molecular weight (Mwapp) given by

 wapp w(u) w(m)
(1 ),M M x M x= + -

 
(1.5)

where u and m designate unimer and micelle, respectively, and x is the weight fraction of unimers. If 

scattering from the core and the corona of the micellar system is not very different, Rg can also be 

calculated. The second virial coeffi cient B, which is a measure of intermolecular interactions, is also 

interpreted from the inverse of the scattering intensities. Dynamic (or quasielastic) light scattering 

(DLS), also called photon correlation spectroscopy (Berne and Pecora, 2000), can be used to esti-

mate the hydrodynamic radius of a block copolymer micellar system from the determination of its 

diffusion coeffi cient. In addition, the sensitivity and versatility of DLS can be used to monitor micelle 

equilibrium with varying temperature, pH, or other parameters. Small-angle x-ray scattering is used 

in micellar solutions to obtain overall and internal sizes. These measurements are extracted from 

differences in the electron density of the solvent and solute. Finally, small-angle neutron scattering 

provides information on the micellar shape, weight average, and cross section.

1.6.2 NUCLEAR MAGNETIC RESONANCE

This is based on the changes occurring in the microenvironment of the nucleus and transport 

 pro perties as a consequence of micellization. NMR studies are carried out to measure the self-

diffusion coeffi cient, which gives valuable information on free molecules and micelles. In ionic 

surfactants, the degree of counterion binding can be predicted by studying the diffusion character-

istics of the surfactant and counterions. The measurement of the chemical shift of surfactant mol-

ecules describes the extent of water penetration in the micellar core. An advantage in these studies 

is that optical clarity or dilution of the samples is not necessary, and no labeling procedures are 

required (Malmsten, 2002).
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1.6.3 FLUORESCENCE STUDIES

Fluorescence techniques with either free probes like pyrene solubilization or covalently fi xed 

 fl uoroprobes are widely used and the preferred method for determination of the CMC and CMT 

(Kalyanasundaram and Thomas, 1977). Pyrene is the preferred fl uorescent probe because of its 

strong fl uorescence in nonpolar domains and its weak radiation in polar media. The shift of the 

excitation peak can be used to probe the transfer of pyrene molecules into an increasingly nonpolar 

micellar environment. The ratio of intensities of the excitation maxima at 339 and 333 nm can be 

plotted as a function of concentration; the crossover value represents the CMC. The technique of 

covalently fi xed probes may yield different information compared to free probes, but it is useful for 

studying micellar kinetics.

1.6.4 ULTRAVIOLET ABSORPTION SPECTROSCOPY

This method is based on the tautomerism of 1-phenyl-1,3-butadione between the keto and enol forms 

that possess different absorption maxima, which appear in nonpolar solvents such as cyclohexane 

and in polar solvents. These are used for the determination of the CMC. When a surfactant is added to 

a water solution of 1-phenyl-1,3-butadione, the amount of enol form increases rapidly. As the surfac-

tant concentration rises above the CMC, the enolic form is taken up into the core of the micelles, 

which provide a less polar environment than the external aqueous phase (Dominguez et al., 1997).

Apart from these scattering and spectroscopic methods, other techniques such as transmission 

electron microscopy and atomic force microscopy provide images that confi rm the size, shape, or 

internal structure of the micelles. Size exclusion chromatography can be used to determine the 

radius of hydration and is useful for studying micellar dynamics (Forster and Plantenberg, 2002).

Micellar systems are important in the fi eld of drug delivery for numerous reasons. For example, 

hydrophobic drugs can be loaded in micelles and exceed their aqueous solubility. Block copolymer 

micelles with a PEO corona can form hydrogen bonds and effectively shield the entrapped drug from 

protein adsorption and cellular adhesion, thus preventing them from hydrolysis and enzymatic deg-

radation. This stealth property prevents recognition by the reticuloendothelial system (RES) and 

enhanced blood circulation times. Their chemical composition, molecular weight, and block length 

ratios can be manipulated to control the size and morphology of the micelles. The limiting factors for 

the use of micelles as a solubilizer are their limited loading capacity, their acute and chronic toxicity 

concerns, the concomitant solubilization of other formulation ingredients, and a more precise direc-

tion over its temporal and distribution control. A number of block copolymers exhibiting biocompat-

ibility and biodegradability [e.g., poly(d,l-lactide-co-glycolide) (PLGA)] have caught the attention of 

formulation scientists and are being explored for the development of drug delivery systems.

1.7 LIQUID CRYSTALLINE PHASES

Surfactants and block copolymers form a range of different structures on self-association, including 

rods, lamellae, and bicontinuous interconnected structures. These liquid crystalline phases exhibit 

local disorder (“liquidlike” behavior) and are dynamic at the molecular level; however, a long-range 

order exists, which provides unique rheological, mass-transport, and optical properties. The forma-

tion of such structures depends on the packing characteristics of the surfactant–block copolymer. 

The critical packing parameter (CPP) is defi ned as:

 CPP =   v ____ 
a × l

   (1.6)

where v is the volume of hydrophobic tails, l is the length of hydrophobic chains of the surfactant, 

and a is the polar head group area. As the surfactant aggregate curves toward the oil, there is a 

lamellar → hexagonal → micellar association progression.
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The construction of phase diagrams is a useful tool in studying liquid crystalline phases. When 

the surfactant is mixed with a solvent (notably water) only, the system contains two components and 

is described by a binary phase diagram, indicating the different phases formed as a function of 

composition and temperature. However, oil is also present in most of the cases; hence, such systems 

are described by a ternary phase diagram (Alexandris, 2000).

The packing properties of amphiphile molecules and the types of self-association structures that 

are formed are dependent on the structure of the molecule.

Ionic surfactants differ from nonionic ones in several respects. The presence of the charged 

head group results in head group repulsion, which precludes self-assembly (indicated, e.g., by a 

higher CMC). However, electrostatic interaction is diminished by the addition of salt; salt has 

more of an affect on the structures formed in ionic surfactant systems than those formed in non-

ionic ones.

The more common liquid crystal structures are hexagonal, reversed hexagonal, and lamellar 

phases; but cubic phases also frequently occur in surfactant systems. Figures 1.6 through 1.10 show 

the different liquid crystals in dispersion. Such cubic phases can consist of either micelles or reversed 

micelles that are closely packed in a cubic symmetry or of a bicontinuous structure. These cubic 

phases present some unique opportunities for drug delivery. They can solubilize large amounts of 

hydrophilic and hydrophobic drugs. The drug release rate can also be tailored in such systems by 

controlling the microstructure, which can be put to use for immobilizing protein drugs. They are 

also ideal for in situ depot preparations. Common methods include x-ray diffraction, NMR, and 

studies with polarizing microscopes (Malmsten, 2002).

Polar head 

Nonpolar tail

FIGURE 1.6 Normal micelles.

FIGURE 1.7 Hexagonal liquid crystal.
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1.8  EMULSIONS, MICROEMULSIONS, AND SELF-EMULSIFYING 
DRUG DELIVERY SYSTEMS

An emulsion is a thermodynamically unstable system consisting of two immiscible liquids: oil and 

water. One is dispersed as minute globules in the other continuous medium. The system is stabilized 

by the presence of surfactants.

Emulsion formation is the complex process consisting of the generation of a new oil–water inter-

face followed by the stabilization of the interface. The dispersion of one immiscible liquid into the 

FIGURE 1.8 Reversed micelles.

FIGURE 1.9 Reversed hexagonal liquid crystal.

FIGURE 1.10 Lamellar.
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other requires high energy input, and surfactants play a major role in stabilizing the interface. When 

placed at the interface, surfactants reduce the interfacial tension and promote droplet formation. 

Reduction of the interfacial tension is dependent on the concentration of the surfactant till it reaches 

the CMC. Even a further addition of surfactant does not produce an appreciable change in the inter-

facial tension. The formation of a coherent yet fl exible layer of surfactants over the newly formed 

droplets stabilizes them against coalescence. The charges developed over the surface of the droplets 

that are due to the presence of electrolytes or ions and/or to the chemical nature of the dispersed 

phase and surfactants in the dispersion medium account for the zeta potential of the droplets impart-

ing repulsive forces on the droplets. Spontaneous emulsifi cation is possible when the surfactant is 

equally or freely soluble in both immiscible liquids. Schulman recognized in 1940 that instead of a 

single surfactant, a combination of emulsifi ers provides a compact placement of surfactants at the 

interface, which results in a stable emulsion. Certain polymers such as hydrophilic colloids are also 

used as emulsifying agents. They stabilize the droplets by multimolecular layer adsorption rather 

than by lowering the interfacial tension. The suitability of surface-active agents as emulsifying 

agents is assessed by their hydrophilic–lipophilic balance (HLB) value.

The type of emulsion formed either as oil in water (o/w) or water in oil (w/o) depends on many 

factors, for example, the nature of the surfactant; the phase volume ratio (oil and water content in 

the system); the temperature; and the presence of cosurfactants, cosolvents, and electrolytes. The 

role of the surfactant in the type of emulsion formed can be explained by Bancroft’s rule, which 

states that the phase in which the surfactant is more soluble will become the continuous phase of the 

emulsion. Surface-active agents with a low HLB (3–6) are lipophilic and favor the formation of w/o 

type emulsions. The higher HLB (9–12) surfactants facilitate the formation of o/w type emulsions. 

Figures 1.11 and 1.12 show o/w and w/o emulsions.

Microemulsions or micellar emulsions are defi ned as single optically isotropic and thermo-

dynamically stable multicomponent fl uids composed of oil, water, and surfactant (usually in con-

junction with a cosurfactant). The droplets in a microemulsion are 1 to 100 nm in diameter. 

Microemulsions appear transparent to the eye and exhibit excellent thermodynamic stability.

Microemulsions may exhibit different microstructures like droplet systems, continuous systems, 

and different aggregations, depending on the nature of the surfactant, composition of the system, 

temperature, cosurfactant, and cosolutes. Figure 1.13 displays the different types of microemulsions. 

At low oil content the system shows oil-swollen micelles, and at higher oil concentration the system 

exists as water-swollen reversed micelles via bicontinuous micelles. The surfactant concentration in 

microemulsions is usually higher (30%–60%) than in emulsions. Different surfactants stabilize dif-

ferent microstructures by virtue of their aggregation pattern in a particular medium, leading to a 

system with a minimum free energy and thermodynamic stability. In microemulsions formed by 

ionic surfactants, the surface tension lowering capacity of the surfactant is insuffi cient; it requires a 

cosurfactant for the compact packing of surface-active molecules at the interface to achieve ultralow 

Polar head 
Nonpolar tail
Oil 
Hydrophobic drug 
Aqueous phase 

FIGURE 1.11 Oil in water emulsion.



Surfactants and Block Copolymers in Drug Delivery 21

surface tension. Short-chain alcohols and amines are used as cosurfactants in the stabilization of 

microemulsions. The addition of salt to the system with ionic surfactants promotes closer packing of 

the surfactants at the interface. Because of the absence of repulsive electrostatic forces, closest pack-

ing of the nonionic surfactant molecule is possible, which stabilizes the microemulsion system even 

in the absence of cosurfactants. The microemulsions formed by nonionic surfactants are more stable 

toward dilution and salt dependent effects compared to those containing ionic ones.

Self-emulsifying drug delivery systems (SEDDSs) are composed of mixtures of oils and sur-

factants, ideally isotropic and sometimes containing cosolvents, which emulsify spontaneously 

to produce fi ne o/w emulsions when introduced into an aqueous phase under gentle agitation. 

Liquid SEDDSs can be formulated as solid dosage forms by adsorbing the liquid SEDDSs over 

inert pellets or tablets. SEDDSs typically produce emulsions with a droplet size between 100 and 

300 nm, and self-microemulsifying drug delivery systems form transparent microemulsions 

with a droplet size of <50 nm. Oil is the most important excipient because it facilitates self-

emulsifi cation and increases the fraction of lipophilic drug transported via the intestinal lym-

phatic system, thereby increasing absorption from the gastrointestinal tract (GIT; Khoo et al., 

1998). Long-chain and medium-chain triglyceride oils (modifi ed or hydrolyzed vegetable oils) 

have been widely explored (Constantinides, 1995). Novel semisynthetic medium-chain triglyc-

eride oils have surfactant properties and are widely replacing the regular medium-chain triglyc-

erides (Khoo et al., 1998). Nonionic surfactants with high HLB values are used in the formulation 

of SEDDSs (e.g., Tween, Labrasol®, Labrafac CM 10®, and Cremophore®). As in microemulsion 

systems, SEDDSa require a large quantity of surfactants in the range of 30% to 60% (w/w). 

Surfactants that are more hydrophilic in nature assist the immediate formation of o/w droplets, 

rapid spreading of the formulation, or both. Those that are amphiphilic in nature can solubilize 

large amounts of hydrophobic drug compounds (Shah et al., 1994). Polyalcohols are used as 

Polar head 
Nonpolar tail
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Hydrophilic drug 
Aqueous phase 

FIGURE 1.12 Water in oil emulsion.
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Hydrophilic drug Aqueous phase

Aqueous phase 

FIGURE 1.13 Oil in water and water in oil type microemulsions.
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cosolvents or as cosurfactants, because they play a role in stabilizing newly formed globules in 

the aqueous environment. These cosolvents, such as poly(ethylene glycol) (PEG), propylene gly-

col, diethylene glycol monoethyl ether (Transcutol®), propylene carbonate, and tetrahydrofur-

furyl alcohol PEG ether (Glycofurol®), may help to dissolve large amounts of hydrophilic 

surfactants or the hydrophobic drug in the lipid base. The formulation of SEDDSs is similar to 

that of the microemulsion-based drug delivery system. The prepared SEDDS evaluated trans-

mittance, droplet size, and zeta potential.

1.9 LIPOSOME, NIOSOME, AND POLYMERSOME

Liposomes are concentric bilayered lipid vesicles in which an aqueous volume is enclosed by a 

membranous lipid bilayer that is mainly composed of natural or synthetic phospholipids. Liposomes 

may be formed from different surfactants and block copolymers, but phospholipid-based vesicles 

have been the most widely explored. They have attracted considerable attention because of their 

capacity to solubilize oil-soluble substances and to encapsulate water-soluble drugs. Bangham and 

coworkers discovered liposomes in the early 1960s, and since then liposomes have been used to 

simulate and mimic the behavior of biological membranes. The basic components in a liposome are 

amphipathic phospholipids, which on contact with the aqueous medium self-assemble into concen-

tric, bilayered vesicles. The amphiphilic nature of phospholipids is due to the presence of a hydro-

phobic tail comprising fatty acids and a hydrophilic or polar head consisting mainly of phosphoric 

acid in the ionized form. The most common natural polar phospholipid is phosphatidylcholine (PC). 

The formation of bilayered structures facilitates a reduction in free energy and thereby renders the 

bilayered vesicles (liposomes) thermodynamically stable. At lower water content and higher tem-

perature, a variety of lyotropic liquid crystalline phases also exist. Exposure of lipids to tempera-

tures equal to or slightly above the phase transition results in the transformation of the structural 

integrity of lipids from a tightly packed, rigid form to a relatively loosely bound, fl exible, and sig-

nifi cantly disordered physical form. At this stage, phospholipid bilayers are capable of enclosing the 

drug or therapeutic entities within their interior.

Cholesterol is an important constituent in liposomes. It plays a crucial role in maintaining the 

bilayered structure of liposomes (Papahadjopoulos et al., 1975; Kirby and Gregoriadis, 1980; New, 

1989). Because of its amphiphilic nature and relatively small size, cholesterol orients itself within 

the space adjacent to phospholipids. However, cholesterol is not capable of initiating a bilayered 

structure; it is quintessential for maintaining the structural integrity and rigidity of the liposomes. 

By the same mechanism, it also prevents the tilting and distortion of the membrane structure at 

temperatures exceeding phase-transition temperatures. Liposomes are often classifi ed on the basis 

of vesicular size and the number of lamellae present. Based on the number of lamellae, they can be 

classifi ed as unilamellar and multilamellar vesicles, as illustrated in Figure 1.14a and b.

Depending on the nature of the polar head group, phospholipid liposomes may be charged or 

uncharged. For charged liposomes, colloidal stability is determined largely by the magnitude and 

range of electrostatic interactions. For zwitterionic phospholipids with a zero net charge, such as PC 

and phosphatidylethanolamine (PE), phospholipid liposomes repel each other, thereby providing col-

loidal stability to such systems. Liposomes have been applied to the fi eld of drug delivery in numerous 

diverse directions. Drug delivery applications of liposomes are discussed elsewhere in the chapter.

Similar to liposomes, nonionic surfactant based vesicles (niosomes) are vesicular formed from 

the self-assembly of nonionic amphiphiles in aqueous media. This self-assembly into closed 

bilayers is rarely spontaneous (Lasic, 1990) and usually requires energy input in the form of 

physical agitation or heat. The bilayer assembly assures minimum contact of the hydrophobic 

parts of the molecule from the aqueous solvent and the hydrophilic head groups are completely in 

contact with the same. These structures are analogous to phospholipid vesicles (liposomes) and 

are able to encapsulate aqueous solutes and serve as drug carriers. The low cost, greater stability, 

and resultant ease of storage of nonionic surfactants (Florence, 1993) has led to the exploitation 
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of these compounds as alternatives to phospholipids. Niosome formation is affected by surfac-

tants;  additives (usually cholesterol); the nature of the drug; and physical parameters such as the 

hydration temperature, agitation, and size reduction techniques. Niosome formation is also based 

on the reduction of interfacial tension as in other vesicular assemblies. Typically, vesicles (closed 

lamellar structures) are formed in the water-rich phase of the binary phase diagram (Vyas and 

Uchegbu, 1998).

Polymersomes are polymer-based bilayer vesicles, which are also called nanometer-sized “bags” 

by scientists. The bilayer structure that is displayed is similar to liposomes and niosomes, which is 

revealed in Figure 1.15. They can be considered as liposomes but of nonbiological origin. Amphiphilic 

block copolymers can form various vesicular architectures in solution. They can have different 

morphologies, such as uniform common vesicles, large polydisperse vesicles, entrapped vesicles, or 

hollow concentric vesicles. Burke et al. (2001) described the formation of multiple morphologies 

from six different asymmetric amphiphilic block copolymers: PS-b-PAA, PS-b-PEO, polybutadi-

ene-b-PAA, PS-b-poly(4-vinylpyridinium methyl iodide), PS-b-(4-vinylpyridinium decyl iodide), 

and PS-b-PMMA-b-PAA. These vesicles are inert toward living things and have sizes ranging 

between 60 and 300 nm. Labeling studies with fl uorescent dye describe the block orientation within 

the vesicles. Scientists have proposed the ratio of the mass of the hydrophilic part to the total mass 

of the amphiphile as a criterion governing its self-assembly. A ratio of 35% (±10%) is indicative of 

a balance between the hydrophobic and hydrophilic parts, and polymersomes are formed. 

Amphiphiles with a higher value form micelles and lower ones form inverted structures. They have 

also been widely investigated for the delivery of cytotoxic agents (Lecommandoux et al., 2005).
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FIGURE 1.14a Unilamellar liposomal vesicle.
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FIGURE 1.14b Multilamellar liposomal vesicle.
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1.10 NANOPARTICLES

Nanoparticles are submicron-sized polymeric colloidal particles with a therapeutic agent of interest 

encapsulated within their polymeric matrix or adsorbed or conjugated on the surface. They may be 

broadly classifi ed as nanospheres and nanocapsules, as shown in Figure 1.16.

Nanoparticles are mainly based on polymeric materials of natural or synthetic origin. Natural 

substances (e.g., proteins such as albumin, gelatin, and legumin, and polysaccharides such as starch, 

alginates, and agarose) have been widely studied. Synthetic hydrophobic polymers from the ester 

class [poly(lactic acid)] and poly(glycolic acid) copolymers along with ε-caprolactone have been 

investigated and approved (Couvreur and Vauthier, 1991; Lewis, 1990; Pitt, 1990). The fi rst reported 

nanoparticles were based on nonbiodegradable polymeric systems such as polyacrylamide, PMMA, 

and PS. Their nonbiodegradability, immunogenic potential, and safety hazards restrained their 

applications for biomedical purposes. Soon this was followed by the development of biodegradable 

systems such as poly(alkyl cyanoacrylate) (PACA; Douglas et al., 1987; Kreuter, 1991), which has 

opened up a vast number of opportunities to the formulation scientist.

A polymeric nanosphere may be defi ned as a matrix type, solid colloidal particle in which drugs are 

dissolved, entrapped, encapsulated, chemically bound, or adsorbed to the constituent polymer matrix 

(Soppimath et al., 2001). These particles are typically larger than micelles (diameters between 100 and 

200 nm) and may also display considerably more polydispersity (Kwon, 1998). Even though elimination 

may be slowed by the submicron particle size of nanospheres, clearance is still inevitable because of 

capture by the RES. The hydrophobic surfaces of these particles are highly susceptible to opsonization 

and clearance by the RES. Hence, it became clear that in order to prolong the circulation of nanoparti-

cles, surfaces must be modifi ed by adsorbing various surfactants (including poloxamine, poloxamer, 

and Brij detergent) to the particle surface (Mueller and Wallis, 1993) or coupled to a highly hydrophilic 

moiety like PEG. Although a surfactant coating reduced the total uptake by RES organs over short 

periods of time, no difference between uncoated and coated particles was found over longer periods, 

probably because of the desorption of the surfactant (Illum et al., 1986; Douglas et al., 1987).

Hydrophilic layer

Hydrophobic layer

Aqueous core

Drug

FIGURE 1.15 Drug loaded bilayer polymersome.
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FIGURE 1.16 Nanocapsule and nanosphere.
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Polymeric nanocapsules are colloidal-sized, vesicular systems in which the drug is confi ned to a 

reservoir or is within a cavity surrounded by a polymer membrane or coating (Soppimath et al., 

2001). Frequently, the core is an oily liquid, the surrounding polymer is a single layer of polymer, and 

the vesicle is referred to as a nanocapsule. These systems have found utility in the encapsulation and 

delivery of hydrophobic drugs. Polymers used for the formation of nanocapsules have typically 

included polyester homopolymers such as poly(d,l)-lactide (PLA), PLGA, and polycaprolactone 

(PCL). In recent years copolymers of PEG and PLA have been used to avoid opsonization of the 

particles, similar to nanospheres (Ameller et al., 2003).

Nanospheres can be prepared by two general methods, depending on the polymer to be used. If 

the formed particles require polymerization, this can be achieved by either emulsion polymerization 

[as for PMMA and poly(ethyl cyanoacrylate)] or interfacial polymerization (as for PACA). For pre-

formed polymers such as biodegradable polyesters and their copolymers with PEG, nanosphere 

preparation can be achieved using emulsifi cation or solvent evaporation, emulsifi cation or solvent 

diffusion, and salting-out techniques. However, the most popular method is solvent displacement, 

also referred to as nanoprecipitation (Rodriguez et al., 2004; Reis et al., 2006). The most common 

method of producing nanocapsules is by the interfacial deposition of preformed polymers (Fessi 

et al., 1989). In this procedure, a solution of the drug in a water-miscible organic solvent, such as 

acetone (with or without a lipophilic surfactant), is prepared. To this solution is added an oil that is 

miscible with the solvent but immiscible with the mixture; this solution is dispersed into the 

aqueous phase, which frequently contains a hydrophilic surfactant (often poloxamer). Upon moder-

ate agitation, the solvent diffuses into the aqueous phase and the polymer aggregates around the 

oil droplet. The choice of nanoparticulate system preparation technique depends on the physico-

chemical properties of both the drug and the polymer. Nanoparticles prepared in this way have been 

under investigation for diverse biomedical applications, and they are subsequently discussed.

1.11 AEROSOLS AND FOAMS

The term aerosol describes systems in which liquids are dispersed in air, similar in principle to 

emulsions, stabilized by the presence of a surfactant. For pharmaceutical applications, the size of 

the particles is usually 0.5 to 5 μm. A fi ne mist is generated either by breaking up condensed mate-

rial (liquid), for example, under high pressure, or by condensing gas. The common mechanical 

means include air nebulizers, spinning disks, ultrasonic nebulizers, and vibrating orifi ce generators. 

Aerosol generation by nucleation is via the use of volatile propellants, which on rapid evaporation 

cause supersaturation and droplet formation. The charged surfactants are expected to improve the 

stability of the aerosol, but the interaction of surface charges with the low dielectric constant of air 

makes its presence at the surface unfavorable.

A foam is a dispersion of gas in a liquid or solid. The formation of foam depends on the surface 

activity of surfactants, polymers, proteins, and colloidal particles to stabilize the interface. Hence, 

the foamability increases with increasing surfactant concentration up to the CMC, because above 

the CMC the unimer concentration in the bulk remains nearly constant. The structure and molecu-

lar architecture of the foam are known to infl uence the foamability and its stability. The packing 

properties at the interface are not excellent for very hydrophilic or very hydrophobic drugs. The 

surfactant promoting a small spontaneous curvature at the interface is ideal for foams. Nonionic 

surfactants are the most commonly used. The main advantage with aerosols and foams are their 

site-specifi c delivery and multiple dosing of the drug.

1.12  SURFACTANTS AND BLOCK COPOLYMERS IN TARGETED 
COLLOIDAL DELIVERY SYSTEMS

Colloidal delivery systems have been aimed at improving therapeutics by virtue of their submicron 

size and targetability. The effectiveness of a drug therapy is often governed by the extent to which 



26 Colloids in Drug Delivery

temporal and distribution control can be achieved. Temporal control is the ability to manipulate the 

period of time over which drug release is to take place, the possibility of triggering the release at a 

specifi ed time during treatment in response to stimuli such as temperature and pH, or both. Distribution 

control is the ability to direct the delivery system to the desired site of action (Uhrich et al., 1999).

Stimulus-responsive polymers, also referred to as “intelligent,” “smart,” or “environmentally 

sensitive” polymers, are systems that exhibit large, sharp changes in response to physical stimuli 

(such as temperature, solvents, or light) or chemical stimuli (such as reactants, pH, ions in solution, 

or chemical recognition). Thermosensitive micellar systems can be prepared using block copoly-

mers with one segment exhibiting a lower critical solution temperature. The change in temperature 

of the environment above it causes a burstlike release of drug that is due to destabilization of the 

micelles. Examples of such polymers include poly(N-isopropylacrylamide)-containing block 

co polymers. However, only those micelles located under the skin can be controlled by it (Topp et al., 

1997). Metal oxide nanoparticles that can be activated with infrared radiation or the presence of an 

external alternating magnetic fi eld can be used to circumvent this situation. West et al. (2000) dem-

onstrated the use of gold and iron oxide (γ–Fe2O3) particles to trigger the photo- or magnetic-

induced transition in thermosensitive polymers. Application of auxiliary agents like channel proteins 

in block copolymer based systems improves their temporal control. It can allow for the development 

of delivery systems with pulsatile drug release under the infl uence of external stimuli such as reduc-

tion in the Donnan potential. One of the stimulus-responsive systems is based on  pH- induced micel-

lization, and it involves copolymers that exist as unimers at a certain critical pH but undergo 

micellization when the pH is changed. This occurs whenever two weak basic (or acidic) blocks of 

different negative logarithm of the equilibrium of association values are associated in the same 

copolymer. Such systems do not require cosolvents to stabilize the system (Armes et al., 1997, 1999). 

Scientists have described multistimuli responsive systems. Nowakowska and Zczubiałka (2003) syn-

thesized a series of amphiphilic terpolymers based on sodium 2-acrylamido-2-methyl-1-propane-

sulfonate, N-isopropylacrylamide (NIPAAm), and cinnamoyloxyethylmethacrylate. The terpolymers 

were soluble in water and self-assembled into micelles. They were found to be sensitive to three 

stimuli: temperature, which is due to the NIPAAm block that imposed a lower critical  solution tem-

perature; ultraviolet (UV) light, which is attributable to the presence of the cinnamoyl block; and 

ionic strength, which at elevated concentration induces the loss of temperature sensitivity. The size 

of the micelles formed, as indicated by DLS, varied with temperature and UV irradiation.

Distribution control can be exerted by passive targeting or active targeting. A suitable example 

of passive targeting is the preferential accumulation of colloidal particles in solid tumors by virtue 

of the enhanced permeation and retention (EPR) effect, which takes advantage of the enhanced 

vascular permeability of tumor tissue. As a result, high molecular weight substances accumulate 

inside tumors (Rosler et al., 2001).

Active targeting involves surface functionalization to achieve distribution control. It involves the 

modifi cation of the hydrophilic chain end with ligands that are recognized specifi cally by target 

cells. Figure 1.17 shows the architecture of a typical surface-functionalized micelle. This interaction 

is more specifi c and allows for the precise control of targeting to the site of interest. Modifi cation of 

the crosslinked micelles with appropriate ligands provides a delivery system with suffi cient stabil-

ity, and it also permits active targeting. For example, the aldehyde-functionalized PLA–PEG diblock 

copolymer allows micellar attachment to appropriate surfaces as well as the introduction of peptide 

ligands through Schiff base formation (Yamamoto et al., 1999). Functionalization of micellar sur-

faces with oligopeptides is an important development in targeted colloidal systems. Saccharides 

have also been used for targeting because they are involved in cell–protein and cell–cell inter-

actions. Kataoka et al. (2001) investigated glucose- and galactose-functionalized PLA–PEG 

block copolymers. Similarly, Yonese et al. (2001) introduced a lactose ring at one of the ends of a 

poly(γ- methyl glutamate)–PEG (PMG–PEG) block copolymer.

Several attempts to covalently attach an antibody or ligand to surfactants or polymeric micelles 

have been described. Poly(l-histidine)–PEG and poly(l-lactic acid)–PEG block copolymer micelles 
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carrying folate residue on their surfaces were effi cient for the delivery of adriamycin (ADR) to 

tumor cells in vitro, demonstrating the potential for solid tumor treatment (Lukyanov et al., 2004).

The attachment of an anticancer antibody to the micelle surface (creation of immunomicelles) further 

enhances tumor targeting. Some other examples of ligand-mediated targeting include folate-conjugated 

PEG-b-PCL micelles containing paclitaxel and transferrin-linked PEG-g-poly(ethyleneimine) (PEI) 

micelles containing phosphorothionate oligonucleotide epidermal growth factor (EGF) linked PEG-g-

PEI loaded with plasmid DNA (Gaucher et al., 2005).

One of the studies used micelles of Pluronics® block copolymers [PEG-b-poly(propylene glycol) 

(PPG)-b-PEG] as carriers for central nervous system drug delivery. These micelles were conjugated 

with either polyclonal antibodies against brain a 2-glycoprotein or insulin as targeting moieties. 

Both antibody- and insulin-vectorized micelles were able to deliver a drug or a fl uorescent probe to 

the brain in vivo (Kabanova and Gendelman, 2007).

The targetability of colloidal carriers is not limited to micelles; concepts have been devel-

oped for liposomes, nanoparticles, and other colloidal delivery systems. Liposomes can be 

explored for drug targeting in the management and chemotherapy of a plethora of fungal, viral, 

and bacterial diseases such as tuberculosis, leishmaniasis, leprosy, and candidiasis. Because 

liposomal therapy is site  specifi c, it is capable of achieving high intracellular drug concentra-

tions with reduced distribution to healthy and nonspecifi c host tissues. Liposomes tagged with 

sugar moieties, particularly glycolipids with galactose terminals and liposomes consisting of 

mannosylated phospholipids (Barrat et al., 1986), can be used to target the RES. A number of 

ligands and targeting moieties such as sialic acid, monosialotetrahexosylganglioside, PEG, and 

hyaluronic acid (HA) have been explored for prolonging circulatory times along with site- 

specifi c drug delivery. Glycolipids and gangliosides such as monosialotetrahexosylganglioside 

or phosphatidylinositol have been used to prepare sustained-release liposomes. Recently, PEG 

has been explored extensively for the preparation of stealth liposomes. Liposomes and lipid 

complexes, particularly surface-modifi ed liposomes such as cationic liposomes, polyplexes, and 

pH-sensitive liposomes, are being harnessed as nonviral vectors in gene delivery. For example, 

Holmberg et al. (1994) reported the use of pH-sensitive liposomes conjugated with antibodies 

specifi c to glial cells to deliver plasmid DNA, and these liposomes were even more effi cacious 

than simple cationic liposomes. Alving (1982) and Bakker-Wounderberg et al. (1994) observed a 

signifi cantly high hepatosplenic uptake of liposomal amphotericin B, sodium stilbogluconate 

with a simultaneous reduction in nonspecifi c tissue distribution, leading ultimately to mini-

mized toxicity and improved therapeutic benefi t. The high localization of liposomes incorpo-

rated with radio-opaque materials into the spleen, liver, and similar RES organs makes them 

valuable tools for the imaging of these organs. Similar to immunomicelles, liposomes tagged 

with antibodies (immunoliposomes) are effective in tumor targeting.

Several types of targeted nanoparticle preparations have been investigated. Irache et al. (1996) 

reported the use of lectins such as wheat germ agglutinin, tomato lectin, and bovine serum albumin. 

Tomato lectin, asparagus pea lectin, Mycoplasma gallisepticum lectin, and bovine serum albumin 

have been covalently coupled as ligands with PS nanoparticles to improve transmucosal absorption. 

PEG chains

Drug

Nanoparticle

Ligand (antibodies, proteins
or targeting moiety)

FIGURE 1.17 Surface-functionalized micelle.
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Premature RES uptake of nanoparticles is a major constraint in achieving site-specifi c drug target-

ing. Fibronectin, lectin, asialoglycoproteins, PEG, sialic acid, and a number of other biomimetic 

ligands have been used to prevent premature drug uptake by the RES. A schematic depiction is 

given in Figure 1.18.

A different approach is the use of magnetic nanoparticles prepared by incorporating ferric oxide 

particles or magnetite particles (10–20 nm) simultaneously with the drug during their preparation. 

These particles are then injected through the artery supplying the tumor tissue and guided exter-

nally with the help of an external magnet to target the nanoparticulate carrier and contents. The 

attachment of antibodies to the surface of nanoparticles serves as a ligand to facilitate drug delivery 

to the required sites. Monoclonal antibodies can be tagged to the nanoparticle surface by direct 

adsorption or by covalent bond formation. The previous section only presents some of the possibili-

ties and opportunities presented by surfactant and block copolymer based systems in achieving 

targeting. However, there are several other concepts and systems that ensure the delivery of thera-

peutics to the site of action.

1.13 APPLICATIONS OF COLLOIDAL CARRIERS IN DRUG DELIVERY

1.13.1 MICELLES

The major applications of surfactant or block copolymer micelles are the following:

 1. Micelles can be employed to enhance the solubilization of potent but hydrophobic and 

sparingly soluble drug candidates

 2. A low water concentration inside the micellar core retards the degradation of drugs that are 

prone to hydrolysis

 3. Micelles facilitate controlled and sustained drug delivery by virtue of partitioning toward 

micelles

Apart from these major applications, they also serve as good excipients, act as adjuncts in vaccines, 

facilitate taste masking, and so forth.

1.13.1.1 Solubilization of Drugs in the Presence of Micelles
The addition of a surfactant above the CMC may strongly increase the solubility of the hydrophobic 

drug. Polymeric micelles are less toxic for parenteral administration than solubilizing agents cur-

rently in use such as polyethoxylated castor oil (Cremophor EL) or polysorbate 80 (Tween 80; 

Chiappetta and Sosnik, 2007).

Many drugs are moderately stable compounds in aqueous solution and undergo hydrolysis. Their 

inclusion in micelles may enhance their stability. In fact, an increase in the molecular weight of the 

block copolymer at a constant composition, for example, in Pluronic (F68 → F88 → F108), results 

Ligand 
PEG chain 

Hydrophilic chain

Micellar core

FIGURE 1.18 Targeted stealth nanoparticles.
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in increased block segregation, increased micellization and solubilization capacity, reduced expo-

sure of the drug to the aqueous environment, and thus a reduced degradation rate.

The most widely investigated copolymers are derivatives of PEO–PPO–PEO block copolymers. 

Aqueous solutions display a sol–gel transition upon heating (sometimes around 37°C), which makes 

them suitable for the design of injectable matrices for minimally invasive biomedical applications. 

Two families are commercially available: the linear and bifunctional PEO–PPO–PEO triblocks or 

poloxamers (Pluronic) and the branched four-arm counterparts called poloxamine (Tetronic®).

Pluronic formulations have been utilized for enhanced solubilization of poorly water-soluble 

drugs and a prolonged release profi le for many applications (e.g., oral, rectal, topical, ophthalmic, 

nasal, and injectable preparations). The presence of two tertiary amine groups in poloxamine endows 

it with temperature and pH sensitivity. A large number of drugs with varied pharmacological effects 

have been investigated with Pluronic to increase the solubilization and stabilization and achieve 

delivery-specifi c requirements, for example, mydriatic tropicamide, immunosuppressant cyclosporins, 

anticancer doxorubicin, psychotropic propranolol, antibiotic vancomycin, NSAID diclofenac, and 

corticosteroid triamcinalone (Chiappetta and Sosnik, 2007).

1.13.1.2 Micelles in Intravenous Administration
Intravenous administration of a drug generally results in rapid clearance of the drug from the blood-

stream and subsequent accumulation in the RES. Consequently, the bioavailability of drug molecules 

in tissues other than the RES is negligible. These erratic drug absorption organs may trigger toxicity 

in RES tissues. Colloidal drug carriers such as liposomes, nanoparticles, and micellar systems can be 

sought to overcome this problem. The small size and slow disintegration time of PEO-containing 

block copolymer micelles has attracted a great deal of attention from various researchers. These 

block copolymeric micelles may prove to be potential drug carriers for site-specifi c and controlled 

targeting of cytotoxic drugs in neoplastic disorders. An example of this is PEO–polyaspartate block 

copolymer conjugates with the anticancer drug ADR. Small micelles formed by copolymer conjugate 

forms provide sustained release of ADR by prolonging the disintegration time after intravenous 

administration. The mechanism underlying prolonged disintegration time is biodegradation of aspar-

tate segments, which acts as a rate-limiting step for disintegration.

Most of the cytotoxic drugs unleash severe toxicity that is due to nonspecifi c drug distribu-

tion. The surfactant and block copolymeric micelles reduce host tissue toxicity. It has been 

reported that intravenous administration of ADR at a concentration of 10 mg/kg in tumor- 

bearing mice results in a signifi cant reduction of mean survival time because of severe side 

effects. However, ADR solubilized in block copolymer conjugates reduces the side effects by 

one to two orders of magnitude (Yokoyama, 1992). Poly(l-histidine)–PEG and poly(l-lactic 

acid)–PEG block copolymer micelles carrying folate residue on their surface were effi cient for 

the delivery of ADR to tumor cells in vitro, demonstrating potential for solid tumor treatment 

(Lukyanov et al., 2004).

Micelles with blocks made of PEO are sterically stabilized (stealth) and undergo less opsonization 

and uptake by macrophages of the RES, allowing the micelles to circulate longer in the blood. 

Physically and chemically stabilized micelles have also been developed to improve their disintegra-

tion kinetics. A novel strategy introduced in the last few years is crosslinking of the micellar shell. 

Terminal hydroxyl groups undergo modifi cation to improve the reactivity and are further reacted 

with coupling agents or by free radical polymerization reactions. Two different effects can be 

observed: micellar stabilization can be enhanced and shell permeability can be manipulated, which 

is critical for drug inclusion and release rates. Wooley et al. (1996) pioneered the concept of 

 chemically crosslinking the corona of amphiphilic diblock copolymer micelles using a broad range 

of polymers including styrene, isoprene, butadiene, ε-caprolactone, and methyl methacrylate. 

Monomers that have been used for the preparation of the hydrophilic, water-soluble corona include 

4-vinylpyridine, MAA, and 2-di-methylaminoethyl methacrylate. They possess great potential for 

the development of advanced drug delivery systems (Rosler et al., 2001).
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Micelles can also be core crosslinkable micelles, shell crosslinkable micelles, and functionalized 

site-directed micelles. For core crosslinking, the most suitable method is to modify the hydrophobic 

chain of the block copolymer with a polymerizable group. Kataoka et al. (2001) reported a number 

of PLA–PEG copolymers containing a methacryloyl group at the PLA chain. Several authors 

explored amphiphilic block copolymers containing crosslinkable groups that were laterally distrib-

uted along the hydrophobic block.

Superior drug targeting can be achieved by binding pilot molecules such as antibodies or sugars 

or by introducing a polymer sensitive to variations in temperature or pH (Jones et al., 1999). This 

strategy allows active targeting with ligands that are selectively recognized by receptors on the 

surface of the cells of interest. Kataoka et al. (2001) prepared galactose- and glucose-functionalized 

PLA–PEG block copolymers. Yonese et al. (2001) prepared sugar-substituted PMG–PEO block 

copolymers. Several attempts to covalently attach an antibody to surfactants or polymeric micelles 

have been described.

Another important characteristic of micelles, when compared with microspheres or many lipo-

somal formulations, is their small and uniform particle size. In theory, particle sizes can go down to 

the order of 10 nm for nonloaded polymeric micelles. This size is still large enough to accomplish 

passive targeting to tumors and infl amed tissues by the so-called EPR effect.

Micelles from certain polymer–lipid conjugates can also be loaded with a number of poorly 

soluble drugs, and they are quite stable in their ability to preserve their morphology and retain 

micellized drugs in conditions modeling parenteral administration. The micelles can spontaneously 

accumulate in tumors via the EPR effect. The attachment of an anticancer antibody to the micelle 

surface (creation of immunomicelles) further enhances tumor targeting. Some other examples of 

ligand-mediated targeting include folate-conjugated PEG-b-PCL micelles containing paclitaxel and 

transferrin-linked PEG-g-PEI micelles containing phosphorothionate oligonucleotide EGF-linked 

PEG-g-PEI loaded with plasmid DNA (Gaucher et al., 2005).

PEO–poly(l-amino acid) block copolymers have been explored to form polyion complexes 

with DNA or peptides and undergo micellization. For example, poly(l-lysine) has been used for 

encapsulating plasmid DNA. Depending on the type of amino acid, PEO-b-PLA block copoly-

mers may have a positive or negative charge at their side chains (Lavasanifar et al., 2002).

Micelles have been explored in drug delivery for specifi c applications. For example, because of 

toxicity concerns, many water-insoluble photosensitizers are preferentially required to deliver 

micelles at pathogenic sites by passive or active targeting (Nostrum, 2004). Hioka et al. (2002) stud-

ied the use of Pluronic P123 to solubilize a benzoporphyrin derivative for photodynamic therapy. 

Leroux et al. (2000) used a poorly water-soluble aluminum chloride phthalocyanine as the photo-

sensitizer and applied random copolymers as the carrier composed of NIPAAm and MAA (typi-

cally 3–5 mol %) to create pH sensitivity.

Recently, novel polymeric micelles with smart functions, such as targetability and stimuli sensi-

tivity, have emerged as promising carriers that enhance the effi cacy of drugs and genes with mini-

mal side effects. Several scientist groups (e.g., Kataoka et al., Bae et al., Frechet et al., and Katayma 

et al.) have been working in this direction, in which polymeric micelles respond to intracellular 

signals (Nishiyama et al., 2005).

Most of the work on polymeric micelles has focused on anticancer drug delivery and gene delivery 

(Torchilin, 1998), but it can also have other important applications. For example, an early study used 

micelles of Pluronics block copolymers (PEG-b-PPG-b-PEG) as carriers for central nervous system 

drug delivery. These micelles were conjugated with either polyclonal antibodies against brain a2- 

glycoprotein or insulin as targeting moieties. Both antibody- and insulin-vectorized micelles deliv-

ered a drug or a fl uorescent probe to the brain in vivo (Kabanova and Gendelman, 2007).

The use of an external physical stimulus to control micellization or micelle disruption processes 

has just begun to be exploited (Rapoport, 2007). Jiang et al. (2005) synthesized a block copolymer 

based on PEO and polymethacrylate attached to pyrene. UV irradiation caused hydrolysis of the 

ester group of the polymer, leading to micelle dissolution.
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Several scientists have investigated micelles prepared from water-soluble polymers conjugated 

with lipids. The hydrophobic part is represented by a lipid instead of a hydrophobic polymer block. 

The ability of PEG–PE molecules to form micelles in an aqueous environment was observed as 

early as 1994. Some of the PEG-conjugated lipids that have been explored are PEG–distearoylphos

phatidylethanolamine, PEG–dioleoylphosphatidylethanolamine, and so forth. Drugs (such as pacli-

taxel) and vitamin K3 have been loaded in such micelles and explored. These also circulate a long 

time in nature (Lukyanov et al., 2004).

1.13.2 LIQUID CRYSTALLINE PHASES

Liquid crystals offer several useful properties for drug delivery. The solubilization of a drug in the 

liquid crystalline phase is similar to that in micelles. Simultaneously, an increase in the viscosity of 

the system provides more localized effects in parenteral (intramuscular), topical, or oral delivery. 

The phase transitions of liquid crystals can be achieved either by temperature or by dilution. Systems 

can be tailored in such a way that transitions can be achieved at body temperature or in contact with 

body fl uids.

1.13.2.1 Oral Cavity
The administration of drugs in the oral cavity is challenging because of the possible ingestion of the 

formulation and the mechanical stress exerted by masticatory movements. In situ thickening of 

Pluronics with the aqueous system makes it suitable for formulations intended for the oral cavity. 

Local anesthetics (e.g., lidocaine and prilocaine) used for the treatment of periodontal diseases are 

investigated for their liquid crystal based delivery system.

1.13.2.2 Topical Delivery
Systems undergoing temperature-induced thickening are found to be more useful in the topical 

delivery system. Liquid crystal based wound dressings are used for the protection of artifi cial skin 

and for the prevention of microbial infections during severe skin burns. Atyabi et al. (2007) 

 investigated cellulose acetate and cellulose nitrate containing liquid crystals as topically applied 

thermoresponsive barriers using paracetamol and methimazole as model drugs. Liquid crystal 

based topical formulations containing nimesulide have higher stability, better release and absorp-

tion, and subsequent enhanced bioavailability (U.S. Pat. 6,288,121).

1.13.2.3 Parenteral Route of Administration
Liquid crystal based injectables have gained importance as dosage forms because of their salient 

features of in situ thickening. In situ thickening results in sustained drug release; hence, liquid crys-

tal based injectables may serve as repository preparations. Pluronics are biocompatible and are 

being explored further. Boyd and Whittaker (2006) demonstrated the sustained release of a series of 

model hydrophobic and hydrophilic drugs (paclitaxel, irinotecan, glucose, histidine, and octreotide) 

from lyotropic liquid crystalline phases based on glycerate surfactants.

1.13.3 EMULSIONS

Emulsions are extensively used as drug delivery systems, particularly for the topical and oral routes 

of administration. Generally, o/w emulsions are intended for internal use for obvious reasons. Some 

of the advantages offered by emulsions in drug delivery are solubilization of hydrophobic drugs, 

high drug release rates, and enhanced chemical stability or protection of the drugs from hydrolysis 

in an aqueous environment. Pharmaceutical emulsions contain less amounts of surfactants (phos-

pholipids, lecithins) that are natural in origin and thus nontoxic in nature. Oil components are 

always selected from oils of natural origin, such as soybean oil, cottonseed oil, coconut oil, corn oil, 
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sesame oil, cod liver oil, olive oil, and linseed oil, or mixtures of different fatty acids in different 

proportions (Malmsten, 2002).

1.13.3.1 Parenteral Administration
Prior to formulating an emulsion, the components are subjected to screening for purity, as well as 

purifi cation by chromatographic techniques if required. While formulating emulsions intended for 

parenteral use, much emphasis should be given to droplet size, iso-osmolarity, and sterility, because 

droplet sizes >2 μm may cause emboli or thrombosis. Iso-osmolarity of the delivery systems should 

be ensured by the addition of an electrolyte without affecting the stability of the delivery system. 

Systemic administration of an emulsion results in rapid plasma clearance and is readily taken up by 

the RES. This can be overcome by the surface modifi cation of droplets with ethylene oxide contain-

ing surfactants or block copolymers. Hydrophobic drugs, nutrients such as vitamin K1, diagnostic 

agents, and vaccines intended for parenteral use are formulated as emulsions. Fluorocarbon-based 

emulsions are used as plasma substitutes. A chlorambucil-loaded parenteral emulsion was prepared 

by a high-energy ultrasonication method using soybean oil as a triglyceride oil core and egg PC 

as an emulsifi er. A pharmacokinetics and pharmacodynamics study in mice suggested that the 

chlorambucil parenteral emulsion could be an effective parenteral carrier for chlorambucil delivery 

in cancer treatment (Ganta et al., 2008). Wang et al. (2008) developed lipid emulsions as parenteral 

drug delivery systems for morphine and its ester prodrugs such as morphine propio nate, morphine 

enanthate, and morphine decanoate using PE as an emulsifi er and squalene as an inner oil phase. 

They suggested that the combination of a prodrug strategy and lipid emulsions may be practical for 

improving analgesic therapy with morphine.

1.13.3.2 Oral Administration
Emulsions for oral drug delivery are well suited to mask bitter and obnoxious tastes. The absorption 

of o/w formulations mainly depends on dissolution of the drug, the partition coeffi cient of the drug 

between the emulsion components, the fl ow of bile juice, and the membrane permeability to the drug 

in the GIT. Generally, sparingly soluble and poorly bioavailable drugs showing drug uptake variabil-

ity can be incorporated in o/w emulsions to minimize the variability. Liquid paraffi n oral emulsions 

and castor oil emulsions are commercially available in the market for laxative purposes. Simethione 

oral emulsions are used for the relief of painful symptoms of fl atulence and dyspepsia associated with 

fl atulence. The poor bioavailability of poorly water-soluble cefpodoxime proxetil was greatly 

improved by o/w submicron emulsions (Nicolaos et al., 2003). Coenzyme Q10 (CoQ10) was emulsifi ed 

with fats and four types of emulsifi ers (lecithin, monoglycerides, calcium stearoyl-2-lactate, and 

diacetyl tartaric acid esters of monoglycerides), and the oral bioavailability of CoQ10 was confi rmed 

to be slightly greater than that of a standard commercial CoQ10 product (Thanatuksorn et al., 2009).

1.13.3.3 Topical Administration
Emulsions meant for topical use are more popular as cosmetics than as pharmaceuticals. Both o/w 

and w/o for mutations are used topically; however, o/w-based formulations produce a cooling effect 

due to the evaporation of external aqueous phase, whereas w/o-based formulations produce a soften-

ing effect. The uptake of drug from topically administered formulations mainly depends on parti-

tioning of the drug between the oil and water components, droplet size, concentration of the drug, 

skin condition, and interaction between the surfactants/components of the delivery system and the 

proteins present at the stratum corneum. Estrasorb—a topical emulsion containing estradiol—is 

marketed by Navavax, King Pharmaceuticals for the treatment of hot fl ushes and night sweats asso-

ciated with menopause in females.

1.13.4 MICROEMULSIONS

Microemulsions offer a range of advantages for oral as well as topical drug delivery. Currently, they 

are being explored for nasal and buccal delivery.
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1.13.4.1 Oral Administration
In general, microemulsions increase the bioavailability of drugs because of their small droplet 

sizes when compared with emulsions of the same drug. Microemulsions themselves provide a suit-

able delivery system for proteins and peptides. Apart from enhancing the bioavailability of pro-

teins, microemulsion-based protein delivery systems provide protection against the enzymatic and 

chemical degradation of drugs, and consequently enhance the bioavailability of peptides. The o/w 

microemulsions may offer an alternative delivery system for pH-sensitive drugs susceptible to 

degradation at the acidic pH values of the stomach. An improvement in the bioavailability of 

cyclosporine incorporated in microemulsions for oral delivery is disclosed in patents (U.S. Pat 

6,306,434, 2001; U.S. Pat 6,638,522, 2003). Oral microemulsions of mometasone furoate are 

highly effective compared to conventionally available and marketed preparations of the drug in the 

treatment of erosive–ulcerative oral lichen planus (Aguire et al., 2004). Cliek et al. (2006) tried to 

develop a stable oral microemulsion system for insulin delivery using lecithin. The paclitaxel con-

taining microemulsion with or without cellulosic polymers improves the oral bioavailability of the 

drug (U.S. Pat 7,115,565, 2006).

1.13.4.2 Topical Route of Administration
The barrier to topical drug absorption, the stratum corneum, has been partially overcome by the use 

of surfactant-based delivery systems. Surfactants react with the lipids of the stratum corneum and 

enhance drug penetration across the skin. Increased solubility and insecticidal activity of azadirachi-

tin A, a natural component from neem oil (U.S. Pat 6,703,034, 2004), is found when it is formulated 

as a microemulsion-based topical formulation. Willimann et al. (1992) prepared lecithin containing 

w/o microemulsions for the transdermal administration of scopolamine and broxaterol. They found 

that the transport rate obtained with the lecithin microemulsion gel was much higher than that 

obtained with an aqueous solution at the same concentration.

1.13.4.3 Parenteral Route of Administration
The presence of a high content of surfactant in microemulsions may trigger systemic toxicity. Apart 

from this, in some cases the cosurfactant may not be stable on dilution and causes phase separation 

leading to emboli formation. Various parameters such as acid–base balance, blood gases, plasma 

electrolytes, mean arterial pressure, and heart rate should be monitored on parenteral administra-

tion of microemulsions, which complicates microemulsion-based parenteral therapy. However, 

medium-chain triglyceride-based microemulsions are suitable for parenteral use, because the 

medium-chain triglyceride on spontaneous in situ emulsifi cation produces droplet sizes acceptable 

for intravenous application. The problems associated with the solubility and odor of propofol 

 (anesthetic), and pain during propofol injection have been overcome by the formulation of a micro-

emulsion-based injection with an emulsifi er composition of a long-chain polymer surfactant compo-

nent and a medium-chain fatty acid surfactant component (U.S. Pat 6,623,765, 2003).

1.13.4.4 Block Copolymers in a Microemulsion-Based Drug Delivery System
Microemulsions conventionally prepared with surfactants are not very robust and may change their 

structure with dilution and temperature change. Barker and Vincent (1984) investigated stable w/o 

microemulsions with PS–PEO diblock polymers. Attempts were made to compare the stability and 

drug-releasing properties of emulsions prepared with conventional surfactants and block polymers. 

It was shown that PCL-b-PEO block copolymers are promising nonionic macromolecular surfac-

tants for the stabilization of emulsions because they display stronger adsorption and provide 

increased long-term stability (Chausson and Fluchère, 2008).

Andrij Pich and Nadine Schiemenz (2006) demonstrated that PEO–PS block copolymers are the 

best stabilizers for the preparation of polymeric particles compared to conventional surfactants such 

as sodium dodecyl sulfate or cetyl trimethyl ammonium bromide in emulsions.
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Indomethacin was used as a model drug in a micellar system composed of copolymers of poly-

(l-lactic acid) and methoxy end-capped PEG, and the release pattern of the drug from the micellar 

structure in aqueous media was studied (Kim and Kim, 2001).

Scherlund and Malmsten (2000) investigated thermosetting microemulsions and mixed micellar 

solutions based on poloxamer block polymers (Lutrol® F127 and Lutrol F68) for the delivery of lido-

caine and prilocaine intended for induction of periodontal anesthesia. The micellar systems showed 

better stability and increased drug release compared to conventional emulsion-based formulations.

Opanasopit and Yokoyama (2004) synthesized a PEG–poly(β-benzyl-l-aspartate) block copoly-

mer and studied the suitability of a camptothecin-loaded system for tumor targeting. Camptothecin-

loaded nanoparticles prepared from the emulsion of a PLA/PEG–PPG–PEG system were reported 

by Kunii and Onishi (2007). They found with fairly high and stable entrapment of the drug and 

more area under the curve in normal rats and signifi cant tumor growth suppression in mice with 

sarcoma 180 solid tumors.

Kwon and Naito (1997) reported doxorubicin-loaded micelles of PEO-b-poly(β-benzyl-l-

aspartate) as depot preparation for the sustained release of the drug.

1.13.5 SEDDS AS A DRUG DELIVERY SYSTEM

SEDDSs offers advantages in the drug delivery system by improving the solubility, absorption, 

bioavailability, sustained release, and stability of the poorly soluble and less bioavailable drugs.

Atef and Belmonte (2008) developed SEDDSs loaded with phenytoin for comparison with a 

marketed solution of phenytoin (Dilantin). She observed a 2.3-fold increase in the area under the 

curve accompanied by an increased rate of absorption of phenytoin and a sustained effect of pheny-

toin in plasma.

Ji-Yeon Hong (2006) investigated the dissolution profi le of itraconazole solubilized in a SEDDS 

composed of Transcutol, Pluronic L64, and tocopherol acetate. The SEDDS reduced the interfer-

ence of food in drug absorption. It was demonstrated that the absorption of torcetrapib from a 

SEDDS is not affected in the presence of food (Perlman and Murdane, 2008).

SEDDSs has been shown to improve the stability of the entrapped drug compared to the 

plain drug solution. Gang Soo Chae and Jin Soo Lee (2005 ) studied the in vitro stability of 1,3-bis-

(2-chloroethyl)-1-nitrosourea (BCNU) after its release from a PLGA wafer and evaluated the in vitro 

antitumor activity against 9L gliosarcoma cells. The study concluded that SEDDS is capable of not 

only stabilizing BCNU but also facilitating the sustained release of BCNU from self-emulsifi ed 

BCNU-loaded PLGA wafers. The faster dissolution and drug release of CoQ10 from a self-nanoe-

mulsifying drug delivery system was demonstrated by Palamakula et al. (2004).

The oral bioavailability of poorly water-soluble drugs such as WIN 54954 (Charman and 

Charman, 1992), immunosuppressive drugs (Lattuada and Martini, 1998), halofantrine (Shui-Mei 

Khoo, 1998), diclofenac (Attama and Nzekwe, 2003), and simavastatin (Kang and Lee, 2004) and 

lipophilic drugs such as cyclosporine, aritonavir, saquinavir (Gursoy and Benita, 2004, ritonavir 

(Arunothayanun and Pirayavaraporn, 2004), silymarin (Wu and Wang, 2006), 9-nitrocamptothecin 

(9-NC; Lu and Wang, 2008), and oridonin (Ping Zhang and Ying Liu, 2008) were increased by 

formulating them as SEDDSs.

1.13.6 LIPOSOMES

1.13.6.1 Intravenous Administration
Liposomes tend to extravasate to the spleen, liver, and other RES organs because of loose junctions 

between their endothelial cells. Moghimi and Hunter (2001) reported that neutral and smaller 

 liposomes (<100 nm) undergo slow clearance compared to larger and charged liposomes. This 

behavioral profi le makes liposomes ideal candidates for targeting cytotoxic drugs to the RES along 

with minimization of their lethal toxicities. Anthracyclines have been successfully explored and 



Surfactants and Block Copolymers in Drug Delivery 35

commercialized in liposomal formulations, for example, an intravenous doxorubicin liposomal for-

mulation (Myocet®). The liposomal drug has a reduced incidence of cardio myopathy and similar 

cardiotoxicity in comparison to conventional doxorubicin formulations. Shimizu et al. (2002) found 

that intravenous injection of TAS-103 (a topoisomerase inhibitor encapsulated in nanometric lipo-

somes) improves survival and increases the life span to 42 days for mice induced with Lewis lung 

carcinoma compared to 38.6 days for those treated with nonliposomal TAS-103.

Liposomes have been successfully used for intracellular targeting of chemotherapeutic agents. 

Achieving optimum or inhibitory concentrations of antibiotic intracellularly is a major challenge 

for the formulation chemist. Wu et al. (2004) investigated the liposomal formulation of a popular 

cephalosporin—cefoxitin. The major therapeutic constraints of this agent are its short half-life and 

poor intracellular penetration. When administered intravenously, liposomal cefoxitin was absorbed 

6 to 16 times more in target tissues compared to free cefoxitin.

1.13.6.2 Subcutaneous Administration
Oussoren and Storm (2001) and Gregoriadis et al. (2002) used subcutaneously administered lipo-

somes for lymphatic delivery to target therapeutic and diagnostic agents for imaging, vaccination, 

and so forth. The subcutaneous route was found to be promising for preventing malignancy and 

metastatic development through the lymphatic system. Liposomal gadolinium was used for imaging 

(Fujimoto et al., 2000; Misselwitz and Sasche, 1997). Similarly, subcutaneous administration of a 

nonionic liposomal-encapsulated plasmid for a nucleoprotein of the infl uenza virus was therapeuti-

cally more effi cacious compared to free DNA (Perrie et al., 2004).

1.13.6.3 Intraperitoneal Administration
The intraperitoneal route of administration is usually preferred when high localization of drugs in 

tumors and low plasma drug levels are required simultaneously. Liposomal drug delivery by the 

intraperitoneal route leads to increased local drug concentrations in the peritoneal cavity. Sadzuka 

et al. (2000) investigated doxorubicin liposomes for their potential in solid tumor therapy in Ehrlich 

ascites carcinoma bearing mice. Similarly, intraperitoneal administration of a liposomal formula-

tion of an l-dopa prodrug derivative to rats resulted in a two times higher concentration in rat corpus 

striatum compared to l-dopa or the free prodrug itself (Di Stefano et al., 2004).

1.13.6.4 Pulmonary Drug Delivery
The salient anatomical and physiological features of lungs make them ideal for drug targeting. The 

large surface area offered by alveoli (Patton et al., 2004), avoidance of fi rst-pass hepatic metabo-

lism, noninvasiveness of the pulmonary route, accomplishment of local drug delivery in antiasth-

matic drugs, a higher rate and extent of penetration, and better bioavailability even in the case of 

peptide drugs make the lungs a fascinating site for drug targeting. Aerosolized liposomes or lipo-

somal dry powder inhalers with particle sizes not exceeding 3 μm are ideal for pulmonary delivery. 

Literature citations report the use of liposomal drug delivery in the treatment of various pulmonary 

disorders ranging from cystic fi brosis to lung cancer and in gene delivery using liposome-based 

formulations. Modifi ed liposomal systems such as aerosolized liposomes, dry powder inhalers, and 

liposome DNA complexes have been studied for effi cacious lung targeting (Schwarz et al., 1996; 

Eastman et al., 1997). Drugs such as amphotericin B in liposomes have been successfully commer-

cialized for systemic fungal infections like candidiasis and aspergillosis. Vyas et al. (2004) reported 

the use of liposomal rifampicin in the treatment of AIDS-related pulmonary tuberculosis. Liposomal 

rifampicin showed signifi cantly higher retention in the lungs compared to conventional rifampicin 

formulations. The same scientists also reported the encapsulation of amphotericin B in liposomes 

for the treatment of aspergillosis. Liposomes were prepared by conjugating them to o-palmitoylated 

pullulan as well as unconjugated liposome. Ligand-tagged amphotericin B liposomes showed 

promising uptake compared to nonconjugated ones as well as conventional formulations (Vyas 

et al., 2005).
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Doddoli et al. (2005) reported reduced nephrotoxicity of methotrexate in liposome-entrapped 

methotrexate in comparison to the free one. Similarly, liposomal 9-NC exhibited good pulmonary 

tumor concentrations when studied in human cancers xenografted subcutaneously in mice and 

murine melanoma and human pulmonary metastases.

1.13.6.5 Oral Delivery
Liposomes have attracted a great deal of attention for the oral delivery of drugs, especially for drugs 

that are acid labile, proteinous, and prone to fi rst-pass metabolism.

1.13.6.6 Transdermal Delivery
The excellent biocompatibility and potential of liposomes as ideal transdermal carriers are 

 attributed to their composition that greatly resembles that of the skin structure, their ability to act 

as potent permeation enhancers, their elasticity, their rejuvenation ability, as well as their revital-

izing action on skin. These attributes render them extremely useful as cosmetic delivery vectors. 

Liposomal composition, size, charge, and zeta potential are critical parameters that should be con-

trolled to optimize transdermal drug delivery. Manosroi (2004) reported a 10-fold increase in the 

rate and extent of absorption of amphotericin B incorporated in charged liposomes compared to 

chargeless, plain amphotericin B liposomes. Similar results were reported by Liu (2004) for acy-

clovir, where there was a much higher release of acyclovir from positively charged liposomes 

compared to plain liposomes incorporated with acyclovir. Modifi ed liposomes such as niosomes 

and transferosomes for topical or transdermal drug delivery have been developed in recent years. 

Transformable or elastic vesicles called transferosomes are currently attracting research interest 

for their possible role in transdermal drug delivery. Similarly, a newer concept of liposomes incor-

porated with ethanol, called “ethosomes,” is also rapidly gaining popularity. Godin and Touitou 

(2003) reported the potential of ethosomes in the drug delivery of highly lipophilic drugs such as 

sex hormones, contraceptives, cannabinoids, and cationic drugs across the skin. Han et al. (2004) 

reported the higher diffusion and extent of drug absorption of ADR when delivered by the transfol-

licular route using liposomal drug delivery assisted with iontophoresis. Wells et al. (2000) used 

electroporation synergized with cationic liposomes to augment gene transfer in murine breast 

tumor skin.

1.13.6.7 Ocular Drug Delivery
One of the major constraints of the ocular route of delivery is the very low residence time of a drug 

in the ocular cavity, leading to a subsequent reduction in the bioavailability of therapeutic moieties. 

Utilized liposomal drugs in the treatment of dry eye syndrome. Charge and vesicular size are impor-

tant parameters that affect the biodistribution of liposomes. Law et al. (2000) reported a higher 

corneal uptake of positively charged liposomal acyclovir.

1.13.6.8 Nasal Delivery
The nasal route has been widely explored and is considered to be prospective for the delivery of 

various drugs for local and systemic effect. Shahiwala and Misra (2004) reported the improved 

bioavailability of contraceptives such as leuprolide and levonorgestrol due to the improved mucoad-

hesion and residence time of liposomal formulations of these drugs studded with chitosan and 

Carbopol®. Liposomal vaccines are also being tried for their possible delivery by the nasal route. 

Wang and Nagata (2004) reported intranasal administration of liposomes loaded with plasmid DNA 

encoding infl uenza virus hemagglutinin in mice and found it to be better than existing commercial 

vaccines.

1.13.6.9 Vaginal Delivery
Liposomes and liposome-based gels are gradually becoming popular as delivery systems. Paveli et al. 

(2001) investigated liposomally entrapped chemotherapeutics for the local treatment of vaginitis. 
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They also developed liposomal gel formulations with an appreciable degree of mucoadhesion for 

antifungal drugs such as clotrimazole and metronidazole for vaginal local therapy.

1.13.6.10 Liposomal Targeting in Brain Tumors
Drug targeting to brain tumors or gliomas is a major challenge for the formulation scientist because 

of the presence of a highly resistant blood–brain barrier. The reason for the poor prognosis of brain 

tumors is mainly poor localization of cytotoxic drugs in tumors that is attributable to the blood–

brain barrier and subsequent nonspecifi c tissue distribution leading to toxicity. Liposomal cytotoxic 

drugs are believed to be more biocompatible and nontoxic to healthy host tissues along with effi ca-

cious tumor targeting. Nanosized liposomal vesicles (size range = 200–400 nm) tagged with a suit-

able ligand can be an ideal delivery system for brain tumor targeting. The rationale underlying brain 

targeting is the overexpression of certain receptors in pathological conditions such as cancer. 

Ligands capable of identifying such targets can be chemically anchored on the surface of liposomes 

to facilitate their internalization to such tumors and exert the required therapeutic action. 

Disialoganglioside (GD2) is overexpressed in neuronal ectodermal cancer cells compared to normal 

brain cells. A monoclonal antibody such as anti-GD2 linked with liposomes via pegylation can 

serve as a good targeting moiety. Brignole et al. (2005) reported the use of the Fab′ fragment of 

 anti-GD2–PEG liposomes incorporated with antisense oligonucleotide-c-myb and found an increase 

in both survival times and overall life span with intravenous injections of these site-specifi c lipo-

somes in nude mice with HTLA-230 xenografts.

Similarly, the combination of liposomal anthracyclines with other antineoplastic agents was 

determined to be a synergistic combination. Caralgia et al. (2006) studied the combination regimen 

of doxorubicin liposomes (Doxil) with temozolomide in the management of brain tumors and found 

the combination to be quite effective in a phase II study. The incidence of severe toxicities such as 

cardiomyopathy and mucosal damage were greatly diminished with liposomal doxorubicin com-

pared to conventional intravenous doxorubicin injections.

1.13.6.11 Breast Cancer
Chemotherapy for breast cancer has only been partially successful because of unwanted and 

highly toxic side effects unleashed by these chemotherapeutic agents. Liposomal doxorubicin 

has been better tolerated by breast cancer patients in comparison to conventional dosage forms. 

The liposomal formulation of existing chemotherapeutic agents is safer and relatively less toxic 

and has intact therapeutic effi cacy (Hofheinz et al., 2005; Gradishar, 2005). Mrozek et al. (2005) 

reported liposomal doxo rubicin in  conjunction with docetaxel as being safe and well tolerated in 

patients with breast cancer.

Liposomes can also be used in tumor targeting by altering the biodistribution and pharmacoki-

netic profi le of a drug. Stover et al. (2005) studied ceramide-loaded liposomes for anticancer action. 

Ceramide, which is a cytotoxic molecule produced after sphingomyelin metabolism, was loaded in 

PEGylated liposomes and injected intravenously in mice bearing syngeneic or human xenografts of 

breast cancer. Administration of this liposomal ceramide led to tumor regression (by six times).

1.13.6.12 Lung Cancer
9-NC is a lipophilic derivative of a naturally occurring anticancer agent, camptothecin. It has been 

reported to possess a substantial cytotoxic effect against lung cancer but with marked hematological 

toxicity. Verschraegen et al. (2004) investigated 9-NC incorporated liposomes in aerosolized formu-

lations in patients with primary and metastatic lung cancer and showed there was a signifi cant 

reduction in hematological toxicities.

Peer and Margalit (2004) investigated HA liposomes encapsulated with doxorubicin. In this 

study, HA was used as a targeting moiety to CD44 and RHAMM receptors overexpressed in lung 

cancer. The hydrophilic coat provided by HA also served as a stealthing moiety and facilitated 

controlled release. HA-conjugated doxorubicin and nonconjugated doxorubicin liposomes were 
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investigated in three mice models, and liposomal and HA liposomal doxorubicin were found to be 

long circulating with higher accumulation in target lung cancer.

1.13.7 NANOPARTICLES

1.13.7.1  Drug Delivery Applications of Natural Polymeric Nanoparticles
Alginates, chitosan, gelatin, and albumin have been widely explored as natural polymeric materials 

for the fabrication of nanoparticles. The biodegradability and biocompatibility of these materials 

make them appropriate candidates for the formulation of nanoparticles.

1.13.7.2 Alginate Nanoparticles
Pandey et al. (2005) reported an enhancement in the bioavailability of antifungal agents incorpo-

rated in chitosan-stabilized alginate particles. The prepared nanoparticles executed a sustained- 

release profi le of these drugs. Similar improved stability was seen in chitosan–alginate nanoparticles 

containing ovalbumin (Borges et al., 2005).

1.13.7.3 Chitosan Nanoparticles
Chitosan nanoparticles can be useful in stabilizing and protecting labile bioactives and therapeutic 

entities. Nanoparticles offer protection and thereby improved delivery of enzymes, oligonucleotides, 

nucleic acids, and so forth. Chitosan nanoparticles rendered hydrophobic by surface treatment were 

used for the delivery of trypsin (Liu et al., 2005). Mansourie et al. (2006) utilized chitosan nanopar-

ticles targeted to folate receptors to improve gene transfection. Hyung Park et al. (2006) investigated 

chitosan particulate delivery of doxorubicin and found a signifi cant reduction in the cardiotoxicity 

of doxorubicin.

1.13.7.4 Gelatin Nanoparticles
Gelatin nanoparticles have been investigated in recent years for drug delivery and site-specifi c drug 

targeting. Literature citations report the use of gelatin for the delivery of hydrocortisone (Vandervoort 

and Ludwig, 2004), paclitaxel (Lu et al., 2004), and chloroquine (Bajpai and Choubey, 2006). 

PEGylation of gelatin nanoparticles can be used to achieve the sustained release of hydrophilic 

drugs by prolonging their circulation times in the body (Kaul and Amiji, 2002). Gelatin nanoparti-

cles can also be effi cacious in tumor targeting. A higher accumulation of PEGylated nanoparticles 

was found in the liver and tumors (Kaul and Amiji, 2004) and lysosomes of neuronal dendrites 

(Coester, 2006), justifying their use in targeting gliomas. However, cardiotoxicity and immunoge-

nicity due to its proteinous nature are major constraints for the use of gelatin in drug delivery.

1.13.7.5 Synthetic Polymeric Nanoparticles
1.13.7.5.1 Polycaprolactone Nanoparticles
Nanoparticles prepared from PCL–PEG blends were found to augment the cytotoxicity of retinoic 

acid (Jeong et al., 2004). Similarly, chemical modifi cation of the surface of these nanoparticles by 

anchoring it with folic acid can be effectively used in tumors overexpressing folate receptors and 

signifi cantly improves drug uptake (Park et al., 2005).

1.13.7.5.2 Polyanhydride Nanoparticles
Pfi efer et al. (2005) used polyanhydride–lactic acid blends for plasmid transfection using fi refl y luci-

ferase DNA and found improved delivery of fi refl y DNA entrapped in polyanhydride nanoparticles.

1.13.7.5.3 Poly(Alkyl Cyanoacrylate) Nanoparticles
McCarron (2004) reported PACA nanoparticles to be potentially effective in the treatment of oral 

candidiasis. The enhanced effi cacy of PACA nanoparticles may be attributed to improved bioadhe-

sion with these particles. PACA nanoparticles were also effective in DNA transfection. Nanoparticles 
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increased the accumulation and retention of antisense oligonucleotides in vascular smooth muscle 

cells (Toub, 2005). These nanoparticles can also be used for insulin delivery in diabetic patients. 

The major constraints associated with oral delivery of insulin are its acid lability and susceptibility 

to proteolytic enzyme degradation in the GIT. Insulin also has a short half-life, which necessitates 

frequent administration and results in poor patient compliance. PACA nanoparticles incorporated 

with insulin were found to enhance the absorption of insulin along with prolonging the duration of 

action. Pronounced hypoglycemic effects for a prolonged duration were reported, which may help 

to render insulin therapy more controlled, sustained, and patient friendly (McCarron, 2004).

1.13.7.5.4 Cyclodextrins in Nanoparticles
The major limitation of nanoparticles is poor drug loading capacity. Poor payload necessitates the 

use of a large amount of polymeric materials for the fabrication of nanoparticles, and this in turn 

raises safety and toxicity issues. Various approaches have been sought to alleviate this problem. 

Drug loading problems can be overcome by cyclodextrins (CDs) by virtue of their solubilization and 

stabilization properties, as explored by several scientists. Boudad (2001) investigated an antiviral 

agent, saquinavir, to improve its drug loading by complexing saquinavir with hydroxypropyl-β-CD 

followed by loading it into PACA nanoparticles. Similarly, chitosan nanoparticles in conjunction 

with CDs were tried by some workers for solubility enhancement and protection of labile drug com-

ponents in an aqueous microenvironment. Chitosan nanoparticles of frusemide and triclosan were 

prepared after complexation with CDs followed by crosslinking of chitosan with sodium tripoly-

phosphate. The resultant nanoparticles exhibited improved drug loading capacity along with sus-

tained release of the drug (Maestrelli, 2006).

Hede (2005) studied CD-based nanoparticles conjugated with transferrin for the delivery of 

small interfering RNA to neoplastic cells and found a nanoparticles-based delivery system effi ca-

cious in controlling the growth of neoplasm along with freedom from tissue toxicity.

1.13.7.5.5 Amphiphilic Cyclodextrins
Amphiphilic derivatives of modifi ed CDs have been explored over the last few years for the synthe-

sis of nanoparticles. The amphiphilic nature of these derivatized CDs eliminates the use of other 

polymers or surfactants. These CDs have been investigated as potential substitutes for currently 

used polymer-based systems. These systems offer some salient advantages:

 1. Improved interaction and ready adaptability to biological membranes result in higher 

 biocompatibility and reduced tissue toxicity.

 2. These systems serve as excellent carriers for hydrophobic drugs because of the improved 

degree of interaction with hydrophobic moieties. Loading of lipophilic–hydrophobic bio-

actives can be further enhanced by modifying the structure of amphiphilic CDs and using 

more hydrophobic derivatives.

 3. Spontaneity in the formation of nanoconstructs makes them very appealing for use in 

nanotechnology for drug delivery.

1.13.7.5.5.1  Nonionic Amphiphilic Cyclodextrins Nonionic amphiphilic CDs possess appre-

ciable surface activity. These systems also possess inclusion-forming and complex-forming proper-

ties. Bilensoy et al. (2007) hypothesized that the unsubstituted secondary face of these CDs facilitates 

the entrapment of drugs in the cavity. Neutral CDs can be used for transfection of nucleic acids and 

may be considered as powerful tools in the fi eld of gene delivery.

1.13.7.5.5.2  Cationic Amphiphilic Cyclodextrins These CDs mainly comprise hydrophobic 

thioalkyl chains and a hydrophilic ethylene glycol skeleton. The stability of colloidal carriers formed 

by CDs may be attributed to the balance existing between these hydrophobic and hydrophilic 

 fragments of the molecule. Cationic CDs are more promising in gene delivery compared to neutral 
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ones because of the improved effi ciency of nucleic acid entrapment. Cationic CDs are strongly 

 complexed with negatively charged nucleic acid due to electrostatic attraction and thus may provide 

better payload and improved targeting effi cacy (Matsumoto, 2004, 67).

1.13.7.5.5.3  Anionic Amphiphilic Cyclodextrins The presence of a sulfate group in the struc-

ture renders this molecule anionic. Anionic amphiphilic CDs have been tried for drugs such as 

acyclovir. Granger et al. (2000) pioneered the concept of fl uorine-containing anionic CDs. Peroche 

et al. (2005) delineated the synthesis of amphiphilic perfl uorohexyl, perfl uorooctyl thio β CDs and 

their alkyl derivatives and studied their possible role in the fabrication of nanoparticles.

1.13.7.5.6 Applications in the Drug Delivery of Cyclodextrin-Based Nanoparticles
1.13.7.5.6.1  Cancer Therapy The nonselectivity of cytotoxic agents results in lethal and haz-

ardous toxicities to cancer patients. Colloidal delivery systems have been extensively and success-

fully studied for their effi cacy in targeting cancer. Nanoparticles are readily taken up by the leaky 

vasculature of tumors and can exert controlled and sustained drug delivery to cancerous cells 

because of EPR. Amphiphilic CD nanoparticles incorporated with tamoxifen were studied by 

Bilensoy et al. (2007). Tamoxifen is the drug of choice in the management of breast cancer and an 

adjunct for metastatic breast cancer. However, the drug suffers from the major limitation of nonspe-

cifi c tissue toxicity. Tamoxifen CD nanoparticles were found to exert a sustained-release effect and 

were therapeutically as active as the free drug.

Amphiphilic CDs have excellent solubilization and complexation properties. Researchers have 

exploited these properties to improve the absorption and solubilization of highly hydrophobic mole-

cules such as camptothecin. The very low water solubility of this drug results in poor bioavailability 

and renders it clinically less acceptable. Different derivatives of amphiphilic CDs have been used 

successfully to enhance the solubilization of this drug by formulating it in the form of nanoparticles. 

CDC6 and 6-O-CAPRO-CD nanoparticles have also been found to maintain the therapeutic effi -

cacy of the drug (Cirpanh, 2006, 2007).

1.13.7.5.6.2  Oxygen Delivery Perfl uorinated amphiphilic CDs are more effi cient in dissolving 

oxygen and therefore can be used as effi cient vectors for oxygen delivery. These nanoconstructs 

were more effi cient as oxygen carriers because their higher number in colloidal solution permits a 

greater rate of oxygen dissolution (Skiba et al., 2002).

1.13.8 AEROSOLS

1.13.8.1 Foam Systems
One of the most popular types of aerosol products is foam aerosols. In foam-based aerosols, liquid 

components may not form a homogeneous phase because of immiscibility. Hence, liquids may be added 

in the form of biphasic, heterogeneous phases. These biphasic forms tend to form either o/w or w/o 

emulsions. The liquefi ed propellant is emulsifi ed and is generally found in the internal phase. Surfactants 

are added to stabilize the emulsion. During the passage of this emulsion through a foam head on agi-

tating the container, evaporation of the oil phase furnishes copious foam. These copious and rich lather 

yielding foam aerosols are quite popular in cosmetics and dermatological preparations. Foam-based 

aerosols have found applications as hair creams, shaving creams, shower preparations, and so forth.

Foam aerosols are dispersed as stable or quick breaking foam, depending on the nature of the 

ingredient and the formulation. Aerosol emulsions are dispensed as foams and preferred for the appli-

cation of irritant ingredients or when the application is to be confi ned to a given site of application.

1.13.8.2 Aqueous Stable Foams
The formulation part of this type of preparation can be broadly divided into two parts: active 

 ingredients (oil waxes, o/w surfactant, and water up to 95–96.5%) and hydrocarbon propellant in a 
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proportion of 3.5% to 5%. Hydrocarbon propellants produce stiffer and dry foams at higher concen-

trations and wet foams at lower concentrations.

1.13.8.3 Nonaqueous Stable Foams
Glycols are predominantly used to fabricate these systems. Glycol esters are the chief class of emul-

sifi ers in this case along with other routine excipients and drugs.

1.13.8.4 Breaking Foams
These aerosol systems differ from the rest of the foam-based systems in some aspects such as the 

formation of a quick breaking and collapsible foam. As far as the formulation is concerned, propel-

lant forms the external phase. This system is mainly meant for topical and dermatological applica-

tions. The formulation components comprise 46% to 66% ethanol, 0.5% to 5% surfactant, 28% to 

42% water, and 3% to 15% hydrocarbon propellant.

Shaving foams typically consist of blends of fatty acids like stearic acid and lauric acid, which 

serve as the oil phase; various grades of PEGs serving as emulsifi ers, cosurfactants, and cosolvents; 

triethanolamine derivatives such as surfactants; glycerol as a humectant; and so forth. These excipi-

ents are in turn emulsifi ed with propellants I, II, III, or IV according to the requirement. Similarly, 

shower foam-based products generally consist of all of these excipients, usually consisting of iso-

propyl myristate as the oily phase, macrogels of different grades as cosolvents and cosurfactants, 

glycerol as the humectant, and alkylglycol ether sulfate as the surfactant. Generally, these excipients 

constitute 90% (w/w) of the formulation and 10% propellant mixtures.

1.13.8.5 Deodorant Sprays
Apart from the key excipients of foam aerosols, deodorant aerosol sprays comprise cosolvents like 

ethanol, antibacterials and antimicrobials like phenolic derivatives, and perfume as an organoleptic 

additive. Phenolic derivatives are usually added to exert germicidal and antimicrobial action to 

prevent and mask body odor.

1.14  BIOLOGICAL IMPLICATIONS OF SURFACTANT AND BLOCK 
COPOLYMERS: TOXICITY ASPECTS

Chemical agents used in a pharmacy were evaluated for their toxicity to the biological system and 

environment, their degradation pathways, and the relative toxicity study of degraded products. The 

degradation of chemical substances under aerobic and anaerobic conditions of the natural environ-

ment was studied to understand their biodegradation profi le. The surfactants and polymers used in 

the drug delivery system were evaluated in the same context and for their suitability for the different 

routes of administration in biological systems.

1.14.1 TOXICOLOGICAL STUDIES

Toxicity studies are conducted to assess the systemic exposure achieved in animals and its relation-

ship to quantity level and the time course of the toxicity study. In-vivo mammalian toxicity studies 

(acute, subacute, long term) are conducted in species such as dog, guinea pig, mouse, and rabbit by 

different routes of administration such as oral, inhalation, and intravenous. Chemical substances 

intended for the oral route of administration are evaluated for their LD50 value. LD50 value is the 

amount/dose of chemical substance which is lethal to 50% of the experimental animal population. 

A high LD50 value indicates the safer use of the chemical substances.

Acute toxicity studies are carried out in two rodent species (mice and rat) using the same route 

as intended for humans. If the route of administration is other than parenteral, more than one 

route is selected in order to ensure the systemic absorption of the substance under investigation. 
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Animals are observed for 14 days after administration, and minimal lethal dose (MLD) and 

maximum tolerated Dose (MTD) are calculated for the components under investigation. Mortality 

is observed for upto 7 days after parenteral administration and upto 14 days after oral administra-

tion. During acute toxicity studies, symptoms, signs and mode of death, and macroscopic and 

microscopic fi ndings are taken into consideration. LD10 and LD50 are calculated preferably with 

95% confi dence limits.

The chronic toxicity studies are carried out in two mammalian species, of which one should be 

nonrodent. These studies are carried out  for the duration of 14, 28, 90, and 180 days.

For the products meant for parenteral route of administration, the site of injection is specially 

examined grossly and microscopically. The reversibility of the adverse effects is also monitored. 

For the excipients in the use of intramuscular injections, muscle toxicity is evaluated by gross mor-

phological examination of tissue and serum creatinine phosphokinase (CPK) levels, which is con-

sidered as the index of muscle tissue injury. In general, lower HLB value copolymers (lipophilic in 

nature) show greater CPK values (Rodriguez Stephen and Singer Edward, 1996).

Inhalation toxicity studies are to be undertaken in one rodent and one non rodent species for the 

acute, subacute and chronic use of the chemical under investigation. Gases and vapors are given in 

whole body exposure chambers, and aerosols are given by nose only method. Exposure time and 

concentrations of test substance are validated to ensure exposure levels comparable to multiples of 

intended human exposure. During this study, the observations include effects on respiratory rate, 

fi ndings of bronchial lavage fl uid examination, histological examination of respiratory passages and 

lung tissue.

Dermal toxicity studies are done in rabbit and rat. The test material is applied on shaved skin 

covering not less than 10% of the total body surface area. Porous gauze dressing is used to hold 

liquid material in place. Period of application may vary from 7 to 90 days depending on the 

clinical duration of use. Local signs (erythema, oedema, and eschar formation), as well as histo-

logical examination of sites of application, are observed. Vaginal toxicity study is done in rabbit 

or dog for a minimum of 7 days and a maximum of 30 days and observed for swelling, closure 

of introits and histopathology of vaginal wall. Figure 1.19 shows the schematic of toxicity 

studies.

1.14.2 DEGRADATION OF SURFACTANTS, POLYMERS, AND PHOSPHOLIPIDS

1.14.2.1 Degradation of Surfactants
Surfactants are used as emulsifi ers, wetting agents, solubilizers, and dispersing agents in pharma-

ceutical formulations, which can infl uence the biological activity of the drug in the living system. 

Toxicity studies 

InhalationOral Parenteral Topical

1. LD50 
2. LD10 
3. MLD 
4. MTD 

1. LD50 
2. LD10 
3. MLD 
4. MTD 

5. CPK level  

1. Skin irritation 
2. Erythema 
3. Oedema 
4. Eschar 
    formation  

1. Respiratory 
    rate 
2. Histopathology
    of respiratory
    tract tissue  
3. Bronchial fluid 
    examination 

FIGURE 1.19 Schematic of toxicity studies.



Surfactants and Block Copolymers in Drug Delivery 43

Surfactants may infl uence the desegregation and dissolution of drugs by controlling the rate of pre-

cipitation of drugs and increase the membrane permeability by affecting membrane integrity. 

Surfactants above the CMC increase the saturation solubility of the drug and the peak plasma con-

centration. However, at higher concentrations, surfactants decrease drug absorption by affecting the 

chemical potential of the drugs. Complex interactions between drugs and protein may be possible, 

which leads to alterations in drug-metabolizing enzyme activity (Tadros, 2005).

Many commercially available surfactants degrade under biological conditions. The ability to 

undergo degradation mainly depends on the hydrophobicity and steric hinderance properties of 

the surfactants. The speed of degradation of surfactants greatly depends on the alkyl chain length, 

linearity of the chain, degree of branching, and branch distribution in the main alkyl chain. 

Linear molecules undergo degradation rapidly when compared to molecules having the same 

number of carbon atoms. The degradation pathways of anionic and nonionic surfactants have 

been well studied, but the degradation pathways of cationic and amphoteric surfactants remain 

limited. Mostly all surfactants undergo ω and β oxidation of the alkyl chains of the surfactants.

1.14.2.2 Biodegradation of Polymers
Biodegradable polymers have attracted a great deal of interest in drug delivery because they can 

undergo degradation under normal physiological conditions. In general, polymers undergo either 

chemical or enzymatic degradation in the biological system, varying in their degradation rate. 

Different polymers have different stabilities toward degradation; this allows the formulator to design 

the drug delivery system with varying drug release rates. Polymers that show more stability or a 

slow degradation pattern are considered as suitable candidates for sustained- or controlled-release 

formulations. Polyanhydride, polyketal, and polyorthoesters are more susceptible to hydrolytic deg-

radation; polyamide, polyurethane, and polycarbonate polymers are found to be stable and inert in 

a hydrolytic environment.

When drugs are incorporated in polymers to achieve sustained release of the drugs, release of the 

drugs will predominantly depend on degradation of the polymer. Polymers can be tailored to obtain 

the desired release rate from the dosage form. Because of the degradation of polymers, there will be 

a compositional variation in the polymers, which still affects the drug release pattern. In polylactide–

polyglycolide block copolymers, on degradation they become enriched with polylactide because of 

the preferential degradation of polyglycolide blocks.

Like surfactants, the degradation of polymers by the hydrolytic pathway depends not only on 

the composition of the individual monomer but also on the polymer architecture, polymer crystal-

linity, pH, and temperature, as well as the presence of other components like drugs in the delivery 

system.

The pH-dependent degradation of polymers allows the formulator to design the site-specifi c 

delivery of a drug, especially in the oral route of administration. Because the GIT offers different 

pH ranges at various sites (acidic at gastric sites and alkaline at intestinal sites), polymers that are 

sensitive to pH will degrade at the desired pH and release the drug at the hydrolytic site. In general, 

hydrolytic degradation is found in acidic and alkaline pH and is limited in neutral pH, which enables 

the stability of the formulation during storage.

Polymers that are considered to be stable for chemical degradation have been degraded by enzy-

matic degradation, while naturally occurring polymers such as polysaccharides and polypeptides 

are more susceptible to enzymatic hydrolysis. Many synthetic polymers such as poly(ether ure-

thane), poly(ε-caprolactone), poly(ester urea), poly(hydroxyl butyrates), and poly(glycolic acid) 

undergo enzymatic degradation.

Apart from the chemical nature of the polymer, enzymatic degradation is affected by the pH, 

temperature, presence of enzyme inhibitors, presence of surfactants, other organic compounds, 

electrolytes, and concentration. Common enzymes that facilitate the enzymatic degradation of poly-

mers are trypsin, chymotrypsin, papain, esterase, carboxy peptidase, leucin amino peptidase, lipase, 

and elastase.
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Although polymers are selected based on the least toxicity of the polymers and their degradation 

products, PEO polymers encounter problems such as the formation of aldehydes when they are exposed 

to oxygen and light, which may lead to irritation and certain toxic effects. The degradation of polymers 

infl uences other characteristics of the delivery system, for example, gel strength and bioadhesion.

In the body, alginates degrade by acidic hydrolysis into glucuronic and mannuronic units. On 

intravenous administration of chitosan delivery systems, chitosan nanoparticles accumulate in the 

liver with minimal concentrations in the heart and lung. However, chitosan-based drug delivery 

systems have not been found to be toxic. Gelatin is degraded by proteases into amino acids. In the 

body, PLGA and PLA polymers degrade into the monomers lactic and glycolic acids, which enter 

the citric acid cycle, where they are metabolized and eliminated as carbon dioxide and water. 

Glycolic acid may also be excreted through the kidney. In poly(ε-caprolactone), bulk scission of the 

polymer chain occurs in the RES of macrophages. In the polyanhydride-based drug delivery sys-

tem, the anhydride bond degrades to form diacid monomers that are eliminated from the body. 

PACA polymers are hydrolyzed into water-soluble alcohols and poly(cyanoacrylic acid).

1.14.2.3 Biodegradation of Phospholipids
Phospholipids are widely used in drug delivery systems such as liposomes, emulsions, microemul-

sions, and dispersed lipid particles that are intended for internal use. Phospholipids undergo enzy-

matic degradation by lipases and phospholipases. As in the enzymatic degradation of polymers, the 

degradation of phospholipids by enzymes depends on the concentration of enzymes, the nature of 

the lipid, pH, temperature, and the presence of other substances such as salt, enzyme inhibitors, and 

cholesterol. Longer and saturated phospholipids show more stability toward enzymatic degradation 

than branched and unsaturated phospholipids (Malmsten, 2002).

1.15 CONCLUSION

Surfactants have been used for centuries in many medicinal and other applications. In the last 10 

years there has been a paradigm shift in the utility and versatility of applications of surfactants, and 

they have been extensively exploited in the detergent industry and in drug delivery. Their increasing 

applications in the area of drug delivery development are the outcome of the continued efforts of 

scientists to identify natural surfactants with less toxicological implications and to develop many 

more synthetic polymers in an effort to reduce the toxicities of the available surfactants. The drug 

carriers developed using these surfactants to increase their utility in drug delivery by attaching 

ligands or block copolymers render them less toxic and increasingly site specifi c. These efforts have 

resulted in drug delivery systems with an improved therapeutic index, reduced dose or frequency of 

dosing and toxicities, and probably better patient compliance and therapeutic benefi t. Still, many of 

these surfactants, polymers, and block copolymers must be applied in the product used in clinical 

practice for the lack of preclinical acute and long-term toxicological evaluation. The collaborative 

and continued efforts of scientists from various disciplines are necessary to develop newer polymers 

suited for the delivery of drugs through various routes of administration without causing any change 

to the barrier layer except transit, even in long-term use.

ABBREVIATIONS

ADR Adriamycin

BCNU 1,3-Bis(2-chloroethyl)-1-nitrosourea

CD Cyclodextrin

CMC Critical micelle concentration

CMT Critical micelle temperature

CoQ10 Coenzyme Q10

CPP Critical packing parameter
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DLS Dynamic light scattering

EGF Epidermal growth factor

EPR Enhanced permeation and retention

GD2 Disialoganglioside

GIT Gastrointestinal tract

HA Hyaluronic acid or hyaluronan

HLB Hydrophilic–lipophilic balance

LD50 Lethal dose in 50% population of animals

MAA Methacrylic acid

9-NC 9-Nitrocamphothecin

NIPAAm N-Isopropylacrylamide

NMR Nuclear magnetic resonance

o/w Oil in water

PAA Poly(acrylic acid)

PACA Poly(alkyl cyanoacrylate)

PC Phosphatidylcholine

PCL Polycaprolactone

PE Phosphatidylethanolamine

PEG Poly(ethylene glycol)

PEI Poly(ethyleneimine)

PEO Poly(ethylene oxide)

PLA Poly(d,l)-lactide

PLGA Poly(d,l-lactide-co-glycolide)

PMG Poly(γ-methyl glutamate)

PMMA Poly(methyl methacrylate)

PPG Poly(propylene glycol)

PPO Poly(propylene oxide)

PS Polystyrene

RES Reticuloendothelial system

SEDDSs Self-emulsifying drug delivery systems

UV Ultraviolet

w/o Water in oil

SYMBOLS

nw Weight average

nn Number average

Z Aggregation number

Rg Radius of gyration

Rh Hydrodynamic radius of micelle

Rc Micellar core radius

L Thickness of corona

G Free energy

N Number of repeating units

F Number of arms

χ Flory–Huggins parameter

δ Solubility parameter

Mw Weight-average molecular weight

u Unimer

m Micelle

x Weight fraction of unimers
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v Volume of the hydrophobic tails

a Polar head group area

l Length of the hydrophobic chain of the surfactant
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2 Application of Colloidal 
Properties in Drug Delivery

Swarnlata Saraf

2.1 INTRODUCTION

In the last few decades a renaissance of colloid science and technology has occurred due to the 

expanding fi eld of nanotechnology and its application (Rill et al., 2008). A large variety of areas have 
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been covered in this fi eld, including drug delivery systems, biochemical systems, and industrial sys-

tems (Gennaro, 2004). The term “colloids” applies broadly to a system containing at least two compo-

nents in any state of matter, one dispersed in another, in which the dispersed components consist of 

large molecules or small particles (Bungenberg, 1949). The size of colloidal particles ranges between 

1 nm and 1 μm (Hunter and O’Brien, 1989). Generally, the signifi cant properties of colloids that play 

a role in drug delivery are morphological, optical, physicochemical, kinetic, electrical, and magnetic.

The properties of colloids provide information about the absorption; absorption, distribution, 

metabolism, and elimination; cell–membrane interaction; and drug molecule behavior in surround-

ing environments. Such properties play a major role in drug loading capacity and transport mecha-

nisms because the charge and colloidal size range is set for this capacity. Colloidal particles greatly 

affect the rate of sedimentation, osmotic pressure, and stability and biocompatibility of colloidal 

drug carriers. Colloidal properties also provide a selection basis for excipients and manufacturing 

process criteria, such as the viscosity, interfacial tension, and aggregation properties, which results 

in bioavailability and biodistribution of colloidal carriers in the human body (Yang and Alexandridis, 

2000). Particle properties like the Tyndall effect, turbidity, and dynamic light scattering (DLS) can 

be used as tools to access rational criteria for the development of formulations. The optical property 

is widely used to observe the size, shape, and structure of colloidal particles. The kinetic properties 

of colloids deal with the motion of particles with respect to the dispersion medium. These properties 

mainly include Brownian motion, diffusion, osmosis, sedimentation, and viscosity. They provide 

detail of the movement of colloidal carriers within the body and provide transportation criteria of 

colloidal carriers across cell membranes. The physicochemical properties of colloids such as the 

physical state of colloids, lyophilicity, lyophobicity (Swarbrick and Martin, 1991), drug polymorphs  

(Wong et al., 2008), and interfacial properties (Richard et al., 2006) are helpful in the selection of 

colloidal carriers (e. g., liposomes, nanosomes, nanoparticles, etc.) for a particular drug. This zeta 

potential (Wiacek, 2007) and conductivity (Sripriya et al., 2007) related to the migration of particles 

yield information about the selection basis for excipients and the interaction of colloidal carriers 

with cell membranes. The magnetic property of colloids deals with the specifi c delivery of drugs 

inside the body, which helps to increase the effi cacy of the drug and reduces its toxicity (Vyas and 

Khar, 2002).

2.2 MORPHOLOGICAL PROPERTIES OF COLLOIDS

The morphological properties of colloidal particles greatly infl uence the morphological characteris-

tics of the drug delivery system, for example, microparticles and nanoparticles. The morphological 

properties mainly include the size, shape, and surface area of colloidal particles. Any alteration in the 

morphological properties of colloids may greatly infl uence the stability, biocompatibility, and biodis-

tribution of drug carrier systems (Yang and Alexandridis, 2000). Several morphologies of colloids 

can be studied with atomic force microscopy images as observations of the adsorption behavior of 

colloids, for example, the periodicity of discrete adsorbed aggregates on the surface of particles.

2.2.1 PARTICLE SIZE OF COLLOIDS

The colloidal size range is approximately 1 nm to 1 μm, and most colloidal systems are  heterodisperse 

(Burgess, 2007). Because of their size, colloidal particles can be separated from molecular  particles 

with relative ease (Swarbrick and Martin, 1991). Particle size is one of the most important parame-

ters that assists in selection of the route of drug delivery. The size of particles refl ects the surface 

area for absorption and its settling in suspensions. To characterize heterodisperse systems, it is nec-

essary to determine the particle size distribution. Various sizes of colloids affect the biodistribution 

of drug delivery (Figure 2.1). Colloids can be measured as follows:

Martin’s diameter (dm): The length of a line that dissects the image of the colloids.
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Feret’s diameter (df): The distance between two tangents on opposite sides of the colloid, 

which are parallel to some fi xed direction.

Projected area diameter (da): The diameter of a circle having the same area as the colloids 

(Allen, 1975).

Colloidal drug delivery carriers are usually required for the following reasons (Table 2.1 and 

Figure 2.2):

 1. Many therapeutically effective drugs are characterized by poor aqueous solubility and 

need to be solubilized.

 2. Many drugs, such as proteins and peptides, are very fragile and often large in size and need 

a microenvironment for protection from hydrolysis or enzymatic degradation and absorp-

tion through membranes.

 3. Colloidal drug delivery carriers increase drug effi cacy by reducing its size to nanoparticles 

and decrease its toxicity.

 4. Because of their small size, they are not recognized by normal reticuloendothelial system 

organs.

 5. Targeted delivery of drugs can be achieved by conjugating a specifi c vector to the carrier.

FIGURE 2.1 Texture of colloid.

TABLE 2.1
 Various Sizes of Colloidal Carrier Systems
System Size (nm)

Microspheres 200–1000

Multilamellar vesicles 200–1000

Nanocapsules 50–200

Unilamellar vesicles 25–200

Nanoparticles 25–200

Microemulsions 20–50

Low-density lipoproteins 20–25

Source: Florence, A. T., 1994. Drug Delivery: Advances and 
Commercial Opportunities. Oxford, UK: Connect-Pharma.
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 6. Because of their smaller size, they can be easily administered intravenously. These par-

ticles cannot extravagate except in tissues with a discontinuous capillary endothelium, 

which are the liver, spleen, and bone marrow. The size of the gap between endothelial 

cells is approximately 100 nm, which allows only the smallest particles to penetrate into 

the tissue. Carriers extravagate into solid tumors and into infl amed or infected sites, where 

the capillary endothelium is defective (Barratt, 2000; Yang and Alexandridis, 2000). The 

anticancer drug doxorubicin (adriamycin) is active against a wide spectrum of tumors, but 

it has dose-limiting cardiotoxicity. Encapsulation within liposomes or nanoparticles 

decreases this toxicity by reducing the amount of drug that reaches the myocardium.

In parenteral drug delivery by means of colloidal emulsions, the particle size is one of the most 

important characteristics of an emulsion. Large particle size emulsions are clinically unacceptable 

because of the formation of emboli, and small emulsion droplet sizes promote good physical stabil-

ity for long circulation times in the body (Kawaguchi et al., 2008).

2.2.2 SHAPE

The shape adopted by colloidal particles in dispersion is important; the more extended the particle, 

the greater its specifi c surface and the greater the opportunity for attractive force to develop between 

particles of the dispersed phase and the dispersion medium. The rate of sedimentation and osmotic 

pressure are greatly affected by a change in the shape of colloidal particles (Swarbrick and Martin, 

1991). The shape of the colloid derives the surface properties that strongly affect the stability as well 

as the biocompatibility and biodistribution of colloidal drug carriers. Any alteration in the shape of 

colloidal particles tends to increase the chances of aggregation (Figure 2.3). The aggregation of 

particles provides selection criteria for excipients for colloidal drug delivery systems. The shape of 

colloidal particles also provides a selection basis for the kinetics and mechanism of drug release 

from carriers into the biological system. Particles produced by dispersion methods have shapes that 

depend partly on the natural cleavage planes of crystals and partly on any points of weakness within 

the crystals. Particle shape can be determined by scanning electron microscopy, transmission elec-

tron microscopy, electron microscopy, and confocal laser scanning microscopy (Nixon and Mathews, 

1974). The surface properties of any colloid can be assessed by its angular or spherical shape, which 

affects the effi cacy of drug delivery. For instance, the molecular shape of phosphatidylcholine (PC) 

is cylindrical and the aggregation state is lamellar as biomembranes. Cylindrical molecules produce 

close vesicles, but lysophosphatidylcholine causes hemolysis; hence, it is not used for parenteral 

emulsions (Kawaguchi et al., 2008).

2.2.3 SURFACE AREA

The surface area of any colloid is derived from its size, which also refl ects a greater charge on 

particles. These charged particles repel each other, overcoming the tendency to aggregate and 

(a) (b) (c) Antibody 

Hydrophobic 

Drug 

FIGURE 2.2 (a) Liposome; (b) nanoparticles; and (c) specifi c miceller system.
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remain dispersed. The surface area mainly affects the viscosity, interfacial tension, and aggrega-

tion properties. It also provides selection criteria for drug delivery systems. For instance, the 

combination of lecithin and a hexanoyl oil in water microemulsion decreases emulsion droplet 

size and increases surface area and stability, which in turn also increases the circulation time of 

the drug (Kawaguchi et al., 2008). A large surface area is associated with the characteristic size 

of colloidal particles, which is an intrinsic property of the colloidal system. For example, a typical 

micellar system for drug delivery containing 0.1 m amphiphile has 40,000 m2 of interfacial area 

per liter of solution.

2.3 OPTICAL PROPERTIES OF COLLOIDS

One of the most promising properties of colloids is the optical property, which is widely used to 

observe the size, shape, and structure of colloidal particles. The different types of optical properties 

are described in the following subsections.

2.3.1 TYNDALL EFFECT

The Tyndall effect is the most common optical property of colloids. When a beam of light is passed 

through a colloidal solution, a visible cone resulting from the scattering of light by colloidal parti-

cles is formed. This is called the Faraday–Tyndall effect. The smaller the particle size, the greater 

is the Tyndall effect. The Tyndall effect is attributable to the interaction of particles with light, and 

it provides selection criteria for the route of administration by knowing the interaction of colloidal 

particles with cell membranes.

2.3.2 TURBIDITY

Turbidity is defi ned as the reduction in the intensity of light as it passes through a colloidal sample. 

The loss of intensity is due to the scattering of light, and it can be used to determine the average 

molar mass of lyophilic colloids. Such a knowledge of molar mass helps to access the developability, 

φs = φsat φs = φdep

Increasing small droplet concentration 

FIGURE 2.3 Alteration in shape.
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processability, and quality criteria of any drug delivery system. The molecular weight of colloids 

may be obtained from the following equation:

   Hc ___ τ   =   1 __ 
M

   + 2Bc, (2.1)

where τ is the turbidity, c is the concentration of solute (g/cm3), M is the weight-average molecular 

weight, and B is the interaction constant (Swarbrick and Martin, 1991).

The determination of molecular mass by the turbidity provides a selection basis for absorption, 

distribution, and interaction of colloidal carriers with cell membranes.

2.3.3 DYNAMIC LIGHT SCATTERING

DLS is one of the properties of colloids known as quasielastic light scattering or photon correlation 

spectroscopy. The DLS technique utilizes the principle of Brownian motion and can measure 

 particles in the range of 0.6 nm to 6.0 μm (Chabay and Bright,1978; Spragg,1980). This technique 

reports the particle size as the hydro dynamic radius, which is defi ned as the radius of a hard sphere 

that diffuses at the same rate as the particle under examination. The factors that affect the hydrody-

namic radius include the shape, density, properties of the suspending fl uid, and temperature (Wong 

et al., 2008). For example, the mean water droplet size is dependent on the water concentration as 

confi rmed by DLS measurement: the higher the water concentration, the larger the droplet size. Water 

droplet size was determined by DLS measurement at 25°C, confi rming that a water volume fraction 

between 3% and 20% ensured that the size was in the nanoemulsion range (Chiesa et al., 2008).

2.4 KINETIC PROPERTIES OF COLLOIDS

The most interesting subset of colloid properties is the kinetic properties (The Columbia Electronic 
Encyclopedia, 2007). Kinetic properties relate to the motion of particles with respect to the dispersion 

medium. The motion may be thermally induced (Brownian motion, diffusion, and osmosis), gravita-

tionally induced (sedimentation), or applied externally (viscosity) (Swarbrick and Martin, 1991).

2.4.1 BROWNIAN MOTION

The thermal motion of particles in the colloidal size range (~5 μm) is known as Brownian motion. 

Robert Brown (1827) was the fi rst to observe the random directional movement of colloidal parti-

cles. The particles display a zigzag-type movement, which is the result of random collision with 

molecules of the suspending medium. Brownian motion increases with an increased particle veloc-

ity and a decreased particle size. With increase in the viscosity of the medium, Brownian motion 

fi rst decreases and then fi nally stops (Everett, 1987; Shaw, 1992; Swarbrick and Martin, 1991). As a 

result, the suspension settles down and aggregates. Thus, Brownian motion provides a basis for 

selection of excipients (e.g., viscosity choice) for colloidal drug delivery systems as well as a basis 

for carrier–cell membrane interaction (via motion).

2.4.2 DIFFUSION

As a result of Brownian motion, colloidal particles diffuse from a region of higher concentration to 

one of lower concentration until the concentration is uniform throughout (Diane, 2007). Diffusion 

is governed by Fick’s law, which states that

 Dq = −DS   dc ___ 
dx

   dt, (2.2)

where D represents the diffusion coeffi cient, which is the amount of material diffusing per unit time 

across a unit area when dc/dx (the concentration gradient) is unity (Swarbrick and Martin, 1991).
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Diffusion is inversely related to the particle radius. Because colloidal particles are small, they can 

diffuse easily through membranes such as a porous plug. The diffusion of colloidal particles is relatively 

slow compared to that of small molecules or ions. Gravitational forces, which cause particles to sedi-

ment, and Brownian motion (diffusion force) oppose one another within the size range at which the 

Brownian force is stronger than the gravitational force, so particles tend to remain suspended (Diane, 

2007). Aggregate transport through the skin is the colloid-induced opening of originally  narrow 

(0.4 nm) gaps between cells in the barrier to pores with diameters above 30 nm. Colloids are inca-

pable of enforcing such widening and simultaneously of a self-adopting size of 20–30 nm without 

destruction are confi ned to the skin surface. Hence, colloids within the size range applied to the skin 

have drug molecules diffusing through it. Colloids only enforce skin penetration and not colloid-

enhanced drug permeation. For instance, the transdermal drug delivery system is based on a 

 corresponding colloidal dispersion and therefore relies on simple drug diffusion through the skin 

(Ceve, 2004).

2.4.3 OSMOSIS AND OSMOTIC PRESSURE

Osmosis and the osmotic pressure of colloids greatly infl uence drug delivery. During osmosis, mol-

ecules move from a lower concentration to a higher concentration. An osmotic pressure is generated 

in colloidal solution when it is separated from its solvent by a barrier that is impermeable to solutes 

but permeable to solvents. Pure solvent will fl ow across the membrane and dilute the colloidal dis-

persion; and because the colloidal solution cannot fl ow in the opposite direction, a pressure differ-

ence (osmotic pressure) will be created between the two compartments (Diane, 2007). This osmotic 

pressure provides a selection criterion for the absorption of colloidal carriers through the topical 

administration (Figure 2.4).

For example, a transferosomal formulation of diclofenac in gel form applied to the skin surface 

is partly dehydrated by water evaporation loss, and then the lipid vesicles feel this osmotic gradient 

and try to escape complete drying by moving along the gradient (Ceve, 1996).

2.4.4 SEDIMENTATION

Sedimentation is one of the most critical properties of colloids that signifi cantly infl uences the 

 processing, manufacturing, and market launching of a drug delivery system. Sedimentation is 

mainly infl uenced by gravitational force. The velocity (V) of sedimentation of spherical particles 

with a density ρ in a medium of density ρ0 and a viscosity η is given by Stokes law:

 V =   
2r2(ρ − ρ0)g

 __________ 
9η  . (2.3)

Because a colloidal dispersion is within the size range and exhibits Brownian motion, gravity 

sedimentation will be minimal. In contrast, coarse particles will tend to fall out even if they receive 

an electric charge like the smaller particles, because gravity will have a greater infl uence than elec-

trical force (which maintains the dispersion given a constant particle size). The more likely attrac-

tion force will overcome the repelling charge, creating large masses. At the same point, mass will 

precipitate out because of gravitation. At lesser concentrations, the attraction force is insuffi cient for 

precipitate particle bonding and groups are light enough that gravitational force will not pull them 

out of solution. Colloidal systems can be destroyed because particles can aggregate, become larger 

and noncolloidal in size, and then drop out of the medium. Thus, sedimentation provides informa-

tion on the concentration of a colloidal dispersion in drug delivery, which refl ects the loading and 

entrapment effi ciency of drugs.

For instance, externally applied suspensions for topical use are legion and are designed for der-

matologic, cosmetic, and protective purposes. The concentration of the dispersed phase may exceed 

20%, and parenteral suspensions may contain from 0.5% to 30% solid particles (Swarbrick and 

Martin, 1991).
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2.4.5 VISCOSITY

The viscosity of colloid executes by shape of particles to medium, type of colloidal system and 

molecular weight of particles also affects the viscosity of colloids. The viscosity of a colloidal 

 dispersion is mainly affected by the shapes of particles of the dispersed phase. Spherocolloids form 

dispersions of relatively low viscosity, whereas systems containing linear particles are more vis-

cous. The relationship between the shape and viscosity refl ects the degree of solvation of particles. 

If a linear colloid is placed in a solvent for which it has a low affi nity, it tends to assume a spherical 

shape and the viscosity falls (Swarbrick and Martin, 1991). For instance, the viscosity of bicontinu-

ous microemulsions is highly dependent on the nature of the cosurfactant with respect to its solubil-

ity in the microemulsion phase and chain length. The effect of the structure of the oil phase is not 

signifi cant in the viscosity of microemulsions. The structure effect of the surfactant is very low in 

n-butanol-based microemulsions. These microemulsions exhibit signifi cantly lower viscosity than 

n-pentanol-based microemulsions (Sripriya et al., 2007).

2.5 PHYSICOCHEMICAL PROPERTIES OF COLLOIDS

The physicochemical property is one of the most interesting subsets of colloidal properties to achieve 

a characteristic physical appearance and to optimize the therapeutic effects of a medication. Several of 

these properties are the physical state of colloids, lyophilicity, lyophobicity, and drug polymorphs, as 

50 μm

50 μm

(a)

(b)

FIGURE 2.4 Swelling of colloidal particles (a) immediately after emulsifi cation and (b) after 20 min.



Application of Colloidal Properties in Drug Delivery 63

well as the effect of temperature and interfacial properties and the dissociation and erosion property 

in polymeric colloids. Such properties are commonly used to improve the biocompatibility and biodis-

tribution of drugs in the body. For example, peptide and protein protection from the microenvironment 

and micellar colloids improve the solubility of biopharmaceutically classifi ed type IV drugs.

2.5.1 PHYSICAL STATE

Colloids are present in different physical states, including microemulsions, nanoemulsions, nano-

suspensions, liposomal dispersions, nanoparticles, and low-density lipoproteins (LDLs).

2.5.1.1 Microemulsion
This is a nonpolymeric colloidal system used in drug delivery to solubilize water-insoluble drug 

substances and to control and sustain release and drug targeting. The stability of parenterally admin-

istered emulsion droplets is dependent on the nature of the emulsifying agent. Interaction of emul-

sions with macrophage cells can be reduced by coating them with hydrophilic polymeric materials. 

Drug-release rates from emulsions are controlled by the particle size of the dispersed phase and 

emulsion viscosity (Davis and Hansrani, 1985).

2.5.1.2 Nanosystem
A nanosuspension preparation containing fi nely divided particles (3 nm to 3 μm) is distributed 

throughout a fl uid or semisolid vehicle. The physicochemical aspects of a nanosystem affect drug 

loading and release, as well as the surface properties of colloidal properties; for example, in peptide 

and protein drug delivery systems, copolymers such as poly(lactide glycolic acid) or poly(lactic 

acid)–poly(ethylene glycol) offer the advantages of manipulating biodegradation kinetics and com-

patibility with drugs and improving surface properties. Nanosuspensions are generally used for 

 surface-modifi ed drug nanoparticles for site-specifi c delivery to the brain (Mullar and Kayser, 2001).

2.5.1.3 Lipoproteins
These are natural body transporters of cholesterol, triacycloglycerols, and phospholipids. They 

include high-density lipoproteins (10 nm), LDLs (23 nm), and very low density lipoproteins (30–

100 nm). LDL has been targeted into endothelial cells and Kupffer cells (Mahley and Innerarity, 

1982; Nagelkerke et al., 1983; Van Berkel et al., 1985).

2.5.1.4 Liposomes
Liposomes are artifi cial lipid vesicles consisting of one or more lipid bilayers enclosing a similar 

number of aqueous compartments. They can be subcategorized into (a) small unilamellar vesicles 

(25–70 nm) that consist of a single lipid bilayer, (b) large unilamellar vesicles (100–400 nm) that 

consist of a single lipid bilayer, and (c) multilamellar vesicles (200 nm to several microns, but in 

colloidal dispersion the size ranges to 5 μm) that consist of two or more concentric bilayers. From 

the physicochemical viewpoint, lipids with long hydrocarbon chains and a low degree of unsatura-

tion and branching can form tightly packed bilayers with improved liposomal stability and reduced 

leakage; for example, polymeric-based liposomes prepared by poly(ethylene oxide)–poly(ethylene 

thylene) block copolymer are tougher and less permeable than common phospholipid lipo-

somes (Gabizon and Martin, 1997;  Godfredsen et al., 1983; Lasic and Martin, 1995; Szoka and 

Paphadjopoulas, 1980; Torchilin, 1998).

2.5.1.5 Gels
Gels are a relatively newer class of colloidal systems created by the entrapment of large amounts of 

aqueous or hydro-alcoholic liquid in a network of colloidal solid particles. Depending on the nature 

of the colloidal substances and liquids in the formulation, gels will range in appearance from entirely 
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clear to opaque. When these colloidal drug delivery carriers are given topically in gel form, the 

amount penetrating the superfi cial layers may be increased compared with free drugs. The sol–gel 

transition with a change in temperature attributable to the usual fl uctuations of body temperature, 

pH, physiology, and ionic strength affect drug loading and drug release. Physically self-assembled 

gels can load drugs in mild conditions with higher drug-loading amounts and faster drug-loading 

kinetics than cross-linked colloid gels (Kim et al., 1993).

2.5.2 LYOPHILICITY AND LYOPHOBICITY OF COLLOIDS

The lyophilicity and lyophobicity of colloids affect drug delivery to a large extent. Lyophilicity is 

a solvent-loving property of colloids, in which the dispersed phase is dissolved in the continuous 

phase. These lyophilic colloids are best treated as a single-phase system; they are thermodynami-

cally stable and form spontaneously when a solute and a solvent are brought together. For example, 

dispersion of liposomes and nanoparticles in water represent hydrophilic colloidal systems. The 

viscosities of lyophilic colloids are higher than those of the dispersion medium, and these colloids 

are coacervates and precipitate out in higher concentrations. Polymer-based colloids offer oppor-

tunities to achieve optimal medication effects by their chemical composition and molecular weight. 

This is readily tailored to accommodate drugs of varying hydrophobicity and specifi c delivery 

systems (Figure 2.5).
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FIGURE 2.5 Micromanipulation of colloid.
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In lyophilic or hydrophilic colloids (in higher concentrations), particles are mainly of opposite 

charges; hence, they neutralize each other. This is attributable to a reduction in the Gibbs free 

energy (ΔG) on dispersion of a lyophilic colloid. The ΔG is related to the interfacial area (ΔA), inter-

facial tension (γ), and entropy of the system (ΔS):

 G = γ A − T, (2.4)

where T is the absolute temperature.

The strong interaction between solute and solvent usually supplies suffi cient energy to break up 

the dispersed phase. In addition, there is an increase in the entropy of the solute on dispersion, 

which is generally greater than any decrease in solvent entropy. The γ is negligible if the solute has 

a high affi nity for the solvent; thus, the γΔA term will approximate to zero. The shape of macromo-

lecular colloids will vary with the affi nity for the solvent. Macromolecules will take on elongated 

confi gurations in a solvent for which they have a high affi nity and will tend to decrease their total 

area of contact with a solvent for which they have little affi nity by forming compact coils. By con-

trast, lyophobic colloids are thermodynamically unstable and have a tendency to aggregate. The ΔG 

increases when a lyophobic material is dispersed throughout a medium. The greater the extent of 

dispersion, the greater the total surface area exposed and thus the greater the increase in the free 

energy of the system. When a particle is broken down into smaller particles, work is needed to sepa-

rate the pieces against the forces of attraction between them (W). The resultant increase in free 

energy is proportional to the area of the new surface created (A):

 G = W = 2γ A (2.5)

Molecules that were originally bulk molecules become surface molecules. In the surface envi-

ronment, molecules have different confi gurations and energies than those in the bulk. An increase 

in free energy arises from the difference between the intermolecular forces experienced by the sur-

face and bulk molecules. Lyophobic colloids are aggregatively unstable and can remain dispersed in 

a medium only if the surface is treated to cause a strong repulsion between the particles. Such 

treated colloids are thermodynamically unstable yet are kinetically stable because aggregation can 

be prevented for long periods. For instance, a microemulsion is a lyophobic colloid and is widely 

used in topical, parenteral, and ocular drug delivery systems because of its small size.

2.5.3 POLYMORPHS AND CRYSTALLINITY

Polymorphs and the crystallinity of drugs can be modifi ed by colloidal particles to develop stable 

and effi cient drug delivery. If sterile drugs of the thermodynamically stable polymorph are avail-

able, direct homogenization for surfactant coating and reduction of colloidal size may be performed 

to aseptically produce an IV injectable suspension with mean volume weighted particle sizes of 

<1 μm. However, crystals formed by precipitation may contain inclusion pockets of entrapped impu-

rities such as solvent. Crystals with solvent inclusions may show different physical properties. 

Different crystallization conditions produce different polymorphs. For example, polymorphs I and 

II showing different x-ray diffraction profi les of itraconazole were produced in the development of 

a potential suspension dosage form.

Depending on the pharmacokinetics and pharmacodynamic requirements, amorphous or crystalline 

injectable suspensions may be developed. A suspension with amorphous solid particles can be stabi-

lized by lyophilization to prepare a stable colloidal system. A crystalline particle containing injectable 

suspension as a depot formulation may be developed for the controlled release of drugs. Microparticle 

piroxicam, dantrolene, and fl urbiprofen have been reported to achieve rapid dissolution upon injection 

in animals. There are still numerous methods of medication and optimization to tap the potential in 

drug delivery as the microemulsion approach for nanoparticle synthesis (Wong et al., 2008).
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2.5.4 TEMPERATURE

The colloidal properties of a system are greatly affected by temperature. As the temperature is 

increased, the viscosity of the colloidal dispersion tends to decrease and affects the stability. At 

room temperature, a colloidal dispersion becomes stable. For instance, three parenteral emulsions 

were prepared from three different phospholipids: purifi ed egg yolk lecithin, PC, and phosphati-

dylethanolamine. Emulsions prepared with PC showed no creaming for a week at room tempera-

ture. Thus, the stability of the emulsion prepared with PC was more stable than that with purifi ed 

egg yolk lecithin (Kawagauchi, 2008).

2.6 ELECTRICAL PROPERTIES OF COLLOIDS

The electrical property of colloids is one of the most valuable properties and plays a critical role in 

drug delivery. This property depends on, or is affected by, the presence of charge on the surface of 

the particle. The electrical properties include electrokinetic phenomena and the Donnan membrane 

equilibrium. Electrokinetic phenomena include the zeta potential and conductivity. In general, dis-

persed particles possess a charge on their surface. The distribution of ions in the environment of 

charged particles is explained by the concept of an electrical double layer. When particles move, this 

double layer shell also moves along with the particle. As the shear plane of the particle is located at 

the periphery of the tight bound layer, the rate-determining potential is the zeta potential. This 

potential is needed for the migration of charged particles in the dispersion medium. As the velocity 

of the particles is high, the rate of migration also increases with the increase in zeta potential. The 

change in zeta potential is pH dependent, but it settles rather fast. The values of zeta potential are 

calculated as

 ζ =   
v
 __ E
   ×   

4πη ____ ε   × (9 × 104), (2.6)

where ζ is the zeta potential (V), v is the velocity of migration (cm sec) in an electrophoresis tube of 

defi nite length (cm), η is the viscosity (P), ε is the dielectric constant of the medium, E is the poten-

tial gradient (V/cm), and the term v/E is known as the mobility (Swarbrick and Martin, 1991).

For instance, small liposomes and those containing some negatively charged lipids (ganglioside 

GM1 or hydrogenated phosphatidylinositol) remain in the bloodstream for longer periods of time. 

Increased circulation times can also be achieved, to some extent, by the administration of high 

doses, which saturate the phagocytic system. The major breakthrough, however, is the use of phos-

pholipids substituted with poly(ethylene glycol) chains of molecular weights from 1000 to 5000, as 

5–10% of the total lipid. This provides a “cloud” of hydrophilic chains at the particle surface, which 

repels plasma proteins. Such “sterically stabilized” liposomes possess circulating half-lives of up to 

45 h, as opposed to a few hours or even minutes for conventional liposomes (Barratt, 2000).

2.6.1 CONDUCTIVITY

Conductivity is also one of the electrokinetic properties of colloids. An increase in conductivity is 

normally associated with a corresponding decrease in viscosity. For instance, n-butanol-based 

microemulsions exhibit higher conductivity compared to n-pentanol-based microemulsions. The 

viscosity changes are dependent on the cosurfactant, whereas the conductivity changes are mainly 

dependent on the surfactant (Wiacek, 2007).

The Donnan membrane equilibrium is one of the electrical properties that has a large affect on 

drug delivery. It is used to enhance the absorption of drugs like sodium salicylate and potassium 

benzyl penicillin. Sodium carboxymethylcellulose is an anionic polyelectrolyte, and it is not diffus-

ible through semipermeable membranes. However, it enhances drug absorption when it combines 

with another anionic drug, provided the drug is diffusible. Similarly, ion exchange resins and even 
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sulfate and phosphate ions that do not diffuse readily tend to drive anions from the intestinal tract 

into the bloodstream (Swarbrick and Martin, 1991).

2.7 MAGNETIC PROPERTY

Generally, magnetic colloidal particles consist of hematite and yttrium oxide particles. The mag-

netic property refl ects both the magnetic behavior of inner magnetic particles and the surface prop-

erties of the shell. The idea has already been applied to the production of mixed systems in which 

the outer shell is polymeric (biodegradable, when the drug delivery application is considered). 

Magnetically modulated systems like magnetic nanoparticles and magnetic microemulsions con-

tain the active drug moiety that is selectively delocalized by applying an external magnetic fi eld to 

the specifi c site, so the drug starts to release specifi cally at that particular site. The advantages of 

this property are the release of the drug in the specifi c area and the reduction of the dose of the drug 

to 1/10th of the free drug dose. For instance, the emulsion is magnetically responsive to an oil in 

water type emulsion bearing the anticancer agent methyl chloroethyl-3-cyclohexyl-1-nitrosourea, 

which could be selectively localized by applying an external magnetic fi eld to a specifi c target site. 

The magnetic emulsion consists of ethyl oleate-based magnetic fl uid as the dispersed phase and 

casein solution as the continuous phase. The anticancer agent methyl chloroethyl-3-cyclohexyl-1-

nitrosourea was trapped in the oil dispersed phase. The emulsion showed high retention by a mag-

netic fi eld in vitro (Akimoto and Marimoto, 1983).

2.8 CONCLUSION

We have focused on the infl uence of colloidal properties in the development of applications in drug 

delivery. On the basis of their properties, these colloidal drug carriers are particularly useful in the 

delivery of new drugs and biologicals like peptides, proteins, genes, and oligonucleotides because they 

can provide protection from degradation in biological fl uids and promote their penetration into cells, 

resulting in the effi cacy and safety of the delivery system. The size and shape of colloidal particles are 

mainly helpful in the selection of drug delivery systems. For delivering the drug into the body, a ratio-

nal approach needs to be chosen by a formulation scientist, who can strike a balance between the 

particle size and stability of a system. By altering the surface and charge properties of colloidal 

 particles, the formulation scientist can improve the biocompatibility and biodistribution of colloidal 

dispersions. An improved understanding of colloidal properties provides an idea of the absorption, 

distribution, metabolism, and elimination; transport mechanism; and colloidal carriers with cell–

membrane interaction. Therefore, it is likely that, on the basis of these properties, a formulation scien-

tist can improve the effi cacy of established drugs and new molecules will soon be available.

ABBREVIATIONS

DLS Dynamic light scattering

LDL Low-density lipoproteins

PC Phosphatidylcholine

SYMBOLS

B Interaction constant

c Concentration of solute

da Projected area diameter

df Feret’s diameter

dm Martin’s diameter

dc/dx Concentration gradient
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D Diffusion coeffi cient

E Potential gradient

ε Dielectric constant

ζ Zeta potential

ΔG Gibbs free energy

M Molecular weight

η Viscosity

ρ Spherical particles density

ρ0 Density of medium

τ Turbidity

T Absolute temperature

ΔS Entropy of the system

W Work

v Velocity

V Velocity of migration
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3.1 INTRODUCTION

The pharmacological response to a drug is directly related to its concentration at the action site in the 

organism. Usually, drugs are biodistributed to the entire body, implying in high drug concentrations in 

non-target sites. This is strictly related to the adverse effects of drugs. To circumvent this problem, dif-

ferent strategies have been proposed in the last few decades to control the distribution of a drug within 

the organism. Examples of these strategies include the chemical modifi cation of molecules to prodrugs 

and drug entrapment in delivery systems.

Submicron devices are more advantageous as drug carriers compared with conventional formula-

tions due to the possibility of drug targeting and intravenous administrations without any risk of embo-

lization. Oily-core polymeric nanocapsules are a particular class of submicron devices, which are 

composed of an oil core surrounded by a polymeric wall. Their mean sizes are generally around 

200–300 nm with a monomodal and narrow size distribution. There are reports of nanocapsules being 

proposed for therapeutic applications dating from the 1970s. Over the last 40 years, several academic 

investigations furnished insights into their properties and supramolecular architecture. This nano-

science permits the tuning of nanocapsule characteristics in order to improve their  effi cacy as a drug 

delivery system. This chapter focuses on the raw materials, architecture, preparation methods, and 

physicochemical characterization of oily-core nanocapsules. The main biomedical applications of 

these systems are also described according to the therapeutic classes of nanoencapsulated drugs.

3.2 NANOCAPSULE ARCHITECTURE AND RAW MATERIALS

The theoretical model for a polymeric nanocapsule is a vesicle, in which an oily or an aqueous core is 

surrounded by a thin polymeric wall (Couvreur et al., 2002). These devices are stabilized by surfactants, 

such as phospholipids, polysorbates, and poloxamers, and by cationic surfactants (Schaffazick et al., 

2003a). Different raw materials have been described to prepare the nanocapsules, such as polyesters 

and polyacrylates as polymers and triglycerides, large-sized alcohols, and  mineral oil as oily cores. 

Numerous bioactive molecules have been loaded into these systems, such as antitumorals, antibiotics, 

antifungals, antiparasitics, antiinfl ammatories, hormones, steroids, proteins, and peptides. As a general 

rule, the type of raw material used to compound nanocapsules can infl uence their morphological and 

functional characteristics, which may infl uence in vitro release, in vivo response, or both.

3.2.1 OILY CORE

An advantage of oily-core nanocapsules over matrix systems is the higher drug loading capacity, 

especially when the lipophilic core is a good solvent for the drug. Other advantages are the reduction 

of burst release, the protection of drugs from degradation, and the reduction of drug side effects 

(Couvreur et al., 2002). A wide range of oils is suitable for the preparation of nanocapsules, including 

vegetable or mineral oils and pure compounds such as ethyl oleate (Mosqueira et al., 2000). In some 

cases, the oily core is the active component, such as the chemical sunscreen octyl methoxycinna-

mate (Alvarez-Román et al., 2001; Weiss-Angeli et al., 2008). Oil selection criteria include the 

absence of toxicity, risk of degradation and/or dissolution of the polymer, and high capacity to 

 dissolve the drug (Couvreur et al., 2002; Guterres et al., 2000). The nanocapsule oily core should be 

compatible with the administration route (Table 3.1).

3.2.2 POLYMERIC WALL

3.2.2.1 Organic Polymers
Synthetic and natural biodegradable polymers are reported to make up the polymeric wall of nano-

capsules (Table 3.1). The most common are hydrophobic polyesters, such as poly(lactide) (PLA), 

poly(lactide-co-glycolide) (PLGA), and poly(ε-caprolactone) (PCL). These polymers have been 

widely used in drug delivery systems because of their biocompatibility and degradability in forming 
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TABLE 3.1
Examples of Raw Materials, Methods, and Administration Routes for Oily-Core Nanocapsules

Component Examples Preparation Method
Drug/Bioactive 

Molecule
Administration 

Route Reference

Oil Triglycerides Interfacial deposition of preformed polymers Nimesulide Topical Alves et al., 2007

Miglyol 812N In situ interfacial polymerization Insulin Oral Pinto-Alphandary et al., 2003

Mineral oil Interfacial deposition of preformed polymers Indomethacin — Pohlmann et al., 2002

CCT Interfacial deposition of preformed polymers Melatonin Intraperitoneal Schaffazick et al., 2008

Octylsalicylate Emulsifi cation–solvent diffusion Hinokitiol Topical Hwang and Kim, 2008

Miglyol 810 or ethyl oleate Interfacial deposition of preformed polymers — — Mosqueira et al., 2000

Monomera/polymerb Isobutylcyanoacrylate (monomer) In situ interfacial polymerization Insuline Oral Cournarie et al., 2002

PLA Interfacial deposition of preformed polymers Diclofenac Intravenous and 

oral

Guterres et al., 1995a,b

PCL Interfacial deposition of preformed polymers Chlorhexidine Topical Lboutounne et al., 2002

PLGA Interfacial deposition of preformed polymers Insulin Oral Saï et al., 1996

Eudragit S100 Interfacial deposition of preformed polymers Melatonin — Schaffazick et al., 2005

Cellulose acetate phthalate Emulsifi cation–solvent diffusion Octyl methoxycinnamate 

(chemical sunscreen)

Topical Olvera-Martínez et al., 2005

Surfactants Epikuron 170® and Poloxamer 188 Interfacial deposition of preformed polymers Halofantrine Intravenous Leite et al., 2007

Tween 80® In situ interfacial polymerization Idebenone — Palumbo et al., 2002

CTAC Emulsifi cation–solvent diffusion Hinokitiol Topical Hwang and Kim, 2008

Poly(vinyl alcohol) Emulsifi cation–solvent diffusion — — Quintanar-Guerrero et al., 

1998

Organic solvent Ethanol, acetone, or acetonitrile In situ interfacial polymerization Ethosuximide, 

5,5-diphenyl hydantoin 

and carbamazepine

— Fresta et al., 1996

Acetone Interfacial deposition of preformed polymers Ketoprofen Intraperitoneal Matoga et al., 2002

Ethyl acetate Emulsifi cation–solvent diffusion — — Quintanar-Guerrero et al., 

1996

Note: CTAC—cetyltrimethylammonium chloride.
a For chemical methods.
b For physicochemical methods.
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nontoxic residues. They have been approved by the U.S. Food and Drug Administration in several 

medicines, including those administered systemically. In addition, the release kinetics of entrapped 

drugs can be controlled by varying the molecular weight (MW) of the polymers (Cha and Pitt, 1988; 

Sinha et al., 2004; Wise et al., 1987). The in vitro and in vivo degradation kinetics and biological 

behavior of the polyesters have been extensively characterized (Middleton and Tipton, 2000; Sinha 

et al., 2004). They present slow degradation, which can be catalyzed by lipases, causing minimal 

immune response. The MW infl uences the degradation kinetics. The hydrolytic degradation of low 

MW PLA polymers starts in a few days, whereas it takes much longer for high MW PLA polymers 

(Andreopoulos et al., 1999). Considering this, PLA, PLGA, and PCL are the fi rst choices for pro-

ducing nanocapsules for parenteral routes. Other polymers, such as polyacrylates, polyacrylamides, 

and polyureas, have also been described as alternatives for producing nanocapsules because of their 

adequate biocompatibility (Montasser et al., 2007; Vauthier et al., 2007).

3.2.2.2 Functionalized Surfaces
In recent years, engineering approaches have been devised to create “smart” nanocapsules. In this 

context, functionalized-surface nanocapsules present interesting properties such as stealth ability 

and active targeting via ligand binding to specifi c cell receptors. This is especially important for 

some molecules that are considered as “undeliverable” compounds, such as nucleic acids, which 

need to reach an intracellular target to achieve their therapeutic effect (Behr et al., 1989; Felgner 

et al., 1987), or highly toxic drugs (Couvreur et al., 2002).

Functionalization strategies are divided into two groups: the ligand is incorporated at the nano-

capsule during or after its preparation. In the former case, the polymer is chemically bound to 

the ligand and this complex material is used as the raw material to produce the nanocapsules. In the 

latter case, nonfunctionalized nanocapsules are produced earlier and the ligand is attached to the 

nanocapsule polymeric wall by physicochemical or chemical processes. An example of the fi rst 

strategy is nanocapsules that are covalently attached to poly(ethylene glycol) (PEGylated), which 

are prepared using a diblock copolymer as the polymeric wall. The second strategy includes post-

insertion of whole antibodies and antibody fragments into the surface of nanocapsules (Figure 3.1).

Bioadhesive properties can be obtained by coating the nanocapsule surface with polymers 

 presenting positive charge, such as the polysaccharide chitosan and its derivatives. The adsorp-

tion process of chitosan onto nanocapsules occurs via ionic interactions between chitosan and 

Conventional nanocapsules
(short blood circulation time) 

Coated nanocapsules
(long blood circulation time) 

Targeted nanocapsules
(ligand bound at the surface)

Opsonin
(Opsonization)

Recognition

Drug

Capture by macrophages
(mononuclear phagocytic system)

Poly(ethylene glycol)
(hydrophilic polymers)

Other therapeutic organs
(brain, solid tumors)

Specific targets

TargetingPassive
targeting

FIGURE 3.1 Conventional versus surface-functionalized nanocapsules.
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 specimens containing negative charges on the particle surface (such as lecithin), which is refl ected 

by an inversion in the zeta potential signal (Calvo et al., 1997; Prego et al., 2006a). Bioadhesion can 

increase the residence time of the drug at the site of absorption, which allows improvement in drug 

penetration (Kriwet et al., 1998). Polyacrylates also have bioadhesive properties, which occur 

through hydrogen bonding between the carboxylic acid groups of the polymer and the hydroxyl 

groups of the mucous membrane (Dodou et al., 2005).

Active targeting of specifi c organs and tissues is based on molecular recognition processes. 

Examples of relevant targets are the folate receptor or the integrin surface receptor for tumor cells 

(Couvreur et al., 2002) and mannose and fucose recognizing receptors for macrophages, which are 

the host cells of the Leishmania sp. parasite (Date et al., 2007). A particularly interesting example 

of surface-functionalization devices is the stealth nanocapsule. The rapid removal of conventional 

nonfunctionalized-surface nanocapsules from the bloodstream by the mononuclear phagocytic sys-

tem decreases their effectiveness as site-specifi c drug delivery devices (Gref et al., 1994; Owens and 

Peppas, 2006). Macrophages remove the nanocapsules because they can recognize specifi c opsonin 

proteins that bind at their surfaces (Frank and Fries, 1991). In this way, the introduction of long 

hydrophilic polymer chains and nonionic surfactants at the nanocapsule surface can provide slow 

opsonization because of a steric effect that delays electrostatic and hydrophobic interactions to bind 

opsonins onto nanoparticle surfaces (Owens and Peppas, 2006). As a consequence, the nanoparticle 

blood circulation half-life increases (Gref et al., 1994; Kaul and Amiji, 2004). Steric shielding 

can be obtained using polymers such as polysaccharides, polyacrylamides, poly(vinyl alcohol), 

poly(N-vinyl-2-pyrrolidone), PEG, PEG block copolymers, and PEG-containing surfactants such as 

poloxamines, poloxamers, and polysorbates. PEGylation of the particles is the most effective and 

commonly used strategy to obtain stealth nanoparticles (Owen et al., 2006; Veronese and Pasut, 

2005). PEG can be introduced at the surface in two ways: by the adsorption of surfactants (Illum 

et al., 1987; Moghimi et al., 1993) or by the use of block or branched copolymers, usually with PLA 

or poly(alkyl cyanoacrylate) (PAC; Peracchia et al., 1999).

Functionalized surfaces provide obvious advantages for nanocapsule performance in compari-

son with those that are nonfunctionalized. However, formulating nanocapsules with new materials 

that have not been well characterized may make their preclinical and eventual clinical evaluation 

diffi cult. The toxicity profi les of these materials must be established before the nanocapsule clinical 

trials (Jabr-Milane et al., 2008). Furthermore, it is noteworthy that not only the surface characteris-

tics of nanocapsules but also their size and morphology play a key role in their biological fate 

(Couvreur and Vauthier, 2006; Gaumet et al., 2008).

3.2.3 SUPRAMOLECULAR STRUCTURE MODELS

Nanocapsule supramolecular organization may differ for each particular combination of raw materials 

because of the complexity of structures (Mosqueira et al., 2000; Müller et al., 2001). Different organi-

zations can be obtained by selecting specifi c raw materials. Therefore, supramolecular structure models 

for nanocapsules can only be proposed in each case after extensive physicochemical investigation.

The theoretical model for oily-core nanocapsules is a vesicle, in which the oil is surrounded by a 

polymeric wall (Couvreur et al., 2002). However, a careful combination of polymers and oil is required 

to obtain truly vesicular nanocapsules. For instance, swelling experiments of polyesters (PLA or PCL) 

immersed in benzyl benzoate demonstrated the dissolution of polymers, indicating that nanocarriers 

prepared using these materials are nanoemulsions instead of nanocapsules (Guterres et al., 2000). 

Conversely, PCL was not dissolved by octyl methoxycinnamate, suggesting the presence of a polymeric 

wall in the nanocapsules composed of this polymer–oil combination (Weiss-Angeli et al., 2008).

Materials structured at the submicron level may present properties different from those at the 

macroscopic level. In this way, drug release experiments, light scattering analyses, and nuclear mag-

netic resonance spectroscopy are valuable tools for determining the supramolecular structures of 

nanocapsules.
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Dynamic light scattering (DLS) studies have demonstrated that nanocapsules prepared with 

PCL, mineral oil, sorbitan monostearate, and polysorbate 80 present low interactions with water 

because of the presence of sorbitan monostearate dispersed in the polymer (Pohlmann et al., 2002). 

In contrast, sorbitan monostearate was dispersed in the oil phase of nanocapsules prepared with the 

same composition but using caprylic/capric triglyceride (CCT) as the oil core instead of mineral oil 

(Cruz et al., 2006a; Müller et al., 2001). Hence, the organization of the wall and core domains 

depends on the nature of the polymer, oil, and surfactants. Insights concerning the supramolecular 

structure of nanocapsules using nuclear magnetic resonance spectroscopy have also been reported 

(Hoffmann and Mayer, 2000; Mayer et al., 2002). The nanocapsule polymer wall structure com-

posed of poly(n-butyl cyanoacrylate) did not signifi cantly differ from the structure of the solid 

compact polymer (bulk) used as the reference. In contrast, the triglyceride (core) and Pluronic® F68 

(surfactant) presented high mobility and were temporarily adsorbed on the nanocapsule wall. 

Another study investigated nanocapsule particle–water interface interactions using fl uorescent dyes 

chemically bound to poly(methyl methacrylate), which constituted the polymeric wall (Jäger et al., 

2007). The chemical environment-sensitive fl uorescent dyes showed that the particle–water inter-

face was composed of oil, surfactant, polymer, and water.

The nature of the surfactant used to stabilize the nanocapsules can also infl uence their morphology. 

PLGA capsules containing the ultrasound contrast agent perfl uorooctyl bromide (PFOB) as the oily 

core were prepared with different surfactants (Pisani et al., 2008). Sodium taurocholate generated 

capsules with a corn morphology in which a hemisphere of liquid PFOB coexisted with a hemi-

sphere of solid polymer, whereas sodium cholate provided liquid PFOB perfectly encapsulated 

within a PLGA wall. The use of poly(vinyl alcohol) resulted in the coexistence of both morpholo-

gies in the same suspension.

In vitro drug release profi les can be useful in determining drug localization in the nanocapsule 

structure. A comparative study conducted with nanocapsules, nanospheres, and nanoemulsions 

showed similar indomethacin release behavior, while its ethyl ester derivative showed different 

release profi les (Cruz et al., 2006b). Kinetic data indicated that indomethacin was adsorbed on the 

nano carriers, whereas the indomethacin ethyl ester was entrapped within the nanocarriers.

3.3 PREPARATION METHODS

3.3.1 PHYSICOCHEMICAL METHODS

3.3.1.1 Solvent Displacement-Based Methods
The interfacial deposition of preformed polymers was the fi rst method described (Fessi et al., 1989) for 

the preparation of nanocapsules, and it is a combination of the spontaneous emulsifi cation of oily 

droplets and the simultaneous precipitation of polymer onto the water–oil interface. Spontaneous 

emulsifi cation occurs because of the initial nonequilibrium states of two miscible liquids when they are 

brought into close contact with each other. Depending on the specifi c conditions used to carry out 

spontaneous emulsifi cation, nanodroplets can also be formed (Bouchemal et al., 2004). This process 

increases the entropy of the system and, as a consequence, decreases its Gibbs free energy. The motive 

force is the interface tension gradient induced by the diffusion of solutes between the two liquid phases 

(Marangoni effect). Katz and coworkers (Ganachaud and Katz, 2005; Vitale and Katz, 2003) provided 

new insights into the physical phenomenon behind spontaneous emulsifi cation. They named this 

 phenomenon the ouzo effect due to a beverage with the same name, where an ethanol extract of anise 

seeds becomes instantaneously cloudy when diluted with water. In the ouzo effect, the addition of 

water to a solution of oil in a totally water-soluble solvent causes supersaturation of the oil in the mix-

ture, which leads to its nucleation in small droplets. The mean droplet diameter is exclusively a func-

tion of the oil/solvent ratio at a given temperature.

Considering the above, a fundamental requirement for the interfacial deposition of preformed 

polymers is the high miscibility between the organic and aqueous phases. The most commonly used 
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solvents for preparing nanocapsules by this method are acetone and ethanol. In addition, the organic 

solvent must be a good solvent for the polymer, but water must not (Fessi et al., 1989). The interfacial 

tension between oil and the aqueous phase seems to have a greater effect on nanocapsule size than 

oil viscosity (Mosqueira et al., 2000). A decrease in interfacial tension values causes a reduction in 

nanocapsule sizes. The advantages of the interfacial deposition of preformed polymers are its sim-

plicity and robustness at small scale and high reproducibility among different batches (Fessi et al., 

1989; Teixeira et al., 2005).

3.3.1.2 High-Shear Techniques
High-shear techniques involve the emulsifi cation of an organic phase with an aqueous phase by 

rotor/stator devices or ultrasound generators. The most common high-shear technique of preparing 

nanocapsules is emulsifi cation–solvent diffusion, which involves the formation of a conventional 

oil-in-water emulsion within a partially water-soluble solvent (Quintanar-Guerrero et al., 1996). 

Water and solvent are previously saturated with each other. The subsequent addition of a second 

aqueous phase to the system makes the solvent diffuse into the external phase, resulting in the for-

mation of nanocapsules.

Several preparative variables can affect nanocapsule size, such as the type and concentration of 

the stabilizers, stirring rate of the primary emulsion, internal/external phase ratio of the primary 

emulsion, polymer concentration in the organic phase, pH, and viscosity of the external phase 

(Quintanar-Guerrero et al., 1996). Examples of solvents that are used to prepare nanocapsules are 

ethyl acetate, propylene carbonate, and benzyl alcohol (Quintanar-Guerrero et al., 1998). The sizes 

of nanocapsules prepared by emulsifi cation–solvent diffusion are a function of thermodynamic 

parameters such as the mutual diffusion coeffi cients of water and solvent and the solvent–polymer 

interaction parameters (Choi et al., 2002). In addition, the sizes of nanocapsules prepared by this 

technique are related to the chemical composition of the organic phase and the size of the primary 

emulsion droplets by a simple geometrical relationship (Moinard-Chécot et al., 2008). Therefore, 

most of the properties of the nanocapsules are decided at the emulsifi cation step. A modifi cation 

of this technique involving the use of ethanol as cosolvent in the organic phase was proposed to 

produce controlled-size poly(hydroxybutyrate-co-hydroxyvalerate) nanocapsules containing CCT 

or mineral oil as the oily core (Poletto et al., 2008a). In this study, the control of nanocapsule diam-

eters was achieved by adjusting the surface tension of the organic phase.

The advantages of emulsifi cation–solvent diffusion involve high yields of encapsulation, high 

reproducibility, control of particle size, and easy scale-up (Moinard-Chécot et al., 2008). However, 

a large amount of water has to be removed to concentrate the suspensions.

3.3.2 CHEMICAL METHODS

3.3.2.1 In Situ Interfacial Polymerization
In situ polymerization to obtain nanocapsules consists of the polymerization of a monomer at the 

interface between the organic and the aqueous phase of an emulsion. The monomers can be added 

into the aqueous phase or organic phase. In the former case, the monomers must have good solubility 

in the external phase, but the polymer must be immiscible in both phases (Zhang et al., 2008). The 

drug is dissolved in the polymerization medium either before the addition of the monomer or at the 

end of the reaction. Hence, drugs are encapsulated within or adsorbed onto the particles (Couvreur 

et al., 1990). The polymerization reaction occurs because of the presence of initiators and specifi c 

process conditions, such as pH (Soppimath et al., 2001). The morphology of the polymeric wall is a 

function of the monomer’s initial concentration and reaction time (Anton et al., 2008; Turos et al., 

2007). With the addition of monomers in the organic phase, the solvent serves as a vehicle for the 

monomer. This organic phase is emulsifi ed with an aqueous phase containing water and a hydro-

philic surfactant. Nanodroplets are formed to give a milky suspension, and the organic solvent is then 
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removed under reduced pressure. The polymer is synthesized by changing some process parameters 

(temperature or pH), and it segregates toward the water–oil interface, thereby generating the nano-

capsules. The polymerization must be very fast in order to allow effi cient formation of the polymer 

envelope around the oil droplet and thus achieve an effective encapsulation of drugs (Couvreur et al., 

2002; Gallardo et al., 1993). Alkyl cyanoacrylates are commonly employed as monomers because of 

their very fast polymerization rates when they come into contact with water (Gallardo et al., 1993).

Covalent bonds may be created between the active molecule and the polymer during polymeriza-

tion. Thus, their potential mutual reactivity must be taken into account to obtain the designed nano-

capsules (Anton et al., 2008). In addition, nanocapsule formation and structure may be highly 

affected by the nature of the reaction initiator in chemical methods (Han et al., 2003).

3.4 PHYSICOCHEMICAL CHARACTERIZATION

3.4.1 MORPHOLOGY

Different microscopy techniques can be used to observe the nanocapsule morphology and structure. 

Scanning electron microscopy (SEM) allows observation of the sample after drying and coating 

with a thin layer of gold or platinum. This method gives information about the size, shape, and 

 surface aspects of nanocapsules. However, particles smaller than 100 nm may be diffi cult to observe 

(Gaumet et al., 2008). Freeze–fracture SEM has also been helpful in visualizing different organiza-

tions of lipophilic surfactant in nanocapsule suspensions, which can simultaneously form vesicles, 

micelles, bilayers, or monolayers, depending on the concentration (Mosqueira et al., 2000). This 

technique can also be applied to identify the presence and morphology of nanocapsules on animal 

tissues (Lboutounne et al., 2002) or in a gel matrix after storage (Milão et al., 2003).

Transmission electron microscopy (TEM) is a technique in which a beam of electrons is trans-

mitted through the sample. The sample is dried and stained with contrast agents, such as uranyl 

acetate or phosphotungstic acid, and then analyzed. TEM provides information about the size, 

shape, and integrity of nanocapsules and permits observation of their vesicular structure (Mosqueira 

et al., 2000). In addition, TEM performed after freeze–fracture has given helpful information about 

the polymeric wall and the core, allowing the wall thickness to be estimated (Fresta et al., 1996). 

There have been other studies to determine the thickness of the nanocapsule polymeric wall. The 

wall thickness of nanocapsules prepared with PCL and Miglyol® 812 was estimated to be about 

2.0 nm (Guinebretière et al., 2002). Moreover, the polymeric wall can also be characterized using 

neutron scattering techniques. A wall thickness of about 10 nm for nanocapsules composed of PLA 

and triglycerides was determined by small-angle neutron scattering (Rübe et al., 2005).

Atomic force microscopy is a useful tool for determining the simultaneous characterization of 

particle shape, surface structure, and interparticle organization by tridimensional images. In some 

cases, atomic force microscopy may differentiate nanocapsules according to their composition (e.g., 

presence vs. absence of PEG as coating; de Assis et al., 2008). The drawback of this technique is the 

complexity of the sample preparation process before the microscopy analysis.

3.4.2 MEAN AVERAGE SIZE AND PARTICLE SIZE DISTRIBUTION

Many tools based on different physical principles are currently available to measure the size of 

submicron particles. DLS, also called photon correlation spectroscopy, is based on the interaction 

of the particle with an incident light beam. The intensity of scattered light detected at a fi xed angle 

provides the mean size, size distribution, and polydispersity index (PI) of the sample. Because the 

calculation model is based on the equivalent sphere principle, the presence of aggregates greatly 

increases the mean size. In addition, parameters such as the viscosity or pH of the suspension 

medium, temperature, concentration, and particle sedimentation may infl uence the data. Microscopic 

methods (SEM and TEM) are also described to evaluate the nanocapsule mean size. Particle sizing 
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with microscopic techniques requires image treatment of a large number of particles, thus making 

them subjective and time consuming. Furthermore, nanocapsules may shrink during the drying 

step, leading to an underestimation of their actual diameter (Gaumet et al., 2008).

Size distribution is a parameter as important as mean particle size in nanotechnology. Size 

 distribution can be monomodal (one population) or multimodal (several populations) and mono-

disperse (narrow distribution) or polydisperse (broad distribution). Generally, the size distribution 

of nanocapsules is evaluated on the basis of the PI, which takes into account the mean particle size, 

the refractive index of the solvent, the measurement angle, and the variance of the distribution 

(Koppel, 1972). However, a linear correlation between the PI value and the true polydispersity of a 

sample cannot be drawn (Gaumet et al., 2008). None of the methods available to determine nano-

particle size and distribution are fully satisfactory and a combination of at least two methods, one 

of which should be a microscopic method, is highly recommended.

3.4.3 ZETA POTENTIAL

The zeta potential is the electric potential at the interfacial double layer between the dispersion 

medium and the stationary layer of fl uid attached to the dispersed particle. This parameter can be 

determined by electrophoresis, in which an electric fi eld is applied across the dispersion. Particles 

migrate toward the electrode of opposite charge with a velocity proportional to the magnitude of the 

zeta potential (Delgado et al., 2005). The most common experimental electrophoretic technique 

used to determine the zeta potential of nanocapsules is electrophoretic light scattering.

The zeta potential is infl uenced by the charge of the different components of nanocapsules, espe-

cially surfactants located at the interface with the dispersion medium, as well as the composition of 

this dispersion medium (Couvreur et al., 2002). Lecithin, poloxamers, and polymers are the major 

components that affect this parameter. For instance, the polysaccharide chitosan gives a positive 

zeta potential to nanocapsules (Prego et al., 2006a). By contrast, many polymers, especially 

α-hydroxyacids (such as PLA) and lecithin, contribute a negative charge to the surface, which is 

refl ected in the zeta potential value. Nonionic surfactants, such as poloxamer and poly(vinyl alco-

hol), tend to reduce the absolute zeta potential value (Mosqueira et al., 2000). A zeta potential of 

30 mV (positive or negative) is indicative of the adequate stability behavior of nanocapsules that is 

attributable to the charge repulsion between particles, which may be suffi cient to prevent their 

aggregation (Couvreur et al., 2002). However, surface-coated nanocapsules can be stable despite a 

zeta potential close to zero because of the steric effect of surfactants or PEG copolymers.

Zeta potential measurements may also be used to investigate whether a biologically active 

 compound is encapsulated within the nanocapsule oily core or adsorbed onto the particle surface 

(Aboubakar et al., 1999) and to confi rm nanocapsule coating by a specifi c material (Preetz et al., 

2008). Zeta  potential values may be generally associated with the pH values of the bulk (Sussman 

et al., 2007).

3.4.4 DRUG CONTENT

The total content of a drug in the nanocapsule suspension is determined using high-performance 

liquid chromatography or another analytical technique after dissolving or extracting the drug from 

the system using an adequate solvent. Free drug (nonencapsulated) is usually determined in the 

ultrafi ltrate after separation of the nanocapsules by the ultrafi ltration–centrifugation technique. The 

amount of encapsulated drug (associated within or adsorbed onto the nanocapsules) is calculated 

from the difference between the total and the free drug concentrations determined in the nano-

capsule suspension (after dissolution) and in the ultrafi ltrate, respectively. The amount of drug 

encapsulated in the nanocapsule expressed as the percentage of the total amount of drug in the 

 suspension is commonly called the “encapsulation effi ciency.” Aggregates of the pure drug (stabi-

lized by  surfactants) are retained with the nanocapsules in the upper compartment.
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Although the encapsulation effi ciency of lipophilic drugs is generally related to drug solubility 

in the oily core (Fresta et al., 1996), hydrophilic compounds such as peptides have also been 

 successfully encapsulated in oily-core nanocapsules prepared by chemical methods. One explana-

tion for this may be the extremely rapid polymerization of the polymer occurring at the surface of 

the oil droplet, which limits the diffusion of the peptide toward the aqueous phase and therefore 

leads to higher entrapment in the nanocapsules (Aboubakar et al., 1999).

3.4.5 IN VITRO DRUG RELEASE

The composition of nanocapsules infl uences the mechanism of drug encapsulation (adsorption on 

the polymer or entrapment within the core; Couvreur et al., 2002). The localization of drug in the 

nanocapsule structure affects its release kinetics (Cruz et al., 2006a). Therefore, in vitro drug release 

experiments can give valuable information about the interactions between the drug and the nano-

capsule. This concept was illustrated by a comparative study carried out with nanoencapsulated 

3-methoxyxanthone and xanthone (Teixeira et al., 2005). Similar kinetics were observed for 

3- methoxyxanthone released from nanocapsules and nanoemulsions (without polymer), indicating 

that drug release was mainly governed by the partition between the oily core and the external aque-

ous medium. In contrast, the release of xanthone from nanocapsules was signifi cantly slower than 

that from nanoemulsions, suggesting an interaction of the drug with the polymer.

The release of drugs from nanocapsules depends on drug desorption, drug diffusion, or polymer 

erosion (Lopes et al., 2000; Soppimath et al., 2001). Similar in vitro rapid release kinetics were 

observed for benzathine penicillin G from PLGA nanocapsules and from nanoemulsions without 

polymer (Santos-Magalhães et al., 2000). Although experimental data indicate that the polymeric 

wall is an important factor for drug release kinetics (Pisani et al., 2006; Poletto et al., 2008b), hydro-

philic drugs and peptides are generally adsorbed on the polymer surface rather than encapsulated 

within the oily core. In this case, the drug does not need to cross the polymeric wall to be released, 

and the release profi le from nanocapsules and nanoemulsions may be quite similar. Conversely, the 

controlled release of 4-nitroanisole from different types of PLA nanoparticles (oily-core nano-

capsules and matrix nanospheres) was explained by a Fickian diffusion mechanism (Romero-Cano 

and Vincent, 2002), in which the exact particle morphology (presence of an oily core, concentration 

of polymer, and localization of drug in the particle) infl uenced the release rate kinetics.

To determine the drug release profi les from nanocapsules, the drug may be separated from the 

nanostructures using ultracentrifugation, ultrafi ltration–centrifugation, or dialysis techniques. How-

ever, these methods are limited to the determination of the drug partition coeffi cient between nano-

particles and the continuous phase, and an experimental sink condition is not achieved (Washington, 

1990).

3.4.6 PHYSICOCHEMICAL STABILITY OF NANOCAPSULE SUSPENSIONS

The stability of nanocapsules can be evaluated in terms of macroscopic aspects, free and total drug 

contents, zeta potential, pH, and mean particle size as a function of time (Guterres et al., 1995a; 

Schaffazick et al., 2007). Previous reports demonstrated that the reduction in the pH values of nano-

capsule suspensions is related to a partial hydrolysis of the polymer during storage (Calvo et al., 

1996a; Guterres et al., 1995a). Nanocapsules may aggregate because of attractive forces among 

particles. Steric stabilization and electrostatic stabilization are needed to overcome these attractive 

interactions. Steric stabilization is based on the osmotic stress created by encroaching steric layers 

of bulk polymers and surfactants at the surface of nanocapsules, whereas electrostatic stabilization 

provides charge repulsion caused by charged species onto the particle surface. Generally, steric 

stabilization alone is suffi cient to prevent irreversible aggregation. However, attractive forces among 

particles may still remain to cause reversible fl occulation in some cases. Steric stabilization com-

bined with electrostatic stabilization may circumvent fl occulation due to the additional repulsive 
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contribution (Kesisoglou et al., 2007; Vauthier et al., 2008). Aggregation of nanocapsules during 

storage can be monitored by DLS. Nevertheless, this technique requires a dilution of suspensions 

before the measurement, and reversible fl occulation may not be detected. Multiple light scattering 

analyses have been carried out recently to evaluate the physicochemical instability phenomena of 

nanodevices, such as precipitation, creaming, and aggregation (Daoud-Mahammed et al., 2007; 

Lemarchand et al., 2003). This technique permits analysis of the sample without further dilution. 

Variations in zeta potential values during storage can also be indicative of aggregation.

The reduction in the drug content of nanocapsules can occur because of its chemical degradation 

after storage, which is caused by external agents such as oxygen, temperature, and ultraviolet irradiation. 

The degradation products can be identifi ed and quantifi ed by chromatography or other analytical 

techniques (Müller et al., 2004). Drug nanocrystals stabilized by surfactants can also be concomi-

tantly formed with nanocapsules (Calvo et al., 1996a; Guterres et al., 1995a). Drug oversaturation of 

nanocapsules causes the formation of nanocrystals, which agglomerate and precipitate during storage 

(Pohlmann et al., 2008). The consequence is the reduction of drug content within the nanocapsules. 

Although ultrafi ltration–centrifugation cannot separate nanocapsules and drug nanocrystals, their 

simultaneous presence in suspension can be detected by static light scattering analysis.

3.5 APPLICATIONS IN THERAPEUTICS

3.5.1 ANTIINFLAMMATORIES

Nonsteroidal antiinfl ammatory drugs (NSAIDs), such as diclofenac and indomethacin, are known 

to cause gastrointestinal side effects such as irritation and mucosal damage, which are due to local 

contact between the mucosa and solid drug particles and by an indirect effect (inhibition of prosta-

glandins and prostacyclin) (Reynolds, 1993). Thus, these drugs are excellent models to evaluate the 

potentiality of nanoencapsulation to protect biological mucosae against the ulcerative effect of 

NSAIDs (Friedrich et al., 2008). One of the fi rst works to consider this issue focused on nano-

capsules containing diclofenac (free acid) and indomethacin prepared by the deposition of PLA 

(Guterres et al., 1995b). After oral administration, a signifi cant reduction of gastrointestinal toxicity 

in rats was observed for the nanoencapsulated drugs. The protective effect of nanocapsules was 

attributed to a reduction in the local irritation caused by the direct contact of these drugs.

Indomethacin-loaded nanocapsules prepared by the interfacial polymerization of isobutyl cyano-

acrylate exhibited a 10-fold increase in antiinfl ammatory activity compared to free indomethacin 

(Gursoy et al., 1989). Nanoencapsulation of indomethacin using PLA and poly(isobutyl cyanoacry-

late) (PIBC) as polymers induced a protective effect for the jejunal tissue compared to the ulcerative 

effect of a commercial indomethacin solution (Ammoury et al., 1991). No difference was observed 

in the pharmacokinetic parameters.

Indomethacin was also encapsulated in PLA by nanoprecipitation using benzyl benzoate as the 

oil core (Ammoury et al., 1993). The drug release from nanocapsules occurred within minutes, 

indicating that the nanocapsules were not able to retain the drug in the oil core. Regarding gastro-

intestinal tolerance, these nanocapsules signifi cantly reduced the ulceration caused by indomethacin 

in solution. A subsequent work (Guterres et al., 2000) verifi ed that benzyl benzoate completely 

 dissolves both PLA and PCL, showing that nanocapsules prepared with this lipophilic phase and 

these polyesters do not have a polymer wall. In the same work, the authors used Miglyol 810 as the 

oil core, which is a nonsolvent for PLA and PCL. The results indicated that the polymer wall acted 

as a barrier and the oil remained in the spray-dried powder, in contrast to the results observed for 

the benzyl benzoate formulation (Guterres et al., 2000). In addition, nanocapsules prepared using 

Miglyol 810 reduced the indomethacin gastrointestinal side effects after oral administration in rats 

(Raffi n et al., 2003).

Despite the advantage of protecting the gastrointestinal mucosae, some authors (Guterres 

et al., 1995a; Saez et al., 2000; Schaffazick et al., 2003b) stated that the nanocapsules in aqueous 
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suspensions are unstable formulations because of the risk of ingredient degradation, microbiological 

growth, or both. To improve the stability of nanocapsule formulations, the spray-drying technique 

was applied to dry the suspensions and produce solid dosage forms (Müller et al., 2001). The pro-

duction of a nanocapsule spray-dried powder involves droplet formation from the atomized suspen-

sion, followed by their solidifi cation driven by water evaporation. This one-step process is easy to 

scale-up and equipment is readily available, so the processing costs can be reduced (Masters, 1991). 

This strategy was used for the fi rst time to dry diclofenac-loaded nanocapsules using colloidal silica 

as the drying adjuvant (Müller et al., 2000, 2001). Biological evaluation of the powder demonstrated 

the maintenance of gastrointestinal tolerance observed for diclofenac-loaded nanocapsule suspen-

sions (Guterres et al., 2001). A pharmacokinetic study in rats demonstrated that the drug was com-

pletely absorbed after oral administration of diclofenac-loaded nanocapsule powder (reconstituted 

in water and administered by gavage), presenting a higher half-life in plasma than the sodium 

diclofenac aqueous solution.

An organic–inorganic system based on polymeric nanocapsules prepared by the spray-drying 

technique has also been described. The system consists of microagglomerates containing the drug 

dispersed in the core (Aerosil® 200) and polymeric nanocapsules as the coating material (Beck 

et al., 2004, 2006). Nanoparticle-coated microparticles were prepared using Eudragit® S100 nano-

capsules as the coating material of a core composed of diclofenac and silicon dioxide (Beck et al., 

2005). This powder showed a protective effect against mucosal diclofenac damage in rats, indicat-

ing that this coating strategy presents a potential use for the oral administration of drugs.

The effi cient control of drug release from dexamethasone-loaded nanoparticle-coated micro-

particles was shown by an in vitro drug transport study across Caco-2 cell monolayers (Beck et al., 

2007). In accordance with the in vitro drug release studies at pH 7.4, nanocapsule-coated micro-

particles presented lower permeability coeffi cient values across this human intestinal cell line 

 compared to the free dexamethasone solution. Furthermore, cytotoxicity studies showed that the 

nanoparticle-coated microparticles were nontoxic to membranes of Caco-2 cells. This recent study 

reinforced that nanocapsule-coated microparticles represent a promising platform for the develop-

ment of controlled oral NSAID delivery systems.

In a subsequent study, silica xerogel was used as the core material instead of Aerosil 200 to 

 prepare nanocapsule-coated microagglomerates encapsulating sodium diclofenac as the hydrophilic 

drug model (da Fonseca et al., 2008). The new system showed gastroresistance, and it was effi cient 

in reducing burst release and in sustaining the drug dissolution profi le.

An indomethacin derivative, indomethacin ethyl ester, was used as a drug model in order to 

determine the nanocapsule architecture and drug release mechanism (Pohlmann et al., 2004). The 

strategy was based on the interfacial alkaline hydrolysis of indomethacin ester simulating a sink 

condition of release. Indomethacin ethyl ester loaded nanocapsules were prepared, varying the PCL 

concentration to evaluate the infl uence of the polymeric wall in drug release (Cruz et al., 2006b). 

The increase in polymer concentration enhanced the drug release sustained half-lives. The antiede-

matogenic activity of indomethacin ethyl ester loaded nanocapsules in rats showed a signifi cant 

pharmacological effect in comparison with an indomethacin ethyl ester loaded nanoemulsion (Cruz 

et al., 2006a). The pharmacokinetics of the nanocapsule formulation were evaluated in rats (Cattani 

et al., 2008), demonstrating a fast in vivo release of ester from the nanocapsules and its conversion 

to indomethacin independently of the administration route (intravenous or oral). Hence, indomethacin 

was the entity responsible for the antiedematogenic activity after indomethacin ethyl ester-loaded 

nanocapsule dosing.

In addition to the oral route, polymeric nanocapsules were evaluated by alternative routes of 

administration. Indomethacin-loaded nanocapsules were administered rectally (Fawaz et al., 1996) 

and showed 100% bioavailability. Further, the nanocapsule formulation was effective in protecting 

the rectal mucosa against the local toxic effects of indomethacin.

Indomethacin in vitro corneal penetration was evaluated using nanocapsules as drug carriers 

(Calvo et al., 1996b). The transcorneal fl ux of the drug through isolated rabbit cornea showed a 
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considerable increase of 4–5 times the penetration rate of the nanoencapsulated drug compared to 

commercial eyedrops. In addition, PCL nanocapsules containing indomethacin were coated with 

chitosan, poly(l-lysine), or both in order to combine the features of nanocapsules with the advan-

tages of a cationic mucoadhesive coating (Calvo et al., 1997). Chitosan-coated nanocapsules pro-

vided an optimal corneal penetration of indomethacin and displayed good ocular tolerance.

NSAIDs, apart from their classical peripheral site of action, display a central analgesic effect 

(Matoga et al., 2002). In this sense, indomethacin-loaded nanocapsules were tested in glioma 

cell lines, because this drug presents an antiproliferative effect because of the arrest of cell cycle 

progression (Bernardi et al., 2008). Indomethacin-loaded nanocapsules were at least 2 times more 

cytotoxic than indomethacin in solution for glioma cell lines, indicating that nanoencapsulation 

improved the indomethacin effect without the undesirable side effects of conventional chemotherapy.

Other NSAIDs have been the focus of nanoencapsulation studies. The pharmacokinetics of keto-

profen in solution and in nanocapsules were evaluated in plasma and cerebrospinal fl uid (Matoga 

et al., 2002). Nanocapsules were prepared with PLA and injected intraperitoneally in rats. The 

extent of absorption was similar for both solution and nanocapsule suspension, but with different 

plasma profi les. Ketoprofen administered in solution was rapidly absorbed, and for the nanoencap-

sulated formulation two peaks of concentrations were noted after administration. The second and 

lower peak was attributed to a progressive release of the drug from nanocapsules during the elimi-

nation phase.

Nimesulide is an NSAID that selectively inhibits cyclooxygenase-2. A semisolid topical formula-

tion containing nimesulide-loaded nanocapsules was evaluated using Franz diffusion cells and a 

tape-stripping technique in order to investigate whether nanoencapsulation is able to modify the 

drug distribution in the different strata of full-thickness human skin (Alves et al., 2007). Gels 

 containing nimesulide-loaded nanocapsules were able to promote drug penetration in the stratum 

corneum compared to a conventional formulation, and they allow higher penetration in the skin 

compared to the nimesulide-loaded nanospheres and nimesulide-loaded nanoemulsion.

3.5.2 ANTICANCER DRUGS

Conventional chemotherapeutics are often limited by the inadequate delivery of therapeutic concen-

trations to tumor target tissue. Therefore, it is important to develop new nanotechnologies for tar-

geted delivery to tumors at both the cellular and tissue levels, thereby improving the therapeutic index 

of the carried anticancer molecules. Strategies for developing new effi cient targeted nanocarriers of 

anticancer drugs may result from the combined knowledge of cancer physiopathology features, drug 

characteristics, and in vivo fate and behavior of nanocarriers (Couvreur and Vauthier, 2006).

Nanotechnological devices can be crucial approaches for the stability of the carried drug. 

Gemcitabine, for example, is an anticancer drug that suffers from rapid plasmatic metabolization. 

To overcome this problem, both physical and chemical protection of gemcitabine were devel-

oped (Stella et al., 2007). Lipophilic derivatives of gemcitabine [4-(N)-valeroylgemcitabine, 

4-(N)-lauroylgemcitabine, and 4-(N)-stearoylgemcitabine] were synthesized and incorporated 

into poly[aminopoly(ethylene glycol)cyanoacrylate-co-hexadecyl cyanoacrylate] nanocapsules by 

nanoprecipitation of the copolymer. The cytotoxicity assay showed that 4-(N)-stearoylgemcitabine 

was more toxic than gemcitabine on two cell lines (human cervix carcinoma cell line KB3-1 cells, and 

human breast adenocarcinoma MCF-7 cells). Moreover, the incorporation of 4-(N)-stearoylgemcitabine 

in nanocapsules did not change its half-maximal inhibitory concentration values, showing that the 

cytotoxic activity of 4-(N)-stearoylgemcitabine was not modifi ed by the nanoencapsulation.

Besides protecting the carried chemotherapeutic, nanoparticles can also be used to avoid cellular 

mechanisms such as multidrug resistance, because they allow entry into the cancer cells and act as 

an intracellular anticancer drug reservoir. Taking this into account, an approach was proposed using 

lipid nanocapsules (LNCs) consisting of Labrafac®, lecithin and PEG-660 hydroxystearate 

(Lamprecht and Benoit, 2006). Etoposide-loaded LNCs reverted multidrug resistance and reduced 
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the cell growth in glioma cell lines, showing higher effi ciency than the drug solution. The mechanism 

of action proposed for etoposide LNC was cell uptake followed by sustained drug release in combi-

nation with intracellular P-glycoprotein inhibition, ensuring a higher anticancer drug concentration 

inside the cancer cells.

The importance of developing new formulations for carrying anticancer drugs emerges from the 

failure of established therapies. Tamoxifen is an antiestrogenic molecule, which is the endocrine 

therapy of choice for the treatment of estrogen receptor (ER) positive breast cancer. Unfortunately, 

tamoxifen resistance often occurs, and in that case a blockade of human prostaglandin E2 synthesis 

by aromatase inhibitors is sometimes of benefi t. However, no response to aromatase inhibitors 

can occur. Thus, despite encouraging improvements in breast cancer treatment, the prognosis of 

metastatic disease is dramatic, stressing the need for new drugs and new administration strategies 

(Maillard et al., 2005).

With this in mind, biodegradable PLA and PEG–PLA nanocapsules containing either 

4-hydroxytamoxifen (4-HT) or RU 58668 (RU), both antiestrogens, were prepared using the inter-

facial deposition of preformed polymer following solvent displacement (Renoir et al., 2006). The 

small sizes of the particles (233–246 nm) were compatible with their extravasations through the 

discontinuous endothelium of tumor vasculature. This allowed their accumulation in MCF-7 cell 

xenografts and led to prolonged exposure of the tumor to antiestrogen in athymic nude mice bearing 

established xenografts. In these tumors and in MCF-7/Ras xenografts, RU- and 4-HT-loaded nano-

capsules inhibited tumor growth. In addition, RU-loaded nanocapsules promoted ER-α subtype loss 

in the tumor cells, according to the immunohistochemistry assay. The same in vivo tumor models 

had already been used by the authors to evaluate the antitumoral activity of RU encapsulated within 

PEG–PLA nanoparticles (Ameller et al., 2003). RU-loaded PEG–PLA nanocapsules were more 

active than free RU or RU entrapped with PEGylated nanospheres at an equivalent dose.

Approaches of coating nanocapsules with PEG have been widely described in anticancer therapy. 

At the tissue level, upon intravenous injection, colloids without this coating are opsonized and rapidly 

cleared from the bloodstream by the normal reticuloendothelial defense mechanism, irrespective of 

particle composition (Nguyen et al., 2008). Hence, in order to increase the circulation time in the 

bloodstream and to enhance the probability of the molecule to extravasate in tumor tissues, a great 

deal of work has been devoted to developing so-called stealth particles, which are “invisible” to 

macrophages (Figure 3.1). For this, PEG (MW = 1000 to 5000 Da) placed at the nanoparticle sur-

faces reduces the opsonization process, thus enhancing the blood circulation time (Couvreur and 

Vauthier, 2006). This approach is the so-called passive targeting approach and subsequent drug 

accumulation in the tumor interstitium is due to the known enhanced permeability and retention 

effect, as a result of the gaps of the discontinuous endothelium of cancer cells, which are richly 

vascularized (Lozano et al., 2008; Maillard et al., 2005).

Another system, based on the incorporation of RU in PLA nanocapsules and in PEG–PLA nano-

capsules, potentiated the RU effect of increasing the population of MCF-7 cells in sub-G1 by block-

ing cell cycle progression (Maillard et al., 2005). In addition, the nanocapsules enhanced the activity 

of the free drug, inducing MCF-7 apoptosis and supporting the notion that the incorporation of RU 

within the nanocapsules increased their antitumor activity. However, RU-loaded nanocapsules were 

not able to inhibit the E2-induced tumor growth rate through intravenous administration in nude 

mice bearing MCF-7 cell tumors.

Cases of intrinsic and acquired resistance, when the insensitive ER tumor cells point out the limi-

tation of hydroxytamoxifen, highlight the need for new active molecules with broader therapeutic 

scopes. In this context, a potentially cytotoxic moiety (the organometallic group ferrocene) was 

added to the competitive bioligand hydroxytamoxifen scaffold (Nguyen et al., 2008). This attachment 

enhanced hydroxytamoxifen cytotoxicity, increasing the lipophilicity of the compound to facilitate 

its passage through the cellular membrane. Two organometallic triphenylethylene compounds, 

1,1-di(4′-hydroxyphenyl)-2-ferrocenylbut-1-ene (Fc-diOH) and 1,2-di(4′-hydroxyphenyl)-1-[4″-(2″-

ferrocenyl-2″-oxoethoxy)phenyl]but-1-ene (DFO), which present strong antiproliferative activity in 
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breast cancer cells but are insoluble in biological fl uids, were synthesized and incorporated in PEG–

PLA nanocapsules. The infl uence of the encapsulated drugs on the cell cycle and apoptosis was 

studied by fl ow cytometry analyses. Whether free or encapsulated in the nanocapsules, Fc-diOH 

arrested the cell cycle in the S-phase. However, free DFO had no signifi cant effect on MCF-7 cells, 

whereas nanoencapsulated DFO slightly increased the number of cells in the S-phase.

One group recently incorporated Fc-diOH in LNCs (Allard et al., 2008) with high drug loading 

capacity because of a larger oily core in their structure. The cytostatic activity of Fc-diOH was 

conserved after its encapsulation in LNCs, which were taken up by glioma cells. Fc-diOH-loaded 

LNCs were very effective on 9L-glioma cells, showing low toxicity levels when in contact with 

healthy cells. In addition, Fc-diOH LNC treatment signifi cantly reduced both tumor mass and vol-

ume evolution after 9L-cell implantation into rats, indicating the in vivo effi cacy of this kind of 

organometallic compound.

A nanosystem based on oil-encapsulating poly(ethylene oxide)-b-poly(propylene oxide)-b-

poly(ethylene oxide) (PEO–PPO–PEO)/PEG nanocapsules conjugated with folic acid was synthe-

sized using PEO–PPO–PEO and amine-functionalized six-arm branched PEG (MW = 20,000 Da; 

Bae et al., 2007). The shell encapsulating an oil phase was developed as a target-specifi c carrier for 

a water-insoluble drug, paclitaxel. Folate-mediated targeting signifi cantly enhanced the cellular 

uptake and apoptotic effect on KB cells overexpressing folate receptors. The anticancer effect of 

paclitaxel-loaded nanocapsules was comparable to that of a clinically available formulation of pacli-

taxel (Taxol®). However, the cytotoxicity of Taxol was mainly caused by the toxicity of the 

Cremophor® EL vehicle rather than the drug. In contrast, the folate-conjugated nanocapsules exhib-

ited far greater cytotoxicity against KB cells at a lower dosage than Taxol (Bae et al., 2007).

Besides paclitaxel, docetaxel belongs to the taxane class that is characterized by its hydrophobic 

character, resulting in the necessity of using solubilizers for its intravenous administration. These 

solubilizers, however, are responsible for severe side effects, which limit the amount of drug that can 

be safely administered. To overcome these problems, an alternative formulation based on chitosan 

colloidal carriers (nanocapsules) was prepared by the solvent displacement technique (Lozano et al., 

2008). Chitosan nanocapsules were rapidly internalized by human tumor cells. Docetaxel-loaded 

chitosan carriers had an effect on cell proliferation, which was signifi cantly greater than that of free 

docetaxel. Another work demonstrated that the encapsulation of docetaxel within LNCs dramati-

cally increased the drug biological half-life, providing substantial accumulation at the tumoral site 

in mice bearing subcutaneously implanted C26 colon adenocarcinoma (Khalid et al., 2006).

Paclitaxel-loaded LNCs were used to elucidate whether LNCs were able to improve anticancer 

hydrophobic drug bioavailability and overcome multidrug resistance (Garcion et al., 2006). The 

results revealed an interaction between LNCs and effl ux pumps, which results in an inhibition of 

multidrug resistance in rat glioma cells both in culture and in cell implants in animals. Paclitaxel-

loaded LNCs were also more effi cient than Taxol.

Nanocapsules with an external layer made up of PLA, PLA grafted with PEG (PLA–PEG), and 

PLA coated with poloxamer 188 (PLA–polox) have been proposed to incorporate photosensitizers 

for tumor tissue in photodynamic therapy (Bourdon et al., 2002). The cellular uptake, localization, 

and phototoxicity of m-tetra(hydroxyphenyl)chlorine (mTHPC) encapsulated in submicron colloidal 

carriers were studied in macrophage-like J774 cells and HT29 human adenocarcinoma cells. 

Cellular uptake by J774 was reduced with mTHPC encapsulated within surface-modifi ed nano-

capsules (PLA–PEG and PLA–polox) compared to naked PLA, indicating a possible limitation of 

the clearance of such carriers by the reticuloendothelial system. A specifi c punctate fl uorescence 

 pattern was revealed with PLA–PEG and PLA–polox nanocapsules, in contrast to a more diffuse 

distribution with solution, indicating that photodamage targeting could be different.

The same formulations were studied to evaluate the biodistribution of mTHPC in nude mice 

bearing HT29 human tumors (Bourdon et al., 2002). Compared to PLA nanocapsules, incorporation 

of mTHPC in surface-modifi ed nanocapsules resulted in strong modifi cations of drug biodistri-

bution and tumoral retention with an increase in drug levels. Reduced liver uptake was observed, 
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indicating that surface-modifi ed nanocapsules are effective in limiting reticuloendothelial system 

uptake and are potential carriers for enhancing the therapeutic ratio of lipophilic photosensitizers.

3.5.3 HORMONES, PROTEINS, AND PEPTIDES

Hormones are substances that present low therapeutic doses and require chronic administration, so 

they are suitable molecules to nanoencapsulate. Melatonin was associated with Eudragit S100 nano-

capsules in order to improve its protective properties against lipid peroxidation induced by ascorbyl 

free radicals using liposomes and microsomes as substrates (Schaffazick et al., 2005). The antioxidant 

capacity of melatonin was signifi cantly increased when it was nanoencapsulated. The in vivo acute 

antioxidant capacity (lipid peroxidation, total antioxidant reactivity, and free radical levels in the brain 

and liver of mice) showed that lipid peroxidation signifi cantly decreased in the cortex and in the hip-

pocampus when melatonin-loaded nanocapsules were administered. In contrast, a melatonin aqueous 

solution did not exert any signifi cant activity against lipid peroxidation (Schaffazick et al., 2008).

Peptide drugs are poorly absorbed after oral administration because of their susceptibility to 

enzymatic degradation and their low permeability across the intestinal epithelium. Keeping these 

important biopharmaceutical limitations in mind, many pharmaceutical scientists have taken the 

challenge of designing new delivery strategies intended to enhance the oral absorption of these 

macromolecules (Prego et al., 2006b).

A challenge in ocular drug delivery is to enhance the permeation of macromolecules across the 

cornea. PCL nanocapsules containing cyclosporin A, an immunosuppressive drug, were developed 

for ocular delivery in order to reduce its systemic side effects (Calvo et al., 1996b). The nano-

capsules promoted the penetration of cyclosporin A to a very high degree.

Novel drug delivery systems for insulin administration, avoiding injectable formulations, have 

been the focus of much research for over 20 years. As a hypothesis, oral formulations containing 

insulin provide the peptide directly to the liver by hepatic portal circulation. This is a major advantage 

because this pathway mimics the physiological traffi c of insulin when it is secreted by the pancreas 

of healthy individuals (Saffran et al., 1997). However, mucosal routes are extremely challenging for 

the administration of peptides and proteins because these generally hydrophilic macromolecules are 

unable to overcome mucosal barriers by themselves and are degraded before reaching the blood-

stream (Couvreur and Vautier, 2006).

Insulin-loaded nanocapsules have been studied since 1988 (Damgé et al., 1988), when it was 

proved that PAC nanocapsules preserve the therapeutic effect of insulin in rats when administered 

orally, prolonging its effect. Insulin-loaded nanocapsules controlled glycemia for at least 13 days in 

streptozotocin-induced diabetic rats (Michel et al., 1991). In vitro nanocapsules protect insulin 

against proteolysis from pepsin, chymotrypsin, and trypsin (Michel et al., 1991). In addition, nano-

capsules administered orally induce several benefi cial persistent effects in both normal and diabetic 

dogs (Damgé et al., 1995). This formulation was tested as a prophylactic strategy to prevent diabetes 

in nonobese diabetic mice via oral administration. In humans, this form of prophylactic insulin 

administration was claimed to be less constraining than insulin injections (Saï et al., 1996). The 

early administration of insulin nanocapsules reduced diabetes and insulitis in the nonobese diabetic 

mouse model that mimics human Type 1 diabetes.

More recently, PIBC nanocapsules containing Texas Red® labeled and gold labeled insulin were 

studied (Pinto-Alphandary et al., 2003). Insulin was located inside nanocapsules that were observed 

on both sides of the jejunum. In the lumen, the environment was suitable to protect insulin from 

degradation. Nanocapsules were absorbed by portions of the M-cell-free epithelium and were highly 

degraded in M-cell-containing epithelium.

After oral administration, insulin from PIBC nanocapsules was very quickly but heterogeneously 

absorbed. Furthermore, nanocapsules allowed the delivery of noticeable levels of insulin into the 

blood of diabetic rats (Cournarie et al., 2002). Nevertheless, high levels of plasma insulin were 
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 necessary to produce effi cient hypoglycemic activity, and they were not reached after oral adminis-

tration of nanocapsules.

The activity of insulin-loaded PAC nanocapsules was evaluated after subcutaneous administration, 

showing a reduction in blood glucose in diabetic rats, which was delayed by the nanoencapsulation 

(Watnasirichaikul et al., 2002). The formulation of insulin-loaded nanocapsules dispersed in a 

water-in-oil microemulsion showed a signifi cant increase in the oral bioavailability of insulin in 

diabetic rats (Watnasirichaikul et al., 2002).

Salmon calcitonin (model peptide) was encapsulated in chitosan–PEG nanocapsules prepared by 

the solvent displacement technique (Prego et al., 2006a). The PEGylation of the chitosan coating 

facilitated the retention of peptide in the nanocapsules. The hypocalcemic effect after the oral admin-

istration of nanocapsules was signifi cantly higher than the nanoemulsion and free peptide aqueous 

solution. The permeation study using Caco-2 cells indicated that nanocapsules penetrated the tissue 

by a transcellular pathway and were randomly distributed. The mucoadhesive character of chitosan 

nanocapsules was the determinant for interaction with intestinal mucosae, facilitating the intestinal 

absorption of salmon calcitonin (Prego et al., 2006a).

3.5.4 ANTIFUNGALS, ANTIBIOTICS, AND ANTIPARASITICS

The encapsulation of antifungal agents in nanoparticulate carriers was proposed with the objective 

of modifying the pharmacokinetics of drugs, resulting in more effi cient treatments with fewer side 

effects (de Assis et al., 2008). In this way, fl uconazole was radiolabeled and encapsulated in PLA–PEG 

nanocapsules, demonstrating a fast release of radioactivity. The PEG layer around the nanocapsules 

probably reduced the amount of drug released by impairing protein binding at the nanocapsule surface. 

Another antifungal, griseofulvin, is rarely used because of its high lipophilicity, which makes both 

formulation and delivery diffi cult (Zili et al., 2005). Griseofulvin was very rapidly released from PCL 

nanocapsules, which was probably due to the dissolution of the polymer by the oily phase (benzyl 

benzoate). Griseofulvin nanocapsules showed a higher dissolution rate, which indicated that lower 

doses of this molecule can be used for oral applications, thus reducing its side effects (Zili et al., 2005).

Several antiseptics can be incorporated in hand-washing agents. However, their frequent use 

induces contact dermatitis and allergies. To improve and sustain antimicrobial activity, chlorhexidine-

loaded nanocapsules were tested in vitro against some microorganisms (Lboutounne et al., 2002). 

The activity of the nanocapsules was also tested ex vivo in porcine ear skin. The encapsulation 

 maintained the chlorhexidine effect, sustaining the ex vivo topical antimicrobial activity against 

Staphylococcus epidermidis. Chlorhexidine was incorporated in a hydrophilic gel and tested as a 

hand-rub gel against resident skin fl ora. This product had immediate antibacterial effect, explained by 

the rapid desorption of chlorhexidine from the nanocapsule wall, subsequent diffusion within bacte-

ria, and sustained antibacterial effect. This immediate effect was a consequence of the slow release of 

chlorhexidine from the nanocapsule core against further bacterial colonization (Nhung et al., 2007).

Injectable formulations of benzathine penicillin G were developed in the 1950s and consisted of 

intramuscular depot formulations because of the low solubility of the drug. New formulations 

(nanoemulsion and PLGA nanocapsules containing benzathine penicillin G) were developed that 

were stable over 120 days when stored at 4°C, exhibiting in vitro antimicrobial activity against 

S. pyogenes (Santos-Magalhães et al., 2000).

The emergence of chloroquine resistance in Plasmodium falciparum has increased the search for 

new antimalarial drugs, such as halofantrine hydrochloride, one of the most active antimalarial drugs 

against P. falciparum in vitro but presenting serious cardiotoxicity (Mosqueira et al., 2004). 

Considering that the cardiac epithelium is continuous, stealth nanocapsules containing halofantrine 

have been developed to reduce drug side effects and to increase drug circulation (Mosqueira et al., 

2004). No signs of toxicity or abnormal behavior were observed after intravenous administration of 

halofantrine-loaded nanocapsules in mice, and the maximum tolerated dose was higher than that of 
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the free drug in solution. Poloxamer-coated nanocapsules provided a fast effect, whereas PEG-coated 

nanocapsules provided a more sustained effect because of their long blood circulation. PEG-coated 

nanocapsules provided a reduced halofantrine cardiotoxic profi le when compared to the free drug, 

showing that drug distribution seemed to be modifi ed by these nanocarriers (Leite et al., 2007).

The potential of colloidal drug carriers in the targeted and controlled delivery of antileishmanial 

compounds has also received much attention. Leishmania are obligate intracellular parasites in 

mammals that live exclusively in the cells of the mononuclear phagocyte system (Cauchetier et al., 

2003a). Taking into consideration that conventional nanocapsules undergo phagocytosis by macro-

phages after opsonization (Stolnik et al., 1995), atovaquone-loaded nanocapsules were prepared by 

the interfacial deposition of preformed polymer using different polyesters (Cauchetier et al., 2003b). 

Atovaquone was released from PLA nanocapsules by diffusional transport of the drug through 

the polymer, associated with the fi rst stage of polymer degradation. In vivo, nanocapsules were 

 signifi cantly more effective than the free drug in the treatment of mice with visceral leishmaniasis. 

The dose–response data indicated that livers were cleared of parasites if the nanocapsule prepara-

tion was administered in three doses, whereas the maximum suppression possible with the free drug 

is about 61%, whatever the dose (Cauchetier et al., 2003a).

3.5.5 OTHER DRUGS

Nanocapsules can be used to increase the accessibility of drugs to the receptors localized in specifi c 

areas. They can serve as vehicles for use in the treatment of ophthalmic pathologies, because 

increased corneal penetration and prolonged therapeutic response have been achieved for some 

drugs (Losa et al., 1993). Several nanocapsule formulations containing metipranolol were tested for 

drug release and the ability to prevent conjunctival absorption. The nanoencapsulation was capable 

of reducing bradycardia, showing lower systemic toxicity. Another drug used as eyedrops, pilo-

carpine, was encapsulated in PIBC nanocapsules incorporated in a Pluronic F127 gel (Desai and 

Blanchard, 2000). The formulation increased the contact time of the drug with the absorbing tissue 

in the eye and improved ocular bioavailability.

Many authors have focused on different drugs used to control drug release and improve drug 

bioavailability and stability (Calvo et al., 1996c; Fresta et al., 1996; Ourique et al., 2008). Antiepileptic 

drugs (5,5-diphenyl hydrotoin, carbamazepine, and ethosuximide) were encapsulated in poly(ethyl-

2-cyanoacrylate) nanocapsules and zero order release was achieved, providing controlled drug 

release (Fresta et al., 1996).

Idebenone is a lipophilic benzoquinone electron carrier, which behaves as an antioxidant free radi-

cal scavenging molecule, that is active in central nervous system disorders (Palumbo et al., 2002). 

Idebenone-loaded poly(ethyl cyanoacrylate) nanocapsules showed a greater effectiveness for the anti-

oxidant effect in vitro, under different stress conditions, toward human fi broblasts than the free drug.

Tretinoin is the active form of a metabolic product of vitamin A, which is indicated in the topical 

treatment of different skin diseases such as acne vulgaris, ichtyose, and psoriasis. However, this 

drug presents some drawbacks such as poor solubility, high chemical instability and photoinstabil-

ity (which gives inactive metabolites), and irritation of the treated area. Nanocapsules containing 

tretinoin were developed, which were aimed at reducing drug side effects and drug photoinstability 

(Ourique et al., 2008). Tretinoin-loaded nanocapsules improved tretinoin photostability, indepen-

dently of the type of oil core used.

Spironolactone is a specifi c steroid antagonist that is used as a potassium-sparing diuretic in pre-

mature infants to reduce lung congestion, but no liquid formulations are available because of its low 

solubility (Blouza et al., 2006). Different parameters were tested in order to obtain an optimized for-

mulation of nanocapsules. The release of spironolactone from nanocapsules was rapid and complete 

in a simulated gastric fl uid. Therefore, recourse to spironolactone nanoencapsulation should enhance 

its oral bioavailability and probably its effi ciency. Concerning drug therapies based on nanocapsules, 

Table 3.2 gives an overview of the systems carrying different molecules and their main results.
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TABLE 3.2
Oily-Core Polymeric Nanocapsules Proposed for Therapeutic Goals
Therapeutic 
Class Drug Nanocapsule Composition Main Result Reference

Antiinfl ammatory Indomethacin and 

diclofenac

PLA and Miglyol 810 Reduction of gastrointestinal toxicity Guterres et al., 1995a,b

Indomethacin PIBC and benzyl benzoate 10-fold increase in antiinfl ammatory activity Gursoy et al., 1989

PLA, PIBC, and benzyl benzoate Protective effect on jejunal tissue Ammoury et al., 1991

PLA and benzyl benzoate Reduction of ulceration in intestine and rectum Ammoury et al., 1993; 

Fawaz et al., 1996

PCL and Miglyol 840 Increases corneal penetration rate 4–5 times Calvo et al., 1996c

PCL coated with chitosan or 

poly(l-lysine) and Miglyol 840

Optimal corneal penetration and good ocular tolerance Calvo et al., 1997

PCL and CCT Twice as cytotoxic for glioma cell lines Bernardi et al., 2008

Indomethacin ethyl ester PCL and Miglyol 810 Increase in antiedemadogenic activity Cruz et al., 2006b

Ketoprofen PLA and benzyl benzoate Progressive release of the drug Matoga et al., 2002

Nimesulide PCL and CCT Higher penetration in the skin Alves et al., 2007

Diuretic Spironolactone PCL and Labrafac hydro Fast and complete release Blouza et al., 2006

Hormone Melatonin PCL and Miglyol 810 Protective properties against lipid peroxidation 

induced by ascorbyl free radical in cortex and in 

hippocampus

Schaffazick et al., 2005, 2008

Insulin PAC and Miglyol Preserves therapeutic effect orally in rats and dogs Damgé et al., 1988, 1995

PIBC and Miglyol Glycemia for at least 13 days in rats Michel et al., 1991

PIBC and Miglyol Reduced diabetes and insulitis in mice Saï et al., 1996

PIBC and Miglyol 812N Nanocapsules at both sides of the jejunum Cournarie et al., 2002; 

Pinto-Alphandary et al., 2003

PAC and Capmul® MCM Watnasirichaikul et al., 2002

Peptide Cyclosporine A PCL and Miglyol 840 Promotes penetration of cyclosporine A across cornea Calvo et al., 1996b

Salmon calcitonin Chitosan–PEG and Miglyol 812 Higher hypocalcemic effect and penetration by 

transcellular pathway

Prego et al., 2006a,b

Antifungal Fluconazole PLA–PEG and CCT Controlled release de Assis et al., 2008

Griseofulvin PCL and benzyl benzoate Higher dissolution rate Zili et al., 2005

Antibiotics Chlorhexidine PCL and Labrafac hydrophile WL 1219 Sustained effect against Staphylococcus epidermidis Lboutounne et al., 2002; 

Nhung et al., 2007

continued
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TABLE 3.2 (continued)
Oily-Core Polymeric Nanocapsules Proposed for Therapeutic Goals

Therapeutic 
Class Drug Nanocapsule Composition Main Result Reference

Benzathine penicillin G PLGA and sunfl ower oil and 

benzyl benzoate

Stability over 120 days and activity against 

Streptococcus pyogenes
Santos-Magalhães et al., 2000

Antimalarial Halofantrine PLA, PLA–PEG, and Miglyol 810 No signs of toxicity after IV administration Mosqueira et al., 2004

PCL and Miglyol 810 Reduced halofantrine cardiotoxic Leite et al., 2007

Antileishmanial Atovaquone PLA, PCL, PLGA, and benzyl benzoate More effective in visceral leishmaniasis in rats Cauchetier et al., 2003a

Antiepileptic 5,5-Diphenyl hydrotoin, 

carbamazepine, and 

ethosuximide

PEC and Miglyol 812 Controlled drug release Fresta et al., 1996

Antioxidant Idebenone PEC and Miglyol 812 Greater in vitro antioxidant activity Palumbo et al., 2002

Vitamin Tretinoin PCL and Miglyol 810 Improved tretinoin photostability Ourique et al., 2008

Anticancer drug Gencitabine lipofi lic 

derivate

Poly(H2NPEGCA-co-HDCA) 

and Miglyol 812N

Higher cytoxicity than gencitabine, not modifi ed by 

nanocapsule incorporation

Stella et al., 2007

Etoposide PEG–HS and Labrafac Reverts multidrug resistance, reduce tumor growth Lamprecht and Benoit, 2006

4-HT and RU PLA, PLA–PEG, and Miglyol 810 Block cell cycle progression in tumor cells, increase 

antitumor activity, promote loss ERα in tumor cells

Ameller et al., 2003; Maillard 

et al., 2005; Renoir et al., 

2006

Organometallic tamoxifen 

derivatives

PLA–PEG and Miglyol 810 Increase number of cells in S-phase Nguyen et al., 2008

Organometallic tamoxifen 

derivative

PEG–HS and Labrafac Reduce tumor mass in vivo Allard et al., 2008

Paclitaxel PEO–PPO–PEO/PEG folic acid 

conjugated and Lipiodol®

Enhance cellular uptake and apoptotic effect on cells 

overexpressing folate receptors

Bae et al., 2007

Docetaxel Chitosan and Miglyol 812 Rapidly internalized by human tumor cells, promotes 

reduction of cell proliferation 

Lozano et al., 2008

Docetaxel PEG–HS and tricaprylin Increase drug biological half-life and accumulate at 

tumoral site in vivo
Khalid et al., 2006

Paclitaxel PEG–HS and Labrafac Inhibition of multidrug resistance in vivo and in vitro Garcion et al., 2006

Photosensitizer Tetra(hydroxyphenyl)chlorin PLA, PLA–PEG, PLA–polox, and 

Miglyol 812N

Reduce cellular uptake and clearance with surface-

modifi ed nanocapsules 

Bourdon et al., 2000, 2002

Note: HS—hydroxystearate; PEC—poly(ethyl cyanoacrylate); poly(H2NPEGCA-co-HDCA)—poly[aminopoly(ethylene glycol)cyanoacrylate-co-hexadecyl cyanoacrylate].
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CONCLUSION

Investigations concerning polymeric nanocapsules are generally a multidisciplinary study involving 

engineering, chemistry, pharmacy, and pharmacology. Challenges have been presented during the 

past 40 years about the physicochemical evaluation of these formulations. The complexity of these 

systems is a consequence of both submicron-size and soft-matter properties. However, successful 

applications using complementary techniques to elucidate the nanocapsule supramolecular struc-

ture have been reported since the 1970s. The current knowledge concerning the supramolecular 

organization of nanocapsules allowed the tuning of their characteristics for specifi cities of use, such 

as the administration route, drug release time, and drug target site in the organism. Major reports in 

the literature about the therapeutic applications of nanocapsules describe the delivery of antiinfl am-

matory drugs, chemotherapeutic agents, hormones, peptides, and other agents, with increases of 

drug effi cacy and reduction of drug toxicity. Considering this, nanocapsule science and technology 

open new and interesting perspectives for human health.

ABBREVIATIONS

CCT Caprylic/capric triglyceride

DFO 1,2-Di(4′-hydroxyphenyl)-1-[4″-(2″-ferrocenyl-2″-oxoethoxy)phenyl]but-1-ene

DLS Dynamic light scattering

E2 Type of human prostaglandin

ER Estrogen receptor

Fc-diOH 1,1-di(4′-hydroxyphenyl)-2-ferrocenylbut-1-ene

4-HT 4-Hydroxytamoxifen

KB3-1 Human cervix carcinoma cell line

LNC Lipid nanocapsules

MCF-7 Human breast adenocarcinoma cell line

mTHPC Meta-tetra(hydroxyphenyl)chlorine

MW Molecular weight

NSAID Nonsteroidal antiinfl ammatory drug

PAC Poly(alkyl cyanoacrylate)

PCL Poly(ε-caprolactone)

PEG Poly(ethylene glycol)

PEO Poly(ethylene oxide)

PFOB Perfl uorooctyl bromide

PIBC Poly(isobutyl cyanoacrylate)

PI Polydispersity index

PLA Polylactide

PLGA Poly(lactide-co-glycolide)

PPO Poly(propylene oxide)

RU RU 58668 steroidal antiestrogen

SEM Scanning electron microscopy

TEM Transmission electron microscopy

TRADEMARKS

Aerosil® (Evonik Degussa GmbH, Frankfurt am Main, Germany)

Capmul® (Abitec Corporation, Columbus, Ohio, USA)

Cremophor® (BASF Corporation, Florham Park, New Jersey, USA)

Eudragit® (Evonik Degussa GmbH, Frankfurt am Main, Germany)

Epikuron® (Degussa GmbH, Hamburg, Germany)
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Labrafac® (Gattefossé, Saint-Priest, France)

Lipiodol® (Guerbet S.A., Roissy Charles-de-Gaulle Cedex, France)

Miglyol® (SASOL Germany GmbH, Witten, Germany)

Pluronic® (BASF Corporation, Florham Park, New Jersey, USA)

Taxol® (Bristol-Myers Squibb, New York, USA)

Texas Red® (Molecular Probes, Leiden, The Netherlands)

Tween® (ICI Americas Inc., London, England)
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4.1 INTRODUCTION

Alkyl cyanoacrylates have been used as surgical materials, in particular as biodegradable tissue 

adhesives, since the 1960s (Leonard et al., 1966). Since their discovery, the U.S. Food and Drug 

Administration has approved two monomers, butyl cyanoacrylate (2002) and octyl cyanoacrylate 

(1998), for human use, which are available on the market as liquid bandaids (Indermil®, LiquiBand®, 

and Dermabond®). Poly(alkyl cyanoacrylate) (PACA) nanoparticles emerged in drug delivery around 

30 years ago (Couvreur et al., 1979). They have since been explored with increasing interest as col-

loidal drug delivery systems and for targeting of bioactives, including low molecular weight drugs, 

peptides, proteins, and nucleic acids. The extensive interest in PACA nanoparticles as drug carriers 

is due to the biocompatibility and biodegradability of the polymer, the ease of preparation of the 

particles, and their ability to entrap bioactives, including subunit antigens. Many modern drugs are 

proteins that are susceptible to chemical and enzymatic degradation in the physiological environ-

ment and exhibit low bioavailability. They thus require chemical and enzymatic protection, bio-

availability enhancement, and even targeting to certain delivery sites. Encapsulation of proteins into 

PACA nanoparticles may be one way of overcoming some of the challenges in effective protein 

delivery. However, although PACA nanoparticles have been considered as promising polymeric 

 colloidal drug delivery systems for some time, no product has entered the market. Initial progress 

has been made in the clinical development of a PACA formulation in cancer therapy. In 2006 

BioAlliance Pharma announced clinical phase II/III trials for Transdrug®, doxorubicin (DOX)-

loaded poly(isohexyl cyanoacrylate) (PiHCA) nanoparticles suitable for intra-arterial, intravenous 

(i.v.), or oral administration. However, because of acute pulmonary damage, phase II trials of 

Transdrug were suspended in July 2008.

Various methods have been used to prepare PACA nanoparticles including polymerization in 

a continuous aqueous phase and interfacial polymerization of submicron emulsions or micro-

emulsions. The preparation of PACA nanoparticles on the basis of various templates involving these 

techniques will be discussed in this chapter with a particular emphasis on biocompatible micro-

emulsions as polymerization templates. For further details on the design aspects of PACA nano-

particles including surface property modifi cations, which are critical in controlling the in vivo fate 

of the delivery system, the reader is referred to an excellent review by Vauthier et al. (2007). In 

general, we will introduce methods for the pharmaceutical characterization of PACA nanoparticles 

and application of these nanoparticles as second- and third-generation colloidal carriers, that is, 

carriers without surface modifi cation (passive body distribution) and with surface modifi cations (for 

drug targeting; Couvreur et al., 2002).

4.2  PREPARATION OF POLY(ALKYL CYANOACRYLATE) NANOPARTICLES 
ON THE BASIS OF DIFFERENT POLYMERIZATION TEMPLATES

PACA nanoparticles can be differentiated into nanospheres and nanocapsules and can contain a 

drug either in the core of the particle (encapsulation) or adsorbed on the outside of the nanoparticle 

(sorption; Krauel et al., 2004). The types of PACA nanoparticles and differences in entrapment are 

illustrated in Figure 4.1. The type of template will determine the preparation technique and type of 

particles formed. PACA nanoparticles can be prepared by polymerization of alkyl cyanoacrylate 

monomers or from preformed polymers. The two polymerization techniques most commonly 

applied for the preparation of PACA nanoparticles are polymerization in an aqueous acidic phase 

(Couvreur et al., 1979) and interfacial polymerization of (submicron) emulsions (Al Khouri Fallouh 

et al., 1986; El-Samaligy et al., 1986; Weiss et al., 2007) or microemulsions (Gasco and Trotta, 

1986). Polymerization in an aqueous acidic medium is also referred to in the literature as micellar 

polymerization and emulsion or dispersion polymerization. The term micellar polymerization is 

based on the theory that polymerization occurs around micelles formed by surfactant molecules 

added to the acidic phase as stabilizers (Couvreur, 1988). However, Fitch and Tsai (1970) have 
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shown that polymerization does not depend on the presence of these stabilizers. The differentiating 

factor between dispersion and emulsion polymerization is the type of stabilizer used, which in the 

former is dextran (Behan et al., 2001) and in the latter a surfactant, usually a poloxamer (Reddy and 

Murthy, 2004). Emulsion polymerization is potentially misleading because the polymerization 

medium is not an emulsion but an aqueous solution.

Alkyl cyanoacrylates are able to polymerize very rapidly by free-radical, base-catalyzed anionic 

and zwitterionic polymerization mechanisms. Neither high-energy radiation nor chemical initia-

tors, which can affect the stability of the entrapped drug, are required for the polymerization pro-

cess. Polymerization can be initiated by hydroxyl ions from the dissociation of water in a 

polymerization medium. Thus, typical initiators of anionic polymerization are water, anions, and 

weak bases including alcohols and amino acids. The excellent tissue adhesiveness of PACA is attrib-

utable to polymerization initiated by amino acids of proteins in the skin. When the bioactive itself 

can act as a nucleophilic polymerization initiator, copolymerization of the bioactive into the poly-

mer network may occur (Grangier et al., 1991; Weiss et al., 2007). Proteins and peptides are nucleo-

philic, and it is thus possible that these molecules might intervene in the polymerization process 

(Leonard et al., 1966). This can result in a loss of bioactivity of the protein (Gibaud et al., 1998; 

Grangier et al., 1991) or it may enhance stabilization and increase entrapment, as shown by the use 

of copolymerized peptide particles (Hillery et al., 1996a, 1996b; Liang et al., 2008). However, a 

large excess of alcohol seems to prevent the copolymerization of peptides with the monomer, leav-

ing, for instance, insulin unmodifi ed, so it was still recognized by the insulin receptor of hepato-

cytes (Aboubakar et al., 1999a; Roques et al., 1992).

Preparation of PACA nanoparticles was fi rst established by Couvreur et al. (1979) by the addition 

of the monomer to an acidic aqueous phase containing surfactant. This polymerization mechanism 

leads to the formation of nanospheres in a three-step process. After polymerization has been initi-

ated by nucleophiles, particularly after contact of the monomer with water, oligomeric chains form 

and are terminated by protons. Hence, an acidic pH is used to regulate the polymerization reaction. 

Upon termination the oligomeric chains aggregate and swell with the remaining monomer. This is 

followed by an in situ reinitiation of terminated oligomeric chains by live chains leading to further 

polymerization until an equilibrium molecular weight is reached (Behan et al., 2001). The nano-

spheres are stabilized against agglomeration by the surfactant in the polymerization medium.

Nanospheres Nanocapsules

Encapsulation
Sorption

FIGURE 4.1 Schematic representation of types of PACA nanoparticles and methods of drug entrapment.
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Polymerization of alkyl cyanoacrylates at the interface of oil-in-water (O/W) submicron dis-

persions was fi rst reported by Al Khouri Fallouh et al. (1986). For this interfacial polymerization 

technique, the monomer, drug, and oil are dissolved in a water-miscible organic solvent; this 

mixture is then injected into a surfactant-containing aqueous phase. The polymerization 

occurs at the oil–water interface that forms following the diffusion of the water-miscible solvent 

into the aqueous phase. The organic solvent is subsequently removed under reduced pressure. 

Surfactants are added to the aqueous phase to prevent aggregation of the nanocapsules upon stor-

age (Al Khouri Fallouh et al., 1986). The type of nanoparticles formed by this technique depends 

on the type of water-miscible solvent used (Puglisi et al., 1995). When a protic water-miscible 

solvent, such as ethanol, isopropanol, or butanol, is used, the resulting nanoparticles will be a 

mixture of oily-cored nanocapsules and nanospheres. Gallardo et al. (1993) identifi ed that an oil/

ethanol ratio of 2% will yield nanocapsules alone. Two studies proposed that, in addition to 

 interfacial polymerization, the protic solvent can initiate the polymerization in the organic phase 

leading to precipitation of the preformed polymer in a large excess of nonsolvent at the oil–water 

interface (Chouinard et al., 1994) and assembly of polymerization nuclei in the aqueous medium 

in the absence of oil droplets (Puglisi et al., 1995). A fragmentation process of the polymeric 

interfacial fi lm was also suggested (Gallardo et al., 1993). This method is mainly useful for the 

encapsulation of oil-soluble substances. However, because the polymerization rate is extremely 

high, highly water-soluble molecules such as insulin have also been encapsulated into oily-core 

nanocapsules (Aboubakar et al., 1999a; Damgé et al., 1988).

El-Samaligy et al. (1986) applied interfacial polymerization of alkyl cyanoacrylate monomers to 

water-in-oil (W/O) submicron emulsions, which led to the preparation of nanocapsules with an 

aqueous core. Here an aqueous solution was emulsifi ed in a surfactant-containing organic phase. 

Ultrasonication was used to reduce the emulsion droplets to submicron size. A washing process was 

required to remove potentially toxic solvents. However, the toxicity issue can be overcome by using 

(W/O) submicron emulsions prepared from biocompatible compounds (Vranckx et al., 1996).

Interfacial polymerization techniques in general are attractive because the preparation is simple 

and easy to scale-up (Al Khouri Fallouh et al., 1986). However, using submicron emulsions as tem-

plates is disadvantageous because of the high energy input required either by ultrasonication 

(El-Samaligy et al., 1986) or by vigorous stirring (Vranckx et al., 1996), and the diffi culty of obtain-

ing nanocapsules with a low polydispersity, that is, a narrow particle size distribution (El-Samaligy 

et al., 1986), unless high surfactant concentrations are used (Vranckx et al., 1996). Formation of 

nanocapsules without the need of high-energy input can be achieved using microemulsions as tem-

plates (Gasco and Trotta, 1986; Watnasirichaikul et al., 2000). The advantages of using a micro-

emulsion template instead of a coarse or submicron emulsion template for the preparation of 

nanoparticles are enhanced physical stability of the system, minimal energy input required for the 

template formation, and a small and monodisperse droplet size (Watnasirichaikul et al., 2000). 

Particle size distribution is an important factor in that a monodisperse distribution would be advan-

tageous for uniform administration of the drug. In addition, particle morphology has implications 

on how the drug is entrapped and in turn on the release profi le. Therefore, particle size and surface 

properties are important because these will have implications on the drug entrapment, bioadhesive-

ness of the vehicles, amount and extent of particle uptake, and particle and drug biodistribution 

(Pitaksuteepong et al., 2002). Characterization of nanoparticles is necessary to ensure that particle 

formation has occurred and appropriate delivery vehicles have been formulated. Common tech-

niques to characterize nanoparticles are described later.

PACA nanocapsules with an aqueous core were fi rst prepared by Gasco and Trotta (1986) using 

interfacial polymerization of W/O microemulsions. However, the microemulsion system they used 

contained organic solvents that subsequently had to be removed. Sophisticated purifi cation pro-

cesses followed by redispersion can lead to aggregation of the nanoparticles and diffi culties in the 

scale-up of this method. This disadvantage was overcome by using Watnasirichaikul et al.’s (2000) 

biocompatible microemulsion system. When biocompatible oils and surfactants are used, there is no 
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need to isolate the nanoparticles from the polymerization template. In addition, coadministration of 

nanoparticles dispersed in the microemulsion template can allow the exploitation of the permeabil-

ity enhancing effects of microemulsions, which are benefi cial for oral absorption (Damgé et al., 

1987; Ritschel, 1991). Watnasirichaikul et al. (2000) developed a simple one-step process by which 

PACA nanocapsules could be readily prepared from a biocompatible W/O droplet-type microemul-

sion via interfacial polymerization of ethyl-2-cyanoacrylate as the monomer, which can be scaled up 

easily. This is unlike Gasco and Trotta’s (1986) proposition of nanoparticle formation around the 

water-droplet swollen micelles, which would result in nanoparticles with a core–shell structure and 

the size of the swollen micelle (~10–20 nm), Watnasirichaikul et al. (2000) hypothesized that the 

mechanism of nanoparticle formation based on a W/O droplet-type microemulsion takes place at 

the water–oil interface of micelle clusters with a concomitant structural collapse resulting in approx-

imately 250-nm nanocapsules.

Further, it was found that the use of microemulsions as templates for PACA nanoparticles is not 

limited to W/O microemulsions. Krauel et al. (2005, 2006) demonstrated that all types of micro-

emulsions, including W/O, bicontinuous, O/W, and water-free micreomulsions, can be used as 

templates to form PACA nanoparticles. This was surprising because, according to the interfacial 

polymerization theory, particle formation takes place at the interface around the water droplets. 

However, interfacial polymerization in a bicontinuous microemulsion was also reported previously 

(Holtzscherer et al., 1987). As a possible mechanism for the formation of particles, Krauel et al. 

proposed that polymerization is initiated upon contact with hydroxyl ions or other nucleophiles 

and the resulting polymer forms spherical particles in an attempt to minimize its interfacial area 

by minimizing its surface–volume ratio. Subsequently, the interface, if not already present in the 

microemulsion template, is created in situ by the forming polymer. Therefore, the expression 

“interfacial polymerization” still holds true even for bicontinuous and solution-type micro-

emulsions. From the studies performed on microemulsions as PACA templates, it appears that 

neither a droplet structure nor an interface is a prerequisite for particle formation by interfacial poly-

merization. However, entrapment of fl uorescently labeled ovalbumin [fl uorescein isothiocyanate– 

ovalbumin (FITC-OVA); Krauel et al., 2005] and insulin (Graf et al., 2009) was found to be 

dependent on the microemulsion template and the amount of monomer used for polymerization. In 

water-free microemulsions it is likely that other components with nucleophilic characters could act 

as a polymerization initiator.

PACA nanocapsules with an aqueous core effi ciently entrap insulin (Watnasirichaikul et al., 

2000), OVA (Pitaksuteepong et al., 2002), salmon calcitonin (Vranckx et al., 1996), and oligonucle-

otides (Lambert et al., 2000b).

In addition to oral delivery of proteins and peptides with PACA nanoparticles, the use of these as 

delivery systems for subunit antigens has received considerable attention (Kreuter, 1988). The areas 

of oral and vaccine drug delivery using PACA nanoparticles are further elucidated below.

4.3  CHARACTERIZATION OF POLY(ALKYL CYANOACRYLATE) 
NANOPARTICLES

It is necessary to thoroughly characterize not only the nanoparticles but also the templates (e.g., 

microemulsions) used to prepare them to be able to explain the polymerization process and the 

characteristics of the nanoparticles. However, the focus of this section will be on the characteriza-

tion of the nanoparticles. For a detailed description of methods to characterize microemulsion 

 templates, the reader is referred to Alany et al. (2008).

Of major interest in the characterization of nanoparticles is their size, because it can give 

 useful information about whether the polymerization process was successful and insight into the 

polymerization mechanism. It was also shown that particle size can infl uence body distribution 

(Jani et al., 1990). In addition to the size, the polydispersity index (a measure of particle size dis-

tribution) should be determined. A monomodal and narrow size distribution should be the aim of 
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nanoparticle preparation to ensure uniform distribution behavior of the particles upon adminis-

tration. Further, the surface charge of the nanoparticles is of interest for the entrapment of drugs 

by adsorption.

The morphology of the PACA nanoparticles is interesting, which can be visualized by various 

electron microscopic techniques. Ultracentrifugation was employed in the early days of PACA 

nanoparticle research to differentiate between nanospheres and nanocapsules (Rollot et al., 1986), 

and matrix-assisted laser desorption ionization time-of-fl ight mass spectrometry (MALDI-TOF-MS) 

was used recently to investigate the chemical composition of nanoparticles (Bootz et al., 2005). 

Another valuable technique with which several aspects of nanoparticle characterization can be cov-

ered in one set of experiments is nuclear magnetic resonance (NMR; Mayer et al., 2002). In the 

following sections of the chapter we will highlight some advantages and disadvantages of tech-

niques employed in the characterization of nanoparticles. However, it is not the aim of this chapter 

to give a thorough explanation of each technique and the reader is referred to specifi c textbooks for 

this. In addition, issues around drug loading and release are also discussed.

4.3.1 PARTICLE SIZE MEASUREMENT

4.3.1.1 Photon Correlation Spectroscopy
Photon correlation spectroscopy (PCS), also known as quasielastic light scattering or dynamic light 

scattering, takes advantage of the high spatial coherence of monochromatic light sources (laser) to 

analyze the intensity fl uctuation of scattered light from particle samples dispersed in solutions. 

By employing the Stokes–Einstein equation, which is applicable to spheres in Brownian motion, the 

diffusion coeffi cient of the particles is computed and derived to average hydrodynamic particle 

diameters and particle size distributions using an autocorrelation function. The method is noninva-

sive and the measurement time is on the order of minutes with a measurement range of ~5–5000 nm. 

Latex particles with standardized sizes can be used to calibrate the PCS instrument. Mixtures of 

various standardized size nanoparticles and consequent measurements allow for control of whether 

the chosen measurement settings are able to separate nanoparticles of different size populations. 

Cross-correlation, where dual laser beams cross over in the sample container and generate two simi-

lar signal patterns, or scanning of the sample for the optimum measurement concentration mini-

mizes the problems of multiscattering. Nanoparticles have to be measured suspended in a liquid; 

and because a hydrodynamic diameter is measured, particles appear to be slightly bigger when 

compared to their respective electron microscopy (EM) image (Bootz et al., 2004). This can be of 

specifi c interest when measuring the size of coated particles where different surface coatings or 

stabilizers may produce a different hydrodynamic radius of the particles that is due to varying inter-

actions of these compounds with water molecules. Another point of interest can be the aggregation 

of nanoparticles over time in a certain dispersion medium. The dispersion medium should always 

be fi ltered to avoid contamination with dust particles that could obscure results before carrying out 

any PCS measurements.

4.3.1.2 Microscopy
The typical dimensions of nanoparticles are below the diffraction limit of visible light and are thus 

outside the range for optical microscopy. Therefore, EM must be used to visualize nanoparticles. 

EM-based techniques for particle size determination are based on direct observation of the nano-

particles, and the measured diameter of the particles will depend on the projected image of the 

particles. The recent development of particle-counting software and even the ability to calculate 

particle size distributions with the software has reintroduced EM as a technique to size nanoparti-

cles. The major limitation of conventional electron microscopes, such as transmission and scanning 

microscopes, is that they have to be operated under vacuum conditions. This means that liquid 

samples cannot be introduced into the sample chamber and sample preparation (dehydration, 
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 cryofi xation, embedding, freeze-fracturing, etc.) is necessary, which can lead to sample alteration 

and creation of artifacts. Improvements in particle preparation have been made, however, for 

instance, the development of plunge-freezing techniques to achieve faster freezing rates and thereby 

more homogeneous freezing throughout the sample.

One possibility to image nanoparticles under more natural conditions is the use of environmental 

scanning EM (ESEM). In an ESEM the sample chamber is separated from the column and can be 

operated at almost all atmospheric conditions (10–50 Torr), which allows the observation of non-

dried samples. In addition, the gas ionization in the ESEM chamber eliminates charging artifacts 

and materials therefore do not have to be coated with a conducting layer. The image contrast, how-

ever, becomes increasingly poor with increasing humidity of the sample and drifting of the sample 

can be problematic, as is loss of resolution in the range of ~10 to ~100 nm.

A further microscopic technique to analyze the size of nanoparticles is atomic force micros-

copy (AFM). In AFM an oscillating cantilever scans the sample surface and electrostatic forces 

(down to 10−12 N) are measured between the tip and the sample surface. With AFM we can 

obtain three-dimensional surface profi les through force measurements with a height resolution 

of ~0.5 nm. However, the measurement of liquid samples has the drawback that particles may 

fl oat and even stick to the cantilever because of smearing effects and changes in the cantilever 

oscillating properties as the tip gets heavier. Operating the AFM in noncontact mode can over-

come these issues (Balnois et al., 2007; Reddy and Murthy, 2004). As force measurements are 

the basis of AFM, this technique certainly has its value in confi rming coating of nanoparticles 

with drug molecules, stabilizers, and so forth. Routine particle sizing of nanoparticles should 

be carried out with PCS, however, because results can be obtained within minutes and are easy 

to interpret.

4.3.2 ZETA POTENTIAL

The zeta potential of nanoparticles is the potential at the slipping plane of the electric double layer 

and represents the “effective” surface charge of the particles. Simple and rapid measurements can 

be carried out by measuring the electrophoretic mobility of the particles in a certain electrolyte 

solution. Using Equation 4.1, the electrophoretic mobility can then be used to calculate the zeta 

potential:

 ζ =   
μE4πη _____ ε  , (4.1)

where ζ is the zeta potential, μE is the electrophoretic mobility, η is the viscosity of the medium, and 

ε is the dielectric constant.

Because the presence of an electrolyte is generally necessary, the result of the zeta potential 

measurement always has to be interpreted in relation to the type of electrolyte that was used in the 

measurements (Reddy and Murthy, 2004). Sodium or potassium chloride are commonly used as 

electrolytes. The zeta potential gives information about the potential stability of a colloidal system, 

and a large negative or positive potential (>±30 mV) will lead to greater stability as particles will 

electrostatically repel each other. When measuring the zeta potential of PACA nanoparticles in 

media of different pH values, Arias et al. (2001) found that the zeta potential decreased to neutral 

values when lowering the pH because the acrylic acid groups at the end of the polymer chains are 

less likely to dissociate at low pH. Successful decoration of the particle surface (see sections on 

brain and tumor delivery) can be verifi ed easily with zeta potential measurements, because the sur-

face charge of the particles will change according to the attached molecule used for the coating 

(Kreuter et al., 1995). The adsorption of drug molecules can also be confi rmed with this method, 

which Aboubakar et al. (2000) demonstrated; entrapping insulin via adsorption to the poly(isobutyl 

cyanoacrylate) (PiBCA) nanoparticle surface led to a decrease in zeta potential from −19 to −10 mV 

(Aboubakar et al., 2000).
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4.3.3 MORPHOLOGY

4.3.3.1 Electron Microscopy
The most common methods used to study the morphology of nanoparticles are freeze-fracture 

transmission EM (FF-TEM), SEM, their variations cryo-TEM and cryo-SEM, and AFM. Sometimes 

TEM is also used for samples prepared by negative staining. For FF-TEM a replica of the actual 

sample is prepared by initially sandwiching the sample on a grid between two copper support disks. 

The sandwich is then snap-frozen by immersion in liquid propane (−180°C) and afterward loaded 

into a double-replica device immersed in liquid nitrogen (−196°C). For fracturing, the double- replica 

device is mounted onto the sample stage of a freeze-etch device. The fractured surfaces are then 

shadowed with platinum at a 45° angle, which is immediately followed by carbon at a 90° angle. The 

replicas are washed with solvents to remove any residual sample material and mounted onto copper 

grids for viewing. FF-TEM was used very early on in the investigation of polymeric nanoparticles 

(O’Hagan et al., 1989). The sample preparation for FF-TEM is rather invasive and only a replica is 

investigated under the microscope. The creation of artifacts is likely, and interpretation of micro-

graphs has to be performed with great care. Typical micrographs of PACA nanoparticles can be 

found in various publications (Couvreur et al., 1996; Krauel et al., 2007). Whether nanoparticles are 

really fractured may be questionable, and O’Hagan et al. (1989) stated that the spherical shapes in 

the replica are often imprints of nanoparticles rather than fractured particles. Fracturing of these 

colloidal systems seems very unlikely and interpretations of a shadow, which can be seen in images 

obtained by Watnasirichaikul et al. (2002a, 2002b) as the capsule wall, remain speculative. Even in 

pure microemulsion samples one can fi nd shapes that resemble nanoparticles, which again makes 

interpretation of FF-TEM micrographs diffi cult (Krauel et al., 2007). An improvement in sample 

preparation has been the development of cryo-TEM, where the sample is prepared by immersion 

into liquid propane followed by observation on a cryostage of the TEM. Plunge freezing in liquid 

propane causes a faster freezing rate and may reduce the amount of artifacts that are created during 

sample preparation.

Similar to cryo-TEM, cryo-SEM investigates the nanoparticle sample in the frozen state, which 

makes separation from the preparation template unnecessary and minimizes the amount of arti-

facts. To prepare nanoparticles for cryo-SEM, the samples are fi lled into brass rivets and plunge 

frozen in liquid propane. Samples are then stored in liquid nitrogen and transferred into the cry-

ostage of an SEM. Samples can also be fractured on the cryostage with a knife before being coated 

with platinum and viewed in the frozen stage at ~−140°C. Examples of cryo-SEM images can be 

found in the work of Krauel et al. (2007).

When utilizing cryo-SEM, it is not necessary to separate the nanoparticles from the microemul-

sion matrix. The liquid dispersion can be frozen and is viewed in the frozen state. Using this pre-

parative technique, samples are viewed close to their natural state and the actual particles are 

visualized rather than their impression as with FF-TEM.

SEM has become an invaluable technique in the characterization of nanoparticles and a stan-

dard in publications dealing with these systems (Bootz et al., 2004, 2005; Chouinard et al., 1991; 

Couvreur et al., 1995). Sample preparation is usually not very invasive and results can be obtained 

quickly, for example, within 30 min. For normal SEM, separation of the particles from preparation 

templates, however, is necessary because only solid samples can be viewed with this technique. 

Separation can be achieved by centrifugation, followed by repeated washing with a solvent. The 

samples are then sputter coated with gold and palladium before viewing under the microscope. 

Alternatively, the separated nanoparticles can be dispersed in ethanol, a drop of the dispersion is 

then placed on the sample holder, and the ethanol is allowed to evaporate prior to coating (Krauel 

et al., 2007). The latter method has proven successful in preventing aggregation of PACA nano-

particles (Figure 4.2).

For TEM, samples have to contain contrast, which is often introduced to biological samples by 

negative staining. This preparation method is suitable for visualizing suspensions of small particle 
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size, such as nanoparticles. An aqueous dispersion of the nanoparticles is adsorbed onto glow- 

discharged, carbon-coated copper grids. After blotting off excess sample, the sample grid is stained 

with a solution of uranyl acetate, ammonium molybdate, or phosphotungstic acid and then dried 

and viewed.

Examples of SEM and negatively stained TEM micrographs of PACA nanoparticles are provided 

in Figure 4.2.

(a) 

100 nm 

(b) 

100 nm 

(c) 

100 nm 

(d) 

100 nm 

(e) 

100 nm 

(f ) 

100 nm 

FIGURE 4.2 (a) TEM micrograph of PBCA nanoparticles prepared from a W/O microemulsion template, (b) 

SEM micrograph of PBCA nanoparticles prepared from a bicontinuous microemulsion template, (c) SEM 

micrograph of PBCA nanoparticles prepared from an O/W microemulsion template, (d) SEM micrograph of 

PECA nanoparticles prepared from a W/O microemulsion template, (e) TEM micrograph of PECA nano-

particles prepared from a bicontinuous microemulsion template, and (f) TEM micrograph of PECA nano-

particles prepared from an O/W microemulsion template. TEM samples were negatively stained with 1% 

phosphotungstic acid. Scale bar = 100 nm.



108 Colloids in Drug Delivery

4.3.4 DENSITY

4.3.4.1 Ultracentrifugation
The different techniques in preparation of nanoparticles by either polymerization in an aqueous 

medium or emulsion polymerization result in two different types of nanoparticles: nanospheres and 

nanocapsules. Rollot et al. (1986) confi rmed the existence of the different particles by ultracentrifu-

gation. They assumed a gravity of 1.01 for the solid polymer nanospheres and 0.94 for the oil-fi lled 

nanocapsules. Ultracentrifugation of the particle suspensions in 7.5% poly(ethylene glycol) (PEG) 

separated the two particle fractions, confi rming the existence of the two nanoparticle subtypes. The 

authors confi rmed their fi ndings by observation of FF replicas of the nanoparticles under TEM. The 

nanospheres showed a solid, granulated internal structure, whereas the nanocapsules showed a 

polymeric envelope surrounding an oily core.

Chouinard et al. (1994) also used centrifugation in a density gradient of colloidal silica to deter-

mine the density of nanocapsules and reported the density to be between that of emulsion droplets 

and nanospheres. It is interesting that doubling of the monomer used to prepare the particles led 

to nanocapsules with a slightly higher density, which may be caused by particles with a thicker 

polymer wall.

4.3.5 CHEMICAL COMPOSITION OF NANOPARTICLES

Useful methods found in the literature to study the chemical composition of nanoparticles include 

Fourier transform infrared spectroscopy (FT-IR; Reddy and Murthy, 2004), MALDI-TOF-MS, and 

size exclusion chromatography (SEC; Bootz et al., 2005).

For FT-IR, nanoparticles have to be separated from the preparation matrix and then freeze-dried 

to give a solid particles. Characteristic stretches of the polymer structure, for example, CH 

(~2950 cm−1), CN (~2200 cm−1), and CO (~1750 cm−1), can then be observed in the spectrum and 

confi rm successful polymerization (Reddy and Murthy, 2004). FT-IR is also a versatile technique to 

investigate whether the polymer was copolymerized with an entrapped drug. Aboubakar et al. 

(1999b) used FT-IR to show that insulin was not copolymerized with PiBCA by interfacial polym-

erization when ethanol was present during the polymerization process. The authors attributed this 

to the nucleophilic ethanol acting as a more effi cient polymerization initiator and preventing the 

nucleophilic amine groups of insulin from interaction with the monomer.

SEC and MALDI-TOF-MS can determine the chemical composition of the polymer nanoparti-

cles by establishing the molecular weight (Bootz et al., 2005). SEC is frequently used to study the 

molecular mass of polymers. In SEC, polymer chains of different size, shape, and molecular mass 

are retained in a column containing a porous gel and separated according to their hydrodynamic 

volume, where the bulkiest molecules are eluted fi rst and the smallest last. Detection occurs via the 

refractive index or with an ultraviolet (UV)/visible detector. For MALDI-TOF-MS, the sample mol-

ecules are cocrystallized with an UV-absorbing matrix, desorbed, and ionized by short UV laser 

pulses. The ions are then accelerated by a defi ned voltage into the fi eld-free drift tube. Here, ions of 

different mass/charge ratios are separated by their TOF and reach the detector. The square of the 

fl ight time of the singly charged ions is directly proportional to the molecular mass and can be cal-

culated from the spectrum. Using SEC and MALDI-TOF-MS the authors were able to show the 

existence of oligomeric poly(butyl cyanoacrylate) (PBCA) chains, as well as two further species 

with an additional or missing formaldehyde molecule (Bootz et al., 2005). These fi ndings confi rm 

that degradation of PACA nanoparticles occurs to a certain degree in a reverse Knoevenagel reac-

tion because formaldehyde is a decomposition product of PACA in this reaction.

The use of x-ray diffraction to investigate the chemical composition of PACA nanoparticles was 

reported by Reddy and Murthy (2004). They found that it does not lead to conclusive results other 

than the polymer particles were amorphous, which is hardly surprising, especially given that the 

particles were freeze-dried prior to the measurements.
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Another technique commonly applied in the characterization of solid-state dosage forms is 

 differential scanning calorimetry. Using x-ray diffraction for particle characterization, Reddy and 

Murthy (2004) reported the existence of a glass transition temperature (Tg) for a PACA nanoparticle 

powder in the thermogram, which again would be expected from the freeze-dried material. However, 

they also showed that the Tg of the polymer changed upon the addition of a drug for entrapment. This 

leads to the assumption of an intimate mixture of the drug and the polymer; otherwise, two separate 

Tgs would be detected and the Tg of the polymer would not change if the polymer and drug substance 

were not mixed.

4.3.6 NUCLEAR MAGNETIC RESONANCE

The characterization of PACA nanoparticles with NMR spectroscopy is a convenient way to gain 

information about dynamic processes on the molecular level for each individual component and about 

the structure of the nanoparticles in a single set of completely nondestructive measurements. With 

NMR, it is possible to detect each component in the particle formulation from characteristic peaks 

when compared with an NMR spectrum of the pure component, to derive component interactions 

from peak shifts, and to determine the microstructure of the nanoparticle dispersion from the charac-

teristic diffusive behavior of each component. For instance, if a liquid component is encapsulated in 

the nanoparticle, its diffusion will be limited by the particle wall and thus be much slower than for the 

pure component. If the component is attached to the particle or even copolymerized, it will show the 

same diffusive behavior as the particle itself. However, if under consideration of viscosity, no change 

in self-diffusion is found in comparison to the pure component, the component is located in the disper-

sion surrounding the particle. Such NMR experiments using PBCA nanocapsules as a model system 

were recently shown by Mayer et al. (2002). In this study, nanocapsules were prepared by interfacial 

polymerization in an acidic organic phase consisting of monomer, triglyceride oil, and hydrochloric 

acid in ethanol upon injection into an aqueous phase of block copolymer surfactant and water. To fully 

characterize the nanocapsules the authors used two NMR instruments and four different sets of exper-

iments including 13C direct excitation, (1H)-13C cross-polarization, relaxation of 1H nuclei in the rotat-

ing frame, and 1H pulsed fi eld gradient echo experiments. All spectra were Fourier transformed and 

results were fi tted to a numeric simulation algorithm based on a fi nite grid approximation.

Direct excitation is a very sensitive technique to detect components in the liquid and dissolved 

state. When compared to reference spectra of the individual components of the nanocapsule disper-

sion, no monomer peak was found with this method, implying that all of the monomer must have 

polymerized into a solid state.

For components in the solid state, (1H)-13C cross-polarization can be effi ciently used, which is 

based on a transfer of magnetization between these nuclei. Spectra clearly showed the polymer in 

the solid state, associating with the triglyceride oil and surfactant in a time-dependent manner. 

Cross-polarization between the polymer, triglyceride, and surfactant is initiated by a temporary 

adsorption of these liquid molecules to the solid capsule surface (Hoffmann and Mayer, 2000). 

During this short period of immobilization, 1H nuclei transfer their polarization (magnetization) to 
13C nuclei. After desorption, the molecules gain high mobility again, resulting in a narrow line in 

the corresponding spectrum, whereas solid-state signals are usually broad and less well resolved.

The phenomenon of spin–lattice relaxation in the rotating frame of 1H nuclei led to monoexpo-

nential decay in direct excitation measurements. In the cross-polarization experiments a biexponen-

tial relaxation was found and could be attributed to the interaction between the solid and the liquid 

components.

FT pulse gradient spin echo (FT-PGSE) experiments, which are also a very convenient tool in the 

characterization of microemulsions (as described in detail in Alany et al., 2008), can give valuable 

information on the location of the liquid components. The sensitivity of this technique is limited to 1H 

nuclei. Rotational mobility is measured with the previous techniques to distinguish between the solid 

and the liquid state, but PGSE measures the lateral mobility to detect the location of liquid components 
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(inside or surrounding the particle). Briefl y, in PGSE experiments the magnetic fi eld is superimposed 

twice causing dephasing and refocusing of the spins, which leads to a decay in echo intensity depend-

ing on the self-diffusion (Brownian motion) of the species or hindrance by the capsule wall. Analysis 

of the PGSE experiments revealed rapidly decreasing water and ethanol resonances and a much slower 

decrease for the surfactant and triglyceride oil. The diffusion coeffi cients for water were clearly on the 

order of the magnitude of pure water, thus forming the particle surrounding the continuous phase. 

However, the oil showed hindered diffusion but equivalent to the diffusion of the nanoparticles. From 

the diffusion coeffi cient, the particles were calculated to be 120 nm. Therefore, the oil is located in the 

nanocapsule core and diffusion in the long-range order is dominated by the diffusion of the nano-

capsules. Self-diffusion of the surfactant was unhindered and the coeffi cient related to about 10-nm 

particles, thus referring to micelles in the continuous aqueous phase. A rapid exchange of components 

inside and outside the capsules was not completely ruled out.

As indicated, NMR measurements not only give valuable insight into the microstructure of the 

particles and location of the individual components, but they can also be used to determine the 

particle size and wall permeability.

With NMR, the particle size can be measured by analyzing the NMR line shape or from the 

PGSE decay for the particles under observation of diffusion in the long-range order and the encap-

sulated components in the short-range order.

Particle size measurements with self-diffusion NMR are based on the following relationships 

(Equations 4.2 and 4.3), in which the correlation time (τ) of the rotational diffusion of a spherical 

particle and the self-diffusion coeffi cient (D) is determined by its radius (r) in a liquid corresponding 

to its Brownian motion and depending on the η of the medium, the Boltzmann constant (kB), and the 

temperature (T):

 τ =    4πηr3

 _____ 
3kBT

   (4.2)

and

 D =   
kBT

 _____ 
6πηr

   (4.3)

In Mayer et al.’s (2002) study, a particle size below 100 nm could only be estimated from the line 

shape analysis because of diffi culties resulting from poor spectral resolution. Fitting the PGSE data 

to a numerical simulation yielded a mean particle size of 120 nm, which was in agreement with 

optical particle size measurements.

For the capsule permeability, a free and an encapsulated fraction could be assigned from the 

PGSE resonances of ethanol. The encapsulated fraction, however, decreased when increasing the 

observation period. This led to the conclusion that ethanol can permeate freely through the nano-

capsule wall. In a subsequent study of PGSE NMR on PBCA nanocapsules (Wohlgemuth and 

Mayer, 2003), a higher exchange of benzene used as a tracer molecule was found for the PBCA 

nanocapsules prepared by the authors in comparison to the original nanocapsules prepared by Al 

Khouri Fallouh et al. (1986). Carrying out permeability studies on PACA nanoparticles with time-

resolved PGSE NMR will thus allow long-term release data to be obtained.

Although NMR is a versatile technique to characterize PACA nanoparticles, to our knowledge 

the technique has not yet established itself as a standard technique to be commonly used in the 

characterization of such drug delivery systems. For instance, in a recent study on poly(ethyl cyano-

acrylate) (PECA) nanocapsules, direct excitation NMR experiments were only used to show that 

polymerization was complete (Bogdan et al., 2008). Particle size and morphology were determined 

using PCS and TEM, respectively.

Possible reasons for the less frequent use of NMR in comparison to the more common techniques 

introduced above might be a lack of availability of this specialized equipment and the expertise to 
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analyze and model the data. Considering that its application to PACA nanocapsules was only 

 published recently, we can assume that the technique will become more popular in the near future.

In general, depending on how thorough of an investigation we want on the nature of PACA nano-

particles, a combination of techniques has to be applied to get meaningful results. The choice of 

techniques also depends on what the focus of the study is. Researchers may focus on the entrapment, 

release, or distribution profi le of the particles of choice rather than the size or morphology. Finally, 

as already mentioned, the availability of equipment often determines the particle characteristics to 

be investigated.

4.3.7 DRUG LOADING

Drug loading and entrapment effi ciency (EE) are two important properties of nanoparticles. A vari-

ety of drugs, including hydrophilic or lipophilic drugs, peptides, proteins, and nucleic acid deriva-

tives, have been successfully associated with PACA nanoparticles (Table 4.1). This is a result of the 

different types of PACA nanoparticles and the available templates that can be used to prepare these 

particles. Drugs to be entrapped in PACA nanoparticles are generally dissolved in the polymeriza-

tion medium; hence, EE will greatly depend on the drug solubility in the polymerization medium. 

Therefore, nanospheres favor the incorporation of water-soluble drugs whereas entrapment in nano-

capsules depends on the component forming the core of the particle. For nanospheres, however, 

high drug loadings of poorly water-soluble drugs have been achieved by the addition of cyclodex-

trins to the polymerization medium (Boudad et al., 2001; Duchêne et al., 1999; Monza da Silveira 

et al., 1998). The use of different structure types of biocompatible microemulsion templates has 

resulted in nanoparticles with similar properties (Krauel et al., 2005, 2006; Graf et al., 2008b). This 

enables the formulator to select the microemulsion template according to the solubilization behavior 

of the drug for optimal loading and release without changing the nanoparticle properties. It has been 

reported that the EE of lipophilic drugs correlates with their solubility in the contained oil (Fresta 

et al., 1996).

In addition to solubility, the polymerization kinetics and molecular weight of the drug are impor-

tant factors to be considered for the entrapment of drugs in PACA nanoparticles. In general, the 

encapsulation effi ciency depends on the partition of the drug between the oil and aqueous phase and 

its molecular weight. This is particularly important when entrapping peptide drugs because these 

are normally not oil but water soluble. In contrast, the shorter the alkyl chain length of the alkyl 

cyanoacrylate is, the faster the polymerization (and the degradation); thus, a higher mechanical 

entrapment is possible (Arias et al., 2007). Conversely, the longer the alkyl chain is, the higher the 

degree of interdigitation of the polymer (El-Samaligy et al., 1986). These will have implications on 

drug entrapment and release from the nanoparticles. Entrapment of hydrophilic drugs into nanocap-

sules prepared from O/W templates was found as a result of the very fast polymerization rate of 

alkyl cyanoacrylate monomers (Aboubakar et al., 1999a; Arias et al., 2007; Damgé et al., 1988; 

Lowe and Temple, 1994). Drug molecules with a small molecular weight have a faster diffusion 

coeffi cient and may thus escape the forming polymer network, particularly if they are soluble in the 

continuous phase of the polymerization template, leading to low entrapment (Aboubakar et al., 

1999a; Graf et al., 2008a, 2008b; Pitaksuteepong et al., 2002). Entrapment is generally believed to 

be higher in a droplet-type template in which the molecule is confi ned within the droplet around 

which the polymerization occurs (Krauel et al., 2005). However, encapsulation of low molecular 

weight hydrophilic and lipophilic molecules was compromised in those templates as well (Damgé 

et al., 1997a; Hillaireau et al., 2007). Pitaksuteepong et al. (2002) found that ionic interactions play 

an important role in the entrapment of low molecular weight compounds. Formation of ion pairs of 

low and high molecular weight polycations was recently suggested as a successful strategy in over-

coming this problem (Hillaireau et al., 2007). In that regard, the pH at which the polymerization is 

performed and possible implications on the charge of the drug at this pH should be considered, 

because entrapment may be hampered by electrorepulsive forces between the particle and the drug. 
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TABLE 4.1
 Summary of In Vivo and In Vitro Studies on PACA Nanoparticles as Drug and Vaccine Delivery Systems

Polymer Bioactive
Preparation Method

 or Template Size (nm) EE (%) Species Observations Reference

In Vitro and In Vivo Studies

PMCA, PECA, 

PBCA

Fluroescein, DOX Interfacial polymerization or W/O 

emulsion

500–1500 55–74 In vitro Drug release PMCA > PECA > 

PBCA, increasing monomer 

concentration led to retardation of 

drug release

(El-Samaligy et al., 

1986)

PECA ETS, DPH, CBZ Interfacial polymerization or O/W 

emulsion

100–400 ≤12 In vitro Controlled drug release by diffusion 

from oil core through intact polymer 

wall

(Fresta et al., 1996)

PECA FITC-OVA Interfacial polymerization or W/O 

microemulsion

300–400 97 Dendritic 

cells

Morphological changes indicative of 

dendritic cell maturation

(Pitaksuteepong et 

al., 2004)

PECA FITC-OVA Interfacial polymerization or 

microemulsions

250 8–92 In vitro Nanoparticle morphology determined 

more by dynamics within template 

than its microstructure

(Krauel et al., 

2005)

PECA, BSA, 

chitosan

Ganciclovir Interfacial polymerization or W/O 

emulsion

300 65 Rabbit Improved ocular drug concentration (El-Samaligy et al., 

1996)

PECA Insulin (bovine) Aqueous acidic medium <500 85 Rat Signifi cant glucose reduction with 

absorption enhancer

(Radwan and 

Aboul-Enein, 2002)

PECA Insulin (Humulin®) Interfacial polymerization or W/O 

microemulsion

150 86 In vitro Interfacial polymerization in 

microemulsion convenient for 

peptide entrapment in PACA

(Watnasirichaikul 

et al., 2000)

PECA, PBCA Insulin (Humulin) Interfacial polymerization or 

microemulsion 

200–400 10–50 In vitro Decisive release factors different in 
vitro as compared to in vivo

(Graf et al., 2009)

PECA, PBCA Insulin (Humulin) Interfacial polymerization or 

microemulsions

160–400 10–20 In vitro Insulin interference with 

polymerization, moderate 

entrapment due to insulin escaping

(Graf et al., 2008b)

PECA, PBCA Insulin (Humulin) Interfacial polymerization or 

microemulsions

150–370 9–18 In vitro Valuable characterization with 

self-diffusion NMR, promising 

microemulsion templates

(Graf et al., 2008a)
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PECA, PBCA LCMV33–41 Interfacial polymerization or W/O 

microemulsion

200 ≥90 In vitro Functionalized copolymerization (Liang et al., 2008)

PBCA Avarol Alcohol medium — — Rat Eight- to ninefold increase in oral 

bioavailability

(Beck et al., 1994)

PBCA BSA Aqueous acidic medium 100 70–80 Rat Signifi cantly increased immune 

response

(O’Hagan et al., 

1989)

PBCA Insulin (porcine, 

crystalline, Zn)

Aqueous acidic medium 255 79 Rat 57.2% Relative pharmacological 

bioavailability*

(Zhang et al., 2001)

PBCA LHRH Aqueous acidic medium 100 Copolymerized Rat Signifi cant serum testosterone 

reduction

(Hillery et al., 

1996a, 1996b.)

PBCA Methotrexate Aqueous acidic medium 178–318 42–87 In vitro Variation in polymerization technique 

results in particles with different 

properties suitable for different drug 

delivery routes

(Reddy and Murthy, 

2004)

PBCA Calcitonin (salmon) Interfacial polymerization or W/O 

emulsion

50–300 30–50 Rat Hypocalcemic response in the 

presence of deoxycholic acid as 

absorption enhancer, 40–45% 

bioavailability* 

(Vranckx et al., 

1996)

PBCA, PHCA  HIV-2 Aqueous acidic medium 443–961 — Mouse Necessity of using vaccines with two 

or more different adjuvants to 

induce the required immune 

response 

(Stieneker et al., 

1995)

PiBCA ODNs Interfacial polymerization or W/O 

emulsion

350 70 Fetal calf 

serum

Effi cient ODN protection from 

degradation by nucleases upon 

encapsulation

(Lambert et al., 

2000b)

PiBCA CDV, AZT-TP, ODN 

with PEI, chitosan

Interfacial polymerization or W/O 

microemulsion

20–250 90 In vitro Presence of cationic polymers in 

nanocapsule led to successful 

encapsulation of AZT-TP and ODN

(Hillaireau et al., 

2007)

PiBCA Darodipine Interfacial polymerization or O/W 

emulsion

— — Rat Reduction in blood pressure (Hubert et al., 

1991)

PiBCA Indomethacin Interfacial polymerization or O/W 

emulsion

— — Rat Protection from ulceration, sustained 

bioactivity of thromboxane blood 

levels over 24 h

(Ammoury et al., 

1991)

continued
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TABLE 4.1 (continued)
 Summary of In Vivo and In Vitro Studies on PACA Nanoparticles as Drug and Vaccine Delivery Systems

Polymer Bioactive
Preparation Method

 or Template Size (nm) EE (%) Species Observations Reference

PiBCA Insulin (bovine) Nanoprecipitation interfacial 

polymerization or O/W emulsion

312 or

249

99, 90 In vitro Competitive polymerization initiation 

by ethanol

(Aboubakar et al., 

1999)

PiBCA Insulin (Zn, 

semicrystalline)

Interfacial polymerization or O/W 

emulsion

250–300 ≥98 Rat/CHO 

cells

In vitro binding of insulin to receptor (Roques et al., 

1992)

PiBCA Insulin (Humulin), 

insulin (porcine)

Interfacial polymerization or O/W 

emulsion

220 55 Rat Strong hypoglycemic response for up 

to 20 days

(Damgé et al., 

1988)

PiBCA Insulin (bovine, Texas 

Red® labeled)

Interfacial polymerization or O/W 

emulsion

265 90 Rat Nanocapsules protect insulin from 

degradation and are signifi cantly 

involved in absorption mechanism

(Aboubakar et al., 

2000)

PiBCA Insulin (human, Zn), 

insulin (125I labeled) 

Aqueous acidic medium 145 80 Rat 50% Decrease of fasted glycemia for 

10–13 days, increased or prolonged 

uptake in GIT, liver, and blood 

(Damgé et al., 

1997b)

PiBCA Insulin (Humulin) Interfacial polymerization or W/O 

microemulsion

200 >80 Rat Signifi cant reduction of glycemia for 

60 h over control when dispersed in 

microemulsion

(Watnasirichaikul 

et al., 2002)

PiBCA Insulin (Velosulin®) Interfacial polymerization or O/W 

emulsion

297 98 Rat Intensive and prolonged after ileal 

administration

(Michel et al., 

1991)

PiBCA Insulin Interfacial polymerization or O/W 

emulsion

<300 — Rat Long-lasting strong hypoglycemic 

response, reduction of 

hyperglycemic peak

(Damgé et al., 

1990)

PiBCA Insulin Aqueous acidic medium 300 40 Rat Prolonged hypoglycemic effect s.c. 

but not orally

(Couvreur et al., 

1980)

PiBCA Insulin (bovine) Aqueous acidic medium <500 65–95 Rat Signifi cant reduction of glycemia for 

more than 8 h, pharmacological 

availability* of 37.6%

(Radwan, 2001)

PiBCA Insulin (Humalog®) Interfacial polymerization or O/W 

emulsion

400 90 Rat High variability in the concentration 

of insulin in plasma, no decrease of 

glycemia

(Cournarie et al., 

2002)

PiBCA Insulin (Humulin) Aqueous acidic medium 85 59 Rat Signifi cant reduction of glycemia 

over control

(Mesiha et al., 

2005)
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PiBCA Insulin (human, Zn) Interfacial polymerization or O/W 

emulsion

280 >98 NOD 

mouse

Reduced incidence and delayed onset 

of diabetes, reduced lymphocytic 

infl ammation of endogenous islets

(Saï et al., 1996)

PiBCA Insulin/calcitonin 

(human, 125I labeled)

Interfacial polymerization or O/W 

emulsion

305 90–95 Rat No signifi cant overall enhanced 

peptide absorption

(Lowe and Temple, 

1994)

PiBCA Lipiodol Interfacial polymerization or O/W 

emulsion

165 — Dog Accelerated, intensifi ed, and 

prolonged passage of iodine through 

intestinal mucosa

(Damgé et al., 1987)

PiBCA ODNs Interfacial polymerization or O/W 

emulsion

290 81 Mouse Inhibition of Ewing sarcoma related 

tumor after intratumoral injection of 

cumulative dose

(Lambert et al., 

2000a)

PiBCA Octreotide Interfacial polymerization or O/W 

emulsion

260 60 Rat Signifi cant reduction of prolactin 

secretion

(Damgé et al., 

1997a)

PiBCA Pilocarpine Interfacial polymerization or O/W 

emulsion

370–460 13.5 Rabbit Signifi cantly increased and prolonged 

miosis implying improved ocular 

bioavailability

(Desai and 

Blanchard, 2000)

PiBCA, PiHCA GRF Aqueous acidic medium 146–163 74–83 In vitro Co-polymerization (Grangier et al., 

1991)

PiBCA, PiHCA rh-G-CSF Aqueous acidic medium or 

nanoprecipitation

200 66 or 90 Mouse Copolymerization, loss of bioactivity (Gibaud et al., 1998)

PiBCA, PiHCA Saquinavir (HPβCD 

complex)

Aqueous acidic medium 250–350 45–50 μg/mg In vitro 400-Fold increased apparent solubility 

and 20-fold increased drug loading 

by HPβCD inclusion complex

(Boudad et al., 

2001)

PHCA, PiHCA ODNs Aqueous acidic medium or DEAE 

dextran

142–624 — Vero cells, 

mouse

Protection from degradation, 

signifi cantly enhanced cellular 

uptake, improved antisense 

treatments for tumor, and antiviral 

therapy, liver targeting

(Zimmer, 1999)

Surface Modifi cations

PEG-PECA Acyclovir Aqueous acidic medium 200 2 (w/w) Rabbit 25-fold increase of drug levels in 

aqueous humor

(Fresta et al., 2001)

PEG-/

PS80-PBCA

Dalargin Aqueous acidic medium 100 40 Mouse Signifi cant analgesia due to 

successful brain targeting

(Das and Lin, 2005)

continued 
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TABLE 4.1 (continued)
 Summary of In Vivo and In Vitro Studies on PACA Nanoparticles as Drug and Vaccine Delivery Systems

Polymer Bioactive
Preparation Method

 or Template Size (nm) EE (%) Species Observations Reference
PEG-PHDCA DOX Nanoprecipitation 140–205 70–85 Rat Encapsulated DOX unable to elicit 

improved therapeutic response in 

the gliosarcoma

(Brigger et al., 2004)

PEG-PHDCA rHuTNF-α Double-emulsion method 150 60 Cells, 

mouse

Protective effect of human serum 

albumin or BSA during preparation, 

increased antitumor potency

(Li, et al., 2001a; 

Li, et al., 2001b)

Polysaccharide–

PiBCA

Heparin Aqueous acidic redox radical 

polymerization

93–59000 Copolymerized In vitro Antithrombotic activity preserved (Chauvierre et al., 

2003)

PS80-PBCA Dalargin Aqueous acidic medium 230 30 Mouse Phagocytic uptake of nanoparticles 

by the brain–blood vessel 

endothelial cells, signifi cant 

analgesic effect

(Kreuter et al., 1995)

PS80-PBCA DOX Aqueous acidic medium 270 80 Rat High DOX brain concentration, 

reduced toxicity

(Gulyaev et al., 1999; 

Gelperina et al., 

2002)

PS80-PBCA Loperamide Aqueous acidic medium 290 47 Mouse Endocytotic uptake, long and 

signifi cant analgesic effect

(Alyautdin et al., 

1997)

PS80-PBCA Probenecid, MRZ 

2/576

Aqueous acidic medium 251 25–100 Mouse Prolonged duration of anticonvulsive 

activity in brain

(Friese et al., 2000)

PS80-PBCA Tacrine Aqueous acidic medium 36 15 (w/w) Rat Signifi cantly increased tacrine 

concentration in brain

(Wilson et al., 2008)

Note: AZT-TP, azidothymidine-triphosphate; BSA, bovine serum albumin; CBZ, carbamazepine; CDV, cidofovir; CHO, Chinese hamster ovary; DEAE, diethylaminoethyl; DPH, 5,5-diphenyl 

hydantoin; ETS, ethosuximide; GRF, growth hormone releasing factor; HIV-2, human immunodefi ciency virus 2; HPβCD, hydroxylpropyl-β-cyclodextrin; LCMV, lymphocytic 

 choriomeningitis virus glycoprotein; LHRH, luteinizing hormone releasing hormone; NOD, nonobese diabetic; ODN, oligodeoxynucleotide; PEI, poly(ethyleneimine); rh-G-CSF, 

recombinant human-granulocyte  colony stimulating factor.

Data referring to loading instead of EE indicated by w/w and μg/mg, respectively.
* Pharmacological availability/bioavailability determined based on the extent of hypoglycemic/hypocalcemic response relative to subcutaneous (Vranckx et al., 1996; Radwan, 2001; 

Zhang et al., 2001) injection of insulin or salmon calcitonin, respectively.
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Moreover, a study by Cournarie et al. (2004) on entrapment of insulin in PACA nanoparticles iden-

tifi ed that the origin of the monomer with varying synthesis by-products, the common addition of 

stabilizers or polymerization inhibitors, the pH, the preservatives of the insulin solution, and even 

the association state of the peptide in solution are key parameters that infl uence EE. Because of 

these parameters, it is diffi cult to compare individual studies. EE can generally be improved by 

increasing the monomer concentration (El-Samaligy et al., 1986; Krauel et al., 2005).

Monomers are highly reactive and polymerization can be initiated by any kind of nucleophilic 

group, so one the possibility of copolymerization must be considered, which may compromise the 

activity of the drug and lead to an uncontrollable polymerization and the formation of polymer 

aggregates instead of nanoparticles (Behan and Birkinshaw, 2001; Damgé et al., 1997b; Grangier 

et al., 1991). Aboubakar et al. (1999a) suggested that interference of the drug in the polymerization 

can be avoided by adding the drug after the polymerization has been initiated or to preformed poly-

mers. The disadvantage of this approach, however, is that the drug is likely to be adsorbed onto the 

particle surface rather than encapsulated in the core, providing little protection for peptides from 

enzymatic degradation in the gastrointestinal tract (GIT).

The EE refers to the amount of drug entrapped in the nanoparticles, and it is usually expressed 

as the percentage of the total amount of drug added to the polymerization template. In contrast, drug 

loading refers to the amount of drug as a percentage of the polymer content. Nanocapsules with a 

thin polymer wall confi ning a central cavity with a high amount of solubilized drug are advanta-

geous in greatly increasing the drug loading when compared to nanospheres, where the drug is 

distributed throughout a polymer network (Couvreur et al., 2002). Alternatively, drug loading can 

be expressed as the percentage of drug by weight in the fi nal formulation (Couvreur et al., 2002).

Drug loading and EE can be determined by either a direct or an indirect method. In both meth-

ods the nanoparticles are separated from the polymerization template by centrifugation, SEC, or 

ultrafi ltration. The remaining amount of unentrapped drug is determined in the polymerization 

template in the indirect method, and the amount of entrapped drug is determined after washing and 

lysis of the nanoparticles with acetonitrile (Damgé et al., 1997b) or tetrahydrofuran (Yang et al., 

2000) in the direct method. Quantitative analysis of the drug is usually performed with high- 

performance liquid chromatography. Both methods can be combined for characterization of 

nanoparticles.

4.3.8 DRUG RELEASE

Once the drug delivery system has reached the site of action, the drug is released. Throughout 

the literature, degradation of PACA appears to be the driving factor for drug release. For instance, 

for insulin and human growth hormone, polymer degradation and drug release occur in parallel 

(Aboubakar et al., 2000; Grangier et al., 1991). This also correlated with the biological effect of 

insulin, and results indicated that its duration depends on the insulin/polymer ratio (Damgé 

et al., 1997b). PACA nanoparticles are biodegradable, and hydrolysis of the alkyl side chain has 

been identifi ed as the major degradation pathway in vivo (Lenaerts et al., 1984). Intestinal and 

serum esterases hydrolyze the polymer to alkyl alcohol and poly(cyanoacrylic acid), which are 

both water soluble and eliminated from the body via kidney fi ltration. The degradation rate of 

PACA nanoparticles and therefore the drug release depend on the alkyl side chain length, and an 

increase in length leads to a decrease in the degradation rate (Leonard et al., 1966) because of 

the higher interdigitation of the longer alkyl cyanoacrylate homologues (El-Samaligy et al., 

1986). For low molecular weight molecules, however, diffusion through the polymer rather than 

degradation can be assumed to be the predominant release mechanism as shown by NMR 

(Wohlgemuth and Mayer, 2003).

Drug release from nanospheres can be described by matrix kinetics, whereas reservoir-type 

kinetics are applicable to nanocapsules (Vauthier et al., 2007), often described by zero-order release 

kinetics (Watnasirichaikul et al., 2002a, 2002b). The use of high monomer concentrations to improve 
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drug entrapment also leads to an increase in wall thickness of nanocapsules (El-Samaligy et al., 

1986; Watnasirichaikul et al., 2002a, 2002b) and thus a slower release profi le.

In the previous sections we have looked at the most important characteristics of PACA nano-

particles and methods to determine these. A thorough characterization of the delivery systems is a 

prerequisite to evaluate their application in drug and vaccine delivery, which is the topic of the next 

section.

4.4  APPLICATIONS OF POLY(ALKYL CYANOACRYLATE) NANOPARTICLES 
IN DRUG DELIVERY AND VACCINE DEVELOPMENT

4.4.1 ORAL DRUG DELIVERY

PACA nanoparticles have a huge potential for biomedical and pharmaceutical applications. Their 

ability to protect proteins from enzymatic degradation (Lowe and Temple, 1994) and to facilitate 

absorption from the gut lumen (Damgé et al., 1987) provides the opportunity for safe and effective 

oral delivery, which is the most convenient and desirable route for drug therapy. Despite their non-

swellable and anionic character, PACA nanoparticles exhibit bioadhesive tendencies, providing inti-

mate contact with mucosal sites (Ponchel and Irache, 1998). Mucosal adhesion slows down the 

transit of the carrier and the drug, thereby enhancing drug absorption and translocation. Translocation 

through the intestinal barrier has been visualized using Texas Red® labeled insulin PACA nano-

particles (Aboubakar et al., 2000). Among others, uptake of PACA nanoparticles via Peyer’s patches 

appears to be the major pathway described in the literature (Aprahamian et al., 1987; Damgé et al., 

1990; Michel et al., 1991; Vauthier et al., 2003b). Research has focused on oral delivery of peptides 

and proteins because they are important in the treatment of chronic metabolic diseases. Oral deliv-

ery of proteins and peptides is a problem that is attributable to several unfavorable physicochemical 

properties of these molecules, especially taking into account the physiology of the GIT. The pres-

ence of digestive enzymes and the barrier of epithelial transport are physiological obstacles that 

signifi cantly hinder absorption. As a result, the oral bioavailability of proteins and peptides is 

extremely low, usually less than 1%.

One of the fi rst peptide drugs to be delivered with PACA nanoparticles was insulin, which is the 

most studied model peptide in the context of particulates for oral drug delivery. The fi rst attempt 

was made in 1980 by Couvreur et al. (1980), but they were unable to achieve a hypoglycemic effect 

after oral administration because insulin was adsorbed to the nanoparticle surface. Upon encapsula-

tion of insulin into the oily core of PiBCA nanocapsules, however, this group achieved a prolonged 

hypoglycemic response for up to 20 days in a dose-dependent manner (Damgé et al., 1988). The 

particles were prepared by interfacial emulsion polymerization from an O/W emulsion and yielded 

an EE of only 55%. The prolonged effect was assigned to “a progressive arrival of nanocapsules 

from the stomach to the gut” and delayed absorption via paracellular translocation in the ileum 

(Aprahamian et al., 1987; Michel et al., 1991). A study by Lowe and Temple (1994) found maximum 

plasma levels of insulin and human calcitonin administered in PiBCA nanoparticles as early as 

5–15 min after administration with a rapid decrease thereafter and no overall signifi cant absorption 

enhancement. The authors could not confi rm the long-term effect of insulin reported by Damgé 

et al. (1988), but they suggested that it may have been the result of a local effect of insulin that 

directly affected intestinal cells. A few years later, Damgé et al. (1997b) studied PiBCA nano-

spheres prepared by dispersion polymerization for oral delivery of insulin. To avoid copolymeriza-

tion, insulin was added after polymerization had been initiated, yielding an entrapment of 80%. The 

authors were again able to achieve a long-term hypoglycemic effect for 10–13 days when nano-

spheres were administered in an oily medium containing surfactants. However, the hypoglycemic 

effect lasted only for two days in an aqueous medium containing surfactants. Radwan (2001) per-

formed a similar study on PiBCA nanospheres and the absorption enhancement of insulin in the 

presence of surfactants. Cholic acid had a better absorption enhancing effect than deoxycholic acid 
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in an aqueous medium. A hypoglycemic effect with the nanospheres was maintained for less than 

24 h and the authors suggested that this was due to an initial burst release of insulin in an aqueous 

medium enhanced by the presence of surfactants from the nanosphere surface. Thus, nanocapsules 

should be the preferred delivery system for peptides. Following on from the study by Damgé et al. 

(1988) on oral delivery of insulin, Cournarie et al. (2002) recently attempted to characterize the 

absorption of insulin in the blood. PiBCA nanocapsules were prepared in the same manner as 

Damgé et al. but with another type of insulin, and this resulted in an EE of 90%. Although signifi -

cant levels of insulin were detected in rat plasma 30–60 min after intragastric administration of 

insulin-loaded nanocapsules, the levels were very erratic between animals and lacked a hypoglyce-

mic response. Parenteral injection of insulin indicated that a high insulin concentration was neces-

sary to achieve a hypoglycemic response, and a different response between normal and diabetic rats 

was found. The authors concluded that the high insulin concentration required to elicit a hypoglyce-

mic response was not achieved orally and that diabetic rats developed insulin resistance.

The variability in EE and pharmacodynamic responses found from PACA nanoparticles pre-

pared by the same method presumably led to an interesting study by the same group (Cournarie 

et al., 2004) on the parameters affecting the formulation of insulin-loaded nanocapsules, which was 

mentioned in Section 4.3.7.

A pharmaceutically acceptable and easily scaled up formulation for oral delivery of insulin was 

developed by Watnasirichaikul et al. (2002a, 2002b). Biocompatible W/O microemulsions were 

used as templates for PiBCA nanocapsules that are suitable for oral administration as a dispersion 

to facilitate the absorption of insulin. The EE of 200-nm nanocapsules was 80%. Insulin retained 

its bioactivity in the insulin-loaded nanocapsules dispersed in the microemulsion as shown by sub-

cutaneous (s.c.) administration. Intragastric encapsulation of insulin in PACA nanocapsules resulted 

in a signifi cantly greater hypoglycemic response than unencapsulated insulin in a microemulsion or 

in solution. The parenteral hypoglycemic response could be modulated, depending on the monomer 

concentration. The polymer wall of the nanocapsules increased with increasing monomer concen-

tration, thus controlling the release (Watnasirichaikul et al., 2002a, 2002b). The authors did not 

examine intragastric formulations prepared with different monomer concentrations. However, a sig-

nifi cant hypoglycemic response over controls was achieved for nearly 60 h following administra-

tion. Following this study, insulin-loaded PACA nanoparticles dispersed in microemulsions with 

different microstructures were recently examined (Graf et al., 2009). Microemulsions were polym-

erized with different monomer types (ethyl cyanoacrylate and isobutyl cyanoacrylate) and different 

amounts of monomer. An increasing monomer concentration led to a higher EE, but an increasing 

aqueous fraction, depending on the microemulsion structure type, decreased the entrapment of 

insulin. Insulin loading showed an opposite trend. Nanoparticles were spherical and 200–400 nm 

in size without any signifi cant difference among different microemulsion templates and types and 

amounts of monomer. Confi rming the results of Watnasirichaikul et al. (2002a, 2002b), in vitro 

release could be controlled by the monomer concentration. Formulations prepared with 1200 mg of 

monomer were used for in vivo experiments and a consistent and signifi cant hypoglycemic effect 

over controls was found for up to 36 h, depending on the type of monomer. Release of insulin could 

be controlled by the monomer concentration in vitro, but the degradation kinetics of the monomer 

type took effect on the in vivo pharmacodynamic response. Similar to the study by Cournarie et al. 

(2002), insulin plasma levels were not detectable. These fi ndings support the hypothesis by Lowe 

and Temple (1994) of local intestinal effects of insulin. Another recent study on oral absorption of 

insulin PiBCA nanospheres with an average size of only 85 nm and 59% EE resulted in a signifi cant 

reduction in blood glucose over controls. Plasma insulin levels were not determined. The aim of the 

study was to show better bioavailability that was due to the smaller particle size, but an enhanced 

hypoglycemic effect was only found for up to 60 h and no comparison to other particle sizes was 

made (Mesiha et al., 2005).

Insulin-loaded PACA nanoparticles have also been pursued as a prophylactic strategy to prevent 

diabetes instead of the common treatment approach. Sai et al. (1996) found that oral administration 
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of insulin encapsulated in PiBCA nanocapsules prepared by interfacial polymerization in an O/W 

emulsion reduced the incidence of diabetes in a nonobese diabetic mice model, which mimics 

human type 1 diabetes mellitus. The authors suggested that in humans this form of prophylactic 

insulin administration would be more convenient, comfortable, and less constraining than paren-

teral administration by making use of the long-term effect observed previously with these nanopar-

ticles by Damgè et al. (1995, 1988). However, diabetes could not be prevented in all mice and the 

question remained as to what extent and for how long the incidence and the progression of diabetes 

could be reduced.

Peptides other than insulin, such as calcitonin (Lowe and Temple, 1994; Vranckx et al., 1996) 

and octreotide (Damgé et al., 1997a), have also been studied in context with PACA nanoparticles. 

Although calcitonin (Lowe and Temple, 1994) entrapped in PiBCA nanocapsules was protected 

from degradation after duodenal administration, maximum plasma levels reached 15–30 min after 

administration were not signifi cant from controls. Vranckx et al. (1996) achieved an absolute bio-

availability of 40% after oral administration of salmon calcitonin in PBCA nanocapsules. The 

increase in bioavailability was attributable to coadministration of deoxycholic acid as a penetration 

enhancer. For octreotide (Damgé et al., 1997a), encapsulation in PACA nanoparticles resulted in a 

signifi cant therapeutic effect after peroral administration to estrogen-treated rats with increased 

plasma levels over controls.

Apart from proteins and peptides, PACA nanoparticles have also been used as a delivery system for 

other drugs including vincamine (Maincent et al., 1986), mitoxantrone (Beck et al., 1994), and dar-

odipine (Hubert et al., 1991). Administration of these drugs with PACA nanoparticles resulted in 

increased bioavailability. To avoid gastric side effects, encapsulation of indomethacin in PACA nano-

capsules was used as an oral delivery method and resulted in a signifi cant reduction in ulceration 

(Ammoury et al., 1991). Mucosal protection was assigned to the particles preventing the drug from 

having direct contact with the mucosa in combination with sustained release from the nanoparticles.

Given the many interesting properties that PACA nanoparticles offer for oral delivery of drugs 

and the numerous studies involving PACA nanoparticles as delivery systems, it is remarkable that 

they have not yet entered the market. A question about the clinical relevance of PACA nanoparticles 

arises; for instance, Damgé et al. (2007) have recently moved away from PACA to polycaprolactone 

nanoparticles for oral delivery of insulin.

4.4.2 OCULAR DELIVERY

The bioadhesive properties inherent to PACA offer the possibility for drug delivery to the eye. 

Drugs delivered to the eye are usually cleared rapidly because of tear turnover and lacrimal drain-

age. Poor permeability of the corneal epithelium also imposes a problem to ocular drug delivery. 

PACA nanoparticles have been investigated as sustained release delivery systems to maintain an 

effi cient drug concentration in the ocular tissue, thereby reducing the number of administrations in 

the treatment of glaucoma and cytomegalovirus infection. PACA nanoparticles containing betaxolol 

were the fi rst preparation developed for the treatment of glaucoma, yet it did not yield a signifi cant 

therapeutic effect (Marchal-Heussler et al., 1992). Pilocarpine-loaded PACA nanoparticles admin-

istered in a Pluronic® gel were more promising and signifi cantly increased the bioavailability of the 

drug (Desai and Blanchard, 2000).

For the treatment of cytomegalovirus infection, ganciclovir encapsulated in PECA nanocapsules 

provided a controlled sustained release of the drug and maintained a therapeutic level for up to 10 

days (El-Samaligy et al., 1996). The drug is accumulated specifi cally in the retina and the vitreous 

humor. Although this would be desirable in the treatment of this viral retinitis, toxic side effects 

including lens opacifi cation and humor turbidity would have to be eliminated. Ocular tolerability 

has recently been improved by coating the nanoparticles with PEG (Fresta et al., 2001). Coating 

with PEG has also improved the bioavailability of tamoxifen upon intraocular administration in the 

treatment of autoimmune uveoretinitis (de Kozak et al., 2004).
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For further reading on PACA nanoparticles in ocular delivery, the reader is referred to reviews 

by Ludwig (2005) and Bu et al. (2007).

4.4.3 DRUG DELIVERY ACROSS THE BLOOD–BRAIN BARRIER

Attempts to deliver drugs into the systemic circulation are the challenge of every formulation scien-

tist, and there have been numerous attempts to improve the uptake of compounds. One of the most 

diffi cult challenges faced in this context is delivery across the blood–brain barrier (BBB). The brain 

is protected by capillary endothelial cells lining the microvessels, which contain much tighter junc-

tions than in peripheral vessels (Wolberg and Lippoldt, 2002). This prevents the entry of most drug 

molecules, peptides, antibodies, and so forth.

There have been various attempts to overcome the BBB, including the osmotic opening of the 

BBB (Wilson et al., 2008), the use of biologically active agents (e.g., histamine, serotonin, and bra-

dykinin), and the intracerebral application of drugs. However, manipulating the BBB by these means 

is generally very invasive and may pose the risk of causing cerebral edema. Polymeric nanoparticles 

have gained increased interest as possible delivery systems for the BBB, and special credit has to be 

given to Jörg Kreuter and his collaborators for the great advances made in the use of PACA nano-

particles coated with polysorbate 80 (PS80) as delivery systems (Kreuter et al., 1995). Examples of 

drugs that have been successfully delivered across the BBB are the hexapeptide dalargin (Kreuter 

et al., 1995); the dipeptide kytorphin (Schroeder et al., 2000); loperamide (Alyautdin et al., 1997); 

tubocurarine (Alyautdin et al., 1998); the N-methyl-d-aspartic acid receptor antagonist MRZ 2/576 

(Friese et al., 2000); DOX (Gulyaev et al., 1999); and recently tacrine, a cholinesterase inhibitor 

used in the treatment of Alzheimer’s disease (Wilson et al., 2008).

To deliver the drug tacrine across the BBB, Wilson et al. (2008) prepared PBCA nanoparticles 

by polymerization in an aqueous phase based on the method described by Kreuter (1994). The drug 

was added to the aqueous medium before polymerization, so that entrapment of the drug occurred 

by encapsulation into the polymer matrix and particles were coated with 1% PS80 after formation. 

A freeze-dried preparation of the nanoparticles was resuspended in phosphate-buffered saline 

(PBS) for i.v. application into the tail vein of rats at a dose of 1 mg/kg body weight. However, it is 

unclear from the publication whether this dose was related to the amount of tacrine or nanoparticles. 

One hour after application the animals were sacrifi ced and the brain, liver, lungs, spleen, and kid-

neys were removed and analyzed for drug content by high-performance liquid chromatography. 

When bound to nanoparticles, tacrine showed increased accumulation in the liver, spleen, and lungs 

compared to the free drug applied in PBS. When the drug was encapsulated in PS80-coated nano-

particles, lower amounts were found in the liver, spleen, and lungs and the amount of tacrine found 

in the brain was increased compared to the formulations containing the free drug in PBS or the drug 

bound to uncoated nanoparticles. At the same time an increased amount of tacrine was found in the 

kidneys when delivered with PS80-coated particles. The amount of tacrine found in the kidneys was 

also high for the free drug and the drug bound to uncoated particles, so this could be a point of 

concern for possible kidney damage and should be investigated more thoroughly. The study by 

Wilson et al. (2008) showed, however, that delivery of tacrine across the BBB was possible. It is now 

necessary to investigate further any possible toxic effects of the drug that are due to the higher avail-

ability in the brain and other organs, especially after long-term application. Any effects against 

Alzheimer’s characteristics (e.g., amyloid-rich plaques and neuronal degeneration) must be shown 

in further studies.

Recent interest in BBB delivery with PACA nanoparticles has focused on the delivery of anti-

cancer drugs to treat brain tumors, because effectiveness was shown for the drug DOX against various 

tumors (Gelperina et al., 2002) and the ability of this drug to cross the BBB when attached to PACA 

nanoparticles (Kreuter et al., 1995). Possible reasons for the accumulation of particles in solid tumors 

are the discontinuous vascularization of the endothelium, allowing extravasation of the particles and 

reduced lymphatic drainage, which supports accumulation. Apart from being an anatomical barrier, 
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the BBB possesses a P-glycoprotein (P-gp) effl ux pump for antineoplastic drugs, which can also be 

found in other tumors on the cellular level and is the main reason for multidrug resistance (MDR) in 

chemotherapy. DOX is a P-gp substrate that results in low uptake of the free drug into tumors. 

Couvreur and Vauthier (2006) established an explanation of how entrapment of DOX to PACA nano-

particles can overcome MDR, and a more concise explanation is given in Section 4.4.4.

Without going into further detail about the numerous studies that have been carried out and to 

summarize, PACA nanoparticles are able to transport various drugs effi ciently across the BBB. The 

coating of the nanoparticles with PS80 seems to be vital for effi cient uptake of the particles 

(Gelperina et al., 2002). Other common molecules to coat nanoparticles are PEGs. Coating with 

PEG effi ciently prevents opsonization of particles by plasma proteins and thereby extends their 

circulation time. For the delivery across the BBB, Brigger et al. (2004) demonstrated that coating of 

poly(hexadecyl cyanoacrylate) (PHDCA) nanoparticles with PEG proved to be counterproductive 

for brain delivery of DOX. DOX associated with PEG-PHDCA particles did not show an increased 

uptake across the BBB or into intracerebrally implanted gliosarcoma in rats but instead accumu-

lated in the lungs and spleen. The authors attributed this to the increased plasma protein interaction 

that is due to the positive charge of the resulting PEG-PHDCA particles.

When binding a drug to a colloidal carrier, the distribution profi le and its toxicity may change. 

Various studies have already proved a decrease in toxicity of DOX, more specifi cally reduced car-

diotoxicity, when attached to PACA nanoparticles (Vauthier et al., 2003a). When looking at the 

delivery of a substance across the BBB, however, toxicity studies have to be evaluated even more 

carefully and a safe dose established, which should not be automatically concluded from toxicity 

studies aimed at other organs. In a study involving the delivery of DOX bound to PS80-coated 

PBCA nanoparticles to implanted glioblastoma, Gelperina et al. (2002) established that the maxi-

mum tolerated dose for DOX formulations was close to 7.5 mg/kg body weight in rats (~20 mg/kg 

particles), which consequently allowed three doses at 2.5 mg/kg and three doses at 1.5 mg/kg on 

various days after tumor implantation. At doses considerably exceeding the necessary amount to 

achieve a therapeutic level of DOX (100–400 mg/kg related to the amount of particles), behavioral 

and peripheral reactions in the animals were observed, but those were transitory and reversible after 

10–15 min.

A recent approach in brain tumor therapy is the combination of the delivery of antisense oligo-

nucleotides (AONs) with PACA nanoparticles across the BBB and the simultaneous application of a 

cancer vaccine. Schneider et al. (2008) utilized PS80-coated PBCA nanoparticles prepared by aque-

ous polymerization for the delivery of AONs against transforming growth factor-β2 (TGF-β2), which 

is produced in glioblastoma cells. AONs are short oligonucleotides of deoxyribonucleic acid (DNA) 

that selectively bind to complimentary messenger ribonucleic acid inside the cytoplasma and thus 

block specifi c protein production, for instance, TGF-β2. In contrast, TGF-β2, which is produced by 

glioblastoma cells, inhibits the immune system of patients and therefore renders the therapy with 

Newcastle disease virus modifi ed tumor cells ineffi cient. Schneider et al. (2008) fi rst investigated 

the delivery of a reporter gene across the BBB with PS80-coated PBCA nanoparticles in rats. After 

this approach was successful, the group next attached an FITC-decorated AON encoding for the 

blockage of TGF-β2 to the nanoparticles and showed that delivery of the AON was also successful 

and consequently reduced the production of TGF-β2 in glioblastoma cells. The next step was to 

combine the application of the Newcastle disease virus vaccine and the AON-bearing nanoparticles 

to rats with implanted glioblastomas. This approach led to an 18% improvement in the survival rate 

of the animals, which the authors regarded as signifi cant considering the high malignancy of these 

types of tumors. They attributed the improved survival rate to the reduction in TGF-β2 by the AON 

and an increase in the amount of CD25+ T-lympocytes, the latter of which is a sign of an improved 

immune response.

This section highlighted that delivery of drugs across the BBB is possible, at least in animal stud-

ies. In particular, the treatment of brain tumors with PS80-coated PACA seems to be a feasible 

approach.
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4.4.4 DRUG DELIVERY INTO TUMORS

Since the fi rst publication in the 1980s on the preparation and use of PACA nanoparticles as col-

loidal drug delivery systems, delivery of drugs into tumors has been one of the most extensively 

investigated areas (Couvreur et al., 1979) and has mainly focused on DOX as a model drug. Generally, 

when seeking to deliver drugs into tumors, decreasing the high toxicity of the drug is the aim. High 

doses of the drug are commonly administered because biodistribution of the drug into untargeted 

healthy organs leads to low uptake levels in tumors. DOX is a prime example of this because it has 

the adverse effect of cardiotoxicity when delivered in the free form. However, tumors are heteroge-

neous systems and delivery of drugs has to overcome various obstacles. These include the physio-

logical barrier that a tumor presents, resulting in drug resistance on the noncellular level; poor 

vascularization of the tumor; and increased interstitial pressure, which may lead to an outward fl uid 

fl ow. The properties of the interstitium can also prevent uptake of the drug or the drug itself can 

exhibit unfavorable properties for tumor uptake, such as those due to its surface charge and confor-

mation. Changes in the enzymatic activity of malignant cells, for example, topoisomerase activity, 

apoptosis regulation, and the P-gp effl ux pump, present obstacles on the cellular level of the tumor.

After i.v. injection, colloidal particles are opsonized by plasma proteins and rapidly cleared from 

the blood by uptake into the mononuclear phagocyte system. Therefore, biodistribution of PACA 

nanoparticles often shows high counts of particles accumulated in the liver. Targeting of hepatic 

cancers or metastasis in the liver thus seems intuitive. Chiannilkulchai et al. (1990) showed that 

DOX bound to PACA nanoparticles was superior in the reduction of hepatic metastasis numbers in 

a murine reticulosarcoma model (M5076) compared to the free drug. Further extensive research in 

this area over the past few years resulted in the development of Transdrug by BioAlliance Pharma. 

Until recently, this product was in phase II clinical trials for the treatment of primary hepatocellular 

carcinoma, which has a survival rate of only 5%. The formulation is a freeze-dried preparation of 

DOX entrapped into PiHCA nanoparticles with cyclodextrin as a stabilizer; application occurs via 

the intra-arterial, i.v., or oral route. As mentioned earlier, the drug safety monitoring board of the 

company decided to suspend the trials because of adverse pulmonary events.

One specifi c advantage of PACA nanoparticles for the delivery of DOX and other anthracyclines 

is their ability to overcome MDR on the cellular level. MDR on the cellular level is caused by the 

active drug effl ux from the tumor cells by the P-gp pump. Couvreur and Vauthier’s (2006) excellent 

review explains that the mechanism of how PACA nanoparticles can overcome this effect is by 

adhesion of the nanoparticles into tumor cells and subsequent formation of the ion pair 

poly(cyanoacrylic acid) (a degradation product of PACA) and DOX. This ion pair is then able to 

cross into the cell because it is no longer a substrate of the P-gp effl ux pump.

Other approaches to target tumors with PACA nanoparticles are the decoration of particles 

with PEG to prevent opsonization. Biodistribution studies of PEG-PHDCA nanoparticles showed 

that these particles circulated longer in the blood, showed reduced liver uptake (Peracchia et al., 

1999), and increased brain accumulation (Calvo et al., 2001). These particles also exhibited an 

increased accumulation in implanted gliomas (Gelperina et al., 2002). A recent study by Brigger 

et al. (2004), however, which used the same particles loaded with DOX, found that uptake of DOX 

into implanted glioblastomas was not improved when compared to the free drug, which demon-

strates the importance of remembering that incorporation of a drug into colloidal carriers may 

alter their distribution profi le.

The fact that human cancer cells often express folic acid binding proteins on their surface has 

been utilized in the investigation of PEG-coated PACA nanoparticles conjugated with folic acid. 

These particles showed a higher affi nity to the folate receptor on human cancer cells than free 

folate, which was attributed to the existence of a multivalent folic acid form on the surface of the 

nanoparticles (Stella et al., 2000). A cancer cell line overexpressing the folate receptor on their sur-

face also confi rmed the enhanced receptor-mediated endocytosis of folic acid decorated PACA 

nanoparticles as shown by confocal microscopy.
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Another new perspective is the decoration of PACA nanoparticles with polysaccharides, where 

the properties of the sugar can infl uence the surface charge or hydrophobicity of the particles as 

desired. Examples of polysaccharides used in the coating of PACA nanoparticles are orosmucoid 

(Olivier et al., 1995), dextran (Chauvierre et al., 2003), diethylaminoethyl dextran (Zimmer, 1999), 

and chitosan (Chauvierre et al., 2003). More information on polysaccharide coating of colloidal car-

riers can be found in the review by Lemarchand et al. (2004).

Further investigations utilizing PEG-coated PACA nanoparticles in tumor delivery have been 

carried out by entrapping tumor necrosis factor-α (TNF-α) into these systems. TNF-α shows 

direct cytotoxicity against various kinds of tumor cells, activation of an immune antitumor 

response, and induction of hemorrhagic necrosis in an animal model of some transplanted tumors 

(Li et al., 2001a). The plasma half-life of these agents is very short however, so high doses are 

required that lead to toxic side effects. Li et al. (2001b) demonstrated the attachment of recombi-

nant human TNF-α (rHuTNF-α) to PEG-PHDCA nanoparticles, and coating with albumin 

improved the stability of rHuTNF-α. However, cumulative release was only 47% after 14 days, 

which may affect the effectiveness of this system in vivo. A consecutive in vivo study with these 

particles showed delayed blood clearance and higher accumulation of rHuTNF-α in S-180 tumor 

nodules in mice, resulting in a marked reduction of the tumor size when compared to free 

rHuTNF-α. Moreover, the formulation was well tolerated by the animals, demonstrating the 

reduced toxicity of rHuTNF-α when bound to nanoparticles. This may open a new option of 

tumor treatment with PACA nanoparticles.

AONs present another measure in the treatment of tumors. Because they are short DNA frag-

ments, AONs face the problem of low bioavailability that is due to fast degradation by exo- and 

endonucleases, and their negative charge also lowers their uptake into cells. Lambert et al. (2000b) 

showed that the encapsulation of AONs into the aqueous core of PiHCA nanoparticles by interfacial 

polymerization in a W/O emulsion is possible and that improved stability of AONs can be achieved 

via this method. In vivo experiments with these particles utilized encapsulated phosphorothioate 

AONs against EWS Fli-1 chimeric ribonucleic acid and showed an inhibition of tumor growth in 

experimental Ewing sarcoma after intratumoral application compared to free AON (Lambert et al., 

2000a). Finding ways that allow for more convenient administration of AONs with PACA nanopar-

ticles (e.g., i.v. or s.c. by coating with PEGs) may develop these colloidal carriers as an interesting 

alternative in tumor treatment.

Arias et al. (2007) recently demonstrated successful encapsulation of Ftorafur, an anticancer 

drug used for the treatment of various cancers such as brain tumors and liver cancer, into PECA and 

PBCA nanoparticles. The authors deliberately chose these monomers for chronic treatment because 

their fast degradation rate and accumulation of degradation products should be low. Release of the 

encapsulated drug was complete after 80 min. The in vivo activity of these systems, however, still 

needs to be demonstrated.

4.4.5 VACCINE DELIVERY

Immunization is the most cost-effective method for controlling and eradicating microbial infec-

tions (WHO/UNICEF, 1996). Hurdles in developing suitable vaccines lie in their delivery to the 

desired site, stability, and cost. A specifi c problem in this context are subunit vaccines, which 

have a better safety profi le but are poorly immunogenic. However, modern vaccine delivery sys-

tems are expected to offer more than delivery to a certain site, better stability, and low cost. In 

general, the system should be able to stimulate an immunogenic effect at the most desired site, 

ideally a mucosal and systemic effect, and the induced antibody levels should generate a primed 

cell population that can rapidly respond to a renewed contact with the pathogen. The need for 

booster injections should also be avoided with an effective delivery system. Furthermore, it should 

be possible to administer several antigens with one application and the antigen formulation needs 
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to be easily adjustable to new strains developed by the original pathogen. Approved adjuvants for 

human use, which help to address these problems to a certain degree, have only been aluminum-

based salts and gels until recently. However, these adjuvants show diffi culties in achieving a cell-

mediated immune response and may lead to adverse local immunoglobulin E stimulation. 

Considering the outlined obstacles, it is not surprising that the application of “Ehrlich’s magical 

bullet” (i.e., nanoparticles or microparticles) has also found its way into the fi eld of vaccine deliv-

ery. Thus far only a liposomal product based on viral membrane proteins (virosome) has been 

approved for the use in hepatitis A and as an infl uenza vaccine. An immunostimulating complex 

(ISCOMS)-based vaccine against equine infl uenza has been commercialized for some time, and 

ISCOMSs have also been tested in trials for human use but have not gained approval thus far 

(Barr and Mitchell, 1996).

Because of their outlined features (e.g., ease of manufacture, good stability, high loading effi -

ciency, controllable release, and low toxicity), PACA nanoparticles have also been investigated for 

use as vaccine delivery systems (O’Hagan et al., 1989) with very limited success, although the early 

studies showed promising results. Various reasons can be given for their failure as vaccine delivery 

systems. Many studies investigating the immunogenicity of nanoparticles used OVA or bovine 

serum albumin as the model antigen with promising initial immune responses (O’Hagan et al., 

1989; Pitaksuteepong et al., 2004). However, albumins are very stable proteins and do not necessar-

ily refl ect the greater sensitivity of “real” antigens such as DNA and protein fragments, for which 

generally only poor immunogenicity is found. An increase in the dose of the nanoparticles and the 

antigen is often not possible because toxic effects on the immunocompetent cells are a limiting fac-

tor. This is especially the case in in vitro studies, where the cells are in prolonged contact with the 

nanoparticles and their degradation products, because they cannot be cleared by the systemic circu-

lation. Brayden (2001) also recently commented on the comparability of animal studies to human 

studies in the oral application of antigens in particles. It is widely understood that after oral admin-

istration particles are taken up by the microfold (M) cells of Peyer’s patches in the GIT, which would 

make them desirable antigen delivery systems because of their immunogenic potential. Brayden 

considers that the amount of particles actually taken up by the M cells is very low overall and that 

the amount of M cells in human Peyer’s patches accounts for only 5% of the cells compared to 40% 

in rabbits and 10% in mice. Success in creating an immune response in rodents or rabbits may there-

fore not be easily transferable to human studies.

Another issue of PACA nanoparticles may be their reasonably short degradation time, which 

does not allow for an extended release of the antigen, and no advantage may be gained over the 

application of the antigen in a soluble form. Furthermore, unmodifi ed PACA nanoparticles have a 

negative surface charge that may prevent (at least to some extent) their attachment to dendritic cells 

because these also carry a negative surface charge. The more promising results of ISCOMSs as vac-

cine delivery systems are due to the adjuvant Quil A as part of their structure. Our group therefore 

investigated whether the immunogenicity of PECA nanoparticles could be improved by the incor-

poration of Quil A (Krauel, 2005). Using the same assay as for ISCOMS, the Quil A bearing PECA 

nanoparticles failed to induce an immune response in mouse dendritic cells despite the high entrap-

ment effi ciencies of Quil A. ISCOMSs always proved to be the more promising immune-stimulating 

particles (Demana et al., 2004). One possible reason for the failure of PECA nanoparticles to stimu-

late an immune response may have been the encapsulation of Quil A into the core of the nano-

particles so that Quil A was not able to interact with the dendritic cells or only interacted in its 

soluble form because the particles would have degraded within several hours and released Quil A. 

However, ISCOMSs and their cagelike structure allow Quil A moieties to interact with the cells 

while still being part of the particle structure.

In our opinion, PACA nanoparticles do not seem to be a promising vaccine delivery system 

because of the various issues that we have highlighted. The high EE of Quil A, however, may be an 

incentive for other investigators to try this approach for other, more promising polymer particles.
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4.5 TOXICITY

The fact that cyanoacrylates (CAs) are commonly used as adhesives (Superglue®) immediately 

sparks the concern that these monomers and the polymer must be highly toxic. The toxicity profi le 

of either of them is reasonably low, and the recent U.S. Food and Drug Administration approval of 

octyl cyanoacrylate (Dermabond®) as an external wound closure agent is promising. An increasing 

interest in the use of CAs for surgical wound repair (Quinn et al., 1997), embolotherapy (Oowaki 

et al., 2000), and so forth has raised new concerns about the safety profi le of CAs. Earlier studies 

did show that in vivo CAs cause tissue infl ammation and necrosis (Toriumi et al., 1991). In another 

study where CAs were used for the repair of a nonruptured aneurysm, several patients suffered from 

arterial occlusive lesions. Other effects found in various toxicity studies were occlusion of intracra-

nial arteries (Kawamura et al., 1998), calcifi cation of the dura (Agarwal et al., 1998), and tissue 

histotoxicity (Kawamura et al., 1998). These effects must be taken into consideration when using 

CAs in the clinical setting and certainly limit their application. The utilization of longer alkyl chain 

homologues reduces the toxic effects (Kante et al., 1982), and the C8 homologue octyl cyanoacry-

late shows a greatly improved safety profi le when compared to the C1 or C2 homologues of CAs. 

Clinical papers generally claim the production of the degradation product formaldehyde as the main 

reason for the toxic effects of CAs. This degradation via the reverse Knoevnenagel route only takes 

place to a very minor extent and the main degradation path is via ester hydrolysis (Lenaerts et al., 

1984), which results in the formation of poly(cyanoacrylic acid) and an alkyl alcohol, for example, 

ethanol for ethyl cyanoacrylate. A major factor in the cause of toxicity, however, is the degradation 

rate in relation to the alkyl chain length. The degradation rate of the shorter homologues is reason-

ably short (within 3 h) compared to the longer chain CAs (~14 days for octyl cyanoacrylate), which 

leads to fast accumulation of degradation products and the need for rapid clearance for the short 

chain CAs (Müller et al., 1992). This is a major issue when CAs are used for external wound closure, 

where the area is poorly vascularized and drainage of degradation products is slow. CAs with a 

longer chain are thus better tolerated. Apart from the degradation products, the polymerization 

reaction itself can also lead to tissue damage because the reaction is exothermic, producing a rea-

sonable amount of heat. Because the polymerization rate of the longer chain CAs is also slower 

compared to their shorter homologues, reduced heat production is another reason for the better 

 tolerability of the longer chain CAs.

When using PACAs in the form of nanoparticles, the effect of heat production does not play a role 

in the toxicity of these systems, because only the polymerized nanoparticles are applied. Investiga-

tions regarding the toxicity of PACA nanoparticles have been conducted in conjunction with their 

discovery as colloidal drug delivery systems. Some of the important fi ndings are summarized 

below. The details on the studies can be found in the original publications.

In Kante et al.’s (1982) early in vivo study in mice, the lethal dose for 50% of subjects was estab-

lished as 196 mg/kg for PiBCA and 230 mg/kg for PBCA. After s.c. injection of 3 mg of PBCA 

nanoparticles, no histotoxicity was visible in these animals, not even after two further consecutive 

injections. Poly(methyl cyanoacrylate) (PMCA) and PBCA nanoparticles also showed no mutagen-

icity. Morphological changes in macrophages and cell death in hepatocytes were seen in vitro, 

however. Fifteen milligrams of PBCA nanoparticles in 100 mL of incubation medium caused mice 

hepatocyte death after 2 h. At a concentration of 1% in a culture medium, PMCA nanoparticles 

showed a damaging effect on mice macrophages. The macrophages were completely perforated 

when viewed under SEM. These fi rst toxicological results suggested a certain toxicity of the various 

polymers in vitro. Kante et al. (1982) hypothesized that the toxicity may be caused by the degrada-

tion products rather than by the polymer itself. A reliable interpretation of these results is problem-

atic because the in vitro setting does not allow the drainage of degradation products that would be 

possible in vivo. The observed perforation of the macrophages has to be viewed with skepticism, 

because the invasive sample preparation of fi xing with glutaraldehyde and lyophilization may have 

been responsible for the damaging effects as well.
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A later study by Lherm et al. (1992) investigated the cytotoxicity of various alkyl cyanoacrylates 

and their degradation products on L929 fi broblasts. They found that the effect on cell death was in 

the order PiHCA < PMCA < PECA = PiBCA. It was interesting that the nanoparticles displayed 

greater cytotoxicity than their degradation products alone, which the authors attributed to the ability 

of the particles to adhere to the cells. Internalization of the particles, however, did not seem to be a 

means of cytotoxicity but rather the release of degradation products once the particles had attached 

to the cells. The fi nding that the PiHCA nanoparticles showed the lowest toxicity supports the 

hypothesis that the longer alkyl chain homologues exhibit lower toxicity that is due to their slower 

degradation rate, although some inconsistency seems to exist because PiBCA and PECA appeared 

to be more toxic than PMCA in Lherm et al.’s (1992) study. In vitro incubation of fi broblasts with 

PECA nanoparticles for 72 h caused an initial decrease in the cell number followed by a slight 

increase. This means that the cells were able to recover, which was confi rmed in later studies 

(Simeonova et al., 2003). The same study investigated the infl uence of particle size on the toxicity 

of the polymer PiHCA. They found that smaller particles (50 nm) showed higher cytotoxicity than 

the larger particles (200 nm). This was explained by the effect of the larger surface area of the 

smaller particles forcing them to degrade faster and leading to a higher concentration of degradation 

products in the cell culture medium.

Because PACA is rapidly taken up mainly by the liver as a part of the reticuloendothelial system, 

it is important to study the toxic effects of these colloidal systems on the liver. Fernandez-Urrusono 

et al. (1995) investigated the infl uence of PiBCA and PiHCA nanoparticles with and without ampicil-

lin in in vivo and ex vivo models of rat liver cells. After application of an accumulated dose of 200 mg 

of nanoparticles per kilogram for 14 days, hepatocytes were isolated and tested for release of α 1-acid 

glycoprotein (AGP, a positive acute-phase protein), albumin (a negative acute-phase protein), and 

fructose metabolism, all of which are indicators for possible tissue damage of liver cells. Application 

of the PACA nanoparticles caused a 40–50% inhibition of albumin release and a twofold increase in 

AGP release when compared to the controls (saline solution and polymerization medium), which 

shows the occurrence of an infl ammatory process. Glucose production was signifi cantly inhibited by 

40%, indicating some form of liver damage. Similar modifi cations were caused by the drug-loaded 

nanoparticles. All effects were reversible 15 days after the treatment was stopped. To test the infl u-

ence of Kupffer cells (KCs) and PiBCA nanoparticles on the protein synthesis of hepatocytes, KCs 

incubated with PiBCA nanoparticles were cocultured with hepatocytes. PiBCA nanoparticle cul-

tured KCs induced the protein synthesis (AGP) of hepatocytes only marginally. In vivo studies found 

this stimulation of AGP synthesis of the hepatocytes by KCs to be caused by the release of infl amma-

tory cytokines from KCs after phagocytosis of PACA nanoparticles. In the present in vitro study, 

however, AGP synthesis was also stimulated in hepatocytes alone after incubation with PACA nano-

particles. Therefore, for communication between KCs and hepatocytes, the presence of a physiologi-

cal system such as circulating blood cells, serum hormones, or both may be required.

Carrying on from their established results, the same group investigated the effects of PACA nano-

particles on liver macrophages (Fernandez-Urrusuno et al., 1996). Macrophages phagocytose toxic or 

antigenic material, so impairment of their function could be potentially dangerous. Furthermore, 

repeated large doses of colloidal particles are toxic to liver macrophages (Ellens et al., 1982). 

Fernandez-Urrusuno et al. (1996) therefore used a colloidal carbon clearance assay to investigate the 

scavenging ability of macrophages in the liver and spleen after application of PiBCA and PiHCA 

nanoparticles and their degradation products. Histological analysis and organ weight were also stud-

ied. After application of nanoparticles the ability of liver macrophages to clear carbon particles was 

temporarily diminished in a dose-dependent manner. Cell recovery was complete after 24 h. The 

degradation products did not induce an effect on the macrophages. The weight of the liver remained 

normal but an increase in the weight of the spleen was observed, which may indicate the occurrence 

of granulopoiesis and erythropoiesis that is attributable to an infl ammatory process.

Macrophage recovery after exposure to PACA nanoparticles was also demonstrated in a more 

recent study by Simeonova et al. (2003). Peritoneal mice cells composed of a mixture of macrophages, 
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monocytes, and polymorphonuclear leukocytes were harvested 3–120 h after intraperitoneal injec-

tion of 10 or 200 mg of PBCA nanoparticles per kilogram or the equivalent degradation products. 

Upon in vitro mixing of the harvested cells with sheep red blood cells, the phagocytic index and 

ingestion capacity of the peritoneal cells was tested. As shown in earlier studies, the activity of the 

macrophagic cells dropped initially upon incubation with the nanoparticles and the degradation prod-

ucts, but this effect was only transitory and cells were able to recover completely after fi ve days.

Considering the results highlighted from various toxicity studies, PACA nanoparticles seem to 

be a colloidal delivery system with a low toxicity profi le. As mentioned, a clinical trial with PiHCA 

particles was suspended because of adverse pulmonary events and we hope that further informa-

tion about these toxic effects will be published by BioAlliance. Long-term in vivo mutagenicity 

testing of these compounds would be another interesting point that needs to be addressed. The 

incorporation of drugs can change the distribution profi le of the nanoparticles or the drug, so toxic-

ity testing will have to be carried out for every new PACA nanoparticle system that is being devel-

oped. The same must apply to the various surface and polymer modifi cations that have been 

reported in the literature.

4.6 FUTURE OF POLY(ALKYL CYANOACRYLATE) NANOPARTICLES

The future of PACA nanoparticles in drug delivery is uncertain. Approximately 30 years of research 

into the usefulness of these systems for drug and vaccine delivery have not yet yielded the success-

ful market introduction of nanomedicines based on this technology. Although numerous studies 

have demonstrated the benefi t of these systems compared to, for example, drugs in solution, a major 

area of research in the future should be the direct comparison of PACA nanoparticles to other col-

loidal delivery systems that are based on polymers and lipids.

The most promising areas of delivery for these nanoparticles seems to be delivery into tumors and 

across the BBB. Other routes, such as oral or ocular delivery and especially the use of these particles 

as vaccine delivery systems, appear to be less likely to substantially improve drug delivery.

ABBREVIATIONS

AFM Atomic force microscopy

AGP α 1-Acid glycoprotein

AON Antisense oligonucleotide

BBB Blood–brain barrier

CA Cyanoacrylate

DNA Deoxyribonucleic acid

DOX Doxorubicin

EE Entrapment effi ciency

EM Electron microscopy

ESEM Environmental scanning electron microscopy

FF Freeze-fracture

FF-TEM Freeze-fracture transmission electron microscopy

FITC Fluorescein isothiocyanate

FT-IR Fourier transform infrared spectroscopy

FT-PGSE Fourier transform pulse gradient spin echo

GIT Gastrointestinal tract

i.v. Intravenous

ISCOMS Immunostimulating complex

KCs Kupffer cells

M cells Microfold cells

MALDI-TOF-MS Matrix-assisted laser desorption ionization time-of-fl ight mass spectrometry
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MDR Multidrug resistance

NMR Nuclear magnetic resonance

O/W Oil-in-water

OVA Ovalbumin

PACA Poly(alkyl cyanoacrylate)

PBCA Poly(butyl cyanoacrylate)

PBS Phosphate-buffered saline

PCS Photon correlation spectroscopy

PECA Poly(ethyl cyanoacrylate)

PEG Poly(ethylene glycol)

P-gp P-glycoprotein

PGSE Pulse gradient spin echo

PHDCA Poly(hexyldecyl cyanoacrylate)

PiBCA Poly(isobutyl cyanoacrylate)

PiHCA Poly(isohexyl cyanoacrylate)

PMCA Poly(methyl cyanoacrylate)

PS80 Polysorbate 80

rHu Recombinant human

s.c.  Subcutaneous

SEC Size exclusion chromatography

SEM Scanning electron microscopy

TEM Transmission electron microscopy

TGF-β2 Transforming growth factor-β2

TNF-α Tumor necrosis factor-α
UV Ultraviolet

W/O Water-in-oil

SYMBOLS

D Diffusion coeffi cient

ε Dielectric constant

η Dynamic viscosity

kB Boltzmann constant

μE Electrophoretic mobility

r Radius

τ Correlation time

Tg Glass transition temperature

ζ Zeta potential
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5 Stimuli-Sensitive Polymer 
Gels for Dermal and 
Transdermal Drug Delivery 
and Their Application in the 
Development of Smart 
Textile Materials

Witold Musial and Vanja Kokol

5.1 INTRODUCTION

The main reason to apply an active substance (or a drug) on the skin is for in situ therapy. Mineral 

substances such as the famous terra sigillata were used during the Roman Empire to cure superfi cial 

skin conditions. Similarly, different compositions containing, inter alia, hot or warm vegetable 

mass, which is suspected to relieve pain, have been utilized for centuries in Asia, Africa, and Europe 

CONTENTS

5.1 Introduction........................................................................................................................... 137

5.2 Skin Structure, Composition, and Biofunctionality.............................................................. 138

5.2.1 Skin as a Barrier ....................................................................................................... 138

5.2.2 Biotransformations in the Skin Layers ..................................................................... 139

5.2.3 Biotransformations on the Skin Surface ................................................................... 139

5.2.4 Skin Flora ................................................................................................................. 140

5.3 Dermal and Transdermal Drug Delivery.............................................................................. 141

5.3.1 Transcutaneous Drug Delivery Routes ..................................................................... 141

5.3.2 Transdermal Drug Transport .................................................................................... 141

5.3.3 Drug Diffusion.......................................................................................................... 142

5.3.4 Vehicle Composition and Drug Absorption.............................................................. 143

5.3.5 Transdermal Therapeutic Systems ........................................................................... 144

5.4 Hydrogels for Topical Application ........................................................................................ 145

5.4.1 Hydrogels for Dermal Application ........................................................................... 147

5.4.2 Hydrogels for Transdermal Application ................................................................... 148

5.5 Hydrogel-Functionalized Textile Materials .......................................................................... 149

Abbreviations ................................................................................................................................. 151

Symbols.......................................................................................................................................... 151

References ...................................................................................................................................... 151



138 Colloids in Drug Delivery

(Ling, 1998). The topical delivery of compounds to the surface and deeper layers of the skin and the 

transdermal delivery of pharmacologically active substances is an issue of great interest for both pro-

fessionals and consumers. The cosmetic industry is performing continuous research on sunscreens, 

insect repellents, and beauty products. The pharmaceutical sector studies topical antiinfectives and 

emollients for the skin surface. Antibiotics, antiinfl ammatory drugs, corticosteroids, and fl uorouracil 

are intended to act in the inner skin tissues. Skin delivery systems are being evaluated to maintain 

the concentration of drugs, such as nicotine, antihypertensives, scopolamine, nitroglycerine, testos-

terone, and antiarthritics, in the central compartment. During the last four decades, some drug 

forms have been developed for delivery of active substances to systemic circulation. Since the 1960s, 

transdermal drug delivery has been developed systematically (Scheuplein, 1978), and the skin as an 

application site for drug delivery systems has been recognized.

5.2 SKIN STRUCTURE, COMPOSITION, AND BIOFUNCTIONALITY

Skin is a tissue, which some consider as an organ; its barrier function is recognized as the most 

important facet. The skin protects the body against a number of egzogenic factors with different 

natures, such as physical, chemical, or biological. The skin maintains conditions inside the human 

body—the proper temperature range, amounts of water and minerals, and even body shape.

There are three main skin layers, and all are important for the function of the skin as a barrier. 

The uppermost layer, the stratum corneum (SC), is characterized by a thickness of only 10–20 μm, 

but it is considered as the main barrier within the skin structures. This layer has a big impact on 

drug delivery to the deeper skin layers. It consists mainly of cornifi ed unviable cells with a high 

level of keratin. The unviable cells (40-μm length, 0.5-μm thickness) are embedded in a fi rm, strict 

SC layer and connected by lipids and desmosome–intercellular connections. The cells are conse-

quently desquamated in the life cycle of the skin epidermis, which lasts about four weeks. Below the 

level of cornifi ed and desquamating skin cells, the viable epidermis maintains its activity. Rows of 

cells develop there from the stratum basale to form fi nally the unviable keratinocytes, which form 

the SC. The total thickness of the epidermis (both SC and viable epidermis) is considered to be 

approximately 100 μm (Kendall et al., 2007).

The human dermis thickness is characterized in the range of 500–1000 μm. The dermis layer pro-

vides support for the epidermis in terms of nutritive, immune, and mechanical aspects through a thin 

papillary layer, which is adjacent to the epidermis. The dermal vascular system comprises a matrix of 

mainly the proteins collagen and elastin. There are also mucopolysaccharides in the collagen–elastin 

hydrogel. The extensive vascular network present (~300 μm) below the skin surface plays a role in the 

nutrition of skin tissue and in thermoregulation of the human body. The blood fl ow rate in the skin tissue 

is assessed as 0.05 mL/min, which is important for the theoretical prediction of the amounts of drug 

delivered to the systemic circulation. The dense fl at meshwork of the lymphatic system exists inside the 

dermis. The lymphatic system is important for intradermal removal of large molecules, and blood fl ow 

determines the clearance of relatively small molecules. Nerve connections are present inside the dermis 

tissue, including nerve fi bers for temperature, pain, and pressure (Slivka et al., 1993).

The dermis also possesses other structures that should be considered in terms of drug transport: 

accrine and apocrine sweat glands with sweat ducts, hair follicles with sebaceous glands, and self-

standing sebaceous glands. Hair follicles with sebaceous glands are widely distributed over the 

body surface with some exceptions, like the internal parts of the feet and palms, as well as the lips. 

Another area is the specifi c skin appendage, the nails; the area of applied therapeutic components is 

rather narrow, including mainly antifungal components.

5.2.1 SKIN AS A BARRIER

As mentioned, the SC layer is considered to be crucial for the barrier functions of the skin. The dif-

fusion rate of pharmacologically active substances through the dermis matrix is about 1000-fold 
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higher than through the SC. The barrier properties are related to the high density and low hydration 

of the SC. The keratinization process contributes to the barrier function of the SC. Inside a keratino-

cyte there is approximately 70% keratin and approximately 20% lipids. The cornifi ed cells are practi-

cally insoluble in most solutions applied on the skin (Suhonen et al., 1999). The explanation for this 

is the internal composition of cellular proteins. The major protein in keratinocytes, keratin, is exten-

sively cross-linked by intermolecular disulfi de bridges, creating keratin fi laments (Sun and Green, 

1978). In addition, the cornifi ed cell envelope, consisting of loricrin and involucrin, is extremely 

resistant to water solutions (Yaffe et al., 1993). Desmosomes are found between the cornifi ed kerati-

nocytes in the intercellular area, which provide epidermal cell cohesion and communication. The 

area between the corneocytes (0.1 μm) is fi lled by the so-called intercellular lipid lamellae. This 

lipid-rich environment is composed mainly of cholesterol and cholesterol derivatives; several classes 

of ceramoides are identifi ed by the numbers 1–8; in class 6 there are still three subtypes, fatty acids, 

and other components (Wertz et al., 1985). After removal of skin lipids from the surface and partially 

from the intercellular area, the drug diffusion rate may increase up to 1000-fold. Chemical species, 

including drugs, may diffuse through the keratinocytes or between them through the intercellular 

lipid lamellae. According to the traditional point of view, hydrophilics diffuse intracellularly whereas 

hydrophobics permeate through the intercellular region. Newer reports characterize the possibility 

for hydrophilic drug transport by the intercellular route, with hydration of the intercellular lipid 

lamellae and reversible degeneration of the desmosomes (Elias and Menon, 1991).

5.2.2 BIOTRANSFORMATIONS IN THE SKIN LAYERS

Metabolism is possible within the dermis and viable epidermis. These processes infl uence the dif-

fusion rate of a drug through the skin layers (Hikima et al., 2005). According to contemporary 

results, the main enzymatic activity of the skin is maintained in the epidermis. The main processes 

of oxidation, reduction, and hydrolysis infl uence the distribution of a drug in the skin (Ahmad and 

Mukhtar, 2004). Oxidation is activated by 17-β-hydroxysteroid dehydrogenase, which completes the 

functions of oxidase and monoamineoxidase. This enzyme assists in degradation of testosterone to 

androsten-3,17-dion, cortisol to cortisone, and 17-β-estradiol to estron. The reductive enzymes are 

ketoreductase and 5-α-reductase. They play a main role in the pathway of reduction of progesterone 

to pregnadiol, estron to 17-β-estradiol, and cortisol to allodihydrocortisol. The most active hydro-

lyzing enzymes are esterase and arylester-O-dealkylase, which take part in biodegradation of 

17,21-cortisol to cortisol, 17-valereate-β-metazone to metazone, metronidazole esters to metronida-

zole, and peroxybenzoate to benzoate.

The prodrugs formulated according to the different metabolic pathways in the epidermis and 

dermis should pass easily through the SC lipophilic barrier. Then they are degraded by the activity 

of enzymes. The degraded form is still biologically active; however, it is more hydrophilic and may 

be distributed to the dermis structures or to the systemic circulation. The enzymatic activity of the 

skin is also important for the degradation of some drugs, which develop their activity in the nondeep 

layers of the skin, although with time they are metabolized to biologically inactive components, 

which are eliminated by the main circulation. This is true for benzoate peroxide. However, most of 

the known topically applied components do not undergo metabolic degradation in the skin. This is 

considered as an advantage when comparing the intragastrointestinal and hepatic degradation of 

biologically active components. In this case the transdermal route enables the elimination of the 

so-called fi rst pass effect.

5.2.3 BIOTRANSFORMATIONS ON THE SKIN SURFACE

The SC matrix develops under the infl uence of pH gradients, sodium ions, and enzymes: synthetases, 

reductases, hydrolases, and lipases (Feingold, 1991). The surface of the horny layer is covered by a 

thin amorphous fi lm that contributes to the SC structure and function. In newborns there is an 
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almost neutral skin surface (pH 6.6) that change within days or weeks into an acidic surface fi lm 

(pH 5.9), leading to activation of pH-dependent hydrolytic enzymes such as β-glucocerebrosidase 

(GlcCer’ase) and SC secretory phospholipase A2 (Behne et al., 2003; Fluhr et al., 2004). Because 

SC acidifi cation in adults is required for normal permeability barrier homeostasis and lipid process-

ing occurs via acidic pH-dependent enzymes, the skin surface pH is modulated by microbial har-

vest, eccrine and sebaceous gland secretions, and endogenous catabolic pathways. The acidifi cation 

of the horny layer is necessary for barrier function. Exposure of it to a neutral buffer or blocking of 

acidifi cation increases the pH, leading to activation of proteases that digest desmoglein 1, a major 

constituent of corneosomes. Metabolization of desmoglein 1 coherently decreases corneocytes, 

enforces horny layer permeability, and alters the SC integrity and cohesion.

The lipids of the skin’s SC comprise a distinctive mixture of ceramides, cholesterol, and free 

fatty acids, which appear to provide the barrier against excess water loss and limit the ingress of 

xenobiotics. A number of lipid catabolic enzymes, including sphingomyelinase, phospholipase A, 

triacylglycerol hydrolase, and steroid sulfatase, have been localized in sites where these transforma-

tions occur, as well as within epidermal lamellar bodies. This suggests that, although alternative 

delivery pathways may exist, most of these lipid hydrolytic activities in the SC result from the secre-

tion of this organelle’s contents.

A recent study showed that the SC pH changes alter the barrier recovery kinetics because of a 

decrease of β-GlcCer’ase and acidic sphingomyelinase catalytic activity, which is consequently 

attributable to pH-induced, sustained serine protease activity (Hachem et al., 2005). The hydrolysis 

of glucosylceramides to ceramides by GlcCer’ase activity in the intercellular membrane domains 

within the SC was critical for epidermal homeostasis and permeability barrier function (Takagi 

et al., 1999).

The activity of a β-nicotinamide adenine dinucleotide disodium salt dependent prostaglandin 

E2–9-ketoreductase was also demonstrated in human skin, the increase of which may be partially 

due to the increased generation of β-nicotinamide adenine dinucleotide disodium salt by the tissues 

and partially due to the alteration of the prostaglandin E2–9-ketoreductase by the excessive prolif-

eration of the tissues (Ziboh et al., 1977). Some of the functions of dermal fi broblasts are docu-

mented by the presence of collagenases secreted by 72-kDa dermal fi broblasts, such as matrix 

metalloproteinase-2 (MMP-2), and 92-kDa keratinocytes (MMP-9; Auger et al., 2000). The synthe-

sis of the collagen matrix, that is, the formation of cross-links between the chains of Type I collagen, 

is dependent on the production of prolyl-4-hydroxylase by dermal fi broblasts (Cvetkovska et al., 

2008; Kivirikko and Myllyharju, 1998). It is also recognized that skin has the enzymatic machinery 

to produce vitamin D3. This compound and its analogs have been developed for treating psoriasis, 

a hyperproliferative disease (Holick, 2003).

Important enzymatic activity was also revealed in sweat glands. Enzymes, such as alkaline phos-

phatase, acid phosphatase, adenosine triphosphatase, cholinesterase, and pseudocholin esterase, 

were determined in isolated sweat gland tissue for normal subjects and for patients with cystic fi bro-

sis. Isocitric, glucose-6-phosphate, lactic, and malic dehydrogenases were also determined as a 

possible occurrence of an energy metabolism disorder related to the secretion of sweat in cystic 

fi brosis (Gibbs and Reimer, 1964).

5.2.4 SKIN FLORA

Human skin fl ora are defi ned as the microbes present on the surface of healthy skin, within the SC, 

in the duct (infundibulum) of sebaceous glands, and in hair follicles. The skin fl ora are composed 

of the resident fl ora that are continuously present on the skin and thus may be regularly sampled, 

the transient fl ora that are only sampled in low frequency or density, and the temporary resident 

fl ora that transiently grow on the skin without leading to infection. The resident skin fl ora make up 

the  following genera: micrococci with coagulase-negative staphylococci, Peptococcus spp. and 

Micrococcus spp., diptheroids with corynebacteria and Brevibacterium spp., propionibacteria, and 
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Gram-negative rods. The relevance of resident skin fl ora for healthy skin is that it generates an 

 ecological system that protects the skin from pathogens. Thus, Staphylococcus epidermidis, 
Propionibacterium acnes, corynebacteria, and Pityrosporum ovale produce lipases and esterases 

that break triglycerides into free fatty acids, leading to a low skin surface pH and thereby unfavor-

able growing conditions for skin pathogens. S. epidermidis and Propionibacterium acnes are known 

to produce antibiotics that may interfere with pathogenic organisms.

5.3 DERMAL AND TRANSDERMAL DRUG DELIVERY

5.3.1 TRANSCUTANEOUS DRUG DELIVERY ROUTES

The alternative for transcellular and intercellular transport is transfollicular transport, which may 

involve both pilosebaceous units and sweat glands. The fractional area of pilosebaceous units is 

approximately 1/1000 of the area of the skin surface; however, in the areas of higher hair density the 

fractional area may increase up to 1/100. The mean number of pilosebaceous units is estimated to be 

around 750 cm2 of the skin. The dimension of the hair follicles is assessed as 50–100 μm, whereas 

the diameter of adjacent sebaceous glands is estimated to be in the range of 200–2000 μm. There are 

different opinions on the importance of transfollicular transport. This route presently cannot be con-

sidered as main one for known substances, although minoxidil was successfully applied in this area 

in some studies (Reddy et al., 2006). The high reservoir and permeability barrier function in append-

age-free skin may support the thesis on transappendageal transport (Hueber et al., 1992, 1994). The 

presence of a specifi c sebum in the sebaceous glands plays an important role in the possible transport 

of active substances, and a respective method for this transport route was proposed (Musial and 

Kubis, 2003, 2006). The passage of hydrophilic drugs is postulated for the sweat glands, although no 

concise data have been presented up to now. It must be emphasized that transfollicular transport of 

drugs encounters many obstacles according to the low surface area of the appendages and high lipo-

philicity in the area of hair follicles. However, there are many research efforts being performed on 

this subject to provide better pharmacotherapy for associated dermatological conditions.

5.3.2 TRANSDERMAL DRUG TRANSPORT

The diffusion rate of chemical species increases with their hydrophobicity, which is understandable 

considering the lipophilic conditions of the SC and the associated solubility of lipophilic drugs in 

this medium. Basic research confi rmed that, with the increase of lipophilicity, the permeation of 

homologous alcohols increased in parallel as a straight or almost straight line dependency (Le and 

Lippold, 1995). The parameter that describes the lipophilicity of a component is the log of the parti-

tion coeffi cient of octanol–water (log P). The most appropriate value of log P to obtain a reasonable 

drug diffusion rate into the skin is between 1 and 2. With the increase of this value to more than 2, 

however, the absorbed dose of drug in an in vivo experiment decreases as the drug molecule, after 

passing the SC, has to move through the deeper layers of the skin, which are characterized as a 

hydrophilic environment. The solubility and partitioning between a more and less soluble environ-

ment may be described by using the energy that is needed to dissolve the drug in the vehicle applied 

in the product and the energy that is needed to dissolve the drug in the SC.

Charge also plays an important role in drug delivery to the skin layers. Nonionized species are 

preferred, which increase the bioavailability compared to the salt. Molecules with a molecular mass 

of up to 1–2 kDa are diffusible. Higher differences in drug transport are observed for molecules 

with a molecular mass over 0.4 kDa; below this value, the diffusion rate is similar. For molecules 

with a very high molecular mass of over 2 kDa, such as proteins, enzymes, and insulin, the delivery 

was not proved with contemporary technology (Magnusson et al., 2004). The physicochemical 

requirements for the candidate drug, which could be applied in a transdermal therapeutic system 

(TTS), are given in Table 5.1.
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5.3.3 DRUG DIFFUSION

A drug may be applied on the skin in different forms; it may be dissolved or dispersed in the form 

of a suspension or emulsion. The penetration of the drug into the skin is possible only in the case of 

molecular dispersion; thus, the drug in suspension needs to dissolve in the vehicle, sweat, or sebum, 

and then it can diffuse into the SC and the deeper layers of the skin. Dissolution is often a slow 

process, so this stage may limit the rate of the overall process (Anissimov and Roberts, 1999). 

However, the absorption rate is usually slower than the dissolution, so the solute is present in the 

saturated concentration. The diffusion rate of the drug through the skin is proportional to its con-

centration in the vehicle. The diffusion described by Fick’s law proceeds according to the concen-

tration gradient. The rate of drug penetration is dependent on the solubility of the drug in the layers 

of the skin, which is actually the partition coeffi cient between two environments. The diffusion of 

the drug that is released from the polymer matrix and permeates across the SC may be expressed in 

terms of Fick’s law of diffusion:

   dM ___ 
dt

   =   DΔCK ______ 
h
  ,

where dM/dt is the steady-state fl ux across the SC, D is the diffusion coeffi cient or diffusivity of 

drug molecules, ΔC is the drug concentration gradient across the SC, K is the partition coeffi cient 

of the drug between the skin and the vehicle, and h is the thickness of the SC.

The active substance diffuses into the muscles and tissues supporting the skin and fi nally into the 

systemic circulation. The pharmacological activity of the drug can be manifested and the drug may 

be degraded according to the biodegradation by the skin enzymes.

The diffusion of a solute from the vehicle into the SC depends on the solubility of the compo-

nent in the vehicle and in the SC, which can be described as a partition coeffi cient. Because it is a 

constant value, the amount of drug that is absorbed by the skin increases with the amount of dis-

solved drug in the vehicle. Saturated solutions provide the maximal thermodynamic activity of the 

drug on the border of the considered phases and the highest concentration and rate of penetration 

in the SC. In addition, the lipophilicity and solubility and the tortuosity of the route in the intercel-

lular areas prolong the time it takes for a drug to pass through the skin, so the so-called lag time is 

observed. For many substances the lag time is minutes or hours. In additional extensive drug bind-

ing, for example, by proteins, the lag time may be days (Li et al., 1998). The proposed reason for 

this phenomenon is binding of the drug with the strongly ionic groups of the keratin. In some 

therapeutic systems or ointments the drug is also present in the systemic circulation after its 

removal from the skin surface. This is the case for corticosteroids, verapamil, griseofulvin, fusidic 

acid, and amino acids, which were found in the circulation several days after topical application 

(Barbero and Frasch, 2006).

The viable epidermis is considered as a hydrophilic layer, so the diffusion of a solute from the SC 

to the viable epidermis is connected to the change from lipophilic to hydrophilic at pH 7.4. The 

distribution in this area depends on the partition coeffi cient between both phases. The hydrophilic 

TABLE 5.1
Physicochemical Requirements of a Drugs Applied 
in the Transdermal System

Parameter Value

Molecular weight <500 Da

Melting point <150ºC

Log P 1–2

Solubility in lipids and water >1mg/mL
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substances can easily diffuse into the viable epidermis, whereas the lipophilic molecules can be 

deposited in the SC. For strongly lipophilic components, this will be the limiting stage of diffusion 

through the skin.

5.3.4 VEHICLE COMPOSITION AND DRUG ABSORPTION

Biologically active components are applied on the skin mostly in semisolid preparations (oint-

ments, creams, gels), liquids (such as aqueous or oil solutions), and powders. Emplastra are also 

used for transdermal application. The infl uence of the drug form on the absorption, although very 

important, is sometimes considered as overestimated. The traditional drug form is likely to infl u-

ence the metabolism of the released drug, its binding with the proteins, or its distribution in the 

skin layers. As mentioned earlier, the main factor infl uencing the drug absorption rate is diffusion 

of the molecule through the SC. In this pharmacokinetic stage, the drug form plays the most 

important role. The vehicle type determines the penetration of the drug through the SC and the 

bioavailability of the topically applied drug (Imanidis et al., 1998). To increase drug absorption, 

several technological processes are performed. The increase of drug solubility in the vehicle will 

increase the drug absorption according to the increase in the gradient of the drug concentration 

on the phase border. The increase of the thermodynamic activity of the drug may be obtained by 

applying very concentrated or saturated solutions of the drug in the vehicle that is going to evap-

orate during its presence on the skin. A preparation with a proper partition coeffi cient of the 

vehicle/SC should be considered; the systems with low drug solubility in the vehicle, compared 

to the skin lipids, are believed to be benefi cial. The permeability of the SC may also be infl uenced 

by the vehicular composition. Sorption promoters are applied for this, which reversibly change 

the characteristics of the SC and enable the increased diffusion of the drug in this layer. In last 

few decades, microcarriers and nanocarriers have been proposed for facilitated transport of drug 

molecules to the surface layers of the SC.

The vehicle applied topically on the skin infl uences the concentration of the drug in the SC. 

However, considering the systemic drug concentration, the best results are observed in a lipophilic 

substance applied on the skin in a hydrophilic vehicle. The same drug applied on the skin in a lipo-

philic vehicle, at the same concentration, will exhibit lower concentrations in the SC and decrease 

its bioavailability. In a hydrophilic drug, the very lipophilic vehicle should enable the increase in 

concentration of this active molecule in the SC, if the partition coeffi cient of the vehicle/SC is higher 

than 1. In a hydrophilic vehicle, with a hydrophilic drug, the drug diffusion to the SC as well as to 

the deeper skin layers and systemic circulation has the most pessimistic outcome.

Dermatological preparations are usually deposited on the skin surface in the 10–30 μm thick 

layer. The thickness of this layer is another physical factor that infl uences drug diffusion to the SC. 

The amount of the drug is dependent on the thickness of the drug form on the skin. A thin layer of 

the vehicle is benefi cial; when the vehicle components evaporate, the concentration of drug increases, 

with a consequent increase in absorption. The amount of drug that diffuses into the skin depends on 

the skin area exposed to the preparation. The high areas of body skin surface will enhance the pos-

sibility of side effects, whereas using transdermal systems with a defi ned surface will maintain 

proper drug amounts diffusing through the skin. Thus, the surface is the important factor that deter-

mines the amount of the absorbed drug (Chowhan and Pritchard, 1975). According to these data, the 

release experiments and in vivo data should be treated with great care, because the initial release 

experiments may be treated only as a preliminary indication of drug behavior on the skin in terms 

of pharmacokinetics (Csóka et al., 2005). In occlusive preparation, the water content in the thin 

layer over the SC will enhance drug deposition in the epidermis, and eventually the transdermal 

transport, which is unknown for the actual topical application (Iordanskii et al., 2000). In advanced 

dermal or transdermal systems, the micro- or nanoparticles (often liposomes) are embedded in the 

hydrogel matrix (Jenning et al., 2000).

The polymers applied in the dermal and transdermal drug forms are listed in Table 5.2.
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5.3.5 TRANSDERMAL THERAPEUTIC SYSTEMS

The most developed drug forms applied on the skin are the TTSs (Table 5.3). Nitroglycerine, iso-

sorbide, estradiole, testosterone, nicotine, scopolamine, and fentanyl are applied in the form of 

TTSs. According to the maintenance of the determined surface, thickness, drug concentration, 

 viscosity, and matrix composition of the drug, delivery at a determined rate is possible. The drug is 

incorporated in the matrix or reservoir with a membrane, which controls the release process. In the 

case of a TTS, the system is supposed to limit the fl ux of the drug to the skin surface. For this kind 

of device, only drugs that quickly diffuse through the skin and exhibit the activity in low concentra-

tions may be used. A model drug form should control drug absorption for many drugs, which is 

TABLE 5.2
 Polymers Applied in the Formulations of Matrices 
for Dermal and Transdermal Drug Delivery

Natural polymers Acacia gum

Alginic acid salts

Cargeenans

Chitosan and derivates

Collagen

Tragacanth

Xanthan gum

Synthetic polymers Polyacrylates and derivates

Copolymers of poly(methacrylates)

Poly(vinyl alcohol)

Poly(vinyl pyrrolidone)

Cellulose and derivates Carboxymethylcellulose salt

Hydroxyethylcellulose

Hydroxypropylcellulose

Hydroxypropylmethylcellulose

Microcrystalline cellulose

Others Poloxamers

Polyoxyethylates

TABLE 5.3
 Examples of Clinical Studies of Drugs Applied in Transdermal Systems

Active Agent TTS Description Reference

Fentanyl Transdermal patches Schneider et al., 2008

Nimodipine Menthol-based TTS Krishnaiah and Bhaskar, 2004

Nicorandil Limonene-based TTS Krishnaiah et al., 2005

Scopolamine Patch Gil et al., 2005

Tulobuterol TTS Horiguchi et al., 2004

Glyceryl trinitrate Systemic transdermal treatment Colak et al., 2003

Buprenorphine TTS Böhme, 2002

Estradiol TTS Matsumoto et al., 2000

Physostigmine TTS Möller et al., 1999
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possible only by the reversible modifi cation of the skin barrier conditions (Böhme, 2002; Colak 

et al., 2003; Gil et al., 2005; Horiguchi et al., 2004; Krishnaiah and Bhaskar, 2004; Krishnaiah 

et al., 2005; Matsumoto et al., 2000; Möller et al., 1999; Schneider et al., 2008).

5.4 HYDROGELS FOR TOPICAL APPLICATION

Hydrogels are polymeric networks with the capability of swelling in water or biological fl uids, accord-

ing to the hydrophilicity of the polymer. After swelling, this three-dimensional network may retain a 

large volume of fl uids in the swollen state. The absorption of aqueous fl uids is attributable to the 

hydrophilic groups, which have the potential to create van der Waals, ionic, and other bonds. Among 

the functional groups, the most well-known and intentionally applied ones to obtain water binding in 

the product are, inter alia, hydroxyl groups, carboxylic groups, and sulfate groups (Peppas and Khare, 

1993). The permeability, mechanical properties, surface properties, and biocompatibility are affected 

by the estimated water volume stored in the polymeric network. Hydrophilic networks with a high 

content of water are considered to have physical properties similar to that of living tissue, that is, 

consistency, rheological characteristics, and low interfacial tension on the phase border between the 

hydrogel and water or biological fl uids (Blanco et al., 1996). Pharmacologically active substances 

may diffuse through the polymeric matrix, enabling the saturation of the hydrogel with drug mole-

cules. Consequently, after loading, drug release is permitted and the loaded hydrogel can be used as 

a drug delivery system. The main mechanism generally considered for drug delivery by hydrogels is 

diffusion, and water-soluble drugs and proteins are mostly used in this drug form. However, in der-

mal and transdermal drug delivery, an additional important factor controls drug release: the partition 

coeffi cient of the molecule between the SC and hydrogel.

Hydrogels can be designed to change properties, for example, swelling and collapse or solution–

gel transitions, in response to externally applied triggers, such as temperature, ionic strength, sol-

vent polarity, electric/magnetic fi eld, and light or small (bio)molecules (Ulijn et al., 2007). The 

so-called smart biomaterials change properties in response to selective biological recognition events. 

When exposed to a biological target (nutrient, growth factor, receptor, antibody, enzyme, or whole 

cell), molecular recognition events trigger changes in molecular interactions that translate into mac-

roscopic responses such as swelling and collapse or solution–gel transitions. Hydrogel transitions 

may be used directly as optical readouts for biosensing linked to the release of actives for drug 

delivery or instigate biochemical signaling events that control or direct cellular behavior. Accordingly, 

bioresponsive hydrogels have gained signifi cant interest for application in diagnostics, drug deliv-

ery, and tissue regeneration or wound healing. The modifi cations in polymer composition, amount 

of water, cross-linking density, and morphological forms may infl uence the diffusion of the drug in 

the polymeric matrix; these are used to control the drug delivery rate to the target (Andrianov and 

Payne, 1998). In the main classifi cation of hydrogels, there are pH-, temperature-, enzyme-, and 

electric-sensitive hydrogels (Kost and Langer, 2001). The pH-sensitive hydrogels may be ionic or 

neutral, according to the functional group composition, amount, and degree of ionization. Cationic 

functional groups are included in cationic hydrogels, and positively charged functionals are included 

in anionic hydrogels. The swelling of gels is driven by water–polymer thermodynamic mixing con-

tributions and elastic polymer contributions in the neutral gels. For ionic hydrogels, ionic interac-

tions between charged polymers and free ions must also be considered, because the ionizable 

functional groups render the polymers more hydrophobic and the water uptake is high (Kudela 

et al., 1987). Anionic polymeric networks containing carboxylic or sulfonic acid groups ionize when 

the pH of the external swelling medium rises above the negative logarithm of the equilibrium 

 constant for association of the ionic functional group, whereas the cationic hydrogels ionize at pH 

values below that same constant of the cationic group (e.g., amine group) and swelling occurs. 

The diffusion of water-soluble drugs follows free volume theory, which suggests a pore-type 

 mechanism. In water-insoluble drugs, the diffusion seems to follow a partition or solution–diffusion 

mechanism (Varshosaz and Falamarzian, 2001). The electrical impulse may induce a response in 
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hydrogel-containing ionizable groups and may infl uence the release of the drug. There are several 

mechanisms proposed for selective and controlled transport of proteins and neutral solutes across 

hydrogel membranes. The swelling of a membrane may be induced electrically and chemically, 

affecting the effective pore size and permeability. The solute fl ux within a membrane may also be 

increased electrophoretically or using electro-osmotic augmentation. Electrostatic partitioning of 

charged solutes into charged membranes is used as well (Murdan, 2003). The release rates of hydro-

cortisone, benzoic acid, and lidocaine hydrochloride from chitosan hydrogels were assessed in 

response to different currents as a function of time (Ramanathan and Block, 2001). To enhance skin 

permeation of ascorbyl palmitate, it was encapsulated in liposomes and formulated into a liposomal 

hydrogel by dispersing the liposome into a poloxamer hydrogel matrix. An electric current was 

applied to improve the skin permeation of ascorbyl palmitate. The system was evaluated as a helpful 

drug delivery system to enhance skin permeation of the drug. The combined use of a negative lipo-

gel with cathodal electric assistance was found to be promising in enhancing the skin delivery of 

ascorbyl palmitate (Lee et al., 2007). Thermosensitive polymers possess the unique property of 

swelling and deswelling according to changes in the environmental temperature. Hydrophobic 

groups (e.g., methyl, ethyl, and propyl functional groups) interact when the temperature increases or 

decreases; consequently, the water is exposed in the interchain areas and the polymer particle col-

lapses. Thermosensitive polymers are often characterized by a lower critical solution temperature 

(CST), upper CST, or volume phase transition temperature (VPPT); above or below it the water is 

exposed to the environment. Poly(N-isopropylacrylamide) [poly(NIPAM)] is one of the most widely 

studied thermosensitive polymers with a lower CST of around 32°C, which is close to human body 

temperature (Figure 5.1). Essentially, discrete colloidal gel particles, as a result of their very high 

surface area to volume ratio compared to bulk gels, have a much faster response to external stimuli 

such as temperature or pH. The reversible shrinking and swelling as a function of external stimuli 

provides a novel drug release system. Copolymers of poly(ethylene oxide) and poly(propylene oxide) 

are characterized by a phase change from sol to gel in the range of internal body temperature, and 

they are applied in injectable implants, inter alia.

Temperature-sensitive hydrogels are classifi ed into three groups: negatively thermosensitive with a 

characteristic lower CST, positively thermosensitive with a characteristic upper CST, and thermally 

reversible gels (Qui and Park, 2001). The on–off release profi le of drugs from the thermosensitive 

matrices was explained by the formation of a dense, less permeable surface layer of gel. The barrier 

was formed by the fast temperature change, which was due to the faster collapse of the gel surface than 

the interior of the matrix. This surface shrinking process was found to be regulated by the length of 

the methacrylate alkyl side chain, that is, the hydrophobicity of the comonomers (Okano et al., 1990).

Although skin possesses numerous microorganisms with the potential for hydrogel biodegradation, 

enzyme-sensitive hydrogels are mainly used in drug forms applied to the colon or skin wound dressings. 

This target is achieved because of the presence of pH-sensitive monomers and azo cross-linking agents 

pNIPAM 
collapsed 

pNIPAM 
expanded 

> 32°C > Over LCST  Below LCST 

FIGURE 5.1  The scheme of the volume phase transition around the lower CST of poly(NIPAM) microgel.
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in the hydrogel structure. During the passage of the hydrogel matrix through the gastrointestinal tract, 

the hydrogel swelling increases with a pH increase in the surrounding environment of the colon. In the 

colon, the hydrogel cross-links are accessible to the azoreductases produced by the intestinal bacterial 

fl ora, so the entrapped drug is released from the degraded polymeric net (Yang et al., 2002).

The phase transition may occur in the presence of various ions. Some of the polysaccharides are 

classifi ed as ion sensitive (Bhardwaj et al., 2000; Guo et al., 1998). K-carrageenan forms strict gels 

in the presence of potassium ions, whereas i-carrageenan forms elastic gels in the presence of cal-

cium ions. Gellan gum, an anionic polysaccharide, undergoes a phase transition under the infl uence 

of both mono- and divalent ions. Similar phase changes were observed for pectins and alginic acid. 

In the more advanced systems, the nano- and microparticles of polymers are applied to obtain pul-

satile release (Kikuchi and Okano, 2002).

5.4.1 HYDROGELS FOR DERMAL APPLICATION

The basic dermal therapeutic systems contain a fl exible backing layer, an adhesive-controlled release 

matrix that controls the drug release, and a removable protection layer. Dermal therapeutic systems 

must not retain the water excreted by the skin and sweat glands, because water deposition may result 

in damage of the skin microstructure, positively infl uence the growth of dermal pathogens, and 

increase uncontrolled drug permeation (Bucks et al., 1991; Hurkmans et al., 1985). To prepare der-

mal therapeutic systems, artifi cial silk was selected as a backing layer because it has good water 

vapor permeability, compatibility with the coating process, and cohesion with the matrices. Two 

adhesive hydrophilic copolymers of dimethylaminoethyl methacrylate and neutral methacrylic 

esters mixed with a nonadhesive hydrophobic copolymer of ethyl acrylate and methyl methacrylate, 

which was supplied in suspension in two different concentrations, were used to prepare dermal 

therapeutic systems. The water vapor permeability and adhesion properties of the prepared systems 

were evaluated. Adding 10–30% (w/w) of both adhesive and nonadhesive polymers permits the 

formulation of patches with high water vapor permeability and good adhesive properties (Minghetti 

et al., 1997). Capsaicin has a broad range of topical applications, including rheumatoid arthritis, 

osteoarthritis, diabetic neuropathy, and postherpetic neuralgia (Fusco and Giacovazzo, 1997). In 
vitro and in vivo skin absorption of capsaicin and nonivamide from hydrogels and various commer-

cialized creams of capsaicin were compared with hydrogels. The incorporation of nonionic pluronic 

F-127 polymer into the hydrogels resulted in a retarded release of capsaicin, whereas the in vitro 

capsaicin permeation showed higher levels in cationic chitosan and anionic carboxymethylcellulose 

hydrogels than in cream bases. The permeation of nonivamide was retarded at the later stage of 

in vitro application (Fang et al., 2001, 2002). Topical application was proposed to bypass the side 

effects of chlorfeniramine used perorally as an antihistamine. According to the researchers, the 

percutaneous absorption of chlorfeniramine across the skin seems to be possible through topical 

application when using hydrogels with cellulose derivatives. Polymer preparations with various vis-

cosities present different release profi les (Tas et al., 2003). The release of caffeine, crystal violet, 

and phenol red in porous ionic thermosensitive poly(NIPAM) derivative hydrogels was investigated. 

The release rate of caffeine from the hydrogels was not affected by the ionicity of the hydrogels, but 

the crystal violet strongly interacted with the anionic hydrogel and revealed a very fast release rate. 

The authors suggest that crystal violet is adsorbed on the thin skin layer of the cationic hydrogel 

because of charge repulsion and is released rapidly (Lee and Chiu, 2002). Thermosensitivity and ion 

sensitivity are both being considered in the intensive studies of the newly proposed poly(NIPAM) 

thermosensitive polymers (Musial et al., 2008; Figure 5.2).

A number of hydrogel preparations were analyzed for enhanced delivery of griseofulvin to obtain 

effective antifungal drug concentrations. Of the preparations containing the main vehicle compo-

nent (carbopol and essential oils, propylene glycol, and N-methyl-2-pyrrolidone), the hydrogel with 

the N-methyl-2-pyrrolidone enhancer was the most effective (Shishu, 2006). Hydrogels are also 

used as carriers for nanostructured particles, like liposomes, for optimal rheology and release rate. 
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The dispersion of liposomes in the hydrogel was assessed to evaluate the optimal preparation for 

clindamycin release on the skin surface (Arnardottir et al., 1996). The deposition of vitamin E is of 

great interest, because it infl uences the condition of the skin. A system for vitamin E delivery with 

antioxidative properties was evaluated, applying methacrylated dextran; it was copolymerized with 

aminoethyl methacrylate and subsequently esterifi ed with trans-ferulic acid (Cassano et al., 2009).

5.4.2 HYDROGELS FOR TRANSDERMAL APPLICATION

The skin permeation of fl urbiprofen from sodium salt of carboxymethylcellulose hydrogels approxi-

mated that from an aqueous solution, suggesting the feasibility of sodium salt of carboxymethylcel-

lulose hydrogels in further in vivo or clinical situations because of its excellent release of the drug 

and bioadhesive properties. d-Limonene, a cyclic monoterpene, had the highest ability to enhance 

the fl ux of fl urbiprofen. However, phospholipids as retarders reduced the skin absorption of fl ur-

biprofen (Fang et al., 2003). The release rates of the drugs dibucaine hydrochloride, theophylline, 

and sodium benzoate with different charges from poly(NIPAM) hydrogels were studied. The release 

rate was temperature dependent for these types of drug. When the temperature was lower than the 

phase transition temperature, the release rate was higher at lower temperatures and increased as the 

temperature rose (Makino et al., 2000). A thermally reversible gel of Pluronic F127 was evaluated 

as a vehicle for the percutaneous administration of indomethacin. In vivo studies suggest that a 20% 

(w/w) aqueous gel may be of practical use as a base for topical administration of the drug. Poloxamer 

407 gel was found to be suitable for transdermal delivery of insulin. The combination of chemical 

enhancers and iontophoresis resulted in synergistic enhancement of insulin permeation (Miyazaki 

et al., 1995; Pillai and Panchagnula, 2003). Systemic methotrexate toxicity disables its wider use, 

and transdermal delivery is expected to protect patients from side effects. Transdermal permeation 

of methotrexate loaded into a polyacrylamide-based hydrogel patch across mice skin was studied 

FIGURE 5.2 The scanning electron microscopy image of modifi ed poly(NIPAM) obtained during surfac-

tant free emulsion polymerization. (The image was obtained in the Electron Microscopy Center of the 

University of Maribor.)
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in vitro after pretreatment with terpenes and ethanol, alone or in combination with iontophoresis; 

a binary mixture of menthol and ethanol in combination with square wave iontophoresis gave the 

highest drug levels in systemic circulation (Prasad et al., 2007). Capsaicin, which has been used 

for years as a topical rubefaciens, also possesses a number of activities that could be benefi cial 

after drug delivery to the central compartment. Researchers proved that application of modifi ed 

 β-cyclodextrin enables the transport of capsaicin (Zi et al., 2008). The therapeutic level of clonaze-

pam, a drug applied in epilepsy and psychiatric conditions, should be maintained in specifi ed range. 

The evaluated hydrogel with poly(acrylic acid) and diethyleneglycol monoethyl ether as the penetra-

tion enhancer was effi cient in increasing the drug fl ux through rat skin (Mura et al., 2000). The lipid 

spheres were embedded into the poly(acrylic acid) matrix to obtain controlled release of triamcyn-

olone acetonide acetate, which is used as a potent antiinfl ammatory component (Liu et al., 2008). 

Because of its short elimination half-life and the low oral bioavailability of nalbuphine (an opioid 

analgesic), frequent injections are needed (Lo et al., 1987). The blood nalbuphine concentration 

would be better maintained by newly synthesized nalbuphine prodrugs. In last few years, topical 

forms of the drug were proposed with methylcellulose hydrogel as the carrier (Huang et al., 2005). 

The transdermal system with l-dopa, an anti-Parkinson’s agent, was evaluated, applying an  alcoholic 

hydrogel. The system is intended for elderly dementive patients, who fail to receive regular peroral 

or injectable therapy (Sudo et al., 1998).

5.5 HYDROGEL-FUNCTIONALIZED TEXTILE MATERIALS

As textiles become more functional, stimuli-responsive polymeric hydrogels can also fi nd applica-

tion in the creation of smart textiles. The environmentally responsive fabrics based on smart poly-

mer modifi cation can be tailored to respond to a variety of stimuli such as temperature and pH. They 

can also be used in cosmetic and nutrient or drug delivery fabrics, which can release at body tem-

perature and are reusable with repeated rinsing. Because of these attributes, smart textiles may 

keep us warm in a cold environment or cool in a hot environment; guard against bacterial attack; 

and provide us with considerable convenience, support, and even pleasure in our daily activities. The 

phenomenon of the temperature and humidity swelling and deswelling properties of surface- modifi ed 

textile materials, for example, the competition between drying and swelling processes that occur at 

higher temperatures, can be exploited to develop stimuli-sensitive textiles. In addition, environmen-

tally responsive fabrics can enhance the protective functions of the skin’s keratinous layer, reduce 

skin irritation, and improve the skin’s barrier properties by providing breathable, antistatic, and 

antistain characteristics. Hydrogel-based materials can be used in various applications including 

nonwoven fi lms, diapers, skin treatments, prosthetic devices, excipients, and the like.

Hydrogel-based textile materials placed near the skin can also be used to absorb body fl uids such 

as wound exudate. There is a growing interest in the development of wound dressings that possess 

functionality beyond providing physical protection and an optimal moisture environment for the 

wound. In gel-based wound dressings, the gel adhering on the suitable solid material (e.g., cotton) 

has to be amenable to bind to the skin surface and simultaneously promote healing by maintaining 

a moist wound environment while absorbing excess exudates and controllably releasing a variety of 

therapeutic agents (Miyata, 1981). An advanced dressing material has to be hydrophilic; easy to 

prepare on fabrics, such as polyester, cotton, and nylon, with excellent mechanical integrity when 

hydrated; and stable to a variety of chemicals and sterilization methodologies.

Dual stimuli-responsive hydrogels (pH and temperature) prepared by combining thermorespon-

sive polymers have recently been the most widely studied, because these two factors have a physi-

ological signifi cance and versatile systems, mainly for biomedical applications. Recent attempts 

have also been made to develop dual stimuli-responsive textiles by modifying their surface with 

polymeric systems in various forms and combinations. To increase the surface area per unit mass of 

hydrogels and thus improve the chemical reactivity and response times (Qian and Hinestroza, 2004), 

the feasibility of stimuli-responsive hydrogels prepared in the micro- and nanometer size range was 
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realized as the surface-modifying system for different textile materials. Among the polymers used 

for this purpose, poly(NIPAM) has attracted considerable attention (Chen et al., 2002; Liu and Hu, 

2005; Serra, 2002). Poly(NiPAM) gels were also grafted onto plasma-activated poly(ethylene 

terephthalate) fi lm and a polypropylene nonwoven fabric surface (Chen et al., 2002) by using suit-

able additives (ammonium peroxodisulfate as an initiator, N,N,N′,N′-tetra-methylethylene-diamine 

as a promoter, and N,N′-methylenebisacrylamide as a cross-linking agent; Figure 5.3). In addition, 

the γ-preirradiation-induced grafting of poly(NIPAM) on the surface of cotton cellulose fabric was 

introduced (Jianqin et al., 1999), showing that the grafting reaction was induced mainly by trapped 

radicals located in the interphase between the crystal and amorphous regions. Poly(NIPAM) and 

polyurethane (PU) were simultaneously grafted onto nonwoven cellulose fabrics by ammonium 

persulfate initiated copolymerization (Hu et al., 2006a), showing that the water absorption of the 

grafted fabrics is responsive to both temperature and pH when coated as a thin or thick layer of 

hydrogel. The incorporation of PU suppressed the syneresis of poly(NIPAM) hydrogel without 

affecting the phase transition temperature. The temperature and pH dual-responsive poly(NIPAM)/

PU copolymer hydrogel-grafted fabrics have great potential as smart wound dressings and cosmetic 

materials for skin care. Similarly, a surface-modifying system based on chitosan and poly(NIPAM) 

was formulated as microhydrogels and incorporated to a previously aminized cotton fabric sur-

face (Glampedaki et al., 2008). A cellulose-supported chitosan-modifi ed temperature-responsive 

poly(NIPAM)/PU hydrogel was introduced that could be used in preparation of a facial mask 

(Hu et al., 2006b), which not only improves the handling and skin affi nity but also renders the facial 

mask antibacterial.

Protein-based hydrogels formed from animal or vegetable protein polymers such as gelatins and 

soybean proteins (Battista, 1983) were also introduced as a suitable raw material for producing 

novel ultrafi ne fi bers or monofi ls, which were extruded through suitable spinnerets (as in producing 

viscose rayon and cellulose acetate fi laments). These materials can be fashioned into many conven-

tional textile forms and are suitable for a variety of medical and apparel uses, as well as sutures for 

surgery. A highly absorbent keratin solid fi ber or powder capable of forming a hydrogel upon the 

addition of water was introduced by partially oxidizing hair keratin disulfi de bonds to sulfonic acid 

residues and then reacting with a cation (Van Dyke et al., 2001). The hydrogel may be useful as a 

therapeutic for skin or as an excipient.
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FIGURE 5.3 Schematic illustration of the polymerization and cross-linking process onto plasma-activated 

synthetic fabric. (From Chen, K.-S., et al., 2002. Mater. Sci. Eng. 20: 203–208. With permission.)
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Controlled delivery of drugs in response to environments has the potential of targeting therapies 

and personalized treatments. A protocol to synthesize hydrogels with cross-links composed of differ-

ent enzyme-cleavable peptide sequences (e.g., disease-associated wound proteases; Law et al., 2006; 

Plunkett et al., 2005) or temperature-responsive polymers (Kumashiro et al., 2004; Thornton et al., 

2005) has been proposed as a controllable and targeted delivery mechanism and as skin wound dress-

ing materials. This technique allows the release of drug molecules, which depends on both enzyme 

selectivity and changes in body temperature. In a similar way, a bioresponsive hydrogel was explored 

in tissue engineering to regenerate damaged or diseased tissues, where the peptide sequences are 

cleavable by MMPs to form a gel into which cells can infi ltrate (Lutolf and Hubbell, 2005; Lutolf 

et al., 2003). MMPs are a family of enzymes that have many roles, including the breakdown of extra-

cellular matrix molecules during tissue remodeling and disease. Such a material may have far-

reaching applications for functionally targeted drug delivery. Accordingly, a polyester-supported 

polymer dressing was modifi ed by ion exchange to prepare sodium, silver, or doxycycline salts; these 

formulations inhibited neutrophil proteases, elastase, and collagenase-2 (MMP-8) under the same 

conditions (Vachon and Yager, 2006). Chitosan–collagen hydrogel-coated textile scaffolds were 

promising for tissue-engineering applications, allowing favorable hepatocyte attachment, spheroid 

formation, and maintenance of function (Risbud et al., 2003). Using biodegradable hydrogel technolo-

gies and nonwoven fabrics, textile-based scaffold biomaterials were developed for engineering new 

tissues and organs for human body repair (Chu et al., 2003). In addition, a new kind of plaster was 

introduced that employed a hydrogel [made from insoluble and nontoxic polymers such as hydroxy-

ethyl acrylate, acrylamide, and poly(ethylene oxide)] on a piece of textile material to help cool down a 

child’s fever (http://www.newton.dep.anl.gov/askasci/eng99/eng99302.htm). The cooling effect that 

can last for 2 h arises from the absorbed water, which has high heat capacity. The yarn is also able to 

absorb sweat by introduction of superabsorbent hydrogel-based material inside the yarn and eventu-

ally releases a perfume, which was previously absorbed inside the hydrogel (Sannino et al., 2006).

ABBREVIATIONS

CST Critical solution temperature

GlcCer’ase β-Glucocerebrosidase

MMP Matrix metalloproteinase

poly(NIPAM) Poly(N-isopropylacrylamide)

PU Polyurethane

SC Stratum corneum

TTS Transdermal therapeutic system

SYMBOLS

ΔC Drug concentration gradient across the SC

dM/dt Steady-state fl ux across the SC

D Diffusion coeffi cient of drug molecules

h Thickness of the SC

K Partition coeffi cient of the drug between skin and the vehicle

log P Log of partition coeffi cient octanol/water
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6 Micelles
The Multifunctional Nanocarrier 
for Colloidal Drug Delivery

Chandana Mohanty, Sarbari Acharya, and Sanjeeb K. Sahoo

6.1 INTRODUCTION

Numerous pharmacological active compounds have been discovered, isolated, and synthesized in 

the last few decades. Many of these promising compounds did not advance beyond the laboratory 

bench to the clinical setting because of diffi culties in fi nding a suitable delivery system. The  colloidal 

drug delivery system (DDS) provides a crucial approach for problematic drug candidates and gives 

a solution to the hurdles involved in conventional drug delivery (Boyd, 2008). Colloidal science is 

often defi ned as the science of materials with a length scale below 1 μm, mostly in the sub-100-nm 

regime. Particle size is often the primary property of concern in a colloidal system and its fi nal appli-

cation. The huge surface area that results from dividing a mass of materials down to colloidal dimen-

sion offers an important advantage in terms of tailoring the surface properties and subsequent 

modifi cation of particle behavior. In terms of drug delivery, fl exibility in tailoring the internal struc-

ture and surface has led to the adoption of colloidal drug carriers as a platform for a wide range of 

existing products as a means to achieve new delivery modes for existing drugs and to improve their 

therapeutic profi le. In order to improve the specifi c delivery of drugs with a low therapeutic index, 

several drug carriers such as liposomes (Krauze et al., 2006), microparticles (Guglielmini, 2008), 

nanoparticles (Sahoo et al., 2002), drug–polymer conjugates (Sahoo et al., 2007), and polymeric 
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micelles (Sutton et al., 2007) have been developed. In recent years, polymeric micelles have been 

the object of growing scientifi c attention for the solubilization and tumor-targeted delivery of che-

motherapeutic agents after systemic administration (Rijcken et al., 2007). They are becoming a 

powerful nanomedicine platform for therapeutic application because of their small size (10–100 nm), 

good in vivo biocompatibility, stability, and successful use in pharmaceuticals to solubilize water-

insoluble drugs. They are often compared to naturally occurring carriers such as viruses or lipopro-

teins (Jones and Leroux, 1999; Sutton et al., 2007). The nanoscopic dimension, stealth properties 

induced by the hydrophilic polymeric brush on the micellar surface, capacity for stabilized encapsu-

lation of hydrophobic drugs offered by the hydrophobic and rigid micellar core, and possibility for 

the chemical manipulation of the core–shell structure have made polymeric micelles one of the most 

promising carriers for drug delivering, targeting, and imaging.

The combination of micelles with several useful properties in one particle can signifi cantly 

enhance the effi cacy of many therapeutic and diagnostic protocols. Micelles can possess a combi-

nation of the following abilities: long circulation and targeting the site of the disease via both non-

specifi c and specifi c mechanisms, such as the enhanced permeability and retention (EPR) effect and 

ligand-mediated recognition; responding to local stimuli, which are characteristic of the pathologi-

cal site, for example, releasing an entrapped drug or deleting a protective coating under the slightly 

acidic conditions in side tumor tissue; and enhanced intracellular delivery of an entrapped drug. In 

addition, these carriers can be supplied with contrast moieties to follow their real-time biodistri-

bution and tumor accumulation and with certain moieties to provide more exotic properties (e.g., 

magnetic). This multifunctional nature of polymeric micelles appears to fulfi ll several tasks required 

for an ideal carrier capable of selective drug delivery at different levels. This chapter considers the 

 current status and possible future directions in the emerging area of multifunctional micelles with 

primary attention for colloidal drug delivery with some novel properties for drug loading, targeting 

to the specifi c site via intracellular traffi cking, and so forth.

6.2 DRUG DELIVERY PRINCIPLE AND CHALLENGE

Drug delivery is the method or process of administering a pharmaceutical compound to achieve a 

therapeutic effect in humans or animals. The insight behind drug delivery should be to provide a 

 constant concentrations of drugs and to bring the compound with pharmaceutical activity directly to 

the site of need in order to enhance the effectiveness of action (Duncan, 2007). The problems and chal-

lenges experienced by free drug delivery are instability, poor solubility, toxicity, nonspecifi city, and 

inability to cross the blood–brain barrier. The problem experienced by free drugs can be overcome by 

the use of a DDS. In DDSs, to direct the active substance to its site of action, their biodistribution 

needs to be modifi ed by entrapping it in particulate drug carriers such as nanoparticles, micelles, or 

liposomes (Nakayama and Okano, 2005). The preferred delivery principle for patients includes nonin-

vasive peroral, topical, transmucosal routes, as well as inhalation. The delivery of drugs to pathological 

tissue can be achieved primarily in two basic ways: passive targeting and active targeting. Passive 

 targeting approaches make use of the anatomical and functional differences between the normal and 

tumor vasculature (Bardelmeijer et al., 2002). Most cancerous cells have leaky vasculature, allowing 

the nanocarriers to extravasate and localize in the tissue interstitial spaces. Angiogenic blood vessels, 

unlike the tight blood vessels in most normal tissues, have gaps as large as 600–800 nm between adja-

cent endothelial cells. Carriers can extravasate through these gaps into the tumor interstitial space, in a 

size-dependent manner. Because tumors have impaired lymphatic drainage (Sahoo et al., 2002), the 

carriers concentrate in the tumor and increase in tumor drug concentration (10-fold or higher) can be 

achieved relative to administration of the same dose of free drug. This process is known as EPR 

(Maeda et al., 2000; Northfelt et al., 1996; Sahoo et al., 2007). Drug delivery through nanocarrier 

 systems to pathological sites does not involve only wrapping up drugs in a new formulation for 

 different routes of delivery; the focal point is on  targeted therapy. New techniques of targeted drug 

delivery have tremendous signifi cance in the fi eld of therapy. Various radioimmunopharmaceuticals, 
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 immunotoxins, and immunoconjugates are already in the market; immunoliposomes, immunopoly-

mers, and antibody-directed enzyme prodrug therapies are in clinical development. In the fi eld of 

drug delivery and cancer therapy this technique is actively engaged in improving the stability (LaVan 

et al., 2003), solubility (Maeda et al., 2000), absorption, and therapeutic action of the drug within 

the target tissue (Maeda et al., 2000), which permits long-term release of the drugs.

Nanocarriers’ size creates the potential for crossing various biological barriers within the body, 

especially the potential to cross the blood–brain barrier, and may open new ways for drug delivery 

into the brain. In addition, nanocarriers also allow access into the cell and various cellular 

 compartments including the nucleus. When a drug is associated with a carrier, the drug clearance 

decreases (half-life increases), the volume of distribution decreases, and the area under the time 

versus concentration curve increases. In addition to these advantages, the DDS has some unresolved 

problems such as in polymer–drug conjugates or liposome systems; the drug is inactive (not bio-

available) and the failure to release the drug from the carrier in a timely manner may result in a 

reduced therapeutic effect relative to the free drug. In contrast, rapid release of the drug from the 

carrier may result in therapeutic effects that are similar to those seen for administration of the free 

drug (Cabanes et al., 1998). Associating a therapeutic molecule with a carrier may, however, result 

in the generation of immune reactions (Pichler et al., 2006). Most DDSs use nontoxic, biodegrad-

able ingredients, so toxicities associated with the carrier molecules are likely to be mild. Perhaps the 

most common side effect is a hypersensitivity reaction after intravenous administration, which is 

possibly attributable to complement activation (Szebeni et al., 2002). This can be avoided by slowing 

the rate of infusion of the product or by patient premedication. Hypersensitivity reactions and side 

effects often fail to appear on repeated administration of the DDS relative to the free drug; for 

instance, the cardiotoxicity of doxorubicin (DOX) is reduced when a DDS is used, because of reduc-

tions in the peak cardiac levels of the drug. Thus, recognition of these challenges is leading to 

establishing new approaches that will help to make these goals increasingly practicable.

6.3 COMPOSITION OF MICELLAR STRUCTURE

In recent years, polymeric micelles have been investigated as potential carriers for poorly water-

soluble drugs. Efforts have been made for the preparation, characterization, and pharmaceutical 

application of polymeric micelles. Surfactant molecules (e.g., cetyl trimethyl ammonium bromide, 

sodium dodecyl sulfate, Triton X-100) self-aggregate into supermolecular structures when dissolved 

in water or oil. The simplest aggregate of these surfactant molecules is called a micelle (Tanford, 

1973). Micelles made of nonionic surfactants are widely used as adjuvants and drug carrier systems 

in many areas of pharmaceutical technology and controlled drug delivery (Bardelmeijer et al., 2002; 

Malik et al., 1975; Tanford, 1973). An important criterion in the formation of these micelles is the 

critical micelle concentration (CMC). The CMC is the concentration at which amphiphilic polymers 

in aqueous solution begin to form micelles (i.e., self-aggregate) while coexisting in the equilibrium 

with individual polymer chains or unimers. At CMC and slightly above it, the micelles form loose 

aggregates and contain some water in the core. With further increase in the amphiphilic polymer 

concentration, the unimer–micelle equilibrium shifts toward micelle formation (Kwon and Kim, 

2002). Surfactant micelles are formed only above the CMC and rapidly break apart upon dilution, 

which can result in premature leakage of the drug and its precipitation in situ. These limitations of 

surfactant micelles as drug delivery carriers triggered the search for micelles of signifi cantly 

enhanced stability and solubilizing power (Marie-Helene, 2005). The use of polymer-based micelles 

has gained much attention recently because of the high diversity of polymers, their biocompatibility 

and biodegradability, as well as the multiplicity of functional groups they display. These polymeric 

micelles often provide better kinetics and thermodynamic stability than conventional surfactants.

Polymeric micelles composed of block copolymers have been investigated as drug delivery 

 vehicles because of their characteristic advantages, such as small size, thermodynamic stability, 

and solubilization of hydrophobic molecules (Liyan et al., 2007). Polymeric micelles of block 
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 copolymers have been reported primarily for di- or triblock copolymers. Various types of drugs can 

be loaded into the hydrophobic core of polymeric micelles [e.g., hydrophobic low molecular weight 

(MW) drugs, cisplatin, and deoxyribonucleic acid (DNA)] by chemical conjugation or physical 

entrapment utilizing various interactions such as hydrophobic interactions, ionic interactions, and 

hydrogen bonding (Yokoyama et al., 1998). The hydrophobic core serves as a reservoir from which 

the drug is released slowly over extended periods of time. For example, the water solubility of pacli-

taxel (PTX) can be increased by several orders of magnitude from 0.0015 to 2 mg/mL through 

micelle incorporation (Wang et al., 2008b).

In the late 1960s, micelles drew much attention as drug carriers because of their easily controlled 

properties and good pharmacological characteristics. Micelles are formed when amphiphiles are 

placed in water. Polymer micelles are composed of amphiphilic macromolecules that have distinct 

hydrophobic and hydrophilic block domains; and the structure of the copolymers usually is a 

diblock, triblock, or graft copolymer. At the appropriate ratio of block lengths, these copolymers 

spontaneously form spherical particles in water: the hydrophobic blocks form the “core,” and the 

hydrophilic blocks form the surrounding “corona.” The inner micellar core is created by cohesive 

interactions of the hydrophobic portions of the block copolymers in aqueous media (i.e., hydrophobic 

interactions), whereas the outer hydrophilic portions surround the inner hydrophobic core as a 

hydrated shell (Kakizawa and Kataoka, 2002) that serves as a stabilizing interface between the 

hydrophobic core and the external aqueous environment (Figure 6.1). The size of polymeric micelles 

ranges from ~10 to ~100 nm, and usually the size distribution is narrow. This topology is similar to 

that of surfactant micelles. Another type of micelle is the reverse micelle. Reverse micelles are 

nanometer-sized (1–10 nm) water droplets dispersed in organic media obtained by the action of 

surfactants. Surfactant molecules organize with the polar part on the inner side and are able to solu-

bilize water and the apolar part in contact with the organic solvent (Figure 6.1). Proteins and other 

hydrophilic drugs can be solubilized in the water pool of reverse micelles (Khmelnitsky et al., 

1992). Micelles are formed by the competition of two forces: the hydrophobic interaction between 

the tails that provides the driving force for aggregation and the electrostatic or steric repulsion 

between the head groups that limits the size that a micelle can attain.

In aqueous medium

In organic mediumHydrophobic drug

Hydrophilic drug

Hydrophilic
block

Hydrophobic
block Micelle

Reverse micelle

Polymer

Drug

FIGURE 6.1 Formation of micelles and reverse micelles.
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Many types of copolymers have been used for micelle formation, but the requirements of bio-

compatibility and often biodegradability have limited the choice of copolymers in clinical applica-

tions. Broad interest in biodegradable and biocompatible polymers has led to the synthesis of an 

increasingly wide range of amphiphilic diblock copolymers (Lavasanifar et al., 2002). Generally, 

amphiphilic block copolymers of A–B type, where A represents a hydrophilic block and B rep-

resents a hydrophobic block, are used to design polymeric micelles and vesicles. Other examples 

include A–B–A triblock copolymers and graft copolymers. As a drug carrier, it is preferable that the 

hydrophobic B (inner micelle core block) comprises a biodegradable polymer and the hydrophilic A 

(outer micelle shell block) comprises a polymer that is capable of interacting with plasma proteins 

and cell membranes (Rijcken et al., 2007).

For the hydrophilic segment, the most commonly used polymer is poly(ethylene glycol) (PEG) 

because it is a nontoxic polymer with U.S. Food and Drug Administration approval. Its exclusive 

physicochemical properties (high water solubility, high fl exibility, and large exclusion volume) and 

good stealth properties make it an ideal choice for the hydrophilic segment of the micelles. Other 

hydrophilic polymers such as poly(N-vinyl pyrrolidone), poly(N-isopropylacrylamide), or poly(acrylic 

acid) (PAA) have also been used to form the micelle corona layer (Benahmed et al., 2001). For the 

hydrophobic segments, the most common materials are hydrophobic polyesters such as poly(lactic 

acid) (PLA), poly(ε-caprolactone) (PCL), and poly(trimethylene carbonate); but other materials, 

such as polyethers, polypeptides, or poly(β-aminoester), have been used (Sutton et al., 2007). 

Polyesters and polyamides can undergo hydrolytic and enzyme-catalyzed degradations, respec-

tively, and are considered biodegradable. The choice of the core-forming segment is the major deter-

minant for vital properties of polymeric micelles such as stability, drug-loading capacity, and 

drug-release profi le and explains why so many core-forming hydrophobic polymers have been used 

for the development of polymeric micelles.

Thus, polymeric micelles are nanodelivery systems formed through self-assembly of amphiphilic 

block copolymers in an aqueous environment. The nanoscopic dimension, stealth properties induced 

by the hydrophilic polymeric brush on the micellar surface, capacity for stabilized encapsulation of 

hydrophobic drugs offered by the hydrophobic and rigid micellar core, and the possibility for the 

chemical manipulation of the core–shell structure have made polymeric micelles one of the best 

potential carriers for drug targeting.

6.4 MICELLAR SYSTEM AS DRUG DELIVERY SYSTEM

Most systemically administered drugs exert their biological effects not only at their target sites but 

also at nontarget sites, which often results in undesired side effects that hamper their therapeutic 

potential. The goal of all sophisticated DDSs is to deploy intact medications to specifi cally targeted 

parts of the body through a medium that can control the therapy’s administration by means of either 

a physiological or chemical trigger. The current methods of drug delivery exhibit specifi c problems 

that scientists are attempting to address. For example, the potencies and therapeutic effects of many 

drugs are limited or otherwise reduced because of their partial degradation that occurs before they 

reach a desired target in the body. Further, slow release medications deliver drugs continuously, 

rather than providing relief and protection from adverse events solely when necessary (Torchilin, 

2005). Injectable medications could be made less expensive and administered more easily if they 

could simply be dosed orally. For this purpose, model drug carriers should preferably have a high 

drug-loading capacity, adequate stability in the bloodstream, long circulating properties, selective 

accumulation at the site of action, along with a suitable drug-release profi le and good biocompatibil-

ity. To achieve this goal, researchers are turning to advances in the world of nanotechnology. 

During the past decade, polymeric micelles have been shown to be effective in enhancing drug 

targeting specifi city, lowering systemic drug toxicity, improving treatment absorption rates, and 

providing protection of pharmaceuticals against biochemical degradation and hence have emerged 

as a competent drug delivery vehicle (Abdullah et al., 2007).
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The application of polymeric micelles as DDSs was pioneered by H. Ringsdorf’s group in 1984 

and subsequently used by Kataoka in the early 1990s through the development of DOX-conjugated 

block copolymer micelles (Yokoyama et al., 1992). Polymeric micelles are nanodelivery systems 

formed through self-assembly of amphiphilic block copolymers in an aqueous environment. 

Micelles as drug carriers are able to provide a series of unbeatable advantages: they can solubilize 

poorly soluble drugs by their hydrophobic core, resulting in the increase of drug stability and 

 bioavailability. The nanoscopic dimensions, stealth properties induced by the hydrophilic poly-

meric brush on the micellar surface, capacity for stabilized encapsulation of hydrophobic drugs 

offered by the hydrophobic and rigid micellar core, and the possibility for the chemical manipula-

tion of the core–shell structure have made polymeric micelles one of the most promising carriers 

for drug targeting (Kim et al., 2005). To date, three generations of polymeric micellar delivery 

 systems, that is, polymeric micelles for passive, active, and multifunctional drug targeting, have 

arisen from research efforts, with each subsequent generation displaying greater specifi city for 

the diseased tissue.

The purpose of ideal DDSs in cancer chemotherapy is to achieve selective delivery of anticancer 

agents to cancer tissues at effective concentrations for an appropriate duration of time, to reduce the 

adverse effects of the drug and simultaneously enhance the antitumor effect. Two major mechanisms 

can be distinguished for addressing the desired sites for drug release: passive and active targeting. An 

example of passive targeting is the preferential accumulation of chemotherapeutic agents in solid 

tumors as a result of the enhanced vascular permeability of tumor tissues compared with healthy tis-

sues. Polymeric micelles increase the accumulation of drugs in tumor tissues utilizing the EPR effect 

(Figure 6.2). The EPR effect was proposed by Maeda et al. in 1986 and is attributed to two factors. 

First, the angiogenic tumor vasculature, as well as the blood vessels in tumor tissues, have higher 

 permeability compared to normal ones because of its discontinuous endothelium. Second, lymphatic 

drainage is not fully developed in tumors (Maeda, 2001). These features lead to colloidal particles 

(polymeric micelles) extravasating through the “leaky” endothelial layer in the tumor and other 

infl amed tissues and subsequently being retained there (Maeda, 2001). A strategy that could allow 

active targeting involves the surface functionalization of micelles with ligands that are selectively rec-

ognized by receptors on the surface of the cells of interest. Ligand–receptor interactions can be highly 

selective, so this could allow a more precise targeting of the site of interest.

A key issue for prolonged circulation is to reduce the rate of nonspecifi c recognition and uptake 

by the reticuloendothelial system (RES). It has been demonstrated that grafting hydrophilic poly-

mers (e.g., PEG and poloxamer) on the surface of particles is effective to oppose opsonization and 

subsequent uptake by the RES cells of the liver, spleen, and bone marrow. Polymeric micelles are 

made of amphiphilic copolymers such as PEG–PCL. The PEG coating helps the micelles escape the 

RES system (Owens and Peppas, 2006).

One important issue determining the effectiveness of a micellar drug carrier is the ability to 

control the time over which drug release takes place. Fast release may lead to premature loss of 

Cancer cell
Normal cell

Endothelial cell

Micelle

FIGURE 6.2 Because of the tight junction in normal vasculature, drug-loaded micelles are not able to 

extravasate whereas the leaky tumor vasculature creates a high local concentration and increased accumulation 

leading to the EPR effect.
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drug, causing systemic side effects and low concentration of the drug at the target site; slow release 

may reduce the effi cacy of the drug at the site of action and increase drug resistance in cells. This chal-

lenge has motivated the development of new micellar systems that are designed to release their loaded 

drug in a controlled manner upon reaching the target site. The release of physically entrapped drugs 

from polymeric micelles is controlled by diffusion of the drug through the micellar core and the parti-

tion coeffi cient of the drug over the micellar core and the aqueous phase, provided that the micelles 

remain intact. Other factors infl uencing drug release are the length of the core-forming polymer seg-

ment, the affi nity between the drug and the core (i.e., partition coeffi cient between the core and the 

aqueous phase), and the amount of loaded drug. Changes in acidity is a particularly useful environ-

mental stimulus to exploit the development of drug carriers because of the numerous pH gradients that 

exist in both normal and pathophysiological states (Gillies and Frechet, 2004). For example, it is well 

documented that the extracellular pH of tumors is slightly more acidic than normal tissues, with a 

mean pH of 7.0 in comparison with 7.4 for the blood and normal tissues. Polymeric micelles that are 

responsive to these pH gradients can be designed to release their payload selectively in tumor tissues 

or within tumor cells. Release of the anticancer drug DOX could be modulated using pH, and it was 

found that the toxicity of the DOX-loaded mixed micelles to tumor cells in vitro was strongly depen-

dent on pH with toxicity comparable to free DOX near the triggering pH (Yoo et al., 2002).

Presently, the development of integrated cancer nanomedicines, which consist of drugs that exploit 

cancer-specifi c molecular targets combined with effective carriers like micelles for tumor-targeted 

drug delivery, has shown signifi cant promise in expanding therapeutic indices for chemotherapy. The 

cytotoxic effect of β-lapachone, a novel, plant-derived anticancer drug, is signifi cantly enhanced by 

reduced nicotinamide adenine dinucleotide (phosphate); quinone oxidoreductase 1, a fl avoprotein, 

overexpressed in a variety of human cancers, including those of the lung, prostate, pancreas, and 

breast. To exploit the numerous advantages of the hydrophobic drug, which is comparatively less 

ineffective in its native form, it was loaded in polymer micelles to develop β-lapachone-containing 

micelles for a quinone oxidoreductase 1 specifi c therapy (Blanco et al., 2007). Another hydrophobic 

drug, triamterene, which is used clinically to treat high blood pressure and fl uid retention caused by 

heart disease and various other conditions, was loaded directly into micellar suspensions as was done 

previously with hydrophobic dyes (Kim et al., 2005). Hydrocamptothecin, a novel camptothecin 

congener widely used in China, has shown more powerful antitumor activity to lung, ovarian, breast, 

pancreas, and stomach cancers than camptothecin. Micelles using methoxy-PEG (MPEG)–PCL as a 

carrier material and hydrocamptothecin as a model drug were prepared to enhance the therapeutic 

effi cacy of the drug (Shi et al., 2005). NK911 is a DOX-encapsulated polymeric micellar system. 

The preclinical pharmacological study revealed that the plasma area under the curve and intratumor 

area under the curve of NK911 was 15- to 30-fold higher than those of DOX (Hamaguchi, 2003). 

Cisplatin is an important class of antitumor agents that is widely used for the treatment of many 

malignancies, including testicular, ovarian, bladder, head and neck, small-cell, and non-small-cell 

lung cancers. Polymeric micelles incorporating cisplatin were prepared through a polymer–metal 

complex formation between the cisplatin polymeric micelles and PEG–PGA block copolymers, and 

their utility as a tumor-targeted DDS was investigated (Nishiyama et al., 2003). A novel polymeric 

micelle formulation of PTX was prepared with the purpose of improving in vitro release as well as 

prolonging the blood circulation time of PTX in comparison to a current PTX formulation.

Thus, the need for research into DDSs extends beyond ways to administer new pharmaceuticals. 

The safety and effi cacy of the current treatments may be improved if their delivery rate, biodegrada-

tion, and site-specifi c targeting can be predicted, monitored, and controlled. This is mostly done 

through nanoparticular systems that act as effectual drug delivery vehicles.

6.5 FUNCTIONALIZATION OF POLYMERIC MICELLES

Polymeric micelles are particularly attractive because of their ability to deliver large payloads of a 

variety of drugs [e.g., small molecules, proteins, and DNA/ribonucleic acid (RNA) therapeutics], 
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their improved in vivo stability compared to other colloidal carriers (e.g., liposomes), and their 

nanoscopic size that allows for passive accumulation in diseased tissues such as solid tumors by the 

EPR effect (Torchilin, 2005). Typical chemotherapeutic agents have low water solubility, short 

blood half-lives, narrow therapeutic indices, and high systemic toxicity, which lead to patient 

 morbidity and mortality while compromising the desirable therapeutic outcome of the drugs. 

Polymer micelles have been shown to increase the aqueous solubility of chemotherapeutic agents 

and prolong their in vivo half-lives with lessened systemic toxicity (Torchilin, 2007). Although 

stealth micelles allow for passive accumulation inside tumors with leaky vasculature, the majority 

of these nanoparticles are still cleared by the RES, resulting in short half-lives and unwanted micelle 

deposition in the liver and spleen. Development of multifunctional micelles through conjugation of 

targeting ligands on the micelle surface can lessen these problems by increasing particle and drug 

exposure to the tumor (Sutton et al., 2007). Thus, using appropriate surface functionality, polymeric 

micelles are further decorated with cell-targeting groups and permeation enhancers that can actively 

target diseased cells and aid in cellular entry, resulting in improved cell-specifi c delivery (Figure 6.3).

Functionalization of the outer surface of polymeric micelles to modify their physiochemical and 

biochemical properties is of great value from the standpoint of designing micellar carrier systems 

for receptor-mediated drug delivery. This can be accomplished in a regulated fashion by construct-

ing micelles from a variety of end-functionalized block copolymers (Nagasaki et al., 2001). 

Polymeric micelles having sugars and peptides on their periphery have been prepared to explore 

their utility in the fi eld of drug and gene delivery. Furthermore, functional groups on the nano-

particle surface may be conjugated with metal-chelating systems for radiolabeling, thus providing 

as effective tools for imaging and radiotherapy. Targeting ligands are conjugated to the corona of the 

micelle to induce specifi c targeting and uptake of the micelle by tumor cells. These ligands tend to 

fall into the categories of small organic molecules, carbohydrates, antibodies, and aptamers (Apts; 

Sutton et al., 2007). Regardless of the targeting moiety, the principle outcome is essentially the 

same, mainly improved tumor cell recognition, improved tumor cell uptake, and reduced recogni-

tion at nonspecifi c sites.

6.5.1 FOLIC ACID AS LIGAND

Folate targeting is a widely used active targeting ligand in micelles because the receptor recogniz-

ing the folic acid is commonly overexpressed on a wide variety of tumor types such as ovarian, 

Cell penetrating peptide 
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FIGURE 6.3 Multifunctional micelles.
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colorectal, breast, and nasopharyngeal carcinomas. Folate coupling to the surface of micelles via 

PEG results in a greater intracellular uptake of the micelles in folate receptor (FR)-positive KB 

tumor cells over uptake of the nanocarriers lacking the targeting ligand (Yoo and Park, 2004). To 

overcome multidrug resistance (MDR) existing in tumor chemotherapy, polymeric micelles encoded 

with folic acid on the micelle surface were prepared with the encapsulation of a potent MDR modu-

lator, FG020326. The micelles were fabricated from diblock copolymers of PEG and biodegradable 

PCL with folate attached to the distal ends of PEG chains. The in vitro rhodamine 123 effl ux experi-

ment using MDR KB (v200) cells revealed that, when cells were pretreated with folate attached and 

FG020326-loaded micelles, the P-glycoprotein drug effl ux function was signifi cantly inhibited 

(Yang et al., 2008). Recently, a new folate-conjugated polymeric nanoparticle, known as shell cross-

linked nanoparticles, was developed for tumor targeting via both FR-mediated endocytosis and the 

EPR effect. To address the nontargeting nature of PTX, cholesterol-grafted poly(N-isopropylacryl-

amide-co-N,N-dimethylacrylamide-co-undecenoic acid was synthesized. Folate was subsequently 

attached to the hydrophilic segment of the polymer in order to target FRs overexpressing cancer 

cells. In vitro cytotoxicity assays performed against KB cells provided conclusive evidence that the 

cellular uptake of micelles surface functionalized with folate was indeed enhanced because of a 

receptor-assisted endocytosis process. This novel polymeric design thus has the potential to be a 

useful PTX vehicle for the treatment of FR-positive cancers (Seow et al., 2007). The anticancer drug 

DOX and the contrast agent for magnetic resonance imaging (MRI), superparamagnetic iron oxide 

(SPIO), were accommodated in the core of micelles self-assembled from an amphiphilic block 

copolymer of PEG and PCL with a targeting ligand (folate) attached to the distal ends of PEG 

(folate–PEG–PCL). The in vitro tumor cell targeting effi cacy of these folate-functionalized and 

DOX/SPIO-loaded micelles (folate–SPIO–DOX micelles) was evaluated by observing the cellular 

uptake of micelles by human hepatic carcinoma cells (Bel 7402 cells). The folate–SPIO–DOX mul-

tifunctional polymeric micelles had better targeting to the hepatic carcinoma cells in vitro than their 

nontargeting counterparts (Chen et al., 2008).

6.5.2 PROTEIN AS LIGAND

A peptide analog conjugated to a micelle can also be used as a targeting moiety. Novel poly(ethylene 

oxide)-b-PCL (PEO-b-PCL) based copolymers modifi ed with RGD ligands on PEO and pendent 

functional groups on PCL, that is, GRGDS–PEO-b-poly(α-benzylcarboxylate-ε-caprolactone) and 

GRGDS–PEO-b-poly(α-carboxyl-ε-caprolactone), were synthesized. Chemical conjugation of 

DOX to the poly(α-carboxyl-ε-caprolactone) core produced GRGDS–PEO-b-PCL–DOX micellar 

conjugates. The GRGDS-modifi ed micelles showed enhanced cellular internalization through endo-

cytosis, increased intracellular DOX release, nuclear localization, and improved cytotoxicity against 

metastatic B16F10 cells compared to their unmodifi ed counterparts (Xiong et al., 2008).

A large number of peptide receptors are overexpressed in many tumor cells that can act as 

ligands for specifi c targeting. One such receptor is αvβ3 integrins. Multifunctional polymeric 

micelles with cancer-targeting capability via αvβ3 integrins, controlled drug delivery, and effi cient 

MRI contrast characteristics have come under much focus today. DOX and a cluster of SPIO nano-

particles were loaded successfully inside a micellar core. The presence of RGD on the micelle 

 surface resulted in cancer-targeted delivery to αvβ3-expressing tumor cells. In vitro MRI and 

 cytotoxicity studies demonstrated the ultrasensitive MRI imaging and αvβ3-specifi c cytotoxic 

response of these multifunctional polymeric micelles (Nasongkla et al., 2006). Reactive micelles 

based on a diblock copolymer of poly(ethyl ethylene phosphate) and PCL can be used as attractive 

tools for targeted intracellular drug delivery. The micelles were surface conjugated with galac-

tosamine to target the asialoglycoprotein receptor of HepG2 cells. PTX-loaded micelles with 

galactose ligands exhibited comparable activity to free PTX in inhibiting HepG2 cell proliferation, 

in contrast to the poor inhibition activity of micelles without galactose ligands, particularly at 

lower PTX doses (Wang et al., 2008a).
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6.5.3 ANTIBODY AS LIGAND

Another promising class of tumor-targeting ligand is cancer-specifi c monoclonal antibodies. These 

large and high-affi nity ligands have the advantage of being able to be tailored to bind specifi cally to 

a large variety of targets such as cancer cell specifi c antigens. These were among the fi rst ligands 

used for micellar targeting; Kabanov et al. (1989) used them to target haloperidol-loaded pluronic 

micelles for psychiatric treatment. Brain-specifi c antibody conjugation increased the neuroleptic 

action of the loaded micelles by 5-fold over nontargeted micelles and 20-fold over the free drug 

(Kabanov et al., 1989). Torchilin et al. (2003) developed these ligands to target micelles to lung 

cancer cells. Diacyllipid–PEG-conjugated polymer micelles were functionalized with one of two 

antibodies, either an anticancer monoclonal antibody (2C5) or an antimyosin monoclonal antibody 

(2G4; Torchilin et al., 2003). Intravenous administration of tumor-specifi c 2C5 immunomicelles 

loaded with a sparingly soluble anticancer agent, taxol, into experimental mice bearing Lewis lung 

carcinoma resulted in an increased accumulation of PTX in the tumor compared with free PTX or 

PTX in nontargeted micelles as well as enhanced tumor growth inhibition. The major benefi t of 

using antibodies as targeting ligands is their high binding affi nity. Antiepidermal growth factor 

receptor antibody [antiepithelial growth factor receptor (EGFR) antibody] was conjugated with a 

block copolymer micelle based on PEG and PCL for active targeting to EGFR overexpressing  cancer 

cells. The cytotoxicity of DOX–anti-EGFR micelles to induce apoptosis in RKO human colorectal 

cancer cells was signifi cantly better than that of free DOX or DOX micelles. These results demon-

strated that the presence of the anti-EGFR antibody on the DOX micelle surface (DOX–anti-EGFR 

micelle) amplifi ed the internalization of the DOX micelle and nuclear accumulation of DOX 

(Noh et al., 2008).

6.5.4 APTAMER AS LIGAND

Besides antibodies, Aptamers (Apts) are also a potential class of ligands that are used to functional-

ize polymeric micelles. Aptamers are RNA or DNA oligonucleotides that fold by intramolecular inter-

action into unique three-dimensional confi rmations capable of binding to a target antigen. Farokhzad 

et al. used an RNA Apt for the prostate-specifi c membrane antigen (PSMA) to target PEG–PLA 

micelles to prostate tumors (Farokhzad et al., 2004, 2006; Torchilin et al., 2003). These nanoparti-

cles showed specifi c binding to PSMA-expressing cancer cells, with the Apt inducing a 77-fold 

increase in  binding versus the control group; they were subsequently loaded with docetaxel and 

examined in prostate cancer treatment (Farokhzad et al., 2006). A unique strategy to deliver cispla-

tin to prostate cancer cells is by constructing platinum(IV)-encapsulated PSMA targeted micelles 

of poly(d,l-lactic-co-glycolic acid)–PEG. By using poly(d,l-lactic-co-glycolic acid)-b-PEG micelles 

with PSMA targeting Apts on the surface, a lethal dose of cisplatin was delivered specifi cally to 

prostate cancer cells. A comparison between the cytotoxic activities of platinum(IV)-encapsulated 

micelles with the PSMA Apt on the surface and the nontargeted platinum(IV)-encapsulated micelles 

against human prostate PSMA-overexpressing LNCaP and PSMA− PC3 cancer cells revealed 

 signifi cant differences between the two (Dhar et al., 2008).

6.5.5 OTHER MOLECULES AS LIGANDS

Other examples of functionalized micelles include micelles formed from PEO-b-poly(methylidene 

malonate 2.1.2) block copolymers bearing a primary amino group at the PEO chain; then the reactive 

amino endgroup was subsequently modifi ed by reaction with functional ligands such as mannose and 

fl uorescein. Another amphiphilic, biotinylated poly[N-isopropylacrylamide-co-N-(3-dimethylamino 

propyl) methacrylamide]-b-PCL block copolymer was synthesized that had thermoresponsive prop-

erties. These surface-modifi ed micellar formulations showed great promise as DDSs (Heath et al., 

2007). An asymmetric PEG-b-poly-[2-(N,N-dimethylamino) ethyl methacrylate] copolymer presenting 
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a thiol group at the end of the PEP chain was synthesized to form stimuli-responsive micellar 

 networks. Thiol groups are highly appealing because they react almost exclusively and quantitatively 

with maleimides under physiological conditions, thereby facilitating biotin functionalization on the 

copolymer. The biotinylated copolymers self-assemble with an oligonucleotide in aqueous media to 

form polyion complex micelles with biotin groups at their outer surface. These micelles are capable 

of molecular recognition toward streptavidin. Alternatively, thiol-decorated (nonderivatized) micelles 

showed improved mucoadhesion properties through the formation of disulfi de bonds with mucin 

(Gaucher et al., 2005). PAA-coated core–shell gold and magnetite nanoparticles prepared by surface-

initiated atomic transfer radical polymerization (grafting from method) are applied in a wide range of 

fi elds, including DDSs, diagnostics, gene analysis, proteomics, affi nity purifi cations, quantum dots, 

and the like. To functionalize magnetic nanoparticles for bioconjugation and subsequent delivery and 

imaging studies, phospholipid–PEG molecules with primary amines were incorporated into the 

micelle structure. For cellular delivery, the cell-penetrating peptide Tat custom modifi ed with a linker 

(6-aminohexonic acid) at the C-terminus followed by a reactive with cysteine was used.

Thus, superfunctionalized polymeric micelle mounting genes, drugs, and others in the inner core 

were developed and nanogene therapy was created, which achieved the diagnosis and treatment 

necessary for the required time and position with minimum side effects.

6.6 STEALTH POLYMERIC MICELLES AS DRUG DELIVERY SYSTEMS

The long desired goal of targeting drugs to specifi c sites in the body (where the pharmacological 

action is desired) sparing other tissues has been actively pursued for many years. Targeting 

drugs to specifi c sites and maintaining pharmacologically relevant drug levels at the site is what 

makes nanosystems the burgeoning magic wands. Advanced DDSs try to adjust the site and the rate 

of drug release depending on the physiological conditions of the patient, progression of the illness, 

or the circadian rhythms of the patient. Because they are different from classical preprogrammed 

controlled release dosage forms, these nanocarriers aim to provide the drug release profi le that is 

best for the needs of each patient. However, substantial challenges still exist in terms of biological 

barriers hindering the nanocarriers to exhibit their properties. Since their discovery in the early 

1980s, polymeric micelles have been the subject of several studies as delivery systems that can 

potentially improve the therapeutic performance and modify the toxicity profi le of encapsulated 

drugs by changing their pharmacokinetic characteristics. In spite of these advantages, a major issue 

that limits the systemic application of micellar nanocarriers is the nonspecifi c uptake by the RES. 

The body normally treats the micelles as foreign particles, so they become easily opsonized and get 

removed from the circulation before completion of their function. Thus, one of the most important 

and growing areas of biomedical research includes increasing the longevity of these circulating 

micelles (Vasir and Labhasetwar, 2005).

Plasma proteins, known as opsonins, bind to these circulating micelles and eliminate them from the 

circulation within seconds to minutes through the RES (Owens and Peppas, 2006). Stealth technolo-

gies mean hiding these micelles from the immune system, thus avoiding an immune reaction. Imparting 

stealth shielding on the surface of these DDSs (micelles) prevents opsonins from recognizing these 

particles, thereby limiting phagocytosis by the RES cells and increasing the systemic circulation time 

from minutes to hours or even days (Owens and Peppas, 2006). A key issue for prolonged circulation 

is to reduce the rate of nonspecifi c recognition and uptake by the RES. A great example to escape the 

RES is exhibited in nature by bacteria. Van Oss showed in 1978 that many bacteria have a highly 

hydrophilic hydrated surface layer of protein, polysaccharide, and glycoprotein that reduces inter-

actions with blood components and inhibits phagocytosis in the human body. Keeping this in mind 

researchers have shown that grafting of hydrophilic polymers on the surface of particles is effective to 

oppose opsonization and subsequent uptake by the RES cells of the liver, spleen, and bone marrow.

Among several strategies to impart particles with stealth shielding, the most prominent are  surface 

modifi cation with polysaccharides, polyacrylamide, and poly(vinyl alcohol). Surface modifi cation 
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with PEG and PEG copolymers proved to be most effective, fueling its widespread use. Amphiphilic 

block copolymers, such as poloxamers and poloxamines, consisting of blocks of hydrophilic PEG 

(or PEO) and hydrophobic poly(propylene oxide), are additional forms of PEG derivatives, which 

are often employed for modifi cation by surface adsorption or entrapment (Veronese and Pasut, 

2005). PEG (also known as PEO when MW > 20 kDa) modifi cation has emerged as a common 

strategy to ensure such stealth shielding and long circulation of therapeutics or delivery devices. The 

hydrophilic shells of micelles usually consist of PEG. PEG is a linear polyether terminated with one 

to two hydroxyl groups. As a protecting polymer, PEG provides a very attractive combination of 

properties: excellent solubility in aqueous solutions, high fl exibility of its polymer chain, very low 

toxicity, immunogenicity, and antigenicity, as well as lack of accumulation in RES cells and mini-

mal infl uence on specifi c biological properties of modifi ed pharmaceuticals (Gref et al., 2000). It 

prevents the interaction between the hydrophobic micellar core and biological membranes, reducing 

their uptake by RES cells and also prevent the adsorption of plasma proteins onto nanoparticle sur-

faces. The mechanisms by which PEG prevents opsonization include shielding of the surface charge 

and antigenic epitopes; increased surface hydrophilicity; enhanced repulsive interaction between 

polymer-coated nanocarriers and blood components; and formation of a polymeric layer over the 

particle surface, which is impermeable to large molecules of opsonins, even at relatively low poly-

mer  concentrations (Kommareddy et al., 2005). PEG conjugation also increases the MW and hydro-

dynamic volume of micelles, resulting in decreased blood clearance by renal fi ltration. PEG-b-poly(d, 

l- lactide) micelles showed proper circulation times (25% of the injected dose was still detected in the 

blood after 24 h), but polymeric micelles are generally cleared from the systemic circulation of exper-

imental animals within the fi rst 8–10 h after intravenous administration (Moghimi et al., 2001).

The protective (stealth) action of PEG is mainly attributable to the formation of a dense, hydro-

philic cloud of long fl exible chains on the surface of the colloidal particle that reduces the hydropho-

bic interactions with the RES. The tethered and chemically anchored PEG chains can undergo 

spatial conformations, thus preventing the opsonization of particles by the macrophages of the RES, 

which leads to preferential accumulation in the liver and spleen. PEG surface modifi cation therefore 

enhances the circulation time of molecules and colloidal particles in the blood (Veronese and Pasut, 

2005). The term “steric stabilization” has been introduced to describe the phenomenon of polymer-

mediated protection, and the mechanism of steric hindrance by the PEG-modifi ed surface has been 

thoroughly examined. The water molecules form a structured shell through hydrogen bonding to the 

ether oxygen molecules of PEG. The tightly bound water forms a hydrated fi lm around the particle 

and repel the protein interactions (Gref et al., 1999). In addition, PEG surface modifi cation may 

also increase the hydrodynamic size of the particle and decrease its clearance, a process that 

is dependent on the molecular size as well as particle volume. Ultimately, this helps in greatly 

increasing the circulation half-life of the particles (Hamidi et al., 2006).

Currently, clinical data on three polymer micelle systems, SP1049C, NK911, and Genexol-PM, 

have been reported that are stealth micelle formulations; that is, they all have stabilizing PEG coronas 

to minimize opsonization of the micelles and maximize blood circulation times (Danson et al., 2004; 

Kim et al., 2004; Matsumura et al., 2004). SP1049C is formulated as DOX-encapsulated pluronic 

micelles, NK911 as DOX-encapsulated micelles, and Genexol-PM as a PTX-encapsulated PEG–PLA 

micelle formulation. Amphiphilic polycations with a stealth cationic nature have also been designed 

and synthesized by the PEGylation of a polycationic amphiphile via a novel pH-responsible benzoic 

imine linker. The linkage is stable in aqueous solution at physiological pH but cleaves in slightly 

acidic conditions such as the extracellular environment of solid tumors and endosomes. The poly-

meric micelle formed from the amphiphilic stealth polycation contains a pH-switchable cationic sur-

face driven by the reversible detachment and reattachment of the shielding PEG chains due to the 

cleavage and formation process of the imine linkage. At physiological pH the micellar surface is 

shielded by the PEG corona, leading to lower cytotoxicity and less hemolysis; in a mild acidic condi-

tion, such as in endosomes or solid tumors, the deshielding of the PEG chains exposes the positive 

charge on the micellar surface and retains the membrane disrupting ability (Gu et al., 2008).
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Thus, the properties that have made polymeric micelles one of the most promising carriers for 

drug targeting consists of the nanoscopic dimension, stealth properties induced by the hydrophilic 

polymeric brush on the micellar surface, capacity for stabilized encapsulation of hydrophobic drugs 

offered by the hydrophobic and rigid micellar core, and the possibility for the chemical manipula-

tion of the core–shell structure.

6.7 MICELLES AS DIAGNOSTIC AGENT

Medical diagnostic imaging modalities currently utilized in a certain quantity of reporter groups 

include γ-scintigraphy, MRI, computed tomography (CT), and ultrasonography. In any of these 

modalities, clinical diagnostic imaging requires a certain signal intensity from an area of interest 

that is achieved in order to differentiate structures under observation from surrounding tissues. To 

reach the required criteria of a contrast agent, it was a natural progression to use microparticulate 

carriers, such as liposomes, and radiation (x-rays) with the aid of computers that are able to selec-

tively carry multiple reporter moieties for the effi cient delivery of contrast agents into the required 

areas (Torchilin, 1997, 2000, 2002; Torchilin et al., 1999). Among those carriers, micelles 

(amphiphilic compounds formed from colloidal particles with a hydrophobic core and a hydrophilic 

corona) have recently drawn much attention because of their easily controlled properties and good 

pharmacological characteristics. Chelated paramagnetic metals, such as gadolinium (Gd), manga-

nese (Mn), or dysprosium, are of major interest for the design of magnetic resonance positive (T1) 

contrast agents. Mixed micelles obtained from monoolein and taurocholate with Mn-mesoproporphyrin 

were shown to be a potential oral hepatobiliary imaging agent for T1-weighted MRI (Torchilin, 

1997). Since chelated metal ions possess a hydrophilic character, it can be ideally incorporated in 

micellar formulation. Several amphiphilic chelating probes, where a hydrophilic chelating resi-

due is covalently linked to a hydrophobic (lipid) chain, have been developed earlier for the lipo-

some membrane incorporation studies, such as diethylene triamine pentaacetic acid (DTPA) 

conjugate with phosphatidyl ethanolamine (DTPAYPE; Schmiedl et al., 1995), DTPAY stearylam-

ine (DTPAYSA; Grant et al., 1989), and amphiphilic acylated paramagnetic complexes of Mn and 

Gd (Mulder et al., 2007). The lipid part of such an amphiphilic chelate molecule can be anchored 

into the micelle’s hydrophobic core, whereas a more hydrophilic chelating group is localized inside 

the hydrophilic shell of the micelle. The amphiphilic chelating probes (paramagnetic GdYDTPAYPE 

and radioactive 111InYDTPAYSA) were incorporated into PEGYPE micelles and used in vivo for 

MR and γ-scintigraphy imaging. The main feature that makes PEGY lipid micelles attractive for 

diagnostic imaging applications is their small size, which facilitates better penetration to the targets 

to be visualized. In one study MPEG–iodolysine micelles were synthesized and injected into rats 

via the tail vein at a dose of 170 mg iodine/kg. Three animals were used, and tissue enhancement 

was followed on serial CT scans. In rats these MPEG–iodolysine micelles were shown to be a long-

lived blood-pool contrast agent useful for CT (Torchilin et al., 1999). Because of their small size and 

surface properties imparted by the PEG corona, the micellar particulates can move with ease from 

the injection site along the lymphatics to the systemic circulation with the lymph fl ow. Their action 

is based on the visualization of lymph fl owing through different elements of the lymphatics, whereas 

the action of other lymphotropic contrast media is based primarily on their active uptake by the 

nodal macrophages. Mulder et al. (2007) recently reported that, when micelles were conjugated 

with macrophage scavenger receptor specifi c antibodies, the macrophages in the abdominal aortas 

of atherosclerotic (apoE-KO) mice can be effectively and specifi cally detected by molecular MRI 

and optical methods upon administration of a PEGylated micellar contrasting agent. The effi cacy of 

micelles as a contrast medium can be further increased by increasing the quantity of carrier-associated 

reporter metal (such as Gd or 111In), thus enhancing the signal intensity. To solve this task, the use of 

amphiphilic chelating polymers was suggested (Trubetskoy et al., 1996). These modality polymers 

represent a family of soluble single-terminus lipid-modifi ed polymers containing multiple chelating 

groups attached to the polylysine chain, which are suitable for incorporation into the hydrophobic 
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surroundings (such as a hydrophobic core of corresponding micelles). A pathway was developed for 

the synthesis of the amphiphilic polychelator N,(DTPAY polylysyl)glutarylYPE, which sharply 

increases the number of chelated metal atoms attached to a single lipid anchor (Trubetskoy et al., 

1996). Micelles formed by self-assembled amphiphilic polymers (such as PEGYPE) can easily 

incorporate such amphiphilic polylysine-based chelates carrying multiple diagnostically important 

metal ions such as Gd and 111In (Unger et al., 1994). In addition, in MRI contrast agents, it is espe-

cially important that chelated metal atoms are directly exposed to the aqueous environment, which 

enhances the relaxivity of the paramagnetic ions and leads to the enhancement of the micelle con-

trast properties. CT represents an imaging modality with high spatial and temporal resolution, 

which uses x-ray absorbing heavy elements, such as iodine, as contrast agents. Diagnostic CT imag-

ing requires an iodine concentration of millimoles per milliliter of tissue (Kong et al., 2007), so that 

large doses of a low MW CT contrast agent (iodine-containing organic molecules) are normally 

administered to patients. The selective enhancement of blood upon such administration is brief 

because of rapid extravasation and clearance. Currently suggested particulate contrast agents pos-

sess a relatively large particle size (between 0.25 and 3.5 mm) and are actively cleared by phago-

cytosis (Torchilin, 2005). The synthesis and in vivo properties of a block copolymer of MPEG and 

triiodobenzoic acid substituted poly-l-lysine have been described (Leander, 1996; Torchilin, 2007), 

which easily micellizes in the solution and form stable and heavily iodine-loaded particles (up to 

35% of iodine by weight) with a size of 50–70 nm. These are in practice and act effi ciently as con-

trasting agents. When the micellar iodine-containing CT contrast agent was injected intravenously 

into rats and rabbits, a fourfold enhancement of the x-ray signal in the blood pool was visually 

observed in both animal species for a period of 2 h following the injection (Leander, 1996; Torchilin, 

2007). Thus, such technology may provide an innovative viewpoint and shed light on solving the 

imaging issue.

6.8 FUTURE PROSPECTS AND CONCLUSION

Polymeric micelles possess an excellent ability to solubilize poorly water-soluble drugs and increase 

their bioavailability. Because of their small size, they demonstrate a very effi cient spontaneous accu-

mulation of drugs taking place via the EPR effect in pathological areas by exploiting the leaky vas-

culature. Micelles of different composition can be used for a broad variety of drugs, mostly poorly 

soluble anticancer drugs. In the context of drug targeting, modifi cations are needed in designing 

polymeric micellar systems that can provide optimum disposition of the incorporated drug in the 

biological system, that is, within the reach of its molecular targets in cancerous tissue and away from 

nontarget healthy cells. Taking advantage of the chemical fl exibility of the core–shell structure has 

resulted in the development of multifunctional polymeric micelles that bear multiple targeting func-

tionalities on an individual carrier and are expected to achieve superior selectivity for diseased tis-

sue (Haxton and Burt, 2008). By varying the micelle composition and the sizes of hydrophilic and 

hydrophobic blocks of the micelle-forming material we can easily control the properties of micelles, 

such as size, loading capacity, and longevity in the blood. Biodegradable micelles, in which the 

controlled degradation of hydrophilic blocks can facilitate drug liberation from the hydrophobic 

core, can also become a subject of interest. Another interesting option is provided by stimuli-responsive 

micelles, the degradation and subsequent drug release of which should proceed at abnormal pH 

values and temperatures characteristic for many pathological zones. Similarly, the design and pre-

paration of pH-sensitive micelles is a new and exciting fi eld of research to improve the selective 

delivery of therapeutic molecules using physiological triggers. One of the major challenges is the 

relatively narrow pH range in which the micellar carrier must both retain the drug over prolonged 

periods and then release it relatively rapidly. This challenge has been met by many different 

approaches including incorporation of titratable groups into the copolymer backbone such that 

the solubility of the polymer is altered by protonation or deprotonation events and by incorporation 

of pH-sensitive linkages that are designed to undergo hydrolysis under distinct physiological 
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 conditions either to directly release the drug or to alter the polymer structure to disrupt or break apart 

the micelles.

Metal-based drugs have recently been widely used in the treatment of cancer. Signifi cant side 

effects and drug resistance, however, have limited its clinical applications. Advances in biocoordi-

nation chemistry are crucial for improving the design of compounds to reduce toxic side effects and 

understand their mechanisms of action. Haxton and Burt (2008) demonstrated that platinum– 

polymer complex micelles, conjugated to cisplatin (metal-based drugs) analogs, have improved 

specifi city for tumor tissue, thereby reducing side effects and drug resistance. However, little is 

known about the interaction of polymeric micelles with plasma and cellular components and drug 

delivery in order to design micelles to effi ciently deliver a drug to its site of action. Until now, only 

a limited number of polymeric micellar formulations have been tested as DDSs. Therefore, they still 

need systematic investigation on the micellar composition, structure, and zeta potential on the phar-

macokinetics, biodistribution, and activity of the carried drug. The presence of a variety of colloidal 

particles in the bloodstream ranging from soluble proteins to lipoproteins to blood cells and a vari-

ety of unforeseen interactions between the micelles and biological components are also problematic 

in tracing micelles in physiological environments. Recently, a Förster resonance energy transfer 

imaging method was applied to reveal potential interactions of polymeric micelles constructed by a 

particular diblock copolymer with biological components, which in turn affected the drug release 

behaviors of unmodifi ed polymeric micelles under in vitro (Asokan and Cho, 2005) and in vivo 

conditions (Chen et al., 2008). Such technologies may provide an innovative viewpoint and shed 

some light on solving the stability issue. In vivo biodistribution and excretion of polymeric micelles 

after intravenous administration, which can greatly affect the pharmacokinetics of encapsulated 

drugs, remains another challenge in the fi eld of drug delivery.

The future of micelle formulation research should center on more scientifi c understanding of the 

application of practical systems. Another direction should focus on identifying intact unmodifi ed 

micelles that have reached their intended target sites using various microscopic techniques, and the 

investigators should be able to identify micelles from other biological components. Interaction of 

micelles with biological components that can infl uence micelle stability will be another area to be 

explored. Such micelles need to be dissociated by certain signals or in the local environment after 

fi nishing their assigned role. Additional concerns might be linked to the drug-loading capacity of 

the micelles to reasonably meet the required dose size of an active drug. Handling less hydrophobic 

drugs will be another aspect to consider. Most of the new drug entities that are in the discovery stage 

are discarded because of dissatisfaction with the solubility and poor bioavailability. Micelle formu-

lations in the pharmaceutical industry have not been well adopted, but the micelle approach is a 

versatile option that should be considered. For example, oral formulations based on micelle technol-

ogy are one topic to be investigated. As long as micelle stability in the blood is clarifi ed, designing 

intelligent micelles to maximize drug effi cacy will be a novel challenge in the area. Thus, micelles 

that are easy to prepare and load with the drug or diagnostic moiety with a combination of proper-

ties should lead to the successful practical application of micellar drugs in the foreseeable future.

ACKNOWLEDGMENT

The third author (S.K.S.) thanks the Department of Biotechnology, Government of India, for provid-

ing Grants BT/04(SBIRI)/48/2006-PID and BT/PR7968/MED/14/1206/2006.

ABBREVIATIONS

CMC Critical micelle concentration

CT Computed tomography

DDS Drug delivery system

DNA Deoxyribonucleic acid
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DOX Doxorubicin

DTPA Diethylene triamine pentaacetic acid

DTPAYPE Diethylene triamine pentaacetic acid conjugate with phosphatidyl ethanolamine

DTPAYSA Diethylene triamine pentaacetic acid conjugate with phosphatidyl stearylamine

EGFR Epithelial growth factor receptor

EPR Enhanced permeability and retention

FR Folate receptor

MDR Multidrug resistance

MPEG methoxy-poly(ethylene glycol)

MRI Magnetic resonance imaging

MW Molecular weight

PAA Poly(acrylic acid)

PCL Poly(ε-caprolactone)

PEG Poly(ethylene glycol)

PEO Poly(ethylene oxide)

PLA Poly(lactic acid)

PSMA Prostate-specifi c membrane antigen

PTX Paclitaxel

RES Reticuloendothelial system

RNA Ribonucleic acid

SPIO Superparamagnetic iron oxide
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7.1 INTRODUCTION

Multiple emulsions are complex polydispersed systems in which water-in-oil (W/O) and oil-in-water 

(O/W) emulsions exist simultaneously. They are thermodynamically unstable systems and need 

special and careful consideration for their stability. Stabilization of multiple emulsions requires both 

hydrophilic and hydrophobic surfactants in the formulation. The ratio between these surfactants also 

plays an important role in their stability. The stability of multiple emulsions has been further 

enhanced by reduction of the droplet size and use of polymeric amphiphiles and complex adducts in 

the formulation. The two commonly used multiple emulsions in practice are water-in-oil-in-water 

(W/O/W) and oil-in-water-in-oil (O/W/O). The W/O/W emulsion has been widely used in pharma-

ceutical applications and has been extensively studied and reported. In addition to pharmaceutical 

applications, multiple emulsions have shown potential use in the agricultural, cosmetic, food, separation 

sciences, and nutraceutical industries.

Several methods have been reported for the preparation of multiple emulsions. The double 

 emulsifi cation technique is the most commonly employed method of preparation compared to the 

one-step technique, which is sometimes called the phase inversion method (Matsumuto et al., 1985). 

Some of the more recent methods of preparation include the membrane emulsifi cation technique 

(Okochi and Nakano, 1997) and microchannel emulsifi cation methods (Sugiura et al., 2004). 

The membrane method uses a microporous glass membrane with a particular pore size as the emul-

sifying tool. The microchannel method is a very novel approach of producing monodispersed 

 multiple emulsions. Various formulation variables including the method of preparation, emulsifi ers, 

 lipophilic phase, phase volume ratio of various phases, temperature, and shear or agitation used 

during preparation can affect the stability of multiple emulsions (Florence and Whitehill, 1981; 

Matsumoto et al., 1976). The rheological properties of these emulsions are affected by the nature of 

the external phase, phase volume ratio, and particle size distribution of the dispersed phase (Jiao and 

Burgess, 2003; Khan et al., 2006). Various in vitro methods have been used for the quality assur-

ance of multiple emulsions in pharmaceutical practice. These include macroscopic and microscopic 

examinations, entrapment effi ciency studies, rheological analysis, zeta potential measurements, 

phase separation, and in vitro drug release characteristics (Khan et al., 2006). The difference in the 

nuclear magnetic resonance signals of a water proton in simple emulsions versus multiple emulsions 

has been utilized as an analytical tool in quality control (Khopade and Jain, 2001).

Pharmaceutical applications of multiple emulsions include sustaining and controlling the release 

of the active component, transport and targeting of the active moiety, masking the taste of medica-

ments, enhancing bioavailability, immobilization of enzymes, lymphatic delivery, transdermal 

delivery, preparation of microparticulate and nanoparticulate drug delivery systems, drug intoxica-

tion, and red blood cell substitutes (Jiao and Burgess, 2008).

7.2 METHODS OF PREPARATION

Emulsions are thermodynamically unstable systems because of the excess surface free energy cre-

ated during the preparation of smaller droplets from the different dispersed phases. The excess 

surface free energy is a result of cohesive forces being stronger than the adhesive forces. Multiple 
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emulsions are even more unstable because of their complex nature and because they have two 

 different interfaces giving rise to multiple-fold free energy. Therefore, unlike simple emulsions, 

they require two different sets of surfactants or emulsifi ers for their stability. The order of their use 

depends on the type of emulsion to be prepared. For instance, while preparing W/O/W-type multiple 

emulsions, the fi rst set of emulsifi ers must be hydrophobic and the other should be hydrophilic and 

vice versa for preparing an O/W/O-type emulsion. The common formulation techniques used for 

preparing multiple emulsions are discussed below.

7.2.1 PHASE INVERSION (ONE-STEP EMULSIFICATION)

The fi rst multiple emulsion that was prepared utilized only one set of emulsifi ers and an inversion 

process (Matsumuto and Yonezawa, 1976). This process includes formation of a lamellar structure 

from a concentrated simple emulsion that can be redispersed in the external phase to give a multiple 

emulsion. It is a single-step process. However, the resultant multiple emulsions are highly unstable 

because it is really diffi cult to control the migration of emulsifi ers between the two phases, which 

often results in destabilization of the emulsion. Another disadvantage of the phase inversion tech-

nique is a wide inner droplet size distribution that gives rise to a high degree of polydispersity. 

Therefore, this technique cannot be used to prepare uniform size multiple emulsions (Hou and 

Papadopoulos, 1997).

Methods have been reported recently for the preparation of multiple emulsions via the inversion 

technique using two or more surfactants. An aqueous phase containing poly(ethylene glycol) and 

polyoxyethylene (Tween) 20 was added to an oil phase (comprising 1-octanol, hydroxypropyl 

 cellulose, and sorbitan monooleate over a magnetic stirrer) that resulted in the formation of an 

O/W/O emulsion. The oil phase diffused into the inner aqueous phase across the hydroxypropyl 

cellulose to yield O/W/O-type multiple emulsions (Oh et al., 2004).

7.2.2 DOUBLE EMULSIFICATION (TWO-STEP EMULSIFICATION)

This is the most common process employed for the preparation of multiple emulsions of both W/O/W 

and O/W/O types. It is very simple yet reproducible and gives a high yield. This process involves 

two steps. The fi rst step involves preparation of a simple primary W/O or O/W emulsion using a 

suitable emulsifi er. The primary emulsion obtained in the fi rst step is then reemulsifi ed into an 

excess of the fi nal continuous phase to which a second emulsifi er has already been added. A sche-

matic representation of this process is depicted in Figure 7.1.

The fi rst step generally requires a high shear homogenization and more recently sonication to 

obtain the primary emulsion. The second step requires gentle agitation to prevent fracture of the 

inner globules leading to the formation of a simple emulsion (Fukushima et al., 1983). Thus, in the 

second step the external phase is added with stirring instead of sonication or homogenization. 

Sonication 

Primary W/O
emulsion

Stirring 

Primary W/O emulsion Hydrophilic surfactant W/O/W multiple emulsionOil + lipophilic surfactant

FIGURE 7.1 Preparation of a W/O/W multiple emulsion via a two-step emulsifi cation process.
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However, in some recent studies a modifi ed two-step method is used. This involves dividing each 

step into two substeps, a preemulsifi cation via sonication followed by stirring (Okochi and Nakano, 

1996, 2000). Studies have shown that production parameters such as temperature and pressure 

infl uence the droplet size and the encapsulation effi ciency in W/O/W-type multiple emulsions 

(Lindenstruth and Muller, 2004).

7.2.3 MEMBRANE EMULSIFICATION TECHNIQUE

The membrane emulsifi cation technique is a highly effective method of producing narrow droplet 

size distributions (Higashi et al., 1995). A schematic representation of such a process is provided in 

Figure 7.2. It makes use of microporous membranes with a defi ned pore size as an emulsifying tool. 

The fi rst membrane used for this purpose was a glass membrane known as Shirasu porous glass 

(Nakashima et al., 1991). Membranes made up of other materials such as ceramic, metallic, and 

polymers have been reported recently for producing multiple emulsions. Various microengineered 

devices such as parallel arrays of microgrooves formed by engraving on a single-crystal silicon 

substrate have been used for the preparation of multiple emulsions (Vladisavljevic and Williams, 

2005). A low-shear pump is generally employed to recirculate the continuous phase along the mem-

brane. This ensures regular droplet detachment from the pores (Nakashima et al., 1991). The same 

process can be completed by agitation using a stirrer in the vessel (Kosvintsev et al., 2008). This 

process involves the drop by drop creation of individual droplets by pressurizing the primary emul-

sion to pass through a set pore size into the fi nal continuous phase, thus forming monosized globules 

(Nakashima et al., 1991; Okochi and Nakano, 1997). This process is more suited for large-scale 

production of multiple emulsion products.

Pressure 

Stirrer 

(W/O) primary 
emulsion 

(W/O/W) double
emulsion outlet

External 
aqueous phase 

FIGURE 7.2 Membrane emulsifi cation process.
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7.2.4 MICROCHANNEL EMULSIFICATION

This is a more recent method employed for the preparation of multiple emulsions (Sugiura et al., 

2004). In this process the primary emulsion is passed through a channel onto a fl at surface called a 

terrace. As more of the dispersed phase is pushed through the channel, the droplet grows in size. 

The expansion is followed by a spontaneous detachment as the droplet reaches the edge of the 

 terrace and falls into a deeper well. A W/O/W-type emulsion was successfully prepared through this 

technique using decane, ethyl oleate, and medium chain triglyceride as the intermediate oil phase 

(Sugiura et al., 2004). Figure 7.3 depicts a channel process of making multiple emulsions.

A further modifi cation of the microchannel emulsifi cation technique is the use of microfl uidic 

devices, which utilize a T-junction or microcapillary devices as shown in Figure 7.4. These devices 

are generally made of quartz glass (Nisisako et al., 2005), poly(dimethylsiloxane) (Yi et al., 2004), 

and polyurethane (Nie et al., 2006). They are highly effi cient and can form multiple emulsions in a 

single step while maintaining not only the inner and outer droplet size but also the number of inner 

droplets encapsulated in the larger droplet.

7.3 STABILITY

7.3.1 MECHANISM

As previously mentioned, multiple emulsions are thermodynamically unstable systems with abun-

dant surface free energy because of the multitude of interfaces presented by the droplets of the 

dispersed phases. The excess free energy is also a result of cohesive forces between the molecules 

FIGURE 7.3 Schematic representation of droplet formation via microchannel emulsifi cation process.

Dispersed phase (a) (c)

(b) (d)
Dispersed phase 

Continuous phase

Continuous phase Continuous phase

Droplets 

Large droplets

Small
droplets

Small
droplets

Fluid 1

Mixture

Fluid 2

FIGURE 7.4 Different types of T-junctions used in microfl uidic devices.
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of the individual phase empowering the adhesive forces between the two phases (Jantzen and 

Robinson, 2002; Martin et al., 1993). The interfacial free energy associated with the interface 

between two immiscible liquids can be represented mathematically as

 ΔG = γ Δ A,

where G is the interfacial free energy, γ is the interfacial tension, and A is the total interfacial area 

of the dispersed phase. Clearly an increase in interfacial area is directly proportional to an increase 

in interfacial free energy and thus a thermodynamically unstable system.

One of the ways to make these systems thermodynamically more stable is to reduce the inter-

facial tension. This can be achieved by the addition of surfactants or emulsifi ers. Use of a certain 

kind of surfactant, either hydrophilic or hydrophobic, depending on the type of emulsion to be pre-

pared, is well known for the production of simple emulsions. Multiple emulsions are more complex 

because W/O and O/W exist simultaneously in the system. Hence, two different sets of surfactants 

are required to impart stability to multiple emulsions. These surfactant molecules usually get 

adsorbed at the interfacial layer and prevent droplets from coalescing. They help to reduce the inter-

facial tension by forming an interfacial fi lm. Low interfacial tension favors the formation of smaller 

droplets and a narrow size distribution and imparts greater kinetic stability. The long-term stability 

of an emulsion is dependent on the strength of this fi lm (Jao and Burgess, 2008). For the fi lm to be 

an effective barrier, it should remain intact at all points in time when forced between two droplets. 

The fi lm should have a certain degree of surface elasticity, which will help it reform rapidly once it 

is broken. Thus, interfacial elasticity and interfacial strength can be used to predict the stability of 

multiple emulsions (Opawale and Burgess, 1998).

In an attempt to impart greater stability, conventionally used monomeric surfactants have been 

replaced by polymeric emulsifi ers. The gain in free energy is greater for polymeric amphiphiles 

compared to absorbed monomeric surfactants (Ortega-Vinuesa et al., 1996). The use of polymeric 

emulsifi ers also helps to control and sustain the release of the active ingredient from the formulation. 

Smaller monomeric surfactants tend to migrate from the interface toward one of the two phases, 

depending on their affi nity with the two phases, and in the process disrupting the hydrophilic–

hydrophobic balance of the system. Another mechanism of instability is the transport of water or 

diffusion of solubilized materials across the oily membrane, depending on the osmotic pressure and 

concentration gradient across the membrane. Polymeric emulsifi ers also have instabilities. The 

common destabilization mechanisms of multiple emulsions include fl occulation, aggregation, and 

coalescence. Flocculation is a typical instability in emulsions stabilized by polymeric emulsions. It 

can be achieved by either depletion or bridging.

The polymeric emulsifi ers generally used for preparation of multiple emulsions may be catego-

rized as synthetic polymers and natural polymers, which include hydrocolloids and proteins. Low 

molecular weight surfactants and proteins differ in their mechanism of stabilization of the emulsion 

systems. Surfactants rapidly diffuse to stabilize any disturbance at the interface, dragging the fl uid 

into the interlamellar space between the droplets and hence keeping them separated. Such a mecha-

nism is known as the Gibbs–Marangeni mechanism. In contrast, proteins, after being adsorbed at 

the interface, tend to unfold, presenting their hydrophobic groups to the hydrophobic phase. In this 

process, they develop strong interactions with the other neighboring protein molecules and form an 

interconnected viscoelastic gel structure at the interface. This viscoelastic gel prevents breakage of 

the fi lm and thus stabilizes the emulsion.

7.3.1.1 Steric and Depletion Stabilization
As the polymer gets adsorbed on the surface of the droplet, the polymer chains cover the entire 

droplet surface area. When two such droplets covered with polymeric chains come closer to each 

other, there is an increase in the local concentration and this results in an osmotic pressure difference 

between the external solution and the overlap zone. The osmotic pressure is much lower in the 
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 overlap zone compared to the external regions. This results in an instant fl ow of the external continu-

ous phase in the overlap zone, thus separating the particles (Babak and Stebe, 2002). In addition, the 

overlap results in compression of the polymer molecules and causes a change of confi guration and 

a loss of entropy. Hence, droplets must segregate in order to regain the lost freedom of movement.

7.3.1.2 Electrostatic Repulsion Stabilization
This is a common and well-established mechanism of stabilization. The amphiphilic molecules 

present at the droplet surface contain either positively or negatively charged chains. This leads to 

the development of static charges at the surface of the droplets. These surface static charges form 

electrostatic repulsive forces that tend to keep the particles separated.

The use of synthetic polymers is generally not recommended, paving the way for naturally 

 occurring biopolymers. These polymers largely include hydrocolloids and proteins. Hydrocolloids 

are high molecular weight biopolymers that are generally used as viscosity building agents. They 

include various polysaccharides and gums of mainly plant origin that are modifi ed by enzymatic 

action. Proteins have a broad history of being used as emulsifi ers. They are macromolecular 

amphiphiles and impart stability to multiple emulsions. Proteins such as bovine serum albumin 

(BSA; Dickinson et al., 1994), gelatin (Zhang et al., 1992), whey proteins (Cornec et al., 2000), 

human serum albumin, and casein have been extensively evaluated since the early 1990s for their 

emulsifying properties. The amphiphilic nature of a protein molecule makes it a suitable candidate 

to be used as an emulsifying agent. The utilization of proteins as emulsifying agents has been 

meticulously evaluated independently and in combination with other monomeric surfactants. Studies 

have been performed to understand the mechanism, if any, by which they complement or compete 

with each other to get adsorbed at the interface. However, it is still debatable whether the adsorption 

is competitive or complementary (Kerstens et al., 2006; Wilde et al., 1993).

Certain protein molecules like BSA form interfacial complexes with the nonionic surfactant that 

imparts stability to the multiple emulsions and helps in slowing down the release of the entrapped 

solute. Studies have shown that BSA can serve as a replacement for monomeric surfactants in the 

inner phase in providing good stabilization for W/O/W emulsions (Garti and Aserin, 1996). However, 

when BSA was used in combination with monomeric surfactants, the emulsion that was formed had 

better stability compared to BSA used alone. A delay in the release of the active moiety was also 

observed (Garti et al., 1994). The use of lysozyme was also investigated with other monomeric sur-

factants in the internal and external phases. Lysozyme is a small protein and the droplets tend to 

coalesce (Silletti et al., 2007).

Recent studies evaluated sodium caseinate with polyglycerol poly(ricinoleic acid) for stabilizing 

multiple emulsions. When increasing the caseinate concentration from 0.03% to 1%, there was a 

signifi cant reduction in the mean droplet size. The reduction in droplet size was attributed to loss of 

fl occulation upon increasing the caseinate concentration (Su et al., 2006). Hence, studies concluded 

that it is not possible to completely replace monomeric surfactants by proteins. However, when pres-

ent along with monomeric surfactants, proteins certainly improve the stability and adjourn the 

release of the solute from the internal phase (Dickinson et al., 1994).

7.3.2 EFFECT OF FORMULATION VARIABLES ON STABILITY

7.3.2.1 Phase Volume
The aqueous to oily phase ratio is an important parameter that infl uences the stability of multiple 

emulsions. The phase volume of the primary emulsion has no signifi cant effect on the fi nal product, 

but the phase volume ratio of the secondary phase is very important. Thus, a varied range of phase 

proportions may be used while preparing the primary emulsion. Stable multiple droplets are 

 produced at low volume fractions only (Matsumoto et al., 1976). However, some studies also 

reported that they obtained stable multiple emulsions at very high phase volume ratios (70–90%; 
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DeLuca et al., 1990). Another important consideration while preparing multiple emulsions is the 

order of phase addition. To prepare a stable multiple emulsion, the dispersed phase should be added 

slowly into the continuous phase to prevent rupture of the inner globules.

7.3.2.2 Emulsifi ers
The use of emulsifi ers is the most common way to impart stability to multiple emulsions. The choice 

of the emulsifi er or sets of emulsifi ers depends on the type of emulsion to be prepared (Magdassi 

et al., 1985; Safwat et al., 1994). For the preparation of multiple emulsions, generally a combination 

of two or more emulsifi ers is used. In most of the earlier studies, the focus was to fi nd a blend of 

monomeric hydrophilic and hydrophobic surfactants in the most appropriate ratio required for opti-

mal stabilization. Matsumoto and coworkers came up with the empirical weight ratio rule of 10 for 

the internal hydrophobic surfactant to the external hydrophobic surfactant (Matsumoto et al., 1976, 

1985). However, current studies involve calculation of the effective hydrophilic–lipophilic balance 

(HLB) value of emulsifi ers for optimal stability (Magdassi and Garti, 1999). All the available emul-

sifi ers are classifi ed as either hydrophilic or hydrophobic on the basis of their HLB value. Emulsifi ers 

with low HLB (2–8) are considered lipophilic whereas ones with high HLB (6–16) are hydrophilic. 

Optimum concentrations of primary and secondary emulsifi ers are required to formulate a stable 

multiple emulsion. If present in excess, the primary emulsifi er can reach the surface of the second-

ary micelle, resulting in instability. The use of polymeric emulsifi ers is preferred over synthetic 

ionic surfactants because of toxicity constraints. Polymeric emulsifi ers also offer other advantages 

like better yield, improved stability, and the ability to control and sustain the release of the entrapped 

molecule (Florence et al., 1982; Matsumoto et al., 1976; Okochi et al., 1996).

7.3.2.3 Oils Used
A wide variety of oils have been tried and tested for the preparation of multiple emulsions. Different 

oils are used for different purposes in a multiple emulsion. Some of them are used for medicinal or 

nutritional value whereas some are used to act as a membrane to deliberately impede the release of 

the active solute from the inner phase. Others may be used to impart a suitable viscosity or consis-

tency required for the formulation, or they may even form a part of the emulsifi er system.

These oils may be chemically categorized as fi xed oils, volatile oils, simple esters, hydrocarbons, 

terpenoid derivatives, and so forth. The choice of oil also depends on the route of administration. 

Nonbiodegradable mineral oils and castor oils are generally used in preparations of emulsions for 

oral administration. They also provide a local laxative effect. Some of the oils used for nutritional 

value include fi sh liver oil, olive oil, and other fi xed oils of vegetable origin like arachis, cottonseed, 

and maize. Studies have shown a better yield and better stability with mineral oils compared to 

vegetable oils (Davis et al., 1983; Florence et al., 1982; Sinha et al., 2002).

The rheology of multiple emulsions is signifi cantly affected by the nature of the oil. In addition 

to the rheology of the emulsion system, the nature of the oil also affects the diffusion of the solute 

across the oily membrane. The drug release profi le can be altered by using oils of varying permea-

bility, density, and viscosity (Omotosho et al., 1986). The release can be decreased by increasing the 

fat content of the oil. In recent studies, the release of the drug was delayed using a semicrystalline 

oil phase (Weiss et al., 2005).

7.3.2.4 Applied Shear
Shear, which is the force applied while preparing the emulsion, is an important parameter affect-

ing the stability of multiple emulsions. Varying shear force is applied to the emulsions prepared via 

the two-step emulsifi cation process. The fi rst step, preparation of the primary emulsion, is a high 

shear rate step, whereas the second involves gentle stirring. A high shear applied in the second step 

can lead to breakage of the inner globules and thus results in the formation of a simple emulsion 

instead of a multiple emulsion and hence instability. Similarly, a low shear rate during the fi rst step 

leads to the formation of a highly unstable emulsion system with bigger droplets and a high 
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 tendency toward coalescence. Therefore, an optimal shear rate is vital for the production of a stable 

multiple emulsion.

Shear time is another important parameter for preparing stable multiple emulsions. A high shear 

employed for longer periods can lead to incorporation of air within the emulsion. Excessive froth-

ing caused by air entrapment causes displacement of the surfactant from the interface. Such an 

emulsion system is highly unstable (Florence et al., 1982; Matsumoto et al., 1976; Okochi et al., 

1996; Yan et al., 1992).

7.3.2.5 Temperature and Pressure
Temperature and pressure are important parameters that affect the size of the droplets. Precise con-

trol of these parameters is critical to obtain reproducible results in terms of yield and droplet size. It 

is reported that a relatively colder temperature (5–10°C) during the second step of emulsifi cation 

favors the production of a stable multiple emulsion (Geiger et al., 1998; Khopade et al., 1997).

Accelerated stability studies have shown that adverse conditions lead to instability. Therefore, it 

can be postulated that drastic variations in temperature during storage and transport can lead to 

instability (Clausse et al., 1999).

7.4 EVALUATION AND QUALITY CONTROL

7.4.1 MACROSCOPIC EXAMINATION

A few of the instabilities in multiple emulsions can be easily viewed by the naked eye. Such insta-

bilities include breaking of the emulsion, creaming, sedimentation, caking, aggregation, fl occulation, 

and defl occulation. Changes in volume, homogeneity, color, consistency, and spreadability are some 

of the macroscopic properties that can be observed easily. These observations can help in ensuring 

that the emulsion is formed.

Dilution of the emulsion with the continuous or external phase is one of the macroscopic ways to 

validate the type of emulsion formed (Florence et al., 1982). Conductivity measurements are also 

useful in determining the type of emulsion that is formed. Only a W/O/W type of emulsion allows 

the passage of electric current through it. Conductivity tests can also serve to analyze the release of 

electrolytes entrapped in the emulsion globules.

7.4.2 MICROSCOPIC EXAMINATION

A light microscope or an electron microscope make it possible to capture direct images of the double 

emulsion globules. A group of microscopic techniques have been employed for the verifi cation of 

the multiplicity of multiple emulsions (DeLuca et al., 2000; Nakhare et al., 1995a, 1995b).

7.4.2.1 Photomicrography
The use of photomicrography dates back to 1978, when Kavaliunas and Frank used it for the fi rst 

time to determine the structure of a water, p-xylene, and nonylphenol diethylene glycol ether emul-

sion system (Kavaliunas and Frank, 1978). Photomicrography has been used not only to validate the 

structure of the double emulsion but also to visually look for instabilities. An increase in droplet size 

as a result of the coalescence of emulsion globules and other destabilizations induced by shear force 

can also be observed microscopically (Oliveiri et al., 2003). The role of different components can 

be better understood by microscopic visualization of their assembly in the system.

Photomicroscopy has also been used to determine the droplet size (Driscol et al., 2006; Pallandre 

et al., 2007). The existence of a complex four-phase W/O/W/O system was detected by the use of this 

technique (Goubault et al., 2001). Other studies have made use of different techniques for observing 

double emulsions with photomicrography (Florence et al., 1981). Cournarie and coworkers used 

immersion microscopy for the evaluation of emulsion droplets. Some studies have also made use of 
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phase contrast microscopy to investigate emulsion properties and instabilities (Doucet et al., 1998; 

Pays et al., 2001, 2002). Even very thin oil fi lms present between the internal and external aqueous 

phase can be detected using phase contrast and dark fi eld microscopy (Florence et al., 1985).

7.4.2.2 Videomicrography
Various events occurring in the multiple emulsion can be directly observed in the actual sequential 

order by using an immersion microscope equipped with a video camera (Cheng et al., 2007). The 

use of sequential microscopic imaging was fi rst employed in 1981 when Florence and Whitehill 

used the technique to view a double emulsion (Florence and Whitehill, 1981). Video micrography 

has been of great help in understanding the mechanisms of instability. Various studies have employed 

video enhanced confocal microscopy to study the stability of double emulsions loaded with fl uores-

cent markers (Puppo et al., 2007).

7.4.2.3 Capillary Microscopy
This type of microscopy offers an advantage over the other microscopic techniques because the 

dynamic changes of a single emulsion globule can be analyzed right from its preparation. Unlike the 

other microscopic techniques, which involve analyzing the globules in the bulk system, capillary 

microscopy involves formation of individual double emulsion globules in an extremely thin capil-

lary. The diameter of the capillaries range from 150 to 200 μm. This technique has been used by 

various groups in investigational studies for the observation of dynamic behavior (Hou and 

Papadopulos, 1997; Villa et al., 2003; Wen and Papadopulos, 2000).

7.4.2.4 Electron Microscopy
Miniature and extremely fi ne details of the emulsion system can be captured by electron micros-

copy. The major drawbacks of the optical microscopic systems are their inability to observe fi ne 

droplets smaller than a few microns (Zheng et al., 1991, 1993) and their inability to observe water 

droplets entrapped inside oil droplets (Matsumoto et al., 1980). Electron microscopy has been used 

in various studies to overcome both these drawbacks, and it has become possible to view and cap-

ture micrographs of droplets as small as 0.02 μm in diameter (DiStefano et al., 1983). The size of 

both inner and outer globules can be measured by using freeze etching electron microscopy (Davis 

and Burbace, 1977; Ursica et al., 2005).

7.4.3 NUMBER OF GLOBULES

Another method for characterization of a multiple emulsion is to count the number of globules pres-

ent per cubic millimeter. A higher number of globules can be correlated with high stability (Kita 

et al., 1977). A hemocytometer can be used for the calculation of the number of globules per cubic 

millimeter. It consists of numerous small squares, which are fi lled by the multiple emulsions after 

appropriate dilution. The number of globules in each square is then counted. Generally, 5 groups of 

16 squares each are used for the calculation. The following equation is then used to mathematically 

calculate the number of globules per cubic millimeter:

 Number of globules/mm3 =   
number of globules in each square × dilution × 4000

    ___________________________________________    
number of small squares counted

  .

7.4.4 ZETA POTENTIAL

As previously discussed, the droplets carry surface static charges that are responsible for develop-

ment of electrostatic repulsion between the particles. These surface charges also give rise to a 

potential that can be analyzed using a potentiometer. The instrument is typically a microelectropho-

resis cell with platinum–iridium electrodes (Nakhare et al., 1997). It measures the zeta potential by 
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determining the electrophoretic mobility of the globules when a fi xed or variable voltage is applied. 

The zeta potential can be calculated using the following equation:

 ζ =   
4πημ _____ εE

  

where ζ is the zeta potential (mV), η is the viscosity of the dispersion medium (P), μ is the migration 

velocity (cm/s), ε is the dielectric constant of the dispersion medium, and E is the potential gradient 

(voltage applied/distance between electrodes).

7.4.5 ENTRAPMENT EFFICIENCY

The entrapment effi ciency is one of the most commonly used parameters that is employed for the 

evaluation of multiple emulsions. The quality of the multiple emulsions that are formed depends on 

how effi ciently the active ingredient is entrapped in the innermost phase of the globules. Some studies 

have revealed that the entrapment effi ciency depends on the ratio of the lipophilic and hydrophilic 

surfactants used in the respective phases. A ratio of more than 10 is said to yield emulsions with 

90% or more entrapment effi ciency (Matsumoto et al., 1976).

To measure the entrapment effi ciency or yield of the multiple emulsion, an internal tracer is gener-

ally added, which is then analyzed to evaluate the yield (Davis et al., 1983). This internal tracer is 

mostly an impermeable marker incorporated in the inner phase. The amount or percentage of drug 

entrapped is calculated indirectly by estimating the amount of unentrapped drug present in the outer-

most continuous phase and then applying weight balance to determine the amount of entrapped marker 

(Magdassi et al., 1984; Matsumoto and Kang, 1988). The various markers used for this purpose include 

glucose (Matsumoto et al., 1976), hydrogen ions (Martin et al., 1993), electrolytes (Lee et al., 2001), 

new coccine (Ohwaki et al., 1992, 1993), various dyes (like sulfane blue, polytartrazane), and some 

radioactive tracers (D2O; Sela et al., 1995). It can be mathematically expressed as the following:

 

(total amount of drug free (unentrapped) drug) 100
Entrapment efficiency . 

total amount of drug

− ×=
 

The various processes used to separate the marker include dialysis, centrifugation, fi ltration, and 

conductivity measurement (Yan et al., 2006). Studies have shown that certain additives can effec-

tively improve the yield of an emulsion. These additives include sodium salts of alkyl sulfonates and 

alkyl carbonates and some other osmotic agents like sorbitol, sodium carbonate, and Tweens. These 

additives should be added in the inner aqueous phase (Ohwaki et al., 1992). Another study showed 

similar results upon addition of sodium chloride to the inner phase; however, inverse results were 

observed when sodium chloride was added in the outer continuous phase in a W/O/W emulsion 

containing tryptophan (Hino et al., 2001).

7.4.6 PERCENTAGE OF PHASE SEPARATION

The coalescence of globules results in separation of one of the phases from the emulsion and thus 

causes instability in the emulsion. The percentage of phase separation may be defi ned as the per-

centage of the volume of the separated phase from the total volume of the emulsion. The percentage 

of phase separation is determined by physically examining the separated phase in 20 mL of the 

freshly prepared emulsion that is allowed to stand in a 25-mL graduated glass cylinder for an 

extended period of time at room temperature or any other specifi ed conditions. The percentage of 

phase separation (B) at any particular time interval can be calculated as the following:

 

sep
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where V1 represents the volume of the inner aqueous phase, V2 represents the volume of the con-

tinuous phase, V0 represents the volume of the middle phase (Nakhare et al., 1997), and Vsep  represents 

the volume of the separated phase observed periodically.

7.4.7 IN VITRO DRUG RELEASE

An appropriate release profi le from the emulsion system is another parameter that is used to evalu-

ate the quality of the emulsion. The drug is generally incorporated in the innermost phase, and the 

intermediate phase acts as a physical barrier regulating the release of the drug from the globules.

Dialysis is the most common method employed to determine the drug release from the emulsion. 

Five to ten milliliters of the emulsion is placed in a dialysis tube covered by a cellophane membrane 

at both ends that is then placed in 200–250 mL of suitable dissolution media (phosphate buffered 

saline, assay buffer, etc.) in a rotating basket United States Pharmacopoeia Type I dissolution appa-

ratus. A sink condition is maintained throughout the duration of the study. Samples are withdrawn 

at different time intervals, and the volume of the dissolution media is kept constant by replacing it 

with an equal volume of fresh media (Khopade et al., 1998, 1999; Roy et al., 2006).

7.5 PHARMACEUTICAL APPLICATIONS

7.5.1 CONTROLLED RELEASE DRUG DELIVERY

To be used as a controlled release drug delivery system, the drug is incorporated in the inner glob-

ules of multiple emulsions. Many researchers have expansively evaluated multiple emulsions, espe-

cially W/O/W types, as controlled release formulations. The categories of drugs incorporated in 

multiple emulsions vary from analgesics to anticancer agents. Multiple emulsion systems are also 

known to prolong the effect of drugs that have extremely short half-lives. The middle oil barrier of 

the W/O/W emulsion generally sustains the release of the entrapped drug in the inner globules. The 

release rate generally depends on the diffusion of the drug across the oily membrane. Multiple 

emulsions have been investigated for both oral and intravenous administration. Table 7.1 lists  several 

drugs incorporated in multiple emulsions to achieve a prolonged and sustained delivery rate.

7.5.2 MANUFACTURING PARTICULATE PRODUCTS

One of the major and novel pharmaceutical applications of multiple emulsions is in the manufacture 

of particulate products (Martín-Banderas et al., 2006). This includes micro- and nanoparticulate 

systems. Multiple emulsions are used as an intermediate step for a wide range of particulate drug 

delivery systems ranging from solid–lipid nano- and microparticles (Nakashima et al., 2000), gel 

microbeads (Kobayashi et al., 2001; Nakashima et al., 1991), polymeric microspheres and micro-

capsules (Liu et al., 2005), core–shell microparticles (Bandera et al., 2006; Nie et al., 2005; Utada 

et al., 2005), polymerosomes (Lorenceau et al., 2005), and colloidosomes (Nakashima et al., 1991). 

These delivery systems act as alternate delivery vehicles to the more conventional liposomes and 

microencapsulated beads. Table 7.2 provides a list of particulate drug delivery systems prepared by 

intermediate multiple emulsion techniques. Solid–lipid microcarriers containing irinotecan hydro-

chloride have been prepared using Shirasu porous glass membranes. The entrapment effi ciency of 

the freeze-dried product was found to be 90% (Nakashima et al., 2000). Particulate products are 

generally obtained by one of the following techniques:

 1. Cross-linking the monomer in the outer aqueous phase

 2. Heat denaturation of proteins

 3. Solvent evaporation

 4. Precipitation by the addition of salt or alcohol
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Various polymers used to prepare nano- and microspheres include eudragit, poly(lactic acid), 

poly(glycolic acid), polycaprolactone, poly(lactide-co-glycolide), alginic acid, and chitosan. Table 7.3 

lists a few drugs that are encapsulated in multiple emulsions and formulated into particulate systems.

7.5.3 DRUG TARGETING

One of the reasons for the side effects of various drugs, which are administered via the conventional 

route, is that drugs are generally distributed at multiple sites in the body other than the desired site 

of action. Therefore, one of the ways to reduce toxicity is to make the delivery system site specifi c. 

In addition to the reduction in the side effects, drug targeting also concentrates the drug at the dis-

eased tissue, thus reducing the total amount of drug required for the therapeutic effect. Multiple 

emulsions have been successfully investigated for drug targeting for a variety of drugs and more so 

TABLE 7.1
Multiple Emulsions Used for Controlled Delivery of Drugs

Category Drug

Analgesic and antipyretic agent Pentazocine (Mishra and Pandit, 1989, 1990)

Morphine (Wang et al., 2008b)

Diclofenac diethylamine (Vasiljevic et al., 2006)

Paracetamol (Khan, 2004)

Anticancer agents Cisplatin (Xiao et al., 2004)

Cytarabine (Kim et al., 1995)

Doxorubicin (Lin et al., 1992)

Epirubicin (Higashi et al., 1999; Tanaka et al., 2008)

Etoposide (Tian et al., 2007)

5-Fluorouracil (Fukushima et al., 1983; Omotosho et al., 1986, 1989)

Mercaptopurine (Khopade and Jain, 1999a, 2000)

Methotrexate (Karasulu et al., 2007)

Paclitaxel (Fan et al., 2004)

Tegafur (Oh et al., 1998)

Vancomycin (Okochi and Nakano, 2000)

Antimalarials Chloroquine (Vaziri and Warburton, 1994)

Antitubercular agents Rifampicin (Khopade and Jain, 1999b; Nakhare and Vyas, 1995a, 1995b, 1997)

Isoniazid (Khopade and Jain, 1998)

Antiasthmatic agents Salbutamol (Pandit et al., 1987)

Theophylline (Jourquin and Kauffmann, 1998)

Antibiotics Cefadroxil (Miyakawa et al., 1993)

Cephardine (Miyakawa et al., 1993)

Nitroimidazole (Ozer et al., 2007)

Nitrofurantoin (Rudnic et al., 2006)

Antihistaminic Chlorpheniramine (Ghosh et al., 1997)

Proteins Insulin (Liu et al., 2005)

Peptides Salmon calcitonin (Dogru et al., 2000)

Miscellaneous Dexamethasone (Suitthimeathegorn et al., 2007)

Prednisolone (Safwat et al., 1994)

Testosterone (Leichtnam et al., 2006)

Antipyrene, 4-aminoantipyrene (Miyakawa et al., 1993)

Pilocarpine (Saettone et al., 2000)

Phenylephrine (Sasaki et al., 1996)
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for highly potent drugs like anticancer agents at the desired tumor sites. Various organs and tissues 

that have been investigated for the targeted delivery of multiple emulsions include the lymphatic 

tissue, liver, lungs, and brain (Nakhare et al., 1994).

Multiple emulsions can also be used for not targeting some organs. A W/O/W multiple emulsion 

of diclofenac sodium, containing poloxamer 403, was found to target reticuloendothelial system rich 

organs (e.g., spleen, liver) inversely in comparison to the identical emulsion but not containing 

poloxamer 403 (Talegaonkar and Vyas, 2005). In contrast, a nanoemulsion of the antimalarial drug 

primaquine is taken up preferentially by the liver, at least 45% more than the conventional dosage 

form (Singh and Vingkar, 2007). Table 7.4 lists a few drugs that were effectively targeted to the 

respective tissue or organ by multiple emulsions.

TABLE 7.2
Particulate Products Manufactured Using Multiple Emulsions
Products Examples

Chitosan and glyceryl 

monooleate nanoparticles

Paclitaxel (Trickler et al., 2008)

Poly(d,l-lactide-co-glycolide)/

montmorillonite nanoparticles

Paclitaxel (Dong and Feng, 2005), 5-fl uorouracil (Bozkir and Saka, 2005), 

streptomycin (Pandey and Khuller, 2007)

Solid–lipid nanoparticles Insulin (Gallarate et al., 2008)

Chitosan microparticle Astaxanthin (Higuera-Ciapara et al., 2003), ranitidine (Zhou et al., 2005)

Solid–lipid microcarriers W/O microcarrier (Nakashima et al., 2000)

Microspheres Nonsteriodal antiinfl ammatory drugs (Sam et al., 2008), naltrexone (Dinarvand et al., 2005) 

antiacne drugs (Castro and Ferreira, 2008)

Gel microbeads Calcium pectinate beads (Kobayashi et al., 2001)

Calcium alginate beads (Nakashima et al., 1991)

Inorganic microparticles Silica particles (Nakashima et al., 1991)

Microparticles Polystyrene microparticles of indomethacin (Tamilvanan and Sa, 2008), diclofenac 

sodium (Nahla et al., 2008)

Polymeric microspheres Polylactide spheres (Liu et al., 2005)

Polymeric core–shell 

microcapsules

Poly(tripropylene glycol diacrylate) particles (Martín-Banderas et al., 2006; Utada 

et al., 2005)

Polymersomes Poly(normal-butyl acrylate)–poly(acrylic acid) polymerosomes (Lorenceau et al., 2005)

TABLE 7.3
Multiple Emulsions Used in Formulation of Particulate 
Drug Delivery Systems

Albumin (Shah et al., 1987)

Ciprofl oxacin (Jeong et al., 2008)

Diclofenac sodium (Nahla et al., 2008)

Leuprolide acetate (Luan and Bodmeier, 2006)

Low molecular weight heparin (Rewat et al., 2008)

Lysozyme (Adachi et al., 2003)

Lysozyme (Wang et al., 2008a)

Paclitaxel (Trickler et al., 2008)

Pseudoephedrine (Bodmeier et al., 1992)

Retinol (Lee et al., 2001)

Salbutamol sulfate (Jaspart et al., 2007)

Sulfadiazine (Shah et al., 1987)

Theophylline, propranolol, acetaminophen, tacrine (Lee et al., 2000)
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7.5.4 TASTE MASKING

Another application of multiple emulsions is for taste masking of orally administered bitter drugs. 

Water-soluble bitter drugs can be effi ciently incorporated in the inner aqueous phase of a W/O/W 

multiple emulsion. Various edible oils have been investigated for this purpose. Chlorpromazine, an 

antipsychotic drug (Garti, 1997), and chloroquine, an antimalarial agent (Vaziri and Warburton, 

1994), are some of the drugs for which taste masking was effectively achieved by formulating them 

as multiple emulsions.

7.5.5 BIOAVAILABILITY ENHANCEMENT

Multiple emulsions can be used for enhancing the oral absorption of drugs that are not effectively 

absorbed through the gastrointestinal (GI) tract. Some of the more polar water-soluble drugs like 

isoniazid are ionized at gastric pH and thus are not absorbed well from the GI tract. Isoniazid 

absorption has been improved by delivering them in a multiple emulsion formulation (Khopade 

et al., 1998). Multiple emulsions have also been examined to prevent environmental and enzymatic 

degradation of proteins and peptide drugs such as insulin (Degim and Celebi, 2007; Gallarate et al., 

2008; Shen et al., 2008) and vancomycin (Shively et al., 1997) via the peroral route. Multiple emul-

sions impart lipophilic characteristics to highly polar drugs, hence enhancing their absorption 

through the lymphatic system. This approach not only improves its absorption through the GI tract 

but also avoids fi rst pass metabolism of the drug by escaping the hepatic portal system. Other drugs 

that have shown enhanced bioavailability in a multiple emulsion include the antifungal agents 

griseofulvin (Ahmed et al., 2008), nitrofurantoin (Rudnic et al., 2008), and pyrenetetrasulfonic acid 

tetrasodium salt (Adachi et al., 2003).

7.5.6 DETOXIFICATION

Acute drug intoxications resulting from accidental overdose are a common occurrence reported in 

the public health sector. There are only a few detoxifi cation methods available, which include active 

charcoal, ipecac-induced vomiting, and gastric lavage. Reactive detoxifying emulsion technology 

offers an effective treatment option for drug overdoses. Multiple emulsions have been effectively 

used for the treatment of drug overdosing and detoxifi cation. The fi rst multiple emulsion used 

for overdose treatment was proposed in 1978 by Chiang et al. It works on the principle of the sol-

vent extraction technique and pH-partition theory. Different parts of a multiple emulsion can have 

TABLE 7.4
Multiple Emulsions Used in Drug Targeting
Target Tissue or Organ Investigated Drug

Lymphatic system 5-Fluorouracil (Takahashi et al., 1977), iodohippuric acid (Hashida et al., 

1977), bleomycin (Hirnle 1997), isoniazid (Khopade and Jain, 1998)

Tumor Bleomycin (Takahashi et al., 1977), paclitaxel (Trickler et al., 2008)

Brain Rifampicin (Khopade and Jain, 1999b)

Liver 5-Fluorouracil (Omotosho et al., 1989), epirubicin (Hino et al., 2001)

Lungs Rifampicin (Nakhare and Vyas, 1997)

Infl ammatory tissue Diclofenac sodium (Talegaonkar and Vyas, 2005)

Intranasal and oral Ovalbumin (Shahiwala and Amiji, 2008)

Vaginal Nitroimidazole (Ozer et al., 2007)

Skin Glycolic acid (Yener and Baitokova, 2006)
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different pH values, which can affect the ionization and partition of the drug. Detoxifying emulsions 

are necessarily W/O/W-type emulsions (Hamoudeh et al., 2006). A weakly acidic drug overdose like 

barbiturates has been treated by a W/O/W emulsion containing an inner aqueous phase with a basic 

buffer. In the acidic pH of the stomach, barbiturates remain in the unionized state and are partitioned 

through the oil phase into the inner basic aqueous phase. In this basic pH, barbiturates ionize back 

and stay in this phase without any partition into the oil phase. Morimoto et al. (1979) reported the 

use of multiple emulsions for the treatment of quinine sulfate overdoses. Detoxifi cation of blood 

using multiple emulsions was also reported by Volkel et al. (1982, 1984).

7.5.7 ENZYME IMMOBILIZATION

Most enzymes used in industrial and pharmaceutical processes are relatively unstable, and the cost 

of their isolation and purifi cation is still high. It is also technically very challenging and expensive 

to recover an active enzyme from the reaction mixture at the end of a process. Therefore, enzyme 

immobilization on various carriers has been developed. The number of methods available for this 

purpose has increased signifi cantly over the past two decades (Kennedy and Cabral, 1987).

Multiple emulsions have also been utilized in enzyme immobilization in place of solid- membrane 

or conventional methods (May and Li, 1972; Scheper et al., 1987). This enzyme immobilization via 

the multiple emulsion technique involves the entrapment of the enzymes, which catalyzes the pro-

cess in the interior phase of the emulsion. Alcohol dehydrogenase has been immobilized by the 

multiple emulsion method and used in the conversion of alcohol to acetaldehyde (May and Landgraff, 

1976). The process of conversion of ketoisocaproate to l-leucine was carried out by using enzyme 

immobilization for l-leucine dehydrogenase by multiple emulsions (Kajiwara et al., 1990). Scheper 

and coworkers (1984) reported the enzymatic production of l-phenyl alanine, an amino acid from 

immobilized chymotrypsin. Immobilized lipase for the hydrolysis of fatty acids was also described 

by Iso et al. (1987).

7.5.8 TOPICAL APPLICATION

Farahmand et al. (2006) showed that multiple emulsions release the active drug more slowly than 

the solutions. Raynal and coworkers (1993) developed a topical W/O/W emulsion containing sodium 

lactate in the inner phase, spironolactone in the intermediate phase, and chlorhexidine gluconate in 

the outer aqueous phase. Other studies entailed comparisons of the release profi les of metronidazole 

from W/O, O/W, and W/O/W emulsions (Ferreira et al., 1994, 1995a, 1995b; Ozer et al., 2007). 

Bonina and coworkers (1992) developed a multiple emulsion containing testosterone, caffeine, and 

water for topical use. Ferreira et al. (1994, 1995a, 1995b) devolved a multiple emulsion for metron-

idazole and glucose and compared its percutaneous absorption from different formulations. Multiple 

emulsions were also shown to enhance the stability of rapidly degrading active drugs (Gallarate 

et al., 2008). They were also used to enhance the stability of ascorbic acid (Farahmand et al., 2006). 

Laugel et al. (1996, 1998) developed W/O/W multiple emulsions for both dihydralazine and hydro-

cortisone. A multiple emulsion of benzalkonium chloride for vaginal use was investigated by Tedajo 

et al. (2002). The antibacterial spectrum of this formulation was further enhanced by incorporation 

of chlorhexidine digluconate to the internal phase (Tedajo et al., 2005).

A recent topical application of multiple emulsions is formulating an emulsion that releases the 

active drug entity under shear. Studies have shown that thickening of the external aqueous phase 

accelerates the release of the active drug under shear (Muguet et al., 1999, 2001). A recent develop-

ment in topically used multiple emulsions is a shear-sensitive thermogelling emulsion. The emulsion 

contains a thermoresponsive hydrogel in the external aqueous phase. This results in the gelling of 

the emulsion only at skin temperature and hence an increased delivery of the active moiety when 

applied topically (Guillot et al., 2009; Kanl et al., 2005; Oliveri et al., 2003).
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7.6 PATENTS ON MULTIPLE EMULSIONS

Preparation of a stable multiple emulsion has been a challenge, and various patents exist on the 

technology involved in its preparation and potential pharmaceutical applications. Generally, water-

insoluble topically active compounds such as hair conditioners, hair dyes, skin care products, or 

topical medicaments are used as emulsions where nonadherence to the applied surface is a great 

challenge. A patent claims to fi nd the solution of this problem by using the medicaments in a 

multiple emulsion formulation, W/O/W (W1-O-W2), which comprises a primary W/O (W1/O) 

emulsion as the internal phase and an external aqueous phase (Herb et al., 1997). The various com-

ponents of a primary emulsion are a fi rst topically active compound; a surfactant or a mixture of 

surfactants; an oil phase consisting of a silicone compound, a hydrocarbon compound, or a mixture 

thereof; and water. The external aqueous phase contains the second topically active compound and 

an emulsifi er capable of forming stabilizing liquid crystals, for example, dicetyldimonium chloride, 

distearyldimonium chloride, dipalmitylamine, cetyl alcohol, stearyl alcohol, steareth-2, steareth-21, 

dioctylsodium sulfosuccinate, phosphatidylserine, phosphatidylcholine, and mixtures thereof. When 

this multiple emulsion is applied, the second topically active medicament is delivered that can be 

rinsed from or allowed to remain on the skin or hair. After evaporation of the oil phase or after 

rupture of the primary emulsion by friction (e.g., rubbing), the fi rst topically effective compound 

remains on the skin or hair to perform its intended function.

However, emulsions stabilized via the formation of a “lamellar liquid crystal phase” produce less 

foam or lather, and a limited number of surfactants can be used. This problem is solved by a patent 

where multiple emulsions consist of isotropic surfactants that are stable for more than 8 weeks at 

room temperature. The only limitations are that the external surfactant phase must not comprise an 

amido group containing an anionic surfactant and the oil must not be greater than 50% unsaturated 

and not be a volatile silicone (Naser and Vasudevan, 2001).

There is another patent on the method of preparation that involves fi rst preparing an O/W micro-

emulsion that is destabilized by dilution with suffi cient water to produce a W/O/W multiple emul-

sion (Gaonkar, 1994). This method is unique in the sense that a no-mixing step of the primary and 

external aqueous phase and use of a lipophilic emulsifi er are required. A simple mixture of oil, 

water, and a polar protic solvent having at least one alkyl group and a hydrophilic emulsifi er results 

in a submicron-sized division of the oil phase, forming the O/W microemulsion. Then, a multiple 

emulsion is obtained by diluting the microemulsion with water.

The standard process of preparation of multiple emulsions involves two reactors: the fi rst for 

preparing the W/O inverse emulsion and the second for preparing the external aqueous phase. The 

inverse emulsion from the fi rst reactor is added to the second reactor containing the external phase. 

This process works well if the inverse emulsion is relatively nonviscous, that is, if there is no signifi -

cant difference in the viscosity of inverse emulsion and external phase. However, it suffers from the 

drawback of using two reactors, necessitating the installation of specifi c means to ensure that at 

least one reactor is cleaned between two production runs. The major problem encountered is attrib-

utable to the large viscosity difference between the inverse emulsion and external aqueous phase, 

which drastically decreases the effi cacy of stirring. Consequently, stirring becomes necessary to 

generate more energy, suffi cient to produce a satisfactory droplet size. However, such a stirring 

technique may shear the droplets of the inverse emulsion, resulting in the high risk of the release of 

the active material encapsulated in the inner aqueous phase of the multiple emulsions.

This problem is solved by the claim in a recent patent that uses heat-thickening polymers in the 

external aqueous phase, which results in an increase in its viscosity, thus decreasing the viscosity 

difference from the inverse emulsion (Mercier and Vallier, 2008). Consequently, the stirring meth-

ods required could be less powerful and the problem of release of the active material encapsulated 

in the inner aqueous phase would also be minimized. This method could be applied to the prepara-

tion of multiple emulsions having broad viscosity ranges and where there is a risk of leaking the 

active medicaments encapsulated in the inner aqueous phase.
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Multiple emulsions fi nd uses in formulating two incompatible active constituents together where 

one of the components could be incorporated in the inverse emulsion and the other in the continu-

ous phase, for which the inverse emulsion would serve as the internal phase. When such multiple 

emulsion based formulations are administered, both active components would come into contact 

and exhibit the intended therapeutic effect. However, multiple emulsions are thermodynamically 

extremely unstable systems and there is a great risk of mixing the two incompatible active constitu-

ents even before the actual use. The known methods for remedying these instability problems work 

well while preparing the formulation; however, they fail to ensure the stability of the multiple 

emulsions during storage. This problem is overcome by a patent that claims to disperse the gran-

ules, which are obtained by drying an inverse emulsion dispersed in an outer aqueous phase that 

can be stored in water without compromising its stability, in water to form a multiple emulsion 

(Lannibois-Drean et al., 2006).

One patent specifi cally claims to control the release of the active principle encapsulated in a 

multiple emulsion (Bibette et al., 2003). The active principle encapsulated in the drops of the inter-

nal phase of multiple emulsions is released via the process of coalescence that the patent claims to 

oppose or induce by virtue of a specifi c concentration of surfactants in the external aqueous phase. 

If the concentration of the surfactant is beyond a critical concentration threshold, destabilization of 

the multiple emulsions is induced with the effect of releasing the active principle. If the concentration 

of hydrophilic surface-active agent present in the external aqueous phase is below this concentration 

threshold, then no coalescence is observed for several months.

7.7 CONCLUSIONS

In addition to its application in other fi elds of science, multiple emulsions have shown promising and 

potential applications in pharmaceutical research and development over the last two decades. Their 

major applications in this fi eld include sustained and controlled drug delivery and targeting. Their 

potential use in imaging and diagnosis has also generated some interest in the recent past. This fi eld 

will defi nitely experience a major growth in the future. One of the unique advantages of this mul-

tiple emulsion is the facile and inexpensive method of their preparation. Novel methods have also 

been introduced recently to produce monodispersed multiple emulsions on a commercial scale. The 

unique challenge facing the pharmaceutical scientists today is long-term instability for this multiple 

emulsion drug delivery system. Use of amphiphilic macromolecules instead of low molecular weight 

surfactants has shown some improvement in their stability. Steric stabilization, mechanical stabili-

zation, and depletion stabilization are some of the techniques used to enhance the stability of mul-

tiple emulsions. Currently, the ideal multiple emulsions are most likely to be prepared by a membrane 

separation technique using polymeric amphiphiles as emulsifi ers with viscosity enhancing agents 

and electrolytes to control the osmotic pressure. This area of stabilization is still in an embryonic 

stage and needs more extensive work for drug delivery applications. The future trend in multiple 

emulsion formulations may see a replacement of the interior emulsion with thermodynamically 

stable microemulsions. Microemulsions, thermodynamic stability, and nanostructures will certainly 

enhance the stability of multiple emulsions. Over the last few years O/W/O multiple emulsions have 

gained more interest for the sustained delivery of hydrophobic drugs in micro- and nanoencapsulation 

formulations. In the future, this technique will be used more frequently for the delivery and targeting 

of many hydrophobic drugs.

ABBREVIATIONS

BSA Bovine serum albumin

GI Gastrointestinal

HLB Hydrophilic–lipophilic balance

O/W Oil-in-water
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O/W/O Oil-in-water-in-oil

W/O Water-in-oil

W/O/W Water-in-oil-in-water
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8 Pharmaceutical and 
Biotechnological Applications 
of Multiple Emulsions

Rita Cortesi and Elisabetta Esposito

8.1 INTRODUCTION

Multiple emulsions are complex systems in which dispersed droplets contain smaller droplets inside. 

They are more complex systems, termed “emulsions of emulsions,” in which the droplets of the 

dispersed phase contain even smaller dispersed droplets. Each dispersed globule in the double emul-

sion forms a vesicular structure with single or multiple aqueous compartments separated from the 

aqueous phase by a layer of oil phase compartments (Aserin, 2008; Davis, 1981; Garti and Aserin, 

1996; Khan et al., 2006). Multiple emulsions, which have ternary, quaternary, or more complex 

structures, have been studied since their fi rst description in 1925 (Seifriz, 1925). However, it is only 

in the past 20 years that they have been studied in more detail.

The simplest multiple emulsions, sometimes called “double emulsions,” are actually ternary 

 systems because they have either a water-in-oil-in-water (W/O/W) or an oil-in-water-in-oil (O/W/O) 

structure in which the dispersed droplets contain smaller droplets of a different phase. A schematic 

representation of W/O/W and O/W/O double emulsion droplets are provided in Figure 8.1.

Multiple emulsions are widely used to encapsulate active ingredients in a large number of appli-

cations, including drug delivery (Davis et al., 1987; Lutz and Aserin, 2008; Nakano, 2000), foods 

(Lobato-Calleros et al., 2006; Weiss et al., 2005), cosmetics (Akhtar and Yazan, 2008; Yener and 

Baitokova, 2006), chemical separations (Chakraborty et al., 2006), and syntheses of microspheres 
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and microcapsules (Bocanegra et al., 2005; Couvreur et al., 1997; Esposito et al., 1996a, 1997; 

Koo et al., 2006; Lorenceau et al., 2005; Nie et al., 2005; Rizkalla et al., 2006; Utada et al., 2005; 

Zoldesi and Imhof, 2005). These systems have some advantages, such as the protection of the 

entrapped substances (Rizkalla et al., 2006; Zoldesi and Imhof, 2005) and the incorporation of 

 several actives in different compartments (Koo et al., 2006). The pharmaceutical applications of 

multiple emulsions include vaccine adjuvants (Jiao and Burgess, 2008; Jiao et al., 2002), red blood 

cell substitutes (Zheng et al., 1993), lymphatic drug-targeting vehicles (Charman and Stella, 1992; 

Shively, 2002; Silva-Cunha et al., 1997), prolonged drug delivery systems (Kajita et al., 2000; Lutz 

and Aserin, 2008; Omotosho et al., 1986; Oza and Frank, 1989; Vaziri and Warburton, 1994), and 

sorbent reservoirs in drug overdose treatment (Jiao et al., 2002; Khan et al., 2006). Moreover, 

among pharmaceutical applications of multiple emulsions, their use in the biotechnological fi eld 

must be emphasized (Bozkir and Hayta, 2004; Bozkir and Saka, 2008; Bozkir et al., 2004; Goto 

et al., 1995; Kim et al., 2006; McClements et al., 2007; Silva-Cunha et al., 1998). In particular, 

technological advances in drug development and biological sciences are allowing for the rapid 

development of new diagnostic methods and drugs based on biological molecules, including pro-

teins and nucleic acids (Bozkir and Saka, 2008; Couvreur et al., 1997; Shively, 2002). In addition, 

multiple emulsions have been used as the basis of liposome-like lipid vesicles (Nounou et al., 

2008) and as a mean for the preparation of injectable microspheres (Couvreur et al., 1997; Dhanaraju 

et al., 2003).

However, despite their potential usefulness, applications of multiple emulsions have been limited 

because of thermodynamic instability and their complex structures (Jiao and Burgess, 2003; Law 

et al., 1986; Muschiolik et al., 2006).

(b)

(a)

FIGURE 8.1 Schematic representation of (a) W/O/W and (b) O/W/O double emulsion droplets.
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8.2  APPLICATIONS OF MULTIPLE EMULSIONS IN PHARMACEUTICAL 
AND BIOTECHNOLOGICAL FIELDS

As previously stated, multiple emulsions are complex polydispersed systems where O/W and W/O 

emulsions coexist simultaneously and are stabilized by lipophilic and hydrophilic surfactants, 

respectively. The W/O/W-type multiple emulsions have greater potential application in the pharma-

ceutical fi eld both as a tool to obtain novel delivery systems and as a simple delivery system than 

O/W/O-type multiple emulsions.

Because of the presence of the external aqueous phase, W/O/W emulsions are also characterized 

by a lower viscosity than W/O emulsions, thus resulting in the best handling and use of the formula-

tion (i.e., parenteral formulations; Aserin, 2008; Khan et al., 2006). These emulsions may also be 

used to separate two incompatible hydrophilic substances in the inner and outer aqueous phases by 

the middle oil phase (i.e., vancomycin and prednisolone).

Because of their physical characteristics, multiple emulsions can be used as carriers for both 

hydrophilic and lipophilic drugs, depending on the type of application, route of administration, 

and feasibility of formulation. For therapeutic purposes, multiple emulsions can be administered 

through oral, topical, and parenteral routes, namely, intravenous, intraperitoneal, intramuscular, and 

subcutaneous.

In pharmaceuticals the basic pathway for absorption of a drug from a multiple emulsion occurs 

through the intestinal lymphatic system. The multiple emulsion system can be absorbed directly 

through intestinal macrophages or Peyer’s patches or from mesenteric lymph ducts in the form of 

chylomicrons and lipoproteins. Because of the intestinal lymphatic absorption of the oils present in 

multiple emulsions, they are also used for modulating drug absorption kinetics, that is, prolonged or 

sustained delivery.

Among the pharmaceutical potentials of multiple emulsions, we mention the following three:

 1. Prolonged delivery: Multiple emulsions (W/O/W) have been investigated for controlling 

release of different categories of drugs, especially those with short half-lives. Partitioning 

of drugs from the water to oil phase and then to the external aqueous phase for release in 

W/O/W multiple emulsions leads to the prolonged delivery of the drug. Table 8.1 summa-

rizes drug-containing multiple emulsions that enable prolonged delivery.

 2. Bioavailability enhancement: Multiple emulsions are able to increase the bioavailability of 

many drugs by passing the hepatic fi rst pass metabolism or by protecting them within the 

gastrointestinal tract physiological and/or ionic or enzymatic environment where these 

molecules, such as proteins and peptides, are otherwise degraded (Charman and Stella, 

1992). Table 8.2 outlines drug-containing multiple emulsions that enhance bioavailability.

 3. Drug targeting: Multiple emulsions have shown great potential for targeting cytotoxic 

drugs (highly toxic drugs) to lymphatics. In particular, because of the uptake by the reticu-

loendothelial system, multiple emulsions have been used as lymphotropic carriers for drug 

targeting to several organs (i.e., liver and brain; Johnson et al., 2006; Shiau, 1981; Porter 

and Charman, 2001; Thompson et al., 1989). Table 8.3 gives an overview of the potentials 

in drug targeting of drug-containing multiple emulsions.

This chapter emphasizes the use of multiple emulsions in the pharmaceutical and biotechnological 

fi elds. In the wide range of potential pharmaceutical applications, as a reservoir phase inside droplets 

of another phase, the use of multiple emulsions to obtain taste masking, transdermal delivery 

(Farahmand et al., 2006; Laugel et al., 1996, 1998), prolonged drug delivery (Mishra and Pandit, 

1990; Tirnaksiz and Kalsin, 2005), sorbent reservoirs in drug overdose treatment (Völkel et al., 

1982, 1984), and increase of bioavailability of the drug (Kajita et al., 2000) are considered in par-

ticular. In addition, the biotechnological applications of multiple emulsions are reviewed, such as 

protein delivery (Cournarie et al., 2004a, 2004b; Dogru et al., 2000), enzyme immobilization 



206 Colloids in Drug Delivery

TABLE 8.3
Potentials of Drug Targeting of some Drugs in Multiple Emulsions

Drug Tissue Target Type of Study Reference

5-Fluorouracil Lymphatic system In vivo in rats Khopade and Jain, 2008

Bleomycin Lymphatic system In vivo in rats Yashioka et al., 1982

Isoniazid Lymphatic system In vitro release analysis Khopade and Jain, 1998

Rifampicin Brain In vivo in male rats Khopade et al., 1996

Rifampicin Lungs In vitro and in vivo Nakhare and Vyas, 1997

Epirubicin Liver In vitro and in vivo in rats Vladisavljević et al., 2006; 

Hino et al., 2000

TABLE 8.1
Drugs in Multiple Emulsions Enabling Prolonged Delivery

Drug Type of Study Reference

Diclofenac sodium In vitro and in vivo evaluation in rabbits Roy and Gupta, 1993; 

Lindenstruth and Müller, 2004

Paracetamol In vitro characterization Aserin, 2008

6-Mercaptopurine In vitro and in vivo in mice Khopade and Jain, 2000

Methotrexate In vitro analysis Omotosho et al., 1986

Cytarabine In vitro analysis Kim et al., 1995

Doxorubicin In vitro and in vivo in rats Lin et al., 1992

5-Fluorouracil In vitro and in vivo in rats Omotosho et al., 1989

Chloroquine In vitro release Omotosho et al., 1990

Rifampicin In vitro release Nakhare and Vyas, 1995

Theophylline In vitro release Cole and Whateley, 1997

Nitrofunrantoin In vivo study in healthy volunteers Onyeji and Adesegun, 1995

Vancomycin In vitro and in vivo release Okochi and Nakano, 1997

Insulin In vitro and in vivo evaluation in rats Silva-Cunha et al., 1998

sCT In vitro and in vivo evaluation in rats Dogru et al., 2000

Iodine-131 In vivo in rabbits Davis et al., 1987

Prednisolone In vivo in rabbit eye Safwat et al., 1994

Naltrexone In vitro release Brodin et al., 1978

Pentazocine In vitro and in vivo in mice Mishra and Pandit, 1990

TABLE 8.2
 Drugs in Multiple Emulsions that Enhance Their Bioavailability

Drug Type of Study Reference

Insulin In vivo and in vitro evaluation Cournarie et al., 2004a, 2004b; 

Silva-Cunha et al., 1997

Griseofulvin In vivo in healthy human volunteers Onyeji et al., 1991

Vancomycin In vivo in male rats Shively, 2002

Nitrofurantoin In vivo in healthy human volunteers Onyeji and Adesegun, 1995
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(Shively, 2002; Silva-Cunha et al., 1998), adjuvant vaccines (Verma and Jaiswal, 1997), or a gene 

library (Bernath et al., 2004).

8.2.1 TASTE MASKING

Humans can physiologically detect four kinds of taste: sweet, salt, sour, and bitter. Several pharma-

ceutical drugs have unpleasant tastes, and most of them are bitter. The major consequence of 

unpleasant taste is insuffi cient compliance from the patients and especially from infants, children, 

and elderly. Bitterness is detected by taste buds at the back of the tongue. To avoid this sensation, it 

is possible to biologically infl uence the taste buds by numbing them with an anesthetizing agent or 

cooling them with menthol. Modifying the apparent taste of the drug by changing its formulation is 

another possibility.

Multiple emulsions have been proposed as for potential taste masking of bitter drugs (Garti et al., 

1983). In particular, hydrophilic bitter drugs have been included in the inner aqueous phase of 

W/O/W multiple emulsions obtaining a signifi cant taste masking, such as in the case of the bitter 

antipsychotic drug chlorpromazine (Garti et al., 1983) and the antimalarial drug chloroquine (Rao 

and Bader, 1993; Vaziri and Warburton, 1994).

Chloroquine is widely available, cheap, well tolerated, and well absorbed orally. However, the 

unpleasant taste is a problem in oral administration, particularly in children. In particular for chlo-

roquine, “taste masked and controlled release” formulations, such as multiple emulsions, were 

designed to release the drug through the oil phase in the presence of gastrointestinal fl uid. Multiple 

emulsions containing chloroquine have been prepared by dissolving the drug in the inner aqueous 

phase of a W/O/W emulsion with good self-stability (Chu et al., 2007; Higashi et al., 1995; Hou and 

Papadopoulos, 1997). Multiple W/O/W emulsions of chloroquine phosphate showed good stability 

due to interfacial polymerization or complexion between molecules. Prolonged storage (4 months) 

of the emulsion resulted in a negligible loss of chloroquine phosphate. This result was ascribed to 

the diffusion of chloroquine phosphate from the internal globules and not as a consequence of the 

instability of the W/O/W emulsion. Release assessments showed faster rates for W/O/W emulsions 

characterized by smaller internal aqueous globules and therefore increased interfacial area.

8.2.2 TOPICAL AND TRANSDERMAL DELIVERY

Emulsions are the most useful systems for the topical applications of drugs because of the presence 

of both oil and water phases. With respect to simple emulsions, W/O/W multiple emulsions provide 

the advantage of having an external aqueous phase where any W/O-type emulsion can be incorpo-

rated in water, thus overcoming the shortcomings of W/O emulsions; but they also obtain the slow 

and controlled release of drugs. Multiple emulsion based formulations can be used for different 

purposes, such as nutritive, moisturizing, and protective in cosmetics (Yazan et al., 1993). Long-

term stability multiple emulsions can overcome the stability problems of emulsions (Chen et al., 

1999; De Luca et al., 2000; Muguet et al., 2001). For instance, to increase the stability of multiple 

emulsions, the synergistic interaction between the low hydrophilic–lipophilic balance emulsifi er 

and the high hydrophilic–lipophilic balance surfactant was investigated. These two surfactants 

 produced long-term stability in multiple emulsions due to the very low interfacial tension at the oil–

water interface (Vasudevan and Naser, 2002).

As a three phase system, multiple emulsions are very interesting as delivery systems for topical 

applications because of their ability to obtain slow release of their contents in comparison to solutions 

(Kundu, 1990). However, only a few studies on topical applications of multiple emulsions have been 

reported in the literature. Bonina et al. (1992) developed a multiple emulsion containing testosterone, 

caffeine, and tritiated water for topical use. The effect of perfl uoro-polymethyl-lisopropyl-ether 

(Fomblin HC01) on percutaneous absorption was also investigated. Fomblin did not affect the fl ux 

of caffeine, but it decreased the percutaneous absorption of testosterone and increased water 
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permeation. Another topical W/O/W emulsion prepared by Raynal and colleagues (1993) contained 

an active substance in each of the phases: a moisturizing agent (sodium lactate) in the inner phase, 

an antiacne agent (spironolactone) in the oily phase, and an antibacterial agent (chlorhexidine diglu-

conate) in the outer phase. The study of the release of these substances demonstrated that two simul-

taneous release mechanisms could exist, such as a breakdown of the oily membrane followed by the 

expulsion of the encapsulated substance and a diffusion of this substance through the oily membrane. 

Ferreira and coworkers (1994, 1995a, 1995b) developed a W/O/W multiple emulsion containing 

metronidazole and glucose and compared their percutaneous release with W/O and O/W emulsions. 

They found that percutaneous absorption of metronidazole was similar from W/O/W and O/W emul-

sions, whereas it was lower from the W/O emulsion. The glucose percutaneous absorption was in the 

following order: O/W > W/O/W > W/O. Multiple emulsions have been employed to increase the 

stability of many drugs for topical purposes, such as ascorbic acid (Farahmand et al., 2006) as well as 

dihydralazine and hydrocortisone (Laugel et al., 1996, 1998). Among W/O/W multiple emulsions, a 

successful preparation for vaginal application against three microbial strains (Escherichia coli, 
Staphylococcus aureus, and Candida albicans; Tedajo et al., 2002) was developed. These multiple 

emulsions contained lactic acid within the internal aqueous phase, octadecylamine in the oily phase, 

and benzalkonium chloride in the external aqueous phase. The incorporation of chlorhexidine diglu-

conate within the internal aqueous phase of the multiple emulsions led to an enhancement of the 

antimicrobial spectrum of this formulation (Tedajo et al., 2005).

8.2.3 PROLONGED OR CONTROLLED DRUG DELIVERY

Multiple W/O/W emulsion systems can be utilized as potential, controlled, and prolonged release 

dosage forms. The potential of using multiple emulsions as controlled release systems has been 

described by several research groups (Aserin, 2008; Lindenstruth and Müller, 2004; Okochi and 

Nakano, 1997; Omotosho et al., 1986, 1990; Roy and Gupta, 1993). Many categories of drugs have 

been considered in particular (see Table 8.1). The journey of drugs from the internal to external 

phase across the liquid membrane can occur in many ways. The release kinetics from multiple 

emulsion systems are particularly affected by various factors such as droplet size, pH, phase 

volume, and viscosity. There are several possible mechanisms for drug release across the liquid oil 

phase (Florence and Whitehill, 1982). Rather than a single mechanism, a combination of various 

mechanisms is responsible for drug release; hence, the exact release mechanism remains unclear. 

Plausible mechanisms for the drug release include a diffusion mechanism, micellar transport, thin-

ning of the oil phase, rupture of the oil phase, facilitated diffusion (i.e., carrier-mediated transport), 

photo-osmotic transport, and solubilization of the internal phase in the oil membrane.

Prolonged delivery after oral or parenteral administration has been investigated (Dogru et al., 

2000; Mishra and Pandit, 1990; Okochi and Nakano, 1997; Silva-Cunha et al., 1998). In parenteral 

delivery, multiple emulsions act as reservoirs in the blood. In topical applications, stable W/O/W 

multiple emulsions were developed by Tirnaksiz and Kalsin (2005). This multiple emulsion con-

tains poloxamine 908 as a hydrophilic surfactant and cetyl dimethicone copolyol as a lipophilic 

surfactant. Caffeine was used as a water-soluble model. The investigations suggested that poloxamine 

908 could be used as a hydrophilic surfactant for the formulation of W/O/W multiple emulsions. 

The concentration of poloxamine 908 was a particularly important parameter in preparing stable 

multiple emulsions. They concluded that the concentration of surfactant affected the release rate and 

caffeine could be transported out by molecular diffusion and through a reverse micellar mechanism 

controlled by the viscosity of the system.

8.2.4 DELIVERY OF PROTEIN

It is well known that enzymes and proteins are characterized by a high chemical and physical sen-

sitivity toward the environment. The physical instability of conventional systems remains a major 
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factor limiting their wider application. A well-recognized structure providing protection of proteins 

is a system that behaves as a membrane solid (i.e., microcapsule) or liquid (i.e., multiple emulsion). 

Multiple emulsions are systems in which a true liquid phase is separately maintained from an exter-

nal aqueous phase. Multiple emulsions therefore provide an alternative technique to encapsulate 

protein and other materials that would otherwise be metabolized, rapidly cleared, or toxic to the 

patient. This may be especially important for bioactive molecules that cannot be appropriately 

 stabilized in the solid state.

Multiple emulsions have been utilized for parenteral and oral administration (Brodin et al., 1978). 

Although parenteral administration is currently the most widely used route of administration for 

proteins, there are situations in which the protection or microenvironment provided by multiple 

emulsions may be desirable, such as the increase of the circulation half-life of the drug. The prepa-

ration of a hemoglobin-containing multiple emulsion as a blood substitute is one such example 

(Davis et al., 1984; Zheng et al., 1993). Hemoglobin is quickly phagocytosed by reticuloendothelial 

cells throughout the body, and thus a delivery system able to carry oxygen for a longer period of 

time is desirable. With this view, hemoglobin was incorporated in the inner phase of the emulsion. 

A stable hemoglobin multiple emulsion simulating red blood cell properties has been reported, in 

which gases (O2 and CO2) are exchanged with hemoglobin. However, there are no reports for  multiple 

emulsions investigated for this purpose in the last decade. The challenges in this are the artifi ciality, 

immune response, and questionable in vivo compatibility of chemicals (Borwanker et al., 1988; 

Zheng et al., 1991).

The W/O/W multiple emulsions are systems of potential interest in the oral administration of 

insulin. Although a single oral administration of an insulin-loaded W/O/W multiple emulsion to dia-

betic rats led to the signifi cant decrease of blood glucose levels (Silva-Cunha et al., 1998), repeated 

administrations displayed unpleasant side effects such as diarrhea and steatosis. These unwanted 

effects were attributed to the high oil concentration used for their preparation. Cournarie et al. (2004a) 

focused their attention on the reduction of the oil concentration in the formulation of these systems 

and on the encapsulation of two different insulins. The physical properties and stability of multiple 

emulsions over long periods of time were assessed by conductivity measurements, granulometric 

analysis, and microscopic analysis. The encapsulation in the inner aqueous phase of two insulins 

(umulin and humalog) had non-negligible effects on the formation and stability of W/O/W multiple 

emulsions. Both insulins improved the formation of multiple emulsions. Circular dichroism studies 

and surface tension measurements evidenced the contribution of the insulin conformation and surface 

properties in the multiple emulsion formation and stability. Cournarie et al. (2004b) demonstrated in 

another study that a stable unloaded multiple emulsion with low fi sh oil content could be obtained 

after reducing the viscosity of the primary emulsion and presented almost similar characteristics to 

those of a multiple emulsion prepared from medium-chain triglycerides. However, incorporation of 

insulin had opposite effects on the formation and stability of multiple emulsions, which can be 

explained by the differences in the interaction of insulin at the oil–surfactant–water interface, depend-

ing on the nature of the oil. Obviously, medium-chain triglycerides allow the formation of a more 

stable insulin multiple emulsion than fi sh oil. However, to combine the advantages of both oils (i.e., 

small globule formation for medium-chain triglycerides and benefi cial therapeutic effects for fi sh oil), 

the mixing of the two oils in the preparation of multiple emulsions can be considered.

Among the proposed oral delivery of protein, another example is typifi ed by the administration 

of calcitonin. Salmon calcitonin (sCT) is a polypeptide hormone consisting of 32 amino acid resi-

dues, which can be successfully used for the treatment of osteoporosis, Paget disease, and hyper-

calcemia. Only nasal and parenteral preparations of sCT are currently available. Oral sCT is poorly 

bioavailable and is susceptible to enzymatic degradation in the gastrointestinal tract; thus, a W/O/W 

multiple emulsion formulation was designed for its oral application by Dogru et al. (2000). They 

placed sCT in the inner water phase and included aprotinin in the outer water phase of this system to 

investigate the infl uence of protease inhibitors in the presence of sCT. The effectiveness of the formu-

lation was evaluated in vitro and in vivo by using a rat model. They found that the incorporation 
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of sCT in the inner aqueous phase of this multiple emulsion appears to protect the peptide from 

enzymatic degradation. In addition, sCT was protected from the protease inhibitor present in the 

outer aqueous phase, allowing W/O/W emulsion formulations to be promising carrier systems for 

peptide protein drugs (Dogru et al., 2000).

Shahiwala and Amiji (2008) developed and evaluated squalane oil containing W/O/W multiple 

emulsion for mucosal administration of ovalbumin as a model candidate vaccine in BALB/c mice. 

Controlled and optimized ovalbumin-containing W/O/W emulsion and chitosan-modifi ed W/O/W 

emulsion formulations were administered intranasally and orally. They found that the ovalbumin- 

containing W/O/W emulsions resulted in higher immunoglobulin G (IgG) and immunoglobulin A 

(IgA) responses compared to the aqueous solution. In addition, signifi cant IgG and IgA responses were 

observed after the second immunization dose using the emulsions with both routes of administration. 

Intranasal vaccination was more effective in generating the systemic ovalbumin-specifi c IgG response 

than the mucosal ovalbumin-specifi c IgA response. In contrast, oral immunizations showed much 

higher systemic IgG and mucosal IgA responses compared to the nasally treated groups. The results of 

this study show that squalane oil containing W/O/W multiple emulsion formulations can signifi cantly 

enhance the local and systemic immune responses, especially after oral administration, and thus may 

be proposed as a better alternative in mucosal delivery of prophylactic and therapeutic vaccines.

8.2.5 ENZYME IMMOBILIZATION

The enzyme immobilization technique involves the entrapment of enzymes. The utility of natural 

enzymes in industrial processes is limited by their tendency to denature and become inactivated 

when exposed to organic solvents. However, the use of enzymes in organic media has attracted many 

researchers interested in reaching effective biocatalysis (Dordick, 1989; Rao et al., 1998; Zaks and 

Klivanov, 1988). Biocatalysis in organic media has enabled the conversion of hydrophobic com-

pounds and produced favorable shifts in reaction equilibria. To obtain an effective use of enzymatic 

catalysis, it is necessary to modify the enzyme to protect it from a hazardous environment in organic 

media. To overcome these drawbacks, a surfactant-coated enzyme immobilized in poly(ethylene 

glycol) (PEG) microcapsules was developed for the reuse of an oil-soluble enzyme in organic media. 

This immobilization method is very easy, and all oil-soluble enzymes can be entrapped in the micro-

capsules without loss of the enzyme. The esterifi cation rate of the surfactant-coated lipase immobi-

lized in these microcapsules was 30-fold higher than that of the powder lipase. In addition, more 

than 90% of the enzymatic activity of the encapsulated lipases was maintained after recycling them 

six times (Goto et al., 1995).

The use of multiple emulsions for enzyme immobilization has been reported in the literature 

since 1972 when hydrocarbon-based multiple emulsions were used to entrap the enzyme urease for 

the treatment of kidney diseases (May and Li, 1972). Multiple emulsions have become a new tool in 

the fi eld of biotechnology for the immobilization of many enzymes, proteins, and amino acids 

(Okochi and Nakano, 1997; Shively, 2002; Silva-Cunha et al., 1998). For instance, immobilized 

alcohol dehydrogenase was used to convert alcohol to acetaldehyde at the industrial level (May and 

Landgraff, 1976). Makryaleas and coworkers (1985) carried out the conversion of ketoisocaproate 

to l-leucine by the immobilization of l-leucine dehydrogenase. Moreover, the enzymatic conversion 

of highly lipophilic, water-insoluble substrates, such as steroids (Laugel et al., 1998; Safwat et al., 

1994), was carried out. In addition, the enzymatic production of l-phenylalanine from immobilized 

chymotrypsin (Scheper, 1990) and the production of hydrolyzed fatty acids by immobilized lipase 

enzyme (Iso et al., 1989) were also reported.

8.2.6 ADJUVANT VACCINES

Vaccination is one of the most successful achievements of medical science. Routine administration 

of vaccines is very effective in preventing a number of infectious diseases. The principle at the basis 
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of a vaccine is to mimic an infection as the natural specifi c mechanism of the host against the patho-

gen while the host remains free of the disease that normally results from a natural infection. The 

success of vaccination relies on the induction of a long-lasting immunological memory.

Vaccines are pharmaceuticals that traditionally consist of live attenuated pathogens, whole inac-

tivated organisms, inactivated toxins, or toxoids that are able to prevent infectious diseases by 

immunization. Unfortunately, modern vaccines (i.e., biosynthetic, recombinants, or others) are often 

poorly immunogenic, so there is a need in developing potent and safe adjuvants.

Adjuvants are defi ned as any material able to increase the humoral and cellular responses against 

an antigen. The success of an immunization depends on the nature of the protective components, 

their presentation form, the presence of adjuvants, and the route of administration. Many com-

pounds with adjuvant activity are known, but only a few of them are applied routinely in human and 

veterinary vaccines.

The properties of multiple emulsions, such as low viscosity, easy injection, and a stable formu-

lation, appear to offer signifi cant improvement as delivery vehicles for immunization. The use 

of a W/O/W multiple emulsion as a new form of adjuvant for antigen was initially reported 

by Herbert (1965), who incorporated an antigen into the inner water phase to produce a high 

and prolonged antibody response. These emulsions elicited a better immune response compared 

to the sole antigen. In addition, these antigenic multiple emulsions could be stored without 

 evidence of breakdown for several months at 56°C and room temperature. Other researchers 

developed a  multiple emulsion vaccine against Pasteurella multocida infection in cattle (Verma 

and Jaiswal, 1997). They found that the vaccine was able to provide protection against the infec-

tion activating both humoral and cell-mediated immune responses and that this multiple emulsion 

based vaccine could be successfully used in the control of hemorrhagic septicemia. Multiple 

W/O/W emulsion formulations containing infl uenza virus surface antigen hemagglutinin were 

recently prepared and characterized in vitro and in vivo (Bozkir and Hayta, 2004; Bozkir et al., 

2004). Results  suggested that multiple emulsions carrying the infl uenza antigen have advantages 

over conventional preparations and can be effectively used as one of the vaccine delivery systems 

with adjuvant properties.

8.2.7 OTHER USES

The liquid membrane system was effi caciously used for drug overdosage treatment as early as 1978 

(Chiang et al., 1978; Morimoto et al., 1979). This system could be employed for overdosage treat-

ment by utilizing the difference in the pH within the compartments of multiple emulsions. For 

instance, multiple emulsions have been utilized for acidic drug overdosage treatment, such as barbi-

turates or quinine sulfate. In these emulsions, the inner aqueous phase of the emulsion has the basic 

buffer; when the emulsion is taken orally, the acidic pH of the stomach acts as an external aqueous 

phase. In the acidic phase barbiturate remains mainly in the nonionized form, which transfers 

through the oil membrane into the inner aqueous phase and becomes ionized. An ionized drug has 

less affi nity to cross the oil membrane and thereby gets entrapped. Thus, entrapping excess drug in 

multiple emulsions leads to the treatment of overdosage.

Multiple emulsions were recently described for a gene library (Bernath et al., 2004). In this study 

W/O/W multiple emulsions were explored as compartmentalization systems. The W/O/W emul-

sions allow the creation of an external aqueous phase without the alteration of the aqueous droplets 

embedded in the primary W/O emulsion. The aqueous droplets of the primary W/O emulsion acts 

as cell-like compartments; thus, genes can be transcribed and translated in the aqueous droplets 

(Griffi ths and Tawfi k, 2003). Subsequent conversion of the primary W/O emulsion into a W/O/W 

(double) emulsion makes the emulsion amenable to sorting by fl ow cytometry without compromis-

ing the integrity of the inner aqueous droplets within the oil phase.

Detoxifi cation of blood by multiple emulsions has also been reported (Völkel et al., 1982, 

1984).
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8.3  METHODS OF MICRO- AND NANOENCAPSULATION INVOLVING 
MULTIPLE EMULSIONS

Multiple emulsions have been recognized as an intermediate step in the formulation of micro-

spheres, nanospheres, nanoparticles, microcapsules, and so forth. They have been extensively used 

as intermediate steps for encapsulating many drugs (Adachi et al., 2003; Dhanaraju et al., 2003; 

Erden and Celebi, 1996; Kar and Choudhury, 2007; Lee et al., 2001; Meng et al., 2003; Ogawa et al., 

1988; Shah et al., 1987). The basic technique for microencapsulation involves a two-step emulsifi ca-

tion method. In addition, microparticles can be obtained by gelation of the external phase using 

different methods, such as crosslinking by γ-radiation, heat denaturation, nonsolvent addition and 

cross-linking, and addition of salts or alcohols. Moreover, in the solvent evaporation method, 

 multiple emulsion formation is an intermediate step that gives rise to the fi nal product. A novel 

technique of O/W/O double emulsion solvent diffusion was used by Lee et al. (2001) and Bodmeier 

et al. (1992) to encapsulate hydrophilic compounds, such as theophylline, propranolol, acetamino-

phen, and tacrine. Microparticles of pseudoephedrine were successfully developed using a multiple 

emulsion melt dispersion technique with encapsulation effi ciencies of more than 80% (Bodmeier 

et al., 1992). Microencapsulation of different categories of drugs, such as enzymes, hormones, pep-

tides, and synthetic drugs, has also been reported (Couvreur, 1997; Esposito, 1996a, 1996b, 1997). 

Different polymers [ethylcellulose, eudragit, poly(lactic acid), poly(glycolic acid), etc.] have been 

employed on the basis of the nature of the drug and intended properties of microcapsules.

Esposito et al. (1996a, 1997) described the production and characterization of biodegradable 

microparticles containing tetracycline, which was designed for periodontal disease therapies. The 

infl uence of production parameters on microparticle characteristics and antibiotic release modality 

was studied. Microparticles were made by using different preparation procedures and different 

polyesters: poly(l-lactide) (L-PLA), poly(d,l-lactide) (DL-PLA), and 50:50 poly(d,l-lactide-co-

glycolide) (DL-PLG). A double emulsion preparation method together with a concentrated salt 

solution as the external phase gave the best result in terms of the effi cacy of tetracycline incorpora-

tion. Because the morphology of microparticles reasonably infl uences the release of the encapsu-

lated drug, the external and internal structure of DL-PLG microparticles was investigated by optical 

and scanning electron microscopy. The structure of the W/O/W double emulsion was analyzed 

 during the evaporation process by optical microscopy at 5 min after the formation of the secondary 

emulsion (Figure 8.2a) and after 3 h (Figure 8.2b) and immediately before particle isolation 

(Figure 8.2c). It is evident that at the beginning of the evaporation process (Figure 8.2a) the 

FIGURE 8.2 Structure of W/O/W double emulsion analyzed during the evaporation process. Optical 

 microphotographs taken (a) after 5 min from the formation of the secondary emulsion, (b) after 3 h, and 

(c) immediately before particle isolation.
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 primary W/O emulsion droplets, representing the microparticle precursors, show a few or single 

inner aqueous droplets. These morphologies represent the respective partial or complete coalescence 

of the inner aqueous phase. At the end of the evaporation process, the microparticle structure still 

refl ects this situation, displaying a microcapsular structure. Tetracycline crystals are clearly evident 

in the microcapsular core (Figure 8.2b). The microcapsular structure was confi rmed by scanning 

electron microscopy analysis. Figure 8.3 provides microphotographs of DL-PLG, DL-PLA, and 

L-PLA microparticles. The DL-PLG microparticles display a smooth surface with only few pores, 

whereas a rather different morphology was found for microparticles made of DL- and L-PLA.

A double-walled microcapsular system is evident in DL-PLA (Figure 8.3b). The DL-PLA 

microparticles comprise an external thin and compact layer and an inner thicker layer characterized 

by a porous matrix. In contrast, L-PLA particles are matrix-type microspheres with high porosity 

(Figure 8.3c).

In vitro release experiments demonstrated that tetracycline is slowly and appropriately released 

from microparticles. The release kinetics were infl uenced by the type of polymer utilized for 

microparticle production. In vitro experiments simulating in vivo conditions evidenced that after 30 

days only DL-PLG microparticles showed signifi cant changes in their morphology, whereas L-PLA 

and DL-PLA were almost intact after the same period of time.

The double emulsion solvent evaporation method based on a W/O/W emulsion has been popular 

to encapsulate various proteins within poly(d,l-lactic-co-glycolic acid) (PLGA) microspheres 

(Cleland and Jones, 1996). Nevertheless, this method elicits drawbacks related to protein stability 

during the encapsulation process. In particular, protein molecules dissolved in an inner water phase 

irreversibly aggregate to a great extent as they are continuously exposed onto an interface between 

the water and oil phases (Maa and Hsu, 1997; Maa et al., 1998). It is conceivable that unfolded pro-

tein molecules at the interface form undissociable aggregates (Bam et al., 1998).

For the sustained release formulation of recombinant human growth hormone (rhGH), dissocia-

ble rhGH aggregates were microencapsulated by Kim and Park (2001) within PLGA microparticles. 

The rhGH aggregates were microencapsulated within the PLGA polymer phase by extracting ethyl 

acetate into an aqueous phase presaturated with ethyl acetate. The released rhGH species were 

mostly monomeric and had a correct conformation. Monomethoxy-PEG–b–DL-PLA microspheres 

containing bovine hemoglobin (BHb, a model protein) were prepared by four solvent removal meth-

ods (Meng et al., 2004). The BHb encapsulated by the W/O/W double emulsion solvent diffusion 

method with ethyl acetate as the organic solvent displayed bioactivity near to that of native BHb. 

The effi ciency of BHb entrapment achieved by this method was much higher than that by other 

methods (~90% vs. 30%). Another work by Mok et al. (2007) described the microencapsulation of 

naked adenovirus (ADV) or PEGylated ADV (PEG-ADV) within PLGA microspheres using a 

W/O/W double emulsion and solvent evaporation method. Green fl uorescent protein transfection 

FIGURE 8.3 Scanning electron microscopy microphotographs of (a) DL-PLGA, (b) DL-PLA, and (c) L-PLA 

microparticles obtained by the W/O/W double emulsion method.
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effi ciencies into HeLa cells were quantifi ed, and the relative extent of the immune response for ADV 

and PEG-ADV encapsulated within PLGA microspheres was analyzed using macrophage cells. 

PEG-ADV can be more safely microencapsulated within PLGA microspheres than naked ADV, 

because of their enhanced physical stability under the harsh formulation conditions and acidic 

microenvironmental conditions of the microsphere, thereby increasing gene transfection effi ciency.

Moreover, multiple emulsions have been used to prepare three kinds of hepatitis B surface 

 antigen–PLGA microspheres. These microspheres showed greater antibody response in mice in 

comparison to the conventional aluminum-adjuvant vaccine and thus hold promise for controlled 

delivery of a vaccine (Feng et al., 2006). Tetanus toxoid loaded poly(lactic acid) particles were 

 prepared by the double emulsion technique, and they elicited high and sustained antibody titers 

after intramuscular immunization (Katare and Panda, 2006).

For the use of a double emulsion in nanoparticle production, Pandey and Khuller (2007) developed 

PLG nanoparticles encapsulating streptomycin by the multiple emulsion technique and administered 

them orally to mice for biodistribution and chemotherapeutic studies. There was a 21-fold increase 

in the relative bioavailability of PLG-encapsulated streptomycin compared with the intramuscular 

free drug. Further, the nanoparticle formulation did not result in nephrotoxicity assessed biochemi-

cally (Pandey et al., 2003). Nanoparticles based on the double emulsion method (W/O/W) were also 

investigated by Zambaux et al. (1998) using methylene chloride as an organic solvent and poly(vinyl 

alcohol) (PVA) or human serum albumin as a surfactant. It appeared that the higher the surfactant 

concentration in the external aqueous phase was, the smaller the particles, the lower the polydisper-

sity index, and the higher the residual amount of surfactant.

Sahoo et al. (2002) formulated PLGA nanoparticles by a multiple emulsion solvent evaporation 

technique using PVA as an emulsifi er and bovine serum albumin as a model protein. They studied 

the parameters that infl uence the amount of residual PVA associated with PLGA nanoparticles and 

its effect on the physical properties and cellular uptake of nanoparticles. They found that residual 

PVA infl uenced different pharmaceutical properties of the nanoparticles, such as the particle size, 

zeta potential, polydispersity index, surface hydrophobicity, protein loading, and in vitro release of 

the encapsulated protein.

Finally, Prabha and Labhasetwar (2004) prepared nanoparticle-containing plasmid deoxyribonu-

cleic acid that carries a wild p53 gene using a multiple emulsion solvent evaporation technique. This 

formulation resulted in sustained antiproliferative activity against breast cancer cells that would 

 normally require repeated delivery of the gene. This technique was recently utilized for effi ciently 

encapsulating deoxyribonucleic acid for preparing polymeric nanoparticles with intended character-

istics and hence can be a potential tool in the era of nanotechnology in the future (Rizkalla et al., 2006).

8.4 CONCLUSIONS

This chapter demonstrated the use of multiple emulsions for drug delivery and drug targeting.

Multiple emulsions, especially of the W/O/W type, have the possibility of numerous applications 

in both the pharmaceutical and biotechnological fi elds. In addition, multiple emulsions are equally 

suitable for hydrophilic and lipophilic drugs. The availability of newer emulsion technologies has 

greatly assisted the exploration of liquid membrane systems for both oral and parenteral applications. 

With an inherent versatility in carrier design, they have shown good results for bioavailability 

enhancement, prolonged release, taste masking, detoxifi cation, enzyme immobilization, vaccine 

adjuvants, or gene libraries. They are also a well-stabilized method of production for both micro- 

and nanoparticles.

Many applications need to be realized, even if the stability of multiple emulsions need to be fully 

understood and approaches to stabilize multiple emulsions fully rationalized. For instance, the addi-

tion of complexing, gelling, and polymeric agents can be considered to obtain more stable systems. 

Moreover, some specifi c studies concerning the acquisition of more detailed information about the 

emulsion have to be investigated.
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Combining these various potentials, we expect that there will be a future increase in the use of 

multiple emulsions for both pharmaceutical and biotechnological applications.
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ABBREVIATIONS

ADV Adenovirus

BHb Bovine hemoglobin

DL-PLA Poly(d,l-lactide)

DL-PLG 50:50 Poly(d,l-lactide-co-glycolide)

IgA Immunoglobulin A

IgG Immunoglobulin G

L-PLA Poly(l-lactide)

O/W Oil-in-water

O/W/O Oil-in-water-in-oil

PEG Poly(ethylene glycol)

PEG-ADV PEGylated adenovirus

PLGA Poly(d,l-lactic-co-glycolic acid)

PVA Poly(vinyl alcohol)

rhGH Recombinant human growth hormone

sCT Salmon calcitonin

W/O  Water-in-oil

W/O/W  Water-in-oil-in-water
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9 Nanoemulsions as Drug 
Delivery Systems

Figen Tirnaksiz, Seyda Akkus, and Nevin Celebi

9.1 INTRODUCTION

Nanoemulsions (NEs) can be defi ned as extremely small droplet emulsions. They are termed mini-

emulsions (Constantinides et al., 2008; Solans et al., 2005), ultrafi ne emulsions (Guglielmini, 2008), 

submicron emulsions (Benita, 1999; Klang and Benita, 1998), and translucent emulsions (Fernandez 

et al., 2004; Tadros et al., 2004). These systems have also been called microemulsions (MEs; Koo 

et al., 2005). There are two types of NEs: thermodynamically stable systems (classic MEs) and 

metastable systems. Both types can be classifi ed as NEs. The distinction between a thermodynami-

cally stable system and a metastable system is not always made clear (Sarker, 2005). Unlike classic 

MEs, the stability of metastable NEs depends on the method of preparation (Wang et al., 2007). 

NEs may possess high kinetic stability and optical transparency resembling MEs (Porras et al., 

2004). Despite their metastability, NEs can persist over many months or years because of the pres-

ence of stabilizing surfactant micelles (Chiesa et al., 2008).

The structures in NEs are much smaller than visible wavelengths, so many NEs appear applica-

bly transparent (Chiesa et al., 2008). The average droplet size of NEs ranges from 20 to 500 nm 

(Guglielmini, 2008). NEs are transparent or translucent with a bluish coloration (Salager and 

Marquez, 2003). They are very sensitive systems by nature. Because they are transparent and usu-

ally very fl uid, the slightest sign of destabilization easily appears. Their very small droplet size 

causes a large reduction in gravity force, and Brownian motion may be suffi cient for overcoming 

gravity (Tadros et al., 2004). Because of their small droplet size, Brownian motion prevents sedi-

mentation or creaming, thus offering increased physical stability (Fernandez et al., 2004). They may 

have high kinetic stability because their small droplet size makes them stable against sedimentation 

and creaming (Usón et al., 2004). The small droplet size also prevents any fl occulation of the 
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 droplets. Weak fl occulation can be prevented, and this enables the system to remain dispersed with 

no separation (Tadros et al., 2004). In contrast to MEs, NEs can be diluted with water without 

changing the droplet size distribution (Fernandez et al., 2004). An NE provides ultralow interfacial 

tensions and large interfacial areas between the aqueous and oily phases.

NEs are thermodynamically unstable, which may lead to aggregation, fl occulation, coales-

cence, and eventual phase separation. The physical stability of NEs can be changed on admixture 

of drugs; this is the main factor limiting wider use of the system for drug delivery (Sznitowska 

et al., 2001b). One of the prime physical properties of NEs is the size of the droplet distribution. 

NEs should display a narrow particle size distribution, and a stable NE system should retain sub-

micron size; any changes in the particle size distribution over time are indicative of poor physical 

stability.

NEs require stabilization with emulsifying agents that do not result in the formation of lyotropic 

liquid crystalline phases. To make a stable emulsion reproducibly, a large number of factors must be 

controlled. These include selection of an appropriate composition, controlling the order of addition 

of the components, and applying the shear in a manner that effectively ruptures the droplets. The 

continuous phase should have a signifi cant excess of surfactant to enable the new surface area of the 

nanometer droplets to be rapidly coated during emulsifi cation. The main stability problem of NEs 

is “Ostwald ripening.” The Ostwald ripening process is the solubility of the oil phase in the water 

phase such that oil molecules are transformed from small droplets to big droplets (Sonneville-

Auburn et al., 2004). As a result, the droplets become larger. Suppression of Ostwald ripening can 

be achieved by choosing a very insoluble liquid for the dispersed phase so that this process does not 

occur rapidly, despite very high Laplace pressure (Chiesa et al., 2008). The coalescence rates of NEs 

are closely related to the molecular weight of the surfactant adsorbed at the oil–water interface. The 

longer the molecule is, the less unstable the emulsion will be (Sing et al., 1999).

9.2  PREPARATION OF NANOEMULSIONS

Preparation of NEs requires special application techniques in many cases. The energy input, gener-

ally from mechanical devices or from the chemical potential of the components, should be mea-

sured (Solans et al., 2005). Several types of oils and surfactants have been used and tested for 

formulation of NEs (Table 9.1). For delivery of drugs that contain NEs, minimization of surfactants 

is required to reduce possible side effects and the amount of the internal phase components often 

needs to be increased to maximize the concentration of lipid-soluble drugs in the fi nal system. In 

summary, an optimum amount of surfactants and internal phase components should be used for the 

formulation of NEs (Amani et al., 2008; Nazzal and Khan, 2002; Yuan et al., 2008a).

These systems can be prepared by different mechanical techniques (Antonietti and Landfester, 

2002; Constantinides et al., 2008; Table 9.1). Expensive equipment is required as well as high con-

centrations of emulsifi ers (Tadros et al., 2004). In contrast to equilibrium lyotropic liquid crystalline 

phases called MEs, which spontaneously form when the addition of surfactant effectively causes the 

surface tension to vanish, NEs are metastable dispersions of submicron droplets that have signifi -

cant surface tension (which form only when extreme shear is strongly applied to fragment the drop-

lets) and are kinetically inhibited against recombining by repulsive interfacial stabilization due to 

the surfactant (Graves et al., 2005).

The emulsifi cation of the aqueous and oil phases includes two consecutive steps: fi rst, deforma-

tion and disruption of inner phase droplets and, second, the stabilization of newly formed interfaces 

for all techniques (Antonietti and Landfester, 2002).

9.2.1  HIGH-ENERGY EMULSIFICATION TECHNIQUE

One of the preparation methods for NEs is a high-energy technique that includes ultrasonication, 

microfl uidization, and high-pressure homogenization. Preparation of NEs with high-energy 
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TABLE 9.1
Some NE Formulations
Drug Oil Aqueous Phase Surfactant Preparation Method Reference

Aspirin Soybean oil Water Polysorbate 80 Microfl uidization Subramanian et al., 2008

β-Carotene MCT oil Water Polysorbate 20, polysorbate 

40, polysorbate 60, 

polysorbate 80

High-pressure 

homogenization

Yuan et al., 2008a, 2008b

Flurbiprofen Isopropyl myristate, soybean 

oil, coconut oil

Water Egg lecithin Ultrasonication Fang et al., 2004

Quercetin, methylquercetin Octyldodecanol Water Lipoid® E-80 (Lipoid KG, 

Ludwigshafen, Germany)

Spontaneous emulsifi cation Fasolo et al., 2007

— Soybean oil Water Triton® X-100 (Rohm & 

Haas Co.)

Spontaneous emulsifi cation Hamouda et al., 2001

Several drugs Soybean oil Water + glycerol Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany)

High-pressure 

homogenization

Sznitowska et al., 2001a

Pilocarpine Soybean oil Water + glycerol Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany)

High-pressure 

homogenization

Sznitowska et al., 2000

Benzophenone-3 Capric–caprilic triglyceride, 

coconut oil

Water Sorbitan stearate, 

polyoxyethylene-2-sorbitan 

monooleate, Laureth-7

Spontaneous emulsifi cation Fernandez et al., 2000

Octyl methoxy-cinnamate MCT oil Water + glycerol Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany), 

Pluronic® F-68 (BASF, U.S.)

High-pressure 

homogenization

Zeevi et al., 1994

— Capric–caprilic triglyceride Water Hydroxypropyl 

methylcellulose 

High-pressure 

homogenization

Schulz and Daniels, 2000

Benzathine penicillin G Capric–caprilic triglyceride, 

soybean oil

Buffer solution (pH 7.4) Epicuron® 200 (Lucas Meyer 

Hamburg, Germany), 

Synperonic® F-68 

(Unichema Chemie BV, 

U.K.)

Spontaneous emulsifi cation Santos-Magalhães et al., 

2000

continued
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TABLE 9.1 (continued)
Some NE Formulations
Drug Oil Aqueous Phase Surfactant Preparation Method Reference

Diazepam MCT oil Water + glycerol Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany), 

Synperonic F-68 

(Unichema Chemie BV, 

U.K.)

High-pressure 

homogenization

Sznitowska et al., 2001a

Diazepam Soybean oil Water + glycerol Pluronic F-68 (BASF, U.S.), 

egg yolk phospholipids

High-pressure 

homogenization

Levy and Benita, 1989

Diazepam Soybean oil Water + glycerol Pluronic F-68 (BASF, U.S.), 

purifi ed fractionated egg 

yolk phospholipids

High-pressure 

homogenization

Levy et al., 1994

Diazepam Capric–caprilic triglyceride, 

soybean oil

Water Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany), 

Tyloxapol (Sigma–Aldrich, 

U.S.)

High-pressure 

homogenization

Schwarz et al., 1995

All-trans-retinol acetate Soybean oil — Polyoxyl 35 castor oil, 

mono- or diglycerides of 

caprylic acid (cosurfactant)

SNEDDS Taha et al., 2004

— Isopropyl myristate Water Polyoxyl 35 castor oil, 

hydrogenated castor oil

Spontaneous emulsifi cation Usón et al., 2004

— Decane Water Sorbitan monolaurate, 

sorbitan monooleate, 

polysorbate 20, 

polysorbate 80

Spontaneous emulsifi cation Porras et al., 2004

Cefpodoxime-proxetil MCT oil Water Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany), 

Imwitor® 742 (Sasol 

Germany GmbH; cosolvent)

High-pressure 

homogenization

Nicolaos et al., 2003
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Cefpodoxime-proxetil MCT oil, soybean oil Water Lipoid E-80, Lipoid S40, 

Lipoid S75 (Lipoid KG, 

Ludwigshafen, Germany), 

polysorbate 20, polysorbate 

80, polysorbate 85, Imwitor 

742 (Sasol Germany 

GmbH; cosolvent)

High-pressure 

homogenization

Crauste-Manciet et al., 1998

Ubiquinone Lemon oil — Polyoxyl 35 castor oil, 

mono- or diglycerides of 

caprylic acid (cosurfactant)

SNEDDS Nazzal and Khan, 2002

Oligonucleotides MCT oil Water + glycerol Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany), 

SynperonicF-68 (Unichema 

Chemie BV, U.K.)

Microfl uidization Teixeira et al., 2001a, 2001b

Plasmid DNA Olive oil Water Sorbitan monooleate, 

polysorbate 20

Spontaneous emulsifi cation Wu et al., 2001a

Inulin Olive oil Water Sorbitan monooleate, 

polysorbate 20

Spontaneous emulsifi cation Wu et al., 2001b

Atenolol, danazol, metoprolol Propylene glycol 

monolaurate

Water Pluronic P104, Pluronic® 

L62, Pluronic L81 

(BASF, U.S.)

Spontaneous emulsifi cation Brüsewitz et al., 2007

Cefpodoxime-proxetil Propylene glycol 

monocaprylate

— Polyoxyl 35 castor oil, 

Akoline® MCM 

(AarhusKarlshamn, 

Sweden; cosurfactant)

SNEDDS Date and Nagarsenker, 2007

β-Laktamase Propylene glycol laurate, 

propylene glycol 

monocaprylate

— Polyoxyl 35 castor oil, 

polyoxyl 40 hydrogenated 

castor oil, diethylene glycol 

monoethyl ether 

(cosurfactant), propylene 

glycol (cosurfactant)

SNEDDS Rao et al., 2008a, 2008c

continued
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TABLE 9.1 (continued)
Some NE Formulations
Drug Oil Aqueous Phase Surfactant Preparation Method Reference

Ramipril Propylene glycol 

monocaprylic ester

Buffer solution (pH 5) Caprylo caproyl macrogol-8-

glyceride, polysorbate 80, 

diethylene glycol monoethyl 

ether (cosurfactant), 

polyglyceryl-6-dioleate 

(cosurfactant)

Spontaneous emulsifi cation Shafi q et al., 2007

Paclitaxel Glycolysed ethoxylated 

glycerides

Water Caprylo caproyl macrogol-8-

glyceride

Spontaneous emulsifi cation Khandavilli and 

Panchagnula, 2007

Egg ceramides Capric–caprilic triglyceride, 

tripalmitin

Water Phospholipon® 90G 

(American Lecithin Co., 

U.S.), Solutol® HS 15 

(BASF, U.S.)

Ultrasonication Hatziantoniou et al., 2007

Foscan® Capric–caprilic triglyceride Water Epikuron® 170 (Cargill 

Europe BVBA, Belgium), 

poloxamer 188

Spontaneous emulsifi cation Primo et al., 2007

Oligonucleotides Capric–caprilic triglyceride Water + glycerol Poloxamer188, Lipoid E-80 

(Lipoid KG, Ludwigshafen, 

Germany)

High-pressure 

homogenization

Hagigit et al., 2008

Paclitaxel + ceramide Pine-nut oil Water Lipoid E-80, Lipoid PE 

(Lipoid KG, Ludwigshafen, 

Germany)

Ultrasonication Desai et al., 2008

Morphine HCl Soybean oil, sesame oil Water Sorbitan monooleate, 

Polysorbate 80, Brij® 98 

(ICI Americas, Inc.), plurol 

diisostearique

Ultrasonication Wang et al., 2008a

Risperidone Mono- or diglycerides of 

caprylic acid

Water Polysorbate 80, diethylene 

glycol monoethyl 

ether + propylene glycol 

(cosuırfactant) 

Spontaneous emulsifi cation Kumar et al., 2008
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Camptothecin Coconut 

oil + perfl uorocarbon

Water Phospholipon® 80H 

(American Lecithin Co., 

U.S.), 

phosphatidylethanolamine, 

Pluronic F68 (BASF, U.S.), 

cholesterol

Ultrasonication Fang et al., 2008

δ-Tocopherol Canola oil Water Polysorbate 80 Microfl uidization Kotyla et al., 2008

α-Tocopherol MCT oil Water + glycerol Pluronic F68 (BASF, U.S.), 

Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany)

High-pressure 

homogenization

Ezra et al., 1996

Camphor + menthol + methyl 

salicylate

Soybean oil Water + propylene glycol Soybean lecithin, polysorbate 

80, poloxamer407

High-pressure 

homogenization

Mou et al., 2008

Aceclofenac Labrafi l + triacetin Water Polysorbate 80, diethylene 

glycol monoethyl ether 

(cosurfactant)

Spontaneous emulsifi cation Shakeel et al., 2007

Ramipril Propylene glycol 

monocaprylic ester

Water Polyoxyl 35 castor oil, 

monoethyl ether of 

diethylene glycol 

(cosurfactant)

Spontaneous emulsifi cation Shafi q-un-Nabi et al., 2007

Ceramides Octyldodecanol Water + glycerol Polysorbate 80, Lipoid E-80 

(Lipoid KG, Ludwigshafen, 

Germany) 

High-pressure 

homogenization

Yilmaz and Borchert, 2005, 

2006

DNA MCT oil Water + glycerol Poloxamer407, Lipoid E-80 

(Lipoid KG, Ludwigshafen, 

Germany)

High-pressure 

homogenization

Bivas-Benita et al., 2004

— MCT oil Water + glycerol Poloxamer188 High-pressure 

homogenization

Tamilvanan et al., 2005

— Capric–caprilic triglyceride Water Sorbitan monooleate, 

sorbitan trioleate, 

polysorbate 20, polysorbate 

80, Pluronic F68 (BASF, 

U.S.), Lipoid S75 (Lipoid 

KG, Ludwigshafen, 

Germany) 

Spontaneous emulsifi cation Bouchemal et al., 2004

continued
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TABLE 9.1 (continued)
Some NE Formulations
Drug Oil Aqueous Phase Surfactant Preparation Method Reference

— Paraffi n oil Water Ceteareth-25 EIP method Fernandez et al., 2004

— Paraffi n oil Water PPG-20 Tocophereth 50 High-speed stirring at the 

Θ point

Kim et al., 2004

Novel schistosomicidal drug MCT oil Water + glycerol Poloxamer188, sorbitan 

monooleate, polysorbate 80, 

Lipoid S75 (Lipoid KG, 

Ludwigshafen, Germany) 

Ultrasonication Araújo et al., 2007

Carbamazepine Castor oil + MCT oil Water + glycerol Soybean lecithin, polyoxyl 

35 castor oil

Spontaneous emulsifi cation Kelmann et al., 2007

Curcumin MCT oil Water Polysorbate 20 High-pressure 

homogenization

Wang et al., 2008b

Primaquine Capric–caprilic triglyceride Water + glycerol + sorbitol Egg lecithin, soybean 

lecithin, poloxamer188

High-pressure 

homogenization

Singh and Vingkar, 2008

Sevofl urane Perfl uorooctyl bromide NaCl solution (0.9%) Fluorinated surfactant 

(F13M5)

Microfl uidization Fast et al., 2008

Cheliensisin MCT oil Water Soybean lecithin High-pressure 

homogenization

Zhao et al., 2008

α-, δ-, γ-Tocopherols Soybean oil Water Polysorbate 80, 

phosphatidylcholine

Microfl uidization Kuo et al., 2008

Celecoxib Propylene glycol 

monocaprylic ester, triacetin

Water Ceteareth-25, 

2-(2-ethoxyethoxy)ethanol 

(cosurfactant)

Spontaneous emulsifi cation Shakeel et al., 2008
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— Soybean oil Tri-n-butyl phosphate 

solution (20%)

Triton X-100 (Rohm & Haas 

Co.)

High shear stirring Hamouda et al., 1999

Econazole nitrate, micanozole 

nitrate

MCT oil Water + glycerol Pluronic F68 (BASF, U.S.), 

Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany)

High-pressure 

homogenization

Piemi et al., 1999

Indomethacin MCT oil Water + glycerol Lauroamphodiacetate, Lipoid 

E-80 (Lipoid KG, 

Ludwigshafen, Germany)

High-pressure 

homogenization

Muchtar et al., 1997

Indomethacin Soybean oil, propylene 

glycol dicaprylate/dicaprate

Water Lecithin, Synperonic F68 

(Unichema Chemie BV, 

U.K.) 

Spontaneous emulsifi cation Calvo et al., 1996

Physostigmine salicylate Soybean oil Water + glycerol Pluronic F68 (BASF, U.S.), 

crude phospholipids

High-pressure 

homogenization

Rubinstein et al., 1991

— MCT oil Water + glycerol Pluronic F68 (BASF, U.S.), 

Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany) 

High-pressure 

homogenization

Klang et al., 1994

Piroxicam MCT oil Water + glycerol Pluronic F68 (BASF, U.S.), 

Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany)

High-pressure 

homogenization

Klang et al., 1999

Steroidal and nonsteroidal 

antiinfl ammatory drugs

Capric–caprilic triglyceride, 

paraffi n liquid 

Water Lipoid E-80 (Lipoid KG, 

Ludwigshafen, Germany), 

polysorbate 80, 

Cremophore® EL-620 

(BASF, U.S.), Tyloxapol® 

(Sigma–Aldrich, U.S.)

High-pressure 

homogenization

Friedman et al., 1995

Note: EIP—emulsion inversion point; HCl—hydrogen chloride; MCT—medium chain trigliceride; PPG—poly(propylene glycol).
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 techniques depends on the formation of nanometer-sized droplets in the presence of a surfactant or 

a surfactant mixture with high energy input.

Ultrasonication has been used especially for small quantities of production, and it is very effi -

cient in reducing droplet size (Fang et al., 2008).

High-pressure homogenization is preferred over the other methods that are not suffi cient to 

obtain nanometer-sized droplets. This method ensures better effectiveness and more homogeneous 

droplet size distributions and has the possibility of preparing an NE with different types and amounts 

of surfactants, oils, and water-soluble materials (Schulz and Daniels, 2000). In this technique, the 

aqueous and oily phases are heated together and dispersed; then, the fi rst emulsifi cation is carried 

out using a high shear mixer, resulting in a coarse emulsion. This raw emulsion is passed through a 

high-pressure homogenizer several times to obtain a homogeneous dispersion of small inner phase 

droplets (Figure 9.1). During preparation, several parameters such as the homogenization pressure, 

number of homogenization cycles, and homogenization temperature can be changed; these affected 

the droplet size of the NE, which is very important for the physical stability of the system (Schulz 

and Daniels, 2000; Yuan et al., 2008b).

9.2.2  LOW-ENERGY EMULSIFICATION TECHNIQUES

The high-energy methods cannot be used in some cases, especially for labile molecules. In this case, 

one of the low-energy emulsifi cation techniques such as the spontaneous or self-emulsifi cation 

method or the phase-inversion temperature method should be chosen.

Phase-inversion methods depend on the spontaneous curling of the surfactant fi lm between the 

oil and water phases by covering the inner phase, changing factors such as the temperature and 

electrolyte concentration, or increasing the volume fraction of the dispersed phase (Tadros et al., 

2004) (Figure 9.2).

The most popular of these is the phase-inversion temperature method of Shinoda and Saito, 

which is the most widely used method in the industry (Förster and Tesmann, 1991; Shinoda and 

Saito, 1968; Solans et al., 2005). For polyoxyethylene-type nonionic surfactants, the solubility 

changes and molecules become lipophilic with increasing temperature. At low temperature the 

surfactant monolayer causes oil-swollen droplets [oil-in-water (O/W) emulsion], and at high-tem-

perature water-swollen droplets [water-in-oil (W/O) emulsion] form. This can be achieved by chang-

ing the temperature of the system, forcing a transition from an O/W emulsion at low temperatures 

to a W/O emulsion at higher temperatures (transitional phase inversion). During cooling of the 

emulsion, the system crosses a point of zero spontaneous curvature and minimal surface tension, 

promoting the formation of fi nely dispersed droplets (Fernandez et al., 2004; Solans et al., 2005). 

Heating Heating
Mixing

Aqueous
phase

Oily
phase

Coarse
emulsion

Nanoemulsion

High pressure homogenization
Ultrasonication
Microfludization

FIGURE 9.1 Schematic representation of the high-energy emulsifi cation technique.
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The emulsion inversion point method also provides a transition in the spontaneous radius of curva-

ture obtained by changing the water volume fraction. Initially, water droplets are formed in a con-

tinuous oil phase by adding water. Increasing the water volume fraction changes the spontaneous 

curvature of the surfactant. The system starts as a W/O ME; after that water globules merge together 

and then decompose into smaller oil globules upon further increasing the water content (Fernandez 

et al., 2004).

Bouchemal et al. (2004) demonstrated a different spontaneous emulsifi cation method that has 

three steps. In the fi rst step, the homogeneous organic solution was prepared with oily materials and 

a lipophilic surfactant in a water-miscible solvent. In the second step, this solution was injected in 

the aqueous phase composed of water and a hydrophilic surfactant under magnetic stirring. The 

O/W emulsion was formed instantaneously by diffusion of the organic solvent in the external aque-

ous phase, leading to the formation of nanodroplets. In the third step, the water-miscible solvent was 

removed by evaporation under reduced pressure (Figure 9.3). This method has been also used by 

several other research groups (Akkuş and Tırnaksız, 2006; Bouchemal et al., 2004; Chaix et al., 

2003; Fasolo et al., 2007; Kelmann et al., 2007; Primo et al., 2007; Santos-Magalhães et al., 2000).

In another study, Wang et al. (2007) developed a new self-emulsifying alcohol-free NE using the 

low-energy emulsifi cation technique. All appropriate components were mixed to generate a concen-

trate and then a certain amount of concentrate was injected into a very much larger volume of water 

under gentle stirring to achieve the fi nal emulsion. This is termed as a “crash dilution” method by 

the authors.

In the above-defi ned methods, the amount of surfactant used in the system is not more than 10%. 

However, some NEs have been prepared with a high ratio of surfactant in the system (Wu et al., 

2001a, 2001b).

Kim et al. (2004) used a novel nanoemulsifi cation method of high-speed stirring of a complex of 

an oil and water phase; the emulsifi er, poly(propylene glycol)-20 Tocophereth-50 a block copolymer 

amphiphile, is effective in the formation of stable NEs with mean droplet size ranging from 204 to 

W/O O/W

Oil

OilWater
Water

Temperature
Electrolyte concentration
Increasing the volume
fraction of disperse phase

FIGURE 9.2  Schematic representation of the phase-inversion method.

Oily
phase

Lipophilic
surfactant

Oily materials

Water-miscible
solvent

Hydrophilic
surfactant

Water
+

+

+ Evaporation
of

water-miscible solvent

Aqueous
phase

Oil-in-water
emulsion

Nanoemulsion

FIGURE 9.3 Schematic representation of the solvent evaporation technique. (From Akkuş, Ş. and Tırnaksız, 

F. 2006. Formulations of O/W emulsions prepared using spontaneous emulsifi cation technique. Poster pre-

sented at Skin and Formulation—2nd Symposium of Association de Pharmacie Galenique Industrielle, 9–10 

October, Versailles, France. With permission.)
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499 nm. This surfactant causes a fl occulated high viscosity complex above the specifi c temperature 

at which the oil phase and water phase of the emulsion appear. This complex, which can be  dispersed 

in a stable system with a small particle size, is formed by an appropriate shear rate.

9.3 NANOEMULSIONS AS DRUG DELIVERY CARRIERS

The pharmaceutical fi eld uses NEs as drug delivery systems for parenteral, oral, ocular, and dermal 

administration for therapeutic needs. Especially during the last few decades, NEs have been 

designed to deliver and target drugs by various routes of administration (Tamilvanan, 2004; Usón 

et al., 2004).

9.3.1 PARENTERAL APPLICATION

The O/W-type NEs called lipid emulsions or fat emulsions have long been used in parenteral deliv-

ery for nutritional purposes and as drug carriers for lipophilic drugs because of their insuffi cient 

water solubility. These systems can solubilize in high quantities of lipophilic drugs in the hydropho-

bic component of the oil inner phase (Kelmann et al., 2007; Levy and Benita, 1989; Levy et al., 

1994). The composition of most of the commercial intravenous (IV) emulsions often contains soy-

bean oil, phospholipids (lecithin) or poloxamers, nonelectrolytic compounds (glycerol or xylitol), 

and electrolytes. One of the most popular emulsifi er combinations is the mixture of phospholipids 

with poloxamers. The in vivo disposition of fat emulsions depends on particle properties such as the 

size, zeta potential, and composition of the oil phase. The particle size of the droplets should be 

below 1 μm, and it generally ranges between 100 and 500 nm (Klang and Benita, 1998).

The O/W-type submicron cationic NEs are potent delivery systems for deoxyribonucleic acid 

(DNA) vectors, oligonucleotides, and plasmid transfection in the fi eld of gene therapy (Tamilvanan 

et al., 2005; Teixeira et al., 1999, 2001a, 2001b).

Cationic NEs containing a schistosomicidal drug (BphEA) have a higher encapsulation level of 

drugs and good stability. The in vitro activity of BphEA has poor solubility in water, which is 

included in the cationic NE, and is higher than with the free drug. The positively charged NE prob-

ably binds with the anionic groups on the worm surface and facilitates the delivery of BphEA. After 

IV administration the NE is probably taken up by reticuloendothelial system organs such as the 

liver, where the schistosomes are located (Araújo et al., 2007).

Zhao et al. (2008) designed lyophilized negatively charged NEs containing the antitumor drug 

GC-51. The drug was delivered to solid tumors via parenteral administration. They showed that 

their emulsion system overcame the in vitro stability problem of the drug, sustained in vitro drug 

release, improved antitumor effi cacy, and produced certain therapeutic effects. The in vivo thera-

peutic effi cacy measured in the pulmonary metastasis of a colon cancer bearing mice model was 

enhanced after administration of a lyophilized NE containing the drug. The effi cacy increased from 

22.78 to 41.4% compared with injection of a drug solution (Zhao et al., 2008).

Halogenated volatile anesthetics have been used in lipid emulsions for more than 40 years. 

Fluorinated volatile anesthetics, such as sevofl urane, do not mix well with classic fat emulsions. To 

solve the signifi cant limitation of clinical use, an NE containing sevofl urane was prepared with 

perfl uorooctyl bromide and a semifl uorinated surfactant (F13M5). This new NE system increased 

the solubility of the drug almost sixfold, and a stable NE was prepared containing up to 30% sevo-

fl urane compared with intralipid (Fast et al., 2008).

NEs also have the potential to serve as parenteral prolonged-release systems for drugs that have 

a short half-life. Wang et al. (2008a) demonstrated that W/O NEs could be used as sustained-release 

drug delivery systems for morphine following subcutaneous administration in rats. Loading of the 

drug in NEs produced sustained release, and the in vivo analgesic duration of the drug by targeting 

the drug to the central nervous system could be prolonged from 1 to 3 h by the W/O NE (Wang 

et al., 2008a).
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9.3.2  OCULAR APPLICATION

The O/W NEs can also be used for ocular delivery to improve corneal penetration or sustain the 

pharmacological effect of drugs (Muchtar et al., 1992; Naveh et al., 1994). These emulsions 

could be advantageous because they are supposed to diminish vision-blurring effects (Schulz and 

Daniels, 2000).

These NEs can prolong the release of the drug and sustain the pharmacological effect of drugs 

in the eye following ocular application (Hagigit et al., 2008). Muchtar et al. (1992) and Navech et al. 

(1994) showed the application of NEs to prolong the response of antiglaucomatous drugs applied to 

rabbits. An NE of tetrahydrocannabinol, a highly liposoluble drug, reduced intraocular pressure in 

rabbit eye after a single ocular application, and an NE containing pilocarpine elicited higher and 

longer intraocular pressure reduction at the same dose. In contrast, when pilocarpine as an ion pair 

with monododecylphosphoric acid was used, the miotic effect observed in rabbits was the same for 

an aqueous solution or an NE, indicating that the increased partitioning of pilocarpine to the oily 

phase of the NE did not result in improved ocular bioavailability (Sznitowska et al., 2000).

Calvo et al. (1996) investigated the corneal penetration of a 14C-indomethacin loaded NE pre-

pared by the spontaneous emulsifi cation technique. The mean size of the NE was found to be 

216.74 nm; no physical problem was observed in long-term stability. The permeation coeffi cient of 

the drug was 3.65 times higher that obtained for the eye drop. Muchtar et al. (1997) had similar 

results. An NE prepared with Lipoid E-80 (Lipoid KG, Ludwigshafen, Germany), a lauroamphodi-

acetate, medium chain triglyceride, was found to be stable; the mean droplet size was 110 nm. The 

apparent corneal permeability coeffi cient of indomethacin incorporated in the NE was 3.8 times 

greater than that of the marketed aqueous solution.

Positively charged NEs were found to be suitable as topical ocular drug delivery systems (Hagigit 

et al., 2008; Klang et al., 1994, 1999). Cationic or positively charged NEs were well tolerated by the 

eye and were the most effective formulation in increasing the uptake of drugs in the ocular tissues 

following ocular application (Klang et al., 2000; Tamilvanan and Benita, 2004; Yang and Benita, 

2000). Klang et al. (1994, 1999) prepared an NE using a combination of surfactants comprising 

poloxamer 188, Lipoid E-80 (Lipoid KG, Ludwigshafen, Germany), and stearylamine. The hydro-

philic surfactant concentration was critical for prolonged system stability, and the incorporation of 

piroxicam in the system did not affect the physicochemical emulsion properties. The ocular toler-

ance study in rabbit eyes indicated that the NE was well tolerated without any toxic or infl ammatory 

response in the rabbit eye. The positively charged NE of piroxicam had a pronounced effect on the 

ulceration rate and epithelial defects, and it was an effective formulation in lowering the ulcerative 

cornea score.

9.3.3 ORAL APPLICATION

NE drug delivery systems are good vehicles for the oral delivery of poorly permeable or highly 

lipophilic drugs. Many new drugs or drug candidates show poor aqueous solubility (Kommuru 

et al., 2001; Strickley, 2004). NEs enhance the solubility of drugs, have permeation enhancing prop-

erties, and improve oral absorption (Rubinstein et al., 1991). An NE containing curcumin adminis-

tered orally to mice had an enhanced antiinfl ammatory effect of the drug compared to curcumin in 

a surfactant solution according to the mouse ear infl ammation model (Wang et al., 2008b). The 

activity was enhanced when the droplet size of the NE was reduced to below 100 nm.

NEs promote reduced inter- and intrasubject variability for some drugs, and they make the 

plasma concentrations and bioavailability of some drugs more reproducible (Constantinides, 1995; 

Kawakami et al., 2002a, 2002b; Kommuru et al., 2001; Lawrence and Rees, 2000).

 Two studies found O/W NEs to be signifi cantly effective for protecting the lipophilic molecule 

against enzymatic attack or hydrolysis (Crauste-Manciet et al., 1998; Nicolaos et al., 2003). To 

protect cefpodoxime-proxetil from enzymatic hydrolysis, the drug was included into the oil phase 
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of an O/W NE. The NE had a signifi cant increase of its area under the curve compared to the oral 

formulations (solution, suspension, and coarse emulsion) in rats. The mean absorption time and 

mean residence time of the NE containing cefpodoxime-proxetil was also signifi cantly higher than 

those of oral formulations. Moreover, the area under the curve of the NE was not signifi cantly dif-

ferent from that of the parenteral solution.

NEs can protect drugs’ presystemic metabolism; they can be easily taken up by lipoprotein 

receptors in the liver, thus targeting the drug molecule toward the liver. An NE of primaquine was 

effective in antimalarial activity in mice at a 25% lower dose level compared to the conventional 

oral dose in the plain drug solution after oral administration. The system exhibited improved oral 

bioavailability, and higher drug levels were achieved in the liver. This targeting of the drug probably 

minimizes the systemic toxicity of the drug (Singh and Vingkar, 2008).

Some NEs tend to self-emulsify in aqueous media. This can be important for the absorption of 

drugs for oral formulation. Self-nanoemulsifying drug delivery systems (SNEDDSs), which are 

water-free systems that can be fi lled into soft or sealable hard capsules, form spontaneously in the 

aqueous fl uid of the gastrointestinal tract after oral application (Date and Nagarsenker, 2007; Dixit 

and Nagarsenker, 2008; Nazzal and Khan, 2002). SNEDDSs have been found to solubilize lipo-

philic drugs and to increase the permeability of drugs (Brüsewitz et al., 2007; Dixit and Nagarsenker, 

2008; Shafi q et al., 2007; Taha et al., 2004). Brüsewitz et al. (2007) discovered that self-nanoemul-

sifying systems had an active infl uence on intestinal permeation of transcellulary and paracellulary 

transported drugs. The apparent permeability of atenolol, danazol, and metoprolol by NEs was 

enhanced between 1.4- and 3.2-fold in the Caco-2 monolayer model of the small intestine. Shafi q 

et al. (2007) showed that a self-nanoemulsifying system of ramipril could be used as a delivery 

system for oral administration. In vivo studies revealed a signifi cantly greater extent of absorption 

than the capsule formulation of ramipril in rats. The absorption of drugs from SNEDDSs resulted 

in a 2.94-fold increase in bioavailability compared to conventional capsules. Rao et al. (2008a, 

2008c) also developed a self-nanoemulsifying system for protein drugs. All self-nanoemulsifi ed 

systems of β-lactamase, a model protein, resulted in a higher transport rate than the free solution 

across the cell monolayer. The oral absorption of β-lactamase in rats was signifi cantly increased by 

administration in the SNEDDS; the relative bioavailability, maximum drug concentration in plasma, 

and mean residence time were higher than that of the free solution.

Lipid-based W/O NEs have also been studied as delivery systems for hydrophilic and fragile 

molecules, such as peptides and proteins, to enhance oral bioavailability. Hydrophilic drugs have 

generally been successfully incorporated into the aqueous phase of W/O NEs for protection of 

drugs from harsh environmental conditions such as enzymatic activity or acidic pH (Çelebi et al., 

2002; Çilek et al., 2005; Yetkin et al., 2004). Our previous studies investigated the effects of intra-

gastric administration of nanosized lipid emulsions of epidermal growth factor (EGF) and trans-

forming growth factor-α (TGF-α) on healing of acute gastric ulcers in rats. An NE containing 

EGF reduced basal gastric secretion after intragastrically administering the system in rats (Çelebi 

et al., 2002). The mean ulcer score was reduced in one week from 15.9 to 1.16 mm2, and the gastric 

mucus secretion was increased signifi cantly by intragastric treatment with the lipid-based W/O NE 

of EGF (Figure 9.4).

A similar result was found with an NE of TGF-α administered intragastrically that healed acute 

gastric ulcers induced by acetylsalicylic acid in rats (Yetkin et al., 2004). The basal gastric acid 

secretion after application of the NE containing TGF-α was lower than that of the TGF-α solution. 

The intragastric administration of acetylsalicylic acid (150 mg/kg) produced gastric ulcers in all 

rats with an average initial area of 89 mm2. The gastric ulcers were signifi cantly decreased in four 

days after ulcer induction (Figure 9.5).

In another study, we developed an NE formulation that improved the effi cacy of recombinant 

human insulin administered orally in rats (Çilek et al., 2005). The NE formulations and insulin solu-

tion were administered orally and subcutaneously, respectively. The mean plasma insulin levels 

after administration to nondiabetic rats are shown in Figure 9.6. A signifi cant difference was found 
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between the maximum drug concentration in the plasma values of the NE and the oral solution of 

insulin. Moreover, an NE containing aprotinin provided additional preservation effects on insulin 

levels.

Nevertheless, a phase inversion of the system may happen in vivo with a W/O NE: the degrada-

tion of molecules will occur and this leads to the loss of the peptides or proteins. Furthermore, oral 

160 

140 

120 

100 

80 

60 

40 

20 

0 

G
as

tr
ic

 m
uc

us
 le

ve
ls 

(μ
g/

g 
tis

su
e)

Contro
l

IPEGF 
IPPS 

IG
-EGF 

IG
-W

 

ME + EGF
ME 

CRS 

CRS + 7UP

Experimental groups 

* * * * 

* * 
* * * 

* * * * * *

FIGURE 9.4  Gastric mucus levels in different experimental groups (mean ± standard error of the mean, 

n = 8–10 rats). ME + EGF group versus ME and CRS + 7UP groups (***p < .001), ME + EGF versus IPEGF 

and C groups (**p < .01); control—untreated rats; IPEGF—EGF solution administered intraperitoneally; 

IPPS—physiologic saline solution administered intraperitoneally; IG-EGF—EGF solution administered 

intragastrically; IG-W—water administered intragastrically; ME + EGF—NE containing EGF administered 

intragastrically; ME—plain NE; CRS—cold restraint stress; CRS + 7UO—untreated rats with cold restraint 

stress. (From Çelebi, N., et al. 2002. Journal of Controlled Release 83: 197–210. With permission.)
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solution containing TGF-α; ME—plain NE; A-ME—NE containing aprotinin; T-ME—NE containing TGF-

α; TA-ME—NE containing TGF-α and aprotinin. (From Yetkin, G., et al. 2004. International Journal of 
Pharmaceutics 277: 163–172. With permission.)
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administration of a W/O NE may cause problems with patient compliance because of the oily taste 

of the formulation (Rao et al., 2008b).

In several studies a model hydrophilic protein was loaded in the oil phase of a SNEDDS (Rao 

et al., 2008a, 2008b, 2008c) through the solid-dispersion technique. The SNEDDS increased the 

transport of protein molecules across the Madin–Darby canine kidney monolayer in vitro and sig-

nifi cantly enhanced the oral bioavailability of the protein.

Paclitaxel is a very therapeutically effective drug that is currently administered by infusion of 

an ethanolic solution diluted in IV fl uids. Because the application is diffi cult, researchers have 

been studying many alternative formulations for administration of paclitaxel. Khandavilli and 

Panchagnula (2007) prepared NEs for peroral bioavailability enhancement of paclitaxel. They 

observed that paclitaxel was rapidly absorbed; its absolute bioavailability was 70.62% when admin-

istered orally as an NE in rats. The plasma drug concentration was 3 μg/mL between 0.5 and 18 h, 

suggesting that the drug was absorbed throughout the gastrointestinal tract and the steady-state 

level persisted up to 18 h.

9.3.4 DERMAL APPLICATION

Many drugs exhibit low skin penetration that results in poor effi cacy. The penetration and 

 permeation of a poorly absorbed active ingredient can be improved however by the addition of 

specifi c enhancers to the formulations or by using colloidal delivery systems such as NEs 

(Benita, 1999).

The recent trends in lipid-based colloidal systems such as NEs are reported as one of the most 

promising formulations for enhancement of transdermal permeation and bioavailability of poorly 

soluble drugs. This system can enhance the penetration of active material and can lead it to a deeper 

layer of the skin because of its droplet size and low viscosity (Friedman et al., 1995). The large 
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FIGURE 9.6  The plasma insulin levels for nondiabetic rats (mean ± confi dence interval); *, +, and # rep-

resent IMEA-N versus IS, SC-N, and IME-N groups, respectively; *,+,#p < .05, **,++p < .01, ***p < .001; 

 IME-N—NE containing insulin; IMEA-N—NE containing insulin and aprotinin; IS—insulin solution admin-

istered orally; SC-N—insulin solution administered subcutaneously; ME—plain nanoemulsion. (From 

Çilek, A., et al. 2005. International Journal of Pharmaceutics 298: 176–185. With permission.)
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surface area of the emulsion system, the low surface tension of the whole system, and the low 

 interfacial tension of the O/W droplets enhance the penetration of active agents (Bouchemal et al., 

2004). The enhanced therapeutic effect with NEs is probably attributable to the enhanced perme-

ation of the drug through skin; NEs themselves act as permeation enhancers. The low viscosity of 

NEs restrains their dermal application because of inconvenient use. Some hydrogel thickeners 

reportedly changed the viscosity of the system (Mou et al., 2008; Shakeel et al., 2008; Sonneville-

Auburn et al., 2004; Yilmaz and Borchert, 2006).

For cosmetic products, NEs provide an elegant vehicle that can be used. The hydration power of 

NEs has been found to be much higher than the hydration power of MEs and conventional emul-

sions (Akkuş 2007; Guglielmini, 2008; Kim et al., 2004; Nohynek et al., 2007; Sonneville-Auburn 

et al., 2004; Zeevi et al., 1994).

As a topical carrier, NEs offer several signifi cant advantages including low skin irritation, 

 powerful permeation ability, and high drug-loading capacity for topical delivery when compared 

with other carriers such as MEs, liposomes, solid–lipid nanoparticles, classic emulsions, or gels 

(Hatziantoniou et al., 2007; Mou et al., 2008; Sonneville-Auburn et al., 2004; Tadros et al., 2004). 

Kotyla et al. (2008) compared the plasma level of an NE versus a coarse emulsion of δ-tocopherol 

after dermal application to hamsters. They demonstrated that the plasma concentration of 

δ- tocopherol increased 68-fold for hamsters after applying the NE, whereas there was an 11-fold 

increase for a coarse emulsion compared to baseline. This indicated that the NE system signifi cantly 

increased the bioavailability of transdermally applied δ-tocopherol when compared to a micron-

sized coarse emulsion of the drug. Shakeel et al. (2007) compared the in vitro skin permeation 

profi le of an NE containing aceclofenac with that of a conventional gel. A signifi cant increase in 

permeability parameters was observed with the NE formulation. Consequently, the antiinfl amma-

tory effect of NE signifi cant increased after 24 h when compared with a conventional gel on paw 

edema in rats. The inhibition was high for NE at 82.2% compared with 41.8% for the conventional 

gel. In another study the use of NE improved the penetration of oxybenzone in skin when compared 

with classical emulsions (Fernandez et al., 2000). Unfortunately, the skin concentration and conse-

quent systemic distribution of this sunscreen may occur at signifi cant levels, so the authors pointed 

out that NEs are of little interest for sunscreen formulations.

Celecoxib is a highly lipophilic and poorly soluble drug with low oral bioavailability. Shakeel 

et al. (2008) investigated the bioavailability of celecoxib using a dermal NE. The absorption of 

celecoxib through a transdermally applied NE resulted in a 3.3-fold increase in bioavailability as 

compared to an oral capsule formulation in rats (Shakeel et al., 2008).

 A dermal NE containing aspirin developed by Subramanian et al. (2008) increased the effi cacy 

of the drug compared to an aspirin suspension; the dermal antiinfl ammatory effect was twofold 

greater than the suspension. They concluded that the NE of aspirin could reduce the adverse side 

effects associated with a high-dosage level of aspirin.

The W/O NEs have improved the dermal permeation of hydrophilic molecules included in the 

inner aqueous phase. Wu et al. (2001a, 2001b) prepared a W/O NE containing inulin or plasmid 

DNA. The rate and extent of inulin transport across hairy mouse skin was found to be highly 

dependent on the hydrophilic–lipophilic balance of the surfactant mixture in the NE. The deliv-

ery of plasmid DNA from the W/O NE into skin predominantly occurred via the follicular path-

way. The levels of transgene expression observed using the NE were signifi cantly greater than 

those observed using aqueous DNA at 24 h. This value that can be achieved in skin with normal 

follicular structure was also higher than that observed in the abnormal follicles present in the 

hairless mice.

NEs are suitable for effi cient delivery of tocopherols through the skin. They signifi cantly increase 

the bioavailability of transdermally applied δ-tocopherol and γ-tocopherol (Kotyla et al., 2008; 

Kuo et al., 2008). Kuo et al. (2008) investigated the antiinfl ammatory effect and bioavailability 

of NEs containing α-, δ-, and γ-tocopherol after dermal application in mice. Antioxidant NE formu-

lations signifi cantly reduced auricular thickness and the auricular concentration of cytokines 
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 compared to control and blank NEs. The NEs also increased bioavailability compared to suspen-

sions of α-, δ-, and γ-tocopherol.

Friedman et al. (1995) observed improvement in the performance for transdermal delivery of 

steroidal and nonsteroidal antiinfl ammatory drugs when prepared in NEs rather than in topical 

cream formulations in rats. The improvement was more pronounced up to three- to fourfold. A 

decrease of the internal phase droplets caused the increase in activity for incorporated drugs.

The incorporation of a hydrophobic drug such as diazepam into an NE has been found to be an 

effi cient way to signifi cantly improve drug penetration through the stratum corneum (Schwarz et al., 

1995). An NE of diazepam generated signifi cant systemic activity compared with regular creams. 

Transdermal delivery of diazepam via an NE cream formulation was very effective; a single appli-

cation of the formulation to mice skin provided pronounced dermal drug delivery and prolonged 

protective activity up to 6 h.

An NE of dacarbazine, which is highly lipid-soluble drug, was applied topically in a mouse xeno-

graft model using a human melanoma cell line. The NE formulation caused a signifi cant reduction 

in tumor size. In addition, during the cessation period (12 weeks) the NE of the drug showed fi vefold 

greater effi cacies in preventing tumor growth than the suspension preparations (Tagne et al., 2008a). 

Similar results were observed with an NE of another lipid-soluble drug, tamoxifen (Tagne et al., 

2008b). The authors reported that the NE of the drug inhibited cell proliferation and increased cell 

apoptosis in the HTP-20 breast cancer cell line, and the results were statistically meaningful when 

compared to a suspension of tamoxifen.

Epithelial cells, including the skin, carry a negative charge on their surfaces, so that they are 

selective to positively charged solutes (Piemi et al., 1999; Rojanasakul et al., 1992; Yilmaz and 

Borchert, 2005). Positively charged NEs that will strongly interact with the cells result in better 

permeability of the drug and a prolonged pharmacological effect (Benita, 1999; Piemi et al., 1999). 

These systems can be effective vehicles to change the permeability of the skin. Piemi et al. (1999) 

reported that the effectiveness of a positively charged NE in promoting the in vivo effi cacy of 

 econazole and miconazole nitrate could be due to the binding affi nity of the globules for the 

skin. Positively charged NE formulations were prepared using stearylamine, a cationic lipid that 

contributes the overall positive charge to the oil droplet faces (Piemi et al., 1999; Zeevi et al., 1994). 

A cell culture study carried out by Ezra et al. (1996) proved that positively charged α-tocopherol 

emulsions were effective in preventing oxidative damage, but the negatively charged emulsions were 

unable to provide such protection.

Ceramides have a major role in skin barrier homeostasis, and the reduction of the amount in the 

stratum corneum causes dry skin. Ceramides are insoluble compounds, and a suitable formulation 

is required to penetrate the stratum corneum. A positively charged NE was prepared to deliver 

ceramides into the skin, and this material could be successfully incorporated into the NE; good 

stability was observed that was due to the positive surface charge of the droplets (Yilmaz and 

Borchert, 2005, 2006).

In a different type of study, Primo et al. investigated the incorporation of Foscan, a classical 

and well-known photosensitizer for photodynamic therapy, in a magnetic NE (Primo et al., 

2007). The magnetic nanoparticles used in the formulation were phosphate-coated maghemite 

stabilized at biological pH as an aqueous colloid. This system was added to a poloxamer 188 

solution. Pig ear skin was used for the in vitro permeation study. The results showed that the 

presence of magnetic nanoparticles improved the penetration of the drug through the skin layer. 

The concentration of the drug in deep tissue layers was signifi cantly higher than the NE that did 

not contain magnetic nanoparticles. The observed accumulation of Foscan with the magnetic 

NE in the epidermis and dermis layers was much higher than that of the NE in the absence of 

magnetic nanoparticles.

Some NEs with antimicrobial properties can be used as antibiofi lm agents. Teixeira et al. (2007) 

and Hamouda et al. (1999) showed that an O/W-type NE containing soybean oil, tri-n-butyl phos-

phate, and Triton X-100 had antimicrobial properties. The rapid and nonspecifi c inactivation of 
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vegetative bacteria and enveloped virus made this system a potential candidate for use as a topical 

biocidal agent (Hamouda et al., 2001).

9.3.5  OTHER APPLICATIONS

The targeting of drugs to the brain or cancer and tumor cells is also possible by administration of 

NEs (Desai et al., 2008; Kumar et al., 2008; Vyas et al., 2008). Moreover, NEs can also be prepared 

as vaccine delivery systems (Bivas-Benita et al., 2004).

NEs can enhance the brain disposition of drugs via oral application. Vyas et al. (2008) formu-

lated saquinavir in different NEs made with oils rich in polyunsaturated fatty acids. The system 

was administered orally to mice to examine the oral bioavailability and distribution to the brain. 

NEs formulated with deoxycholic acid improved oral bioavailability and brain uptake of saquina-

vir. They pointed out that NEs can be extremely useful as a drug delivery system in patients 

infected with human immunodefi ciency virus for specifi c delivery to viral reservoir sites that are 

hard to reach.

The intranasal administration of NEs can offer a practical and noninvasive route for delivery of 

drugs to the brain. Kumar et al. (2008) showed the delivery of risperidone to the brain via the nose 

with NE formulations in rats. The brain/blood uptake ratios of the nasal solution, nasal NE (plain), 

and nasal mucoadhesive NE were 0.617, 0.754, and 0.948, respectively, at 0.5 h. These data demon-

strated the direct transport of drug molecules from the nose to the brain following nasal administra-

tion. A signifi cant quantity of risperidone was quickly and effectively delivered to the brain by 

intranasal administration of the mucoadhesive NE compared to other formulations because of 

decreasing the mucociliary clearance of the drug.

Desai et al. (2008) investigated cytotoxicity and apoptosis in brain tumor cells (U-118 human 

glioblastoma cells) treated with paclitaxel and ceramide-C6 in an O/W NE. The combination of 

drugs in the NE was signifi cantly more effective than the aqueous solution. Paclitaxel and ceramide 

were delivered inside the U-118 cells and signifi cantly decreased the cell viability to 33%.

Fang et al. (2008) developed an NE for camptothecin, which is a potent anticancer active agent. 

NEs were prepared using liquid perfl uorocarbons and coconut oil as the inner oily phase. 

Camptothecin incorporated into NE was tested against melanoma cells and ovarian cancer cells. 

The drug-loaded NEs showed cytotoxicity against melanoma and ovary cancer cells in vitro. The 

NEs exhibited growth inhibition activity, and they entered cancer cells in a greater quantity.

NEs are also promising carriers for pulmonary mucosal DNA vaccines to the lungs. Bivas-

Benita et al. (2004) evaluated a positively charged NE as a potential carrier for DNA vaccines. The 

NE formulation protected the DNA adsorbed to the cationic surface of the oil droplets from degra-

dation in the presence of fetal calf serum in an in vitro stability experiment. Consequently, DNA 

was able to enter the nucleus and resulted in protein expression in the Calu-3 cell line (human 

 bronchial epithelial cell line). Therefore, the DNA vaccine is expected to be stable upon exposure to 

the physiological environment and can be used for pulmonary immunization.

ABBREVIATIONS

DNA Deoxyribonucleic acid

EGF Epidermal growth factor

IV Intravenous

ME Microemulsion

NE Nanoemulsion

O/W Oil-in-water

SNEDDS Self-nanoemulsifying drug delivery system

TGF-α Transforming growth factor-α
W/O Water-in-oil
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10 Microemulsion Systems
Application in Delivery of Poorly 
Soluble Drugs

Ljiljana Djekic and Marija Primorac

10.1 INTRODUCTION

The primary interest for pharmaceutical formulators is delivery of the active molecule to the target 

tissue at therapeutically relevant concentrations accompanied by negligible side effects. Drug deliv-

ery is often signifi cantly infl uenced by the physicochemical properties of the active compound, 

particularly its solubility. The water solubility of drug molecules and gastrointestinal (GI) permea-

bility are the basic criteria for the biopharmaceutical classifi cation system of drugs comprising four 

classes (I–IV; Amidon et al., 1995). Class II and class IV cover drugs with low water solubility and 

high and low GI permeability, respectively. The primary limitation to the absorption of class II 

drugs is the slow dissolution rate in GI fl uids, but poor absorption in class IV drugs is attributed to 

hindered permeability. Additionally, roughly 40% of the newly discovered chemical entities enter-

ing drug development programs are poorly water-soluble compounds. Thus, the solubility issue 

affects the bioavailability and effi cacy of many existing and potential drugs. Various conventional 

formulation strategies for the improvement of the solubility and dissolution kinetics of drugs that 

have been developed (e.g., particle size reduction, synthesis of salts freely soluble in water, pH 

adjustment, addition of solubilizing agents) cannot provide satisfactory bioavailability enhancement 

in some cases. Therefore, researchers have made great efforts to develop new approaches for the 

successful delivery of poorly soluble drugs that will also be economically acceptable for the phar-

maceutical industry. An important aspect of any new strategy for delivery of such drugs is to increase 

their  solubility in biological milieu. Novel prospects to overcome problems regarding the limited 
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solubility of drugs are based on their incorporation into an effi cient formulation or a carrier system 

(Das and Das, 2006; Pouton, 2006). The concept of microemulsions represents a promising method 

that has been applied in the development of liquid vehicles and particulate carriers in order to 

improve the bioavailability of poorly soluble compounds (Datea and Patravale, 2004; Gasco and 

Trotta, 1986; Lawrence and Rees, 2000; Müller et al., 2000; Reis et al., 2006; Spernath and Aserin, 

2006). Microemulsions are colloidal dispersions that usually consist of a water phase, an oil phase, 

and one or more amphiphiles; the physicochemical properties of the constituents and their concen-

trations are balanced to form thermodynamically stable liquids at a given temperature. Since these 

systems were introduced more than six decades ago by Hoar and Schulman (1943), their structure 

and processes on the molecular level have been the subject of intensive theoretical and experimental 

research. The results of these investigations disproved the early perception of microemulsions as 

small emulsion-like structures (Schulman et al., 1959) or structured solutions (Danielsson and 

Lindman, 1981) and pointed out the complexity of the phase behavior and diversity of the micro-

structure with a dynamic nature in microemulsion-forming systems (Ezrahi et al., 1999; Kahlweit, 

1999; Sjoblom et al., 1996; Strey, 1994). Microemulsions are homogenous on a macroscopic level, 

but they are heterogenous on a microscopic level because the structure consists of diverse microdo-

mains. There are three main types of microemulsion microstructures relevant to drug delivery: 

oil-in-water (O/W), water-in-oil (W/O), and bicontinuous structures. Droplet types of structures 

(O/W and W/O) contain spherical droplets of the water phase or oil phase (diameter = 10–100 nm) 

dispersed in a continuous oil or water phase, respectively, with the monomolecular fi lm of 

amphiphiles at the water–oil interface. In bicontinuous systems, two immiscible liquids (oil and 

water) are interconnected and stabilized by a continuous fl exible monomolecular fi lm of amphiphiles 

at the interface (Ezrahi et al., 1999; Kahlweit, 1999; Sjoblom et al., 1996; Strey, 1994). The specifi c 

properties of microemulsions, such as thermodynamic stability, ultralow interfacial tension, small 

droplet size, low viscosity, and high interfacial area between the oil and water, provide tremendous 

benefi ts for their pharmaceutical applications including easy formation with little energy input (heat 

or mixing), long-term shelf life, fi lterability, sprayability, high solubilization capacity for drug 

 molecules, and dose uniformity. Although microemulsions, particularly the O/W type, have gained 

increasing interest for use in improvement of the solubility and bioavailability of water-insoluble or 

sparingly water-soluble drugs (Bagwe et al., 2001; Kogan and Garti, 2006; Lawrence and Rees, 

2000; Malmstein, 1999; Vandamme, 2002), this chapter highlights physicochemical and biophar-

maceutical aspects of the microemulsions as colloidal systems currently of interest as templates for 

the development of improved formulations such as self-microemulsifying drug delivery systems 

(SMEDDSs), for synthesis of nanoparticulate drug carriers [solid lipid nanoparticles (SLNs) and 

polymeric nanoparticles], and for nanoengineering of poorly soluble drugs. In this scope, the most 

important features of microemulsion systems are increased drug solubilization capacity and the 

dynamic character of their microstructures. This provides the possibility for phase transformations 

from microemulsion preconcentrates (SMEDDSs) to O/W microemulsions when they are diluted 

with water phase or biological fl uids, as well as the possibility for application of microemulsions as 

reactors for synthesis of nanoparticles. General observations obtained within an extensive research 

work have proved the potential of SMEDDSs as a promising strategy for promotion of the solubili-

zation of drugs, manipulation of drug biodistribution, improvement of in vivo stability, and pharma-

codynamics of poorly soluble drugs (Fatouros et al., 2007; Humberstone and Charman, 1997; 

Lawrence and Rees, 2000; Pouton, 2000, 2006; Pouton and Porter, 2008). SMEDDS formulations 

for oral delivery of cyclosporine (e.g., Neoral®, Novartis, Switzerland; Gengraf®, Abbot Laboratories, 

USA; and SangCya®, SangStat Medical Corporation, USA) have already entered the pharmaceuti-

cal market. There are still considerable issues with regard to the formulation, characterization, and 

in vivo performance of SMEDDS that need to be overcome before they may be considered as an 

important part of the drug market. Microemulsions have been successfully applied as current reac-

tion media for the synthesis of SLNs and polymeric nanoparticles or utilized as a route to reduce the 

particle size of powdered drugs to less than 100 nm with very low polydispersity (Datea and 
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Patravale, 2004; Gasco and Trotta, 1986; Müller et al., 2000; Reis et al., 2006). SLNs produced by 

the microemulsion technique have been successfully applied in the pharmaceutical industry.

10.2 SELF-MICROEMULSIFYING DRUG DELIVERY SYSTEMS

SMEDDSs (microemulsion preconcentrates) are described as isotropic mixtures of oils, surfac-

tants, and cosolvents with a solubilized drug substance, which form a microemulsion by diluting 

with an aqueous medium on mild agitation or by mixing with biological fl uids under digestive 

motility after in vivo administration (Lawrence and Rees, 2000; Pouton, 2000, 2006; Pouton and 

Porter, 2008). The SMEDDS concept was introduced as a potential approach for improvement of 

the oral delivery of hydrophobic drugs (Shah et al., 1994). Although a certain number of reports in 

the scientifi c  literature concerns parenteral (Lee et al., 2002; Park et al., 1999; von Corswant et al., 

1998), dermal (Shukla et al., 2003), and transdermal (Fujii et al., 1996; Kemken et al., 1991, 1992) 

application of SMEDDS formulations, the majority of the work reported details the potential oral 

delivery of poorly soluble drugs by these systems (Borhade et al., 2008; Garti et al., 2006; Grove 

et al., 2006; Jing et al., 2006; Kang et al., 2004; Kommuru et al., 2001; Kovarik et al., 1994; Lu 

et al., 2008; Mandawgade et al., 2008; Mueller et al., 1994; Patel and Sawant, 2007; Patel and Vavia, 

2007; Subramanian et al., 2004; Wei et al., 2005; Woo et al., 2008; Ying et al., 2008; Zhang et al., 

2008). SMEDDSs for oral application usually have been reviewed as a type of so-called lipid-based 
formulation or lipid-based drug delivery system (Hauss, 2007; Jannin et al., 2008; Porter et al., 

2008; Pouton, 2000, 2006; Pouton and Porter, 2008). However, the literature concerning pharma-

ceutical microemulsions has also often reviewed SMEDDS as systems related to microemulsions 

(Gupta and Moulik, 2008; Lawrence and Rees, 2000; Spernath and Aserin, 2006). Terminological 

duality is also evident and, although the term SMEDDS prevailed, self-nanoemulsifying drug 

 delivery  systems are used synonymously, considering the nanoscale diameter of the droplets (Jannin 

et al., 2008; Taha et al., 2004).

10.2.1  SELF-MICROEMULSIFYING DRUG DELIVERY SYSTEMS IN ORAL DELIVERY 
OF POORLY SOLUBLE DRUGS

SMEDDSs are classifi ed as type III lipid formulations for the oral administration of drugs, accord-

ing to the lipid formulation classifi cation system proposed by Pouton (2000), which usually com-

prise up to 80% oil phase, 20–50% surfactants (hydrophilic–lipophilic balance >11), and 20–50% 

cosolvents. SMEDDS formulations are suitable for oral administration in the form of bulk solutions 

containing 1 μg/mL to 100 mg/mL of drug, hard or soft gelatin capsules, or hard hydroxypropyl 

methylcellulose capsules fi lled with liquid or semisolid (thermosoftening) formulations containing 

0.25 μg to 500 mg of the drug per a unit-dose capsule product (Hauss, 2007). Aqueous dilution of 

SMEDDS formulations accompanied by gentle agitation results in the spontaneous formation of 

lipid droplets with diameters of usually less than 100 nm, depending on the excipient selection and 

relative composition of the formulation (Gursoy and Benita, 2004; Pouton, 2000).

The initial consideration in developing a SMEDDS formulation is the selection of excipients 

and their concentrations that are appropriate to solubilize the entire dose of the drug and provide 

the solubilized state for the drug during the absorption in the GI tract (GIT). The most important 

issues in the SMEDDS design are the pharmaceutical acceptability, biocompatibility, and phys-

icochemical stability of the excipients; their mutual miscibility and compatibility; and their 

compatibility with the drug, solubility, and physicochemical stability of the drug substance; as 

well as the potential interactions of the components of the SMEDDS formulation with the GI 

environment.

For preparation of oral lipid-based formulations, the frequently chosen components of the oil 

phase are vegetable oils, composed predominantly of medium-chain triglycerides (e.g., coconut or 

palm oils) or long-chain triglycerides (e.g., corn, olive, peanut, rapeseed, sesame, or soybean oils). 
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Derivatives of natural oils are also used that are prepared by hydrogenation [hydrogenated vegetable 

oils: hydrogenated cottonseed oil (Lubritab™, Akofi ne™, or Sterotex™), hydrogenated palm oil 

(Dynasan™ P60, Softisan™ 154, or Suppocire®), hydrogenated castor oil (Cutina™ HR), or hydro-

genated soybean oil (Sterotex HM, Hydrocote™, or Lipo™)] or by their separation into glyceride 

fractions [partial glycerides: glyceryl monocaprylocaprate (Capmul® MCM), glyceryl monostearate 

(Geleol™, Imwitor® 191, Cutina™ GMS, or Tegin™), glyceryl distearate (Precirol™ ATO 5), glyc-

eryl monooleate (Peceol™), glyceryl monolinoleate (Maisine™ 35-1), or glyceryl dibehenate 

(Compritol® 888 ATO)], which have more suitable physicochemical and drug absorption-enhancing 

properties (Gibson, 2007).

The certain limitation ascribed to the SMEDDS formulations is a relatively high content of sur-

factants, frequently in combination with cosolvents, which are required for a successful microemul-

sifi cation process as well as for complete solubilization of a given dose of the drug. Furthermore, the 

high concentrations of surfactants in the GIT lumen can inhibit digestion of the oil phase (Pouton, 

2000). Surfactants often have potential toxic effects, particularly when they are used at high levels; 

thus, it is important to consider the toxicity and irritancy of these compounds. Therefore, the surfac-

tants involved in the SMEDDS formulations are from the class of nonionic tensides that have been 

reported to have minimal toxicity. Pharmaceutically acceptable surfactants that are often employed 

in SMEDDS are those that are prepared usually by introduction of hydrophilic chemical entities in 

the molecules of medium-chain saturated fatty acids or glycerides derived from vegetable oils such 

as polyoxylglycerides (Labrasol®, Labrafi l®-s, or Gelucire®-s), ethoxylated glycerides derived from 

castor oil (Cremophor® EL, RH40, or RH60), and esters of edible fatty acids and various alcohols 

[e.g., polyglyceryl oleate (Plurol™ Oleique CC497), propylene glycol monocaprylate (Capryol™ 

90), propylene glycol monolaurate (Lauroglycol™ 90), poly(ethylene glycol) (PEG)-8 stearate and 

PEG-40 stearate (Mirj® 45 and Mirj 52), PEG-15 hydroxystearate (Solutol® HS15), sorbitan 

monooleate and sorbitan monolaurate (Span® 80 and Span 20), polyoxyethylene-20 sorbitan 

monooleate (polysorbate 80; Tween® 80), and polyoxyethylene-20 sorbitan monolaurate (polysor-

bate 20; Tween 20)]. The latter excipients are nonionic amphiphilic compounds with medium to 

high hydrophilic–lipophilic balance value, depending on the type of alcohols used and the degree 

of esterifi cation; they may also act as effi cient solubilizing agents, wetting agents, and surfactants 

(Constantinides and Scalart, 1997; Gibson, 2007; Jannin et al., 2008; Strickley, 2004). Among the 

polyoxyethylene-based surfactants, Labrasol and Cremophor EL are pharmaceutical excipients that 

have been well investigated as solubility and absorption enhancers in lipid-based formulations 

(Kommuru et al., 2001; Sha et al., 2005; Strickley, 2004).

SMEDDS formulations often contain, in addition to the oil and surfactant phase, hydrophilic 

cosolvents (e.g., low molecular weight PEGs, ethanol, propylene glycol, glycerin) (Gibson, 2007; 

Jannin et al., 2008). Although cosolvents are not amphiphilic molecules like the original cosurfac-

tants, they may infl uence the solubility properties of both the water and oil phase and are used to 

facilitate the formation of microemulsions (Lawrence and Rees, 2000). Cosolvents also affect the 

capacity of SMEDDS formulations for solubilization of the drugs (Pouton, 2000). However, in some 

cases, cosolvents display signifi cant chemical reactivity, bioincompatibility, or both. For example, 

PEGs are versatile, well-characterized solubilizers that are a widely applied class of pharmaceutical 

excipients (Rowe and Sheskey, 2003). However, when they are used in SMEDDS formulations, 

there is a risk of their irritating potential to the GI mucosa and relatively high chemical reactivity. 

PEGs contain peroxide impurities as well as secondary products formed by auto-oxidation, which 

can compromise the chemical stability of the oils and incorporated drug substance. Because of their 

hygroscopicity, PEGs may also affect the integrity of hard gelatin capsules (Hauss, 2007).

As already pointed out, the important task for formulators is to develop a SMEDDS formulation 

that has a suffi ciently high solvent capacity for a given dose of a particular drug. Therefore, the gener-

ally accepted approach for screening of the excipients is the determination of the drug solubility in 

pure excipients (e.g., oils, surfactants) or preferably in the complete self-microemulsifying mixture 

(Jannin et al., 2008; Kang et al., 2004; Kommuru et al., 2001; Patel and Sawant, 2007; Ying et al., 
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2008; Zhang et al., 2008). A recent comprehensive review by Rane and Anderson (2008) provides a 

summary of the fundamental factors that govern drug solubility in lipid mixtures; they also present 

models to estimate the solubility and describe the challenges involved in prediction of solubility. 

Pouton (2000) revealed earlier that triglycerides have a high solvent capacity for more hydrophobic 

drugs [log of the partition coeffi cient (P) > 4]. The solvent capacity for less hydrophobic drugs can be 

improved by blending triglycerides with mixed monoglycerides and diglycerides. Hydrophilic sur-

factants and cosolvents (propylene glycol, PEGs, ethanol, etc.) may also increase the solvent capacity 

of the SMEDDS formulation, particularly for the drugs with an intermediate log P value (2 < log P < 4), 

which have limited solubility in both water and lipids (Pouton, 2000). Another important factor in the 

selection of the oil phase is the stability regarding oxidation. It is preferable to use hydrogenated 

vegetable oils, which may have better resistance to oxidative degradation. An additional aspect in the 

SMEDDS formulation is whether it should be liquid or semisolid, which will infl uence the options 

available for encapsulation. The melting temperature of semisolid (thermosoftening) materials (e.g., 

Gelucire 44/14, Gelucire 50/13, Gelucire 43/01, Gelucire 39/01, Labrafi l M 2130CS) ranges from 

26°C to 70°C, so they have a waxy consistency at room temperature and usually require melting at 

higher temperatures in lipid-based formulation manufacturing. Thermosoftening formulations are 

fi lled into capsules in the molten state and promptly solidify upon cooling to ambient temperature. In 

this case, issues arise regarding the temperature sensitivity of the drug or capsule shell. Thermosoftening 

formulations are frequently limited for hard capsules because of the lower melting point of the soft 

gelatin capsule shell, whereas liquid formulations are suitable for encapsulation in either hard cap-

sules or soft gelatin capsules. Liquid formulations are more suited to thermolabile drugs compared to 

most thermosoftening formulations, the manufacturing of which is accompanied by relatively high 

temperatures during the fi lling process. However, liquid formulations may suffer from leakage of the 

capsule contents and thus require an additional capsule sealing operation (Hauss, 2007). Despite the 

improved physical stability profi le of SMEDDSs in long-term storage compared to closely related 

ready to use microemulsions, these formulations generally suffer from susceptibility to oxidation. 

Some of the lipid-based products require low temperatures (2–8°C) for long-term storage, which is 

due to pronounced chemical or physical stability issues at room temperature (Hauss, 2007).

Optimum concentrations or the concentration ranges of the components of the SMEDDS formu-

lation that are necessary to promote self-microemulsifi cation are usually determined by phase 

behavior studies. The principles of microemulsion formation, preparation, and characterization of 

these systems, although outside the scope of this chapter, are elaborated in a numerous of compre-

hensive studies in the scientifi c literature (Evans and Wennerström, 1994; Ezrahi et al., 1999; 

Kahlweit, 1999; Sjoblom et al., 1996). The knowledge of phase transformations during the dilution 

of SMEDDS is extremely important. General observations from numerous studies pointed out two 

types of phase behavior during the dilution of an isotropic oil–surfactant mixture with water:

 1. Transformation of W/O microemulsion into O/W microemulsion through a broad range of 

various polyphasic media (type S systems) (Clausse et al., 1987)

 2. A continuous evolution from a W/O to an O/W microemulsion, which usually occurs 

through a bicontinuous state (described as type U systems) (Clausse et al., 1987)

SMEDDSs that generate type-S microemulsions undergo phase separation on dilution; that is, 

they form W/O and O/W microemulsions only within a specifi c and often narrow range of water 

concentrations. Conversely, Spernath and Aserin’s (2006) comprehensive review documented that 

type-U microemulsions are preferred for SMEDDS formulations because of their capability for 

dilution with any given content of the water phase without disruption of the microemulsion state. 

Garti et al. (2003) patented type-U microemulsions as improved SMEDDS formulations that can be 

utilized for solubilization of both hydrosolubile and liposolubile drugs for promising oral and 

 cutaneous delivery. Garti et al.’s (2006) recent study examined the potential of a U-type SMEDDS 

formulation, which consisted of R(+)-limonene, alcohol, propylene glycol, and Tween 60, in oral 
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delivery of celecoxib. Celecoxib is a hydrophobic drug that has very variable absorption from the 

GIT. Particular attention was paid in this study to the characterization of the microemulsion struc-

ture and phase transitions along a suitable water dilution line, and a direct correlation between the 

microstructure and the drug solubilizing capacity was established. The transitions from the W/O to 

the bicontinuous phase and from this phase to the O/W microemulsion were identifi ed at 30% (w/w) 

and 70% (w/w) of the aqueous phase, respectively. The solubilization capacity for celecoxib 

decreases as the water content increases. The self-diffusion study results showed that the drug is 

initially solubilized at the interface of the W/O droplets and then affects the bicontinuous structure; 

upon further dilution, the drug remains solubilized at the interface oriented with its hydrophilic part 

to the water, which strongly affected the inversion to O/W droplets (Figure 10.1).

Phase behavior studies should also assess the effect of drug loading on the effi ciency of the self-

emulsifying process and the diameters of the droplets (Shah et al., 1994). The construction of 

pseudoternary phase diagrams by Kang et al. (2004) in the presence of simvastatin was used to 

identify the self-emulsifying regions and to optimize the concentrations of oil (Capryol® 90), surfac-

tant (Cremophor EL), and cosurfactant [diethyleneglycol monoethyl ether (Carbitol®)]. The authors 

found that the effi ciency of the emulsifi cation was good when the surfactant–cosurfactant mixture 

concentration was more than 40% (w/w) of the SMEDDS formulation and that the preferable ratio 

of surfactant/cosurfactant is 1:1. Similarly, Garti et al. (2006) investigated the interfacial behavior 

of celecoxib and estimated its effect on the phase behavior of an R-(+)-limonene/alcohol/propylene 

glycol/Tween 60 system. They found that the presence of celecoxib at a concentration of 4% in the 

FIGURE 10.1 Schematic illustration (not to scale) of possible packing of celecoxib along dilution line 64 

(60 wt % surfactant and 40 wt % oil phase) at three different dilution regions. Up: W/O microemulsion; 

 middle: bicontinuous (not shown); down: O/W microemulsion. (From Garti, N., Avrahami, M., and Aserin A. 

J. Colloid Interface Sci. 2006; 299: 352–365. With permission.)
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oil phase did not affect the size of the isotropic region in the pseudo-ternary phase  diagrams. 

Furthermore, the results of small angle x-ray scattering measurements indicate that the drug affects 

the structure of the microemulsion droplets, although the overall droplet sizes at high dilutions did 

not change very much. Djekic et al. (2008) recently presented a phase behavior study that may be 

useful in optimization of a cosurfactant and oil in potential SMEDDSs with maximized effi ciency 

to form a microemulsion with a high content of the water phase. The results of this study revealed 

that microemulsion preconcentrates containing Labrasol (surfactant), isopropyl myristate (oil), and 

commercial mixtures of polyoxylethylene-type nonionic tensides [Solubilisant gamma® 2421 

(Octoxynol-12 and Polysorbate 20) and Solubilisant gamma 2429 (Octoxynol-12, Polysorbate 20, 

and PEG-40 hydrogenated castor oil)] or PEG-40 hydrogenated castor oil (Cremophor RH 40) as 

cosurfactants were able to generate U-type microemulsions.

Numerous researchers have been involved in the formulation and characterization of different 

self-microemulsifying formulations as potential delivery systems for oral delivery of poorly soluble 

and poorly permeable drugs. It is evident from the literature that SMEDDS are a promising approach 

for promotion of solubilization and drug release at absorption sites, as well as the bioavailability of 

cyclosporine A (Kovarik et al., 1994; Mueller et al., 1994), simvastatin (Kang et al., 2004), coen-

zyme Q10 (CoQ10; Kommuru et al., 2001), celecoxib (Garti et al., 2006; Subramanian et al., 2004), 

fenofi brate (Patel and Vavia, 2007), tacrolimus (Borhade et al., 2008), anethole trithione (Jing et al., 

2006), acyclovir (Patel and Sawant, 2007), carvedilol (Wei et al., 2005), oridonin (Zhang et al., 

2008), 9-nitrocamptothecin (Lu et al., 2008), vinpocetine (Ying et al., 2008), itraconazole (Woo 

et al., 2008), seocalcitol (Grove et al., 2006), β-artemether (Mandawgade et al., 2008), and exemes-

tane (Singh et al., 2008). Furthermore, comparative biopharmaceutical studies demonstrated the 

signifi cant potential for a more superior biopharmaceutical and pharmacokinetic profi le of poorly 

soluble drugs with SMEDDS compared to both conventional oral solid dosage forms (tablets or 

capsules) and other lipid-based formulations such as lipid solutions and self-emulsifying drug deliv-

ery systems (SEDDSs; Fatouros et al., 2007; Jing et al., 2006; Lu et al., 2008; Mandawgade et al., 

2008; Patel and Sawant, 2007; Patel and Vavia, 2007; Singh et al., 2008; Wei et al., 2005; Woo et al., 

2008; Ying et al., 2008; Zhang et al., 2008).

There are two main aspects of the mechanism of action of oral SMEDDS formulations: the 

potential of the formulation to maintain the drug in the dissolved state in the GIT lumen during 

absorption and the enhancement of drug absorption (Pouton, 2000). The suggested critical factors 

of the in vivo performance of SMEDDSs are the solubility of the drug in SMEDDSs; the location of 

the drug in the microemulsion; the partition coeffi cient of the drug between the oil and water phase 

(i.e., GIT fl uids); specifi c interactions of the drug with excipients; the size, polydispersity, and charge 

of the droplets; the site or path of absorption; the presence of components that can act as absorption 

enhancers; the infl uence of the variety of food materials; and the digestive fl uids present in the GIT. 

The solubility of the drug in SMEDDS formulations is usually high, but the overall utility of each 

system will depend on its dilutability on use and whether the risk arises of the loss of solvent capac-

ity on dilution followed by precipitation of the drug in the GIT (Narang et al., 2007; Pouton, 1997). 

The surfactants used in these formulations improve drug dissolution (Constantinides, 1985); how-

ever, their concentrations are occasionally insuffi cient to promote the self-emulsifi cation process 

that will lead to drug precipitation upon dilution in vivo (Pouton, 2006). It is generally accepted that, 

during the dilution of SMEDDS, the hydrophilic surfactant will partition into the continuous (water) 

phase and percolation or phase separation may occur, which may affect the overall solubilization 

capacity for the drug. The extent of precipitation will mainly depend on the log P of the drug and to 

what extent the surfactant is involved in its solubilization within the formulation. In the cases where 

a water-soluble cosolvent (such as PEG or alcohol) is an important part of the formulation, dilution 

with water will usually result in partitioning of the cosolvent into the continuous phase, which may 

also lead to destruction of the microemulsion and to subsequent drug precipitation (Humberstone 

and Charman, 1997; Lawrence and Rees, 2000; Pouton, 1997, 2000). Thus, the development of 

methods for prediction of in vivo processes, particularly for assessment of the risk of drug 
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 precipitation, is an important task for researchers in the future (Narang et al., 2007). Most of the 

reported work investigating drug release from SMEDDS formulations actually deals with O/W 

microemulsions formed by dilution (Spernath and Aserin, 2006). The results of numerous studies 

demonstrates that the rate and extent of drug release from microemulsions depends on the physico-

chemical  properties of the drug as well as the composition and microstructure of the micro-

emulsions (Bagwe et al., 2001; Kogan and Garti, 2006; Lawrence and Rees, 2000; Malmstein, 

1999; Vandamme, 2002). Hydrophobic drugs are most likely dissolved in the oil phase of O/W 

microemulsions or are located at the interfacial fi lm in the region of the hydrophobic tails of the 

amphiphilic molecules. Therefore, the diffusion of drug molecules is hindered and drug release is 

slow and predominantly depends on the partition coeffi cient of the drug. In some cases, the drug 

may interact with the other components of the microemulsion and signifi cantly modify the phase 

behavior of the system as well as the dilution kinetics and drug release. This issue in particular may 

arise if the drug possesses amphiphilic properties (Djordjevic et al., 2004, 2005).

The signifi cant improvement of the oral bioavailability of cyclosporine A when applied as a 

SMEDDS (Neoral, Novartis, Switzerland) compared to a SEDDS (Sandimmune®, Novartis, 

Switzerland) pointed out the general assumption that the main reason for this improvement is the 

small droplet size. Neoral is the fi rst commercial SMEDDS formulation that was approved by the 

U.S. Food and Drug Administration in 1995 and entered successfully into the world market. 

Cyclosporine A is a hydrophobic cyclic undecapeptide that is often used as a potent immunosup-

pressant in transplantation surgery (e.g., transplantation of liver or kidney), as well as in the treat-

ment of some autoimmune disorders (psoriasis, rheumatoid arthritis). In contrast to most peptide 

drugs, cyclosporine A is insensitive to enzymatic degradation in the GIT. Thus, poor water solubility 

and high molecular weight are two main reasons for its poor oral bioavailability and high inter- and 

intraintraindividual variability in pharmacokinetics. From an historical perspective, the fi rst regis-

tered oral dosage form with cyclosporine A was Sandimmune (Novartis, Switzerland). Sandimmune 

is a solution of cyclosporine A in corn or olive oil, with the addition of a nonionic polyoxylglyceride 

type surfactant (Labrafi l M 1944 CS) and ethanol (Klyashchitsky and Owen, 1998), in a dosage 

form of soft gelatin capsules (25 or 100 mg cyclosporine A/capsule) or as an oral liquid formula-

tion containing 100 mg/mL of the drug. It has been shown that a Sandimmune emulsion precon-

centrate improves the oral bioavailability of cyclosporine A, which is most likely attributable to 

lipolysis of the triglyceride to lower partial glycerides that may act as surfactants and thus enhance 

emulsifi cation in situ as well as absorption. Furthermore, the variability of the pharmacokinetic 

properties is slightly reduced. Neoral is a self-microemulsifying isotropic mixture of cyclosporine 

A; mono-, di-, and triglycerides from corn oil; nonionic solubilizer polyoxyethylene-40 hydroge-

nated castor oil (Cremophor RH40), propylene glycol, and ethanol (Klyashchitsky and Owen, 

1998), which forms an O/W microemulsion in the GIT (Holt et al., 1994; Noble and Markham, 

1995). Studies reported signifi cant improvement of bioavailability and treatment effi cacy with 

Neoral, and the superiority of Neoral over Sandimmune was reviewed (Fatouros et al., 2007; Gupta 

and Moulik, 2008; Lawrence and Rees, 2000). This improvement was connected with the microe-

mulsion character of the administered drug (Kovarik et al., 1994). The delivery of cyclosporine A 

from Neoral was considered in detail and it was confi rmed that the enhanced absorption of the drug 

is a function of nanometer-sized droplets (Kovarik et al., 1996; Ritschel, 1996; Vonderscher and 

Meinzer, 1994). Because the droplet surface area is inversely proportional to the diameter, smaller 

lipid droplets result in a large surface area from which the drug can partition, thus enhancing the 

rate of dissolution into a contacting aqueous phase. The small droplets also have a better chance to 

adhere to biological membranes and provide an increase in absorption and drug bioavailability 

(Humberstone and Charman, 1997). Therefore, it seems that the concept “smaller is better” is 

applicable for lipid-based formulations. However, in a recent study, Andrysek (2003) observed that 

there was no difference in the pharmacokinetic parameters between coarse dispersions (average 

particle size = 1–150 μm) and a Neoral microemulsion (particle size <0.15 μm) tested on healthy 

volunteers. Nevertheless, the absorption of cyclosporine A is more predictable and enhanced from 
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Neoral  compared to Sandimmune and the pharmacokinetic variability is signifi cantly reduced 

(Erkko et al., 1997; Noble and Markham, 1995; Ritschel, 1996). Neoral and Sandimmune are not 

bioequivalent, and it is necessary to adjust the dose and the regime of drug administration if there 

is a need to replace one product with other. Mueller et al. (1994) found that Neoral exhibited a 

linear dose/area under the curve relationship in the range of 200–800 mg in contrast to Sandimmune 

in fasted healthy volunteers and determined a dose-dependent relative bioavailability of Neoral 

versus Sandimmune of 174–239%, with the highest dose resulting in the largest difference in bio-

availability. On the current market, there are several SMEDDS formulations of cyclosporine A that 

are bioequivalent to Neoral (Gengraf, Abbott Laboratories, USA), SangCya (SangStat Medical 

Corporation, USA), Consupren® (IVAX-CR, Czech Republic), and products under a generic name 

from different manufacturers (Eon Laboratories, USA; Apotex Corp., USA; Pliva Inc., Croatia; 

Bedford, USA). However, it has been established that the bioavailability of cyclosporine from 

these formulations compared to Neoral exhibited signifi cant pharmacokinetic variations in differ-

ent human subpopulations (Dunn et al., 2001; Pollard et al., 2003). It was recently revealed that the 

bioavailability of SangCya administered with apple juice is lower compared to Neoral, although 

these two formulations are bioequivalent when administered with chocolate milk; when mixed 

with apple juice, Neoral forms a microemulsion but SangCya forms a microdispersion (Chen, 

2007). This case pointed out that the particular  liquids that are recommended for SMEDDS dilu-

tion prior to oral intake may affect the performance of the SMEDDS formulations, particularly the 

droplet size, as well as their potential for drug delivery. The infl uence of the droplet size on the oral 

bioavailability was also clearly observed for simvastatin, a cholesterol-lowering agent that is prac-

tically insoluble in water and poorly absorbed from the GIT (Kang et al., 2004). The components 

of the optimal SMEDDS formulation with improved drug loading capabilities were Capryol 90 

(oil), Cremophor EL (surfactant), and Carbitol (cosurfactant). The release of simvastatin from opti-

mized SMEDDS formulations A (mean droplet size = 33 nm) and D (mean droplet size = 150 nm) 

was signifi cantly higher than from the conventional tablet (Zocor®; 20 mg simvastatin) at pH 6.8. 

When administering the prefi lled hard capsules to fasted beagle dogs, the relative bioavailability of 

simvastatin from SMEDDS formulations A and D compared to the conventional tablet was 159% 

and 143%, respectively. Furthermore, the release of simvastatin from the SMEDDS A formulation 

was faster than from the D formulation. Kang et al. (2004) suggest that simvastatin dissolved per-

fectly in SMEDDS and the small droplet size enables a faster rate of drug release than the conven-

tional tablet, leading to improved bioavailability. They also assumed that the drug release rate 

could be controlled by regulating the mean droplet size of the carrier. According to Hauss (2007), 

in vitro evaluation of the oil droplet size formed in a biorelevant aqueous test medium from lipid-

based formulations that incorporate large amounts of surfactant could be very informative about 

drug release in vivo.

The mechanisms by which SMEDDSs infl uence drug delivery are complex and not yet fully eluci-

dated. The mechanisms of enhanced drug absorption mediated by lipid-based formulations include (a) 

increased membrane fl uidity facilitating transcellular absorption, (b) opening of tight junctions to 

allow paracellular transport, (c) inhibition of P-glycoprotein mediated drug effl ux and/or metabolism 

by gut membrane-bound CYP450 enzymes, and (d) enhanced lymphatic drug transport occurring in 

conjunction with stimulation of lipoprotein and chylomicron production (O’Driscoll, 2002). Increased 

intestinal epithelial permeability, increased tight junction permeability, and decreased or inhibited 

P-glycoprotein drug effl ux are frequently ascribed to the surfactants and cosolvents (Pouton, 2000, 

2006; Pouton and Porter, 2008). Sha et al. (2005) prepared negatively or positively charged SMEDDS 

containing Labrasol as a surfactant to evaluate the effect of charge and dilution of formulations on 

Caco-2 cell monolayer permeability for mannitol (usually used as a marker of the permeability of 

hydrophilic molecules through the tight junction). They found that Labrasol at concentrations of 0.1% 

(w/w) and 1% (w/w) could increase the permeability of mannitol 4.6-fold and 33.8-fold, respectively, 

and concluded that a negatively or positively charged SMEDDS containing Labrasol enhanced the 

paracellular transport of mannitol at various dilutions. Moreover, the positively charged SMEDDS in 
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higher dilutions opened the tight junctions reversibly, so the Caco-2 monolayer was not permanently 

damaged. Kommuru et al. (2001) investigated SMEDDS formulations for the delivery of CoQ10, a 

potent high molecular weight antioxidant that is practically insoluble in water with poor absorption 

from the GIT. Four types of self-emulsifying  formulations were prepared and characterized using two 

oils (Myvacet® 9-45, acetylated monoglycerides; and Captex®-200, mixed diesters of caprylic and 

capric acids of propylene glycol), two emulsifi ers (Labrafac® CM-10 and Labrasol), and a cosurfactant 

(Lauroglycol®). In all formulations, the level of CoQ10 was fi xed at 5.66% (w/w) of the vehicle. Effi cient 

and better self-emulsifi cation processes were observed for the systems containing Labrafac CM-10 

than formulations containing Labrasol. Although upon dilution the optimized formulation consisting 

of Myvacet 9-45 (40%), Labrasol (50%), and Lauroglycol (10%) formed a coarse emulsion (25 μm), 

oral administration of the SMEDDS in dogs provided a twofold increase in bioavailability compared 

to a powder formulation. It appeared that the increased permeability of mannitol and improved bio-

availability of CoQ10 is the result of the presence of the absorption enhancer Labrasol instead of the 

droplet size obtained upon dilution with water. Therefore, the presence of excipients that have the 

potential to enhance absorption is very important for the ability of the SMEDDS to improve the bio-

availability of the drugs. Thus, the important challenge for formulators is to fi nd effective absorption 

enhancers that can also form SMEDDSs over a wide range of water concentrations.

Certain lipidic excipients are associated with selective drug uptake into the lymphatic transport 

system, thereby reducing the effect of fi rst-pass drug metabolism in the liver (Porter et al., 2007). A 

comparative study of the pharmacokinetics and bioavailability of silymarin (the drug primarily 

used for liver diseases) from a suspension, PEG 400 solution, and SMEDDS was reported (Wu 

et al., 2006). The SMEDDS consisted of silymarin, Tween 80, ethyl alcohol, and ethyl linoleate. 

Although in vitro release of silymarin from the SMEDDS was limited, incomplete, and typical of 

sustained characteristics, the relative bioavailability of silymarin evaluated in rabbits was dramati-

cally enhanced by the SMEDDS on an average of 1.88- and 48.82-fold compared to the solution and 

suspension, respectively. The results pointed out that alternative mechanisms, such as an improved 

lymphatic transport pathway, other than improved release may contribute to the enhancement of the 

bioavailability of the drug. There were several estimations of the potential of SMEDDS formula-

tions for improvement of the oral bioavailability of halofantrine, a highly hydrophobic antimalaria 

drug (Holm et al., 2003; Khoo et al., 1998, 2003). Khoo et al. (1998) achieved six- to eightfold higher 

bioavailability of halofantrine from SMEDDS formulations consisting of medium- or long-chain 

trglycerides, monoglyceride (Capmul MCM, mono- or diglycerides of caprylic acid), and ethanol 

compared to the tablet formulation. In a latter study in dogs, they showed that lymphatic transport 

plays a major role in the absorption of halofantrine from these SMEDDS based on long-chain 

 triglycerides (Khoo et al., 2003). In a related study, Holm et al. (2003) demonstrated that the 

 lymphatic transport and the absorption via the portal system were both affected after administration 

of halofantrine in two SMEDDS based on two different structural triglycerides, 1,3-dioctanoyl-2-

linoleyl-sn-glycerol (MLM) and 1,3-dilinoyl-2-octanoyl-sn-glycerol, previously developed by Khoo 

et al. (1998), in a triple-cannulated canine model. The total bioavailability from the SMEDDS con-

taining MLM (74.9%) was higher because of elevated portal transport of halofantrine when dosed 

in the MLM vehicle. This study suggests that the use of different structure triglycerides in a 

SMEDDS opens up the possibility to manipulate the relative contribution of the two absorption 

pathways within certain limits.

As holds in the case of cyclosporine A, absorption of bioactive molecules from SMEDDS occurs 

in a more controlled fashion. Studies with Sandimmune (300 mg cyclosporine A) and Neoral 

(180 mg cyclosporine A) in fasted healthy volunteers showed that the absorption is more rapid (time 

to reach maximum concentration of drug in the plasma) and peak concentrations of the drug are 

higher (higher maximum drug concentration in plasma and area under the curve) from the SMEDDS 

formulation (Holt et al., 1994; Kovarik et al., 1994; Mueller et al., 1994; Figure 10.2). Therefore, 

therapeutic levels of the drug could be achieved more rapidly and with lower doses after de novo 

administration of the SMEDDS (Amantea et al., 1997; Pouton, 2000).
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Subramanian et al. (2004) developed SMEDDS formulations with considerable potential to 

 minimize the variability in the absorption after oral administration and to provide rapid onset of 

action of celecoxib, a specifi c cycloxygenase-2 inhibitor for the treatment of rheumatoid arthritis, 

osteoarthritis, and acute pain conditions. Celecoxib is a hydrophobic (log P = 3.5, aqueous 

 solubility = 3–7 μg/mL) and highly permeable drug belonging to class II of the biopharmaceutical 

classifi cation system. The SMEDDS formulation, which was optimized by a simplex lattice mixture 

design, consisted of PEG-8 caprylic/capric glycerides (49.5%), a 3:1 mixture of Tween 20 and pro-

pylene glycol monocaprylic ester (40.5%), and celecoxib (10%). The optimized formulation showed 

enhancement of the absorption and a subsequent increased bioavailability of 132% relative to the 

conventional solid dosage oral form (capsules). SMEDDS formulations are very useful in diminu-

tion of the effect of food on the absorption of poorly water-soluble drugs, as in the Neoral formula-

tion of cyclosporine. Furthermore, unlike lipid solutions and SEDDSs, SMEDDS formulations are 

much less affected by digestion and the infl uence of bile salts in the GIT lumen (Goddeeris et al., 

2007; Pouton, 1997; Tarr and Yalkowsky, 1989; Woo et al., 2008).

To summarize, SMEDDS formulations may be useful in oral delivery of poorly soluble drugs 

because of the signifi cant potential for more superior biopharmaceutical and pharmacokinetic 

profi les compared to conventional oral solid dosage forms (tablets or capsules) and lipid-based 

formulations such as lipid solutions and SEDDS, including improved bioavailability and reduced 

variability of drug absorption. Moreover, from the industrial point of view, the manufacturing 

process of SMEDDS formulations requires readily available equipment and offers possibilities 

for reduction in, or elimination of, a number of development and processing steps (e.g., salt 

selection or identifi cation of a stable crystalline form of the drug, coating, taste masking, dedust-

ing). A review of the literature shows that SMEDDSs have attracted a lot of attention from 

researchers and companies as promising delivery systems, but a close examination of the formu-

lations that are present in the market place reveals that the exploitation of this concept is still not 

equivalent to the documented drug delivery potential. A considerable gap still exists between the 

interest of the scientifi c community for the SMEDDS concept and a number of marketed prod-

ucts based on a self-microemulsifi cation phenomenon. The major issues contributing to this 

discrepancy are the following:

 1. The lack of clearly defi ned procedures for developing SMEDDS formulations, which 

involves the selection of biocompatible excipients with adequate functionality regarding 

the drug solubility, the physical and chemical stability of the solubilized drug and of the 

excipients, and the formulation performance
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 2. The complexity of the physicochemical and biopharmaceutical characterization of 

SMEDDS formulations using in vitro and animal studies, particularly including the 

 assessment of the dilution kinetics and the fate of the formulation and the drug in vivo 

(Attama and Nkemnele, 2005; Fatouros et al., 2008; Goddeeris and Van den Mooter, 2008; 

Grove et al., 2007; Ljusberg-Wahren et al., 2005)

 3. The lack of particular techniques for more precise characterization of SMEDDS per-

formance during the development is a hurdle for numerous potential SMEDDS formula-

tion to get onto the level of the clinical testing.

Although a number of in vitro tests to investigate the effects of dispersion, digestion, and gastric 

emptying that are useful in prediction of the fate of drug are being developed as methods for opti-

mizing lipid-based formulations, it is necessary to establish standard test protocols, particularly in 

the case of the lipolytic digestion test, so that bioavailability data can be better understood and 

compared by investigators from various laboratories. Therefore, future research should be commit-

ted to the development of relevant in vitro tests that can predict the fate of the formulation and, most 

importantly, the drug and to conduct more studies on the mechanism of action in in vivo animal 

investigations as well as human bioavailability studies.

10.2.2 SELF-MICROEMULSIFYING DRUG DELIVERY SYSTEMS FOR PARENTERAL ADMINISTRATION

The development of formulations for parenteral administration of drugs with limited solubility, 

especially via the intravenous route, is a permanent challenge for formulators. Microemulsion pre-

concentrates indirectly exploit the benefi ts of microemulsions, such as high solubilization capacity, 

small droplet size, clarity, and low viscosity, thus representing an interesting strategy for the 

improvement of parenteral delivery for poorly soluble drugs. In addition, microemulsions open the 

possibility for sterilization by fi ltration and the avoidance of destabilization of the drug delivery 

system during autoclaving that occurs because of the presence of a phase inversion temperature in 

the systems stabilized by nonionic surfactants (Lawrence and Rees, 2000; Malmstein, 1999). The 

category of microemulsion preconcentrates for parenteral application actually includes both the 

formulations that are diluted with appropriate amounts of water phase forming a microemulsion 

prior to application and SMEDDS formulations for direct intravenous administration that will form 

an O/W microemulsion in situ on dilution by a biological aqueous phase. Although the literature 

contains details of many microemulsion systems, only a few of these are acceptable for parenteral 

administration because of the toxicity of the surfactant, cosurfactant, and oil phases. Therefore, the 

number of published studies concerning microemulsion preconcentrates for intravenous adminis-

tration is rather small. Park et al. (1999) investigated the possibility for parenteral delivery of 

 fl urbiprofen using ethyl oleate, lecithin, distearoylphosphatidylethanolamine-N-PEG 2000 (DSPE-

PEG), and ethanol as components of the preconcentrate. The phospholipid-based microemulsion 

preconcentrate solubilized more than 10 mg/mL of fl urbiprofen at a vehicle/drug ratio of at least 

10:1, and oil contents of 10% or 20%, were used. The drug concentrations in plasma and  various 

organs after the intravenous administration of a fl urbiprofen-loaded microemulsion were measured 

and compared with those after the intravenous administration of a commercial emulsion (Lipfen®, 

10 mg/mL as fl urbiprofen axetil) and fl urbiprofen solution in rats. The half-life, area under the 

curve, and mean residence time of fl urbiprofen loaded in the microemulsion (ethyl oleate/lecithin/

DSPE-PEG/fl urbiprofen = 8:3:1:1.2) increased signifi cantly, and the biodistribution of the drug was 

quite different from the emulsion and solution (Figure 10.3). Reticuloendothelial uptake of fl ur-

biprofen loaded in the microemulsion was decreased compared with that in solution or Lipfen.

Similarly, a biocompatible microemulsion concentrate for intravenous administration composed 

of a medium-chain triglyceride, soybean phosphatidylcholine, PEG 660-12-hydroxystearate 

(12-HSA-EO15), PEG 400, and ethanol was developed by von Corswant et al. (1998). They showed 

that the microstructure of the concentrated system was bicontinuous, and on dilution it turned into 
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an O/W microemulsion with 60- to 200-nm droplets. Furthermore, the in vivo hemodynamic 

response after intravenous application to conscious rats showed that it was possible to administer 

up to 0.5 mL/kg of the formulation with an oil content of 50% without producing any signifi cant 

effect on the acid–base balance, blood gases, plasma electrolytes, mean arterial blood pressure, 

heart rate, and time between depolarization of the atrium and chamber. This study evaluated the 

solubilization potential for felodipine, although in vivo investigations were conducted only for the 

drug-free vehicle.

Lee et al. (2002) incorporated clonixic acid into a premicroemulsion concentrate to overcome the 

poor solubility of the drug as well as to reduce the pain connected to intramuscular or intravenous 

application of a commercial dosage form. Although it was possible to incorporate 3.2 mg/mL of 

clonixic acid in the optimized formulation, which contained castor oil, Tween 20, and Tween 80 in 

a weight ratio of 5:12:18, respectively, the in vivo investigations indicated less pain on injection but 

the pharmacokinetic parameters were not signifi cantly different.

In spite of the promising potential of SMEDDSs for improved solubilization of poorly water-

soluble drugs for intravascular administration, which is documented in published studies, the lack 

of research in this fi eld hinders the extraction of more general conclusions. The major obstacles that 

should be overcome for more extensive investigations of such formulations are a narrow choice of 

biocompatible surfactants and cosolvents that are acceptable for parenteral administration; the com-

plicated physicochemical and biopharmaceutical characterization, including the performance in 

regard to the phase behavior and the droplet size; and the in vivo evaluation of the hemodynamic 

response after the administration of such formulations.

10.2.3 SELF-MICROEMULSIFYING DRUG DELIVERY SYSTEMS FOR TOPICAL DELIVERY

There have been a few attempts to utilize the SMEDDS concept in cutaneous drug delivery of lido-

caine/prilocaine (eutectic mixture) (Shukla et al., 2003), β-blockers (Kemken et al., 1991, 1992), and 

indomethacin (Fujii et al., 1996). The main idea in dermal administration of poorly soluble drugs 

using microemulsion preconcentrates was to achieve a supersaturation of the drug by hydration of 
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FIGURE 10.3 The plasma concentration versus time profi les of intravenous administered fl urbiprofen-

loaded microemulsion (ethyl oleate/lecithin/DSPE-PEG/fl urbiprofen = 8:3:1:1.2), emulsion (Lipfen), and solu-

tion, equivalent to 2.5 mg/kg of fl urbiprofen, in rats (n = 5). (From Park, K. M., et al. Int. J. Pharm. 1999; 183: 

145–154. With permission.)
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the vehicle, resulting in an enhanced thermodynamic activity of the drug and improved pharmaco-

dynamics (Kemken et al., 1992). In a recent study, Cirri et al. (2007) developed a liquid SMEDDS 

formulation intended for oral spray administration of xibornol, a lipophilic drug used for the local 

treatment of infection and infl ammation of the throat. The selected formulations, which contained 

Labrafi l M1944, Transcutol®, Labrafac PG, and a hydrophilic cosolvent (propylene glycol or PEG 

200), allowed complete solubilization of the therapeutic concentration of xibornol (3%, w/v) and 

showed suitable viscosity and good physical stability.

In spite of promising results related to topical drug delivery, this strategy is rarely used in this 

fi eld, mainly because of toxicity and irritability issues arising from high levels of surfactants as well 

as the obstacles for detailed investigations of the in vivo performance of the system.

10.3 MICROEMULSIONS AS MEDIA FOR SYNTHESIS OF NANOPARTICLES

Application of microemulsions as reaction media is currently of interest to the scientist as a prospec-

tive relatively simple technique for synthesis of nanoparticulate drug carriers and as an approach for 

particle size reduction of poorly soluble drugs. Because of their unique combination of properties 

(thermodynamic stability, dynamic character of the microstructure, and high capacity for solubili-

zation of both hydrophilic and lipophilic compounds), microemulsions have been used as reactors 

for the synthesis of nanoparticulate carriers of drugs such as SLNs or polymeric nanoparticles or as 

a method for the particle size reduction of solid drug substances (Datea and Patravale, 2004; Gasco 

and Trotta, 1986; Lopez-Quintela et al., 2004; Marengo et al., 2000; Reis et al., 2006). Nanoparticles 

obtained by the microemulsion technique usually have diameters of less than 100 nm. The direct 

correlation between the diameter of the particles and the droplets of the dispersed phase of micro-

emulsions was established (Datea and Patravale, 2004; Gasco and Trotta, 1986; Lopez-Quintela 

et al., 2004; Marengo et al., 2000; Reis et al., 2006). Furthermore, scale up is relatively simple with 

appropriate optimization of the reaction medium. The main disadvantage of the microemulsion 

approach for nanoparticle synthesis is the high content of surfactants and cosurfactants. The use of 

biocompatible nonionic polyoxyethylene-type surfactants (e.g., poloxamers, polysorbates) and phos-

phatidylcholine as well as more favorable solvents with respect to regulatory aspects (e.g., diethyl-

eneglycol monoethyl ether, ethanol, isopropanol) were recommended. Another critical aspect is the 

required purifi cation of the suspension of nanoparticles and their isolation from the reactor, usually 

by ultrafi ltration, diultrafi ltration, ultracentrifugation, or dialysis, that may signifi cantly increase the 

costs of manufacturing process. Finally, the transfer of a nanoparticle dispersion into a product in 

the dry state is a necessary additional effort for elimination of huge amounts of water (e.g., by vac-

uum evaporation or by liophilisation) (Datea and Patravale, 2004; Gasco and Trotta, 1986; Lopez-

Quintela et al., 2004; Marengo et al., 2000; Reis et al., 2006). The next sections of this chapter 

provide a review of the achievements in this fi eld.

10.3.1 SOLID LIPID NANOPARTICLES PRODUCED BY MICROEMULSION TECHNIQUE

Gasco (1993) developed a method for synthesis of SLNs from O/W microemulsions. The oil phase of 

the microemulsion reactors were fatty acids, glycerides, or both with melting temperature above 50ºC. 

A relatively high concentration of the lipid phase (e.g., 30%) is preferred for technological reasons. The 

lipids and the water phase, which contained a mixture of lecithin (surfactant), bile salts, and butanol 

(cosurfactants), were heated separately at 60–70ºC and then mixed until an O/W microemulsion 

formed. In the next step a hot microemulsion was dispersed into a huge amount of cold water (2–3ºC) 

and the microemulsion broke up and lipid droplets recrystallized, forming lipid nanoparticles. The 

pharmaceutical industry (Vectorpharma, Trieste, Italy) expressed interest for production of SLNs by 

the microemulsion technique and recognized the process parameters that could be critical during the 

scaling up, such as the temperature of the microemulsion and water the temperature fl ows in the water 

medium, and the hydrodynamics of mixing (Marengo et al., 2000).
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The microemulsion technique was applied for synthesis of SLNs loaded with the poorly soluble 

drugs cyclosporine A (Ugazio et al., 2002) and paclitaxel (Koziara et al., 2006). The diameter of the 

cyclosporine A SLN (Figure 10.4), which was synthesized in a matrix of stearic acid, taurocholate, 

and lecithin, was lower than 300 nm and the drug loading capacity was up to 13% (Ugazio et al., 

2002). Although the in vitro release of cyclosporine A from the SLN was low, the authors proposed 

it for most administration routes, in particular, the duodenal route. Paclitaxel was entrapped in 

emulsifying wax-based nanoparticles by Koziara et al. (2006). This study demonstrated the effi cacy 

of the obtained nanoparticles in an HCT-15 mouse xenograft model. They concluded that the inhibi-

tion in tumor growth of the nanoparticles over the commercial formulation (Taxol®) in the xenograft 

model was due to overcoming paclitaxel resistance and an antiangiogenic effect.

The microemulsion technique was similarly used for obtaining a biocompatible SLN consisting 

of emulsifying wax and polyoxyethylene alkyl ethers (Brij® 78) as nonionic surfactants (Lockman 

et al., 2003). This type of SLN was examined as a potential carrier for thiamine for specifi c brain 

drug delivery. The SLNs were coated with thiamine ligand (thiamine linked to DSPE via a PEG 

spacer). The mean diameter of the particles was 70 nm (Figure 10.5), and the polydispersity index 

was low. This study demonstrated the effectiveness of using microemulsions as precursors to engi-

neering nanoparticles as well as the possible mechanism for drug delivery that is likely the promo-

tion of the binding or association of the nanoparticles with blood–brain barrier thiamine transporters 

by the thiamine ligand.

The microemulsion technique was applied in the synthesis of positively charged SLNs. 

Cationic SLNs were investigated as potential carriers for deoxyribonucleic acid (DNA) mole-

cules in gene therapy. The SLNs obtained in the system based on a nonionic surfactant (polysor-

bate 80) and butanol with the addition of stearylamine in the lipid phase (different triglycerides) 

ranged from 100 to 500 nm with a zeta potential of around +15 mV (Heydenreich et al., 2003). 

Zhengrong and Mumper (2002) developed a nanoengineered genetic vaccine for topical applica-

tion by coating plasmid DNA (pDNA) on the surface of cationic nanoparticles obtained directly 

in the microemulsion system in which the lipid phase was emulsifying wax and the surfactant 

was cationic amphiphile cetyltrimethylammonium bromide. DNA molecules were attached on 

the surface of the particles by specifi c ligands. The humoral and proliferative immune responses 

were assessed in shaved BALB/c mice. All pDNA-coated nanoparticles resulted in signifi cant 

enhancement in both the antigen- specifi c IgG titers (16-fold) and the splenocyte proliferation 

over pDNA alone.

FIGURE 10.4 Photomicrography of SLNs containing cyclosporine A (scale bar = 100 nm). (From Ugazio, E., 

Cavalli, R., and Gasco, M. R. Int. J. Pharm. 2002; 241: 341–344. With permission.)
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10.3.2 MICROEMULSIONS AS MEDIA FOR SYNTHESIS OF POLYMERIC NANOPARTICLES

Gasco and Trotta (1986) developed a simple method for synthesis of poly(alkyl cyanoacrylate) 

 nanocapsules by using pharmaceutically acceptable W/O microemulsions (microemulsion polymer-
ization). The polymerization process started in the microemulsion reaction medium when a cyano-

acrylate monomer was activated by an initiator (ion or radical). The polymer formed in situ along 

the inner surface of the droplets of the W/O microemulsion (Figure 10.6). The nanocapsules were 

found to have a central cavity surrounded by a polymer wall. Furthermore, it was demonstrated that 

many pharmaceutically relevant physicochemical properties of poly(alkyl cyanoacrylate) nano-

capsules prepared by polymerization of microemulsions can be easily adjusted by changing the pH 

of the aqueous phase, the water weight fraction of the microemulsion, or the mass of monomer used 

for polymerization (Watnasirichaikul et al., 2002).

The investigations of nanocapsules obtained by this technique revealed that if the drug is  introduced 

in the reaction medium after the polymerization, it adsorbs on the surface of nanocapsules. In this 

case, the capacity for drug adsorption depends on the mutual affi nity of the polymer and the drug. If 

the drug is introduced into the system before polymerization starts, it encapsulates inside the nano-

capsules. Pitaksuteepong et al. (2002) established that the drug encapsulation effi cacy depends on its 

molecular weight and charge. There was a high effi ciency of encapsulation for hydrophilic peptide 

and protein drugs when applied this method (e.g., more than 80% for insulin) using microemulsions 

based on polyoxyethylene surfactants (Pitaksuteepong et al., 2002; Watnasirichaikul et al., 2000). In 

a related study Graf et al. (2008) showed that microemulsions containing sugar-based surfactants 

(decyl glucoside or capryl or caprylyl glucoside) are also suitable formulation templates for the for-

mation of nanoparticles to deliver peptides. The obtained nanoparticles ranged from 145 to 660 nm 

with a unimodal size distribution depending on the type of monomer (ethyl-2- or butyl-2-cyanoacry-

late, larger nanoparticles were formed by butyl-2- cyanoacrylate) and microemulsion template. 

Insulin, a model protein, did not alter the physicochemical properties of the microemulsions or the 

FIGURE 10.5 Photomicrography of thiamine-coated SLNs. (From Lockman, P. R., et al. J. Control. Release 
2003; 93: 271–82. With permission.)
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morphology of the nanoparticles, although it induced a decrease in the nanoparticle size in the system 

containing capryl or caprylyl glucoside when using butyl-2-cyanoacrylate. In a recent study, Sahiner 

et al. (2007) applied the micro emulsion polymerization method in the synthesis of poly(acrylonitrile-

co-N-isopropylacrylamide) core–shell hydrogel nanoparticles. At the optimal reaction conditions, 

they prepared highly monodispersed nanoparticles with a size range of 50–150 nm. Furthermore, the 

hydrophobic core of the nanoparticles, which consists primarily of polyacrylonitrile, can be easily 

made highly hydrophilic by substituting the nitrile groups with amidoxime groups. They showed that 

the loading and release capacity of the nanoparticles for a model drug, propranolol, was increased 

almost twofold by the amidoximation of their core.

10.3.3 MICROEMULSIONS IN NANOENGINEERING OF POORLY SOLUBLE DRUGS

Microemulsions were successfully used for the preparation of nanoparticles of hydrophobic drugs 

via their direct precipitation in the water core of W/O microemulsions (solvent diffusion technique) 
(Debuigne et al., 2001; Trotta et al., 2003). The fi rst step in this method is solubilization of the 

 hydrophobic drug in the nonpolar or oil phase of the O/W microemulsion. In the second step, the 

microemulsion is diluted with the water phase. During the dilution, the dispersed nonpolar phase 

diffuses into a continuous phase. Therefore, the solubility of the drug decreases signifi cantly lead-

ing to its precipitation and the formation of a suspension of nanodroplets. This technique was 

exploited successfully in the synthesis of nanoparticles of nimesulide (Debuigne et al., 2001) and 

griseofulvin (Trotta et al., 2003). Nanoparticles of nimesulide were obtained in W/O lecithin/ 

isopropyl myristate/water/n-butanol or isopropanol microemulsion system. The size of the particles 

was 4–6 nm with a narrow distribution (Figure 10.7), which was independent of the formulation 

variables (Debuigne et al., 2001). In contrast, nanoparticles of griseofulvin with a diameter below 

100 nm and low polydispersity were obtained with this technique after the optimization of a cosur-

factant in a solvent-in-water microemulsion containing water, butyl lactate, lecithin, dipotassium 

glycyrrhizinate, and 1,2-propanediol or ethanol. Furthermore, the rate of dissolution of griseofulvin 

from the nanoparticles was increased threefold (Trotta et al., 2003).

Oyewumi et al. (2004) investigated the potential for targeted drug delivery in neutron capture 

therapy of tumors by gadolinium nanoparticles prepared from O/W microemulsion templates and 

coated with a folate ligand. Biodistribution and tumor retention studies were carried out at pre-

determined time intervals after injection of nanoparticles (10 mg/kg) into human nasopharyngeal 

carcinoma-bearing athymic mice. The gadolinium nanoparticles did not affect platelets or 

FIGURE 10.6 Photomicrography of poly(ethyl-2-cyanoacrylate) nanocapsules obtained by interfacial poly-

merization. (From Pitaksuteepong, T., et al. Eur. J. Pharm. Biopharm. 2002; 53: 335–342. With permission.)
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 neutrophils. The retention of nanoparticles in the blood at 8, 16, and 24 h postinjection was 60%, 

13%, and 11% of the injected dose, respectively. A maximum tumor localization of the drug 

(33 ± 7 μg/g) was achieved. The cell uptake and tumor retention of folate-coated nanoparticles was 

signifi cantly enhanced over PEG-coated nanoparticles (as a control).

10.4 RECENT DEVELOPMENTS AND FUTURE DIRECTIONS

The development of strategies based on the microemulsifi cation phenomenon for improvement of 

delivery of drugs with limited solubility such as SMEDDS and nanoparticles obtained in microe-

mulsion reactors are closely connected to the development of the microemulsions themselves. The 

use of microemulsions in these strategies offers many potentially excellent advantages, but it is also 

an attractive fi eld for research with many challenges to be overcome. The main objectives of the 

current investigations in this area are overcoming the obstacles related to the toxicological and 

 regulatory aspects of potential excipients (surfactants, oils, and cosolvents) in order to improve the 

 biocompatibility of the SMEDDS and microemulsions, development of methods for optimization of 

SMEDDS formulations or microemulsion media for nanoparticle synthesis (including the achieve-

ment of targeted delivery by coating of nanoparticles with ligands), and improvement of the perfor-

mance of liquid and semisolid SMEDDSs by formulation of the solid dosage forms (e.g., tablets, 

capsules, granules, or pellets).

The persistent issue in the formulation of pharmaceutically acceptable microemulsions and 

SMEDDSs concerns the biological acceptability of the excipients, especially the surfactants and 

cosolvents, which may compromise their overall utility. The regulatory status of the different excipi-

ents will also depend on their intended use (e.g., oral, parenteral, and dermal). The development of 

biocompatible pharmaceutical microemulsions is becoming a very important technological 

 challenge. Researchers are putting great efforts into the development of microemulsions based on 

excipients with food grade, orally safe, or generally recognized as safe status. Although ethoxylated 

alkyl ethers and sorbitan esters, which are synthetic nonionic surfactants that are often used in 

microemulsion systems, are generally less irritating and toxic than other classes of surfactants, 

microemulsions prepared from phospholipids and polyol-type nonionic surfactants, such as alkyl 

polyglucosides, sucrose esters, and polyglycerol esters of fatty acids (Chai et al., 2003; Fanun 

Al-Diyn, 2006; Garti et al., 1999; Glatter et al., 2001; Söderlind et al., 2003; Syamasri and Moulik, 

2008), seem to be preferred from a toxicity and biodegradability viewpoint. These possible nontoxic 

FIGURE 10.7 Photomicrography of nimesulide nanoparticles obtained by the solvent-diffusion method. 

(From Debuigne. F., et al. J. Colloid Interface Sci. 2001; 243: 90–101; Gasco, M. R. U.S. Patent 5250236, 

1993. With permission.)
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alternative surfactants are prepared from natural resources that have hydrophilic and lipophilic 

properties that can be tuned by varying of the alkyl- or polyol-chain length. The phase behavior of 

systems involving these surfactants are much less infl uenced by temperature compared to systems 

based on polyoxyethylene surfactants (Chai et al., 2003; Garti et al., 1999). Therefore, there is a 

particular interest in the development of biocompatible microemulsions based on polyol surfactants. 

However, the preparation of microemulsions with these surfactants is not a simple task. The majority 

of polyol-type surfactants are not able to form microemulsions without the aid of cosurfactants such 

as short- or medium-chain length alcohols. Sugar-based surfactants cause severe hemolysis below 

or at the critical micelle concentration in contrast to the polyoxyethylene-based surfactants that are 

nonhemolytic in this concentration range (Söderlind et al., 2003). Further, the achievement of a 

uniform particle size in polyol-type surfactant-based microemulsions may requires complex size 

separation techniques. An additional factor affecting the use of SMEDDSs and microemulsions is 

the high content of the surfactants and cosolvents. These systems often require high surfactant con-

centrations in order to provide very low interfacial tension (≤10–3 mN/m) as well as suffi cient inter-

facial coverage to microemulsify the entire oil and water phases (Wennerström et al., 2006) and to 

provide a suffi ciently high drug solubilizing capacity including the prevention of drug precipitation 

in vivo. However, high surfactant levels are not acceptable because of bioincompatibility, perfor-

mance, or economic reasons. Furthermore, the purifi cation of nanoparticles from microemulsion 

reaction media from surfactant and cosolvent contaminants is usually complex and expensive. 

Heydenreich et al. (2003) recently showed that the cell toxicity of SLNs prepared in Tween 80/

butanol/stearylamine/triglycerides was dependent on both the SLN composition and the purifi ca-

tion method. Therefore, there is a need for a suitable approach to maximize the effi ciency of the 

surfactant, that is, to minimize the concentration required for stabilization of the microemulsion. 

Interest in using nonionic tensides as a surfactant and as a cosurfactant (so-called nonalcohol cosur-

factants) is increasing because of the high stability, low toxicity, low irritancy, and biodegradability 

of many nonionic surfactants (Lawrence and Rees, 2000; Malmstein, 1999). This approach is also 

potentially useful for elimination of hydrophilic cosolvents from the systems and thus the improve-

ment of their overall biocompatibility. Li et al. (2005) demonstrated the benefi t of combining non-

ionic surfactants on the formation of U-type microemulsions generated from fl urbiprofen-loaded 

preconcentrates containing Capmul PG8 (propylene glycol monocaprylate) as the oil phase and 

Tween 20 (polysorbate 20) and Cremophor EL (polyoxyl 35 castor oil) as surfactants. Systems 

 stabilized by a mixture of both surfactants seem to exhibit a larger isotropic region and high capac-

ity for drug loadings (up to 10%) with good stability on dilution compared to single surfactant-based 

preconcentrates (Figure 10.8).

Recent studies have investigated the potential of different nonionic polyoxyethylene and polyg-

lycerol ester type surfactants to act as cosurfactants for Labrasol. The water solubilization capacity 

in microemulsion preconcentrates based on Labrasol, with isopropyl myristate as the oil phase, was 

enhanced with the addition of both groups of cosurfactants, which to an extent depended on the oil/

(surfactant/cosurfactant) mass ratio (Djekic and Primorac, 2008; Djekic et al., 2008).

Another aspect in the area of microemulsion preconcentates and microemulsions is the assessment 

of the range of water–oil–surfactant–cosurfactant compositions, which can form microemulsions at a 

given temperature, and the effect of various formulation variables on the region of the existence of 

microemulsions, which is usually determined from phase behavior investigations and is represented 

in phase diagrams (Kahlweit, 1999). Although phase diagrams represent detailed compositional maps 

that are of great interest to the formulators, the construction of complete phase diagrams requires 

complex and time-consuming experimental work. Unfortunately, the majority of previous phase 

behavior investigations were related to surfactants and oils that do not have regulatory approval for 

pharmaceutical use. Certain data of the phase behavior of binary, ternary, quaternary, and more 

 complex systems; their components and conditions of measurement; and complete bibliographic 

information may be extracted from the work of Koynova and Caffrey (2002). Although the main 

focus of their database is on lipids of membrane origin where water is the dispersing medium, it also 
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includes information on acylglycerols, fatty acids, cationic lipids, and detergent-containing systems 

as well as the miscibility of synthetic and natural lipids with other lipids, water, drugs, organic sol-

vents, and biomolecules (proteins, nucleic acids, carbohydrates, etc.). In contrast, there is growing 

interest in the development of artifi cial neural network models for computer simulation optimization 

of microemulsion systems using a limited number of experiments and inputs in order to minimize the 

experimental efforts as well as for successful prediction of in vitro and in vivo performance of the 

drug delivery systems (Agatonovic-Kustrin and Beresford, 2000; Agatonovic-Kustrin et al., 2003; 

Alany et al., 1999; Djekic et al., 2008; Mendyk and Jachowicz, 2007; Richardson et al., 1997).

The next big challenge, in addition to drug solubility and absorption enhancement, is the devel-

opment of solid dosage forms from principally liquid or semisolid SMEDDS formulations. Semisolid 

formulations may be transformed into solid dosage forms using techniques such as melt granulation 

(the semisolid lipid excipient acts as a binder and solid granules are produced on cooling); solvents 

or supercritical fl uids used with semisolid excipients, which are solubilized and then the solvent 

evaporated to produce a waxy powder; and spraying techniques. In many cases the SMEDDSs are 

100

90

80
70

60

50

40
30

20
10

100
100

90

90

80

70

60

50

40

30
20

10
0

Capmul PG8

Water Tween 20

ME

LC

EM

80706050403020100
0

100

90

80
70

60

50

40
30

20
10

100
100

90

90

80

70

60

50

40

30
20

10
0

Capmul PG8

Water Cremophor EL

ME

ME

LC

EM

80706050403020100
0

(a) (b)

100

90

80
70

60

50

40
30

20
10

100
100

90

90

80

70

60
50

40

30
20

10
0

Capmul PG8

Water Tween 20 + Cremophor EL

ME

LC

EM

80706050403020100
0

(c)

FIGURE 10.8 Pseudoternary phase diagrams for (a) Capmul PG8/Tween 20/water system, (b) Capmul PG8/

Cremophor EL/water system, and (c) Capmul PG8/Tween 20/Cremophor EL/water system. (From Li, P., et al. 

Int. J. Pharm. 2005; 288: 27–34. With permission.)
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liquid formulations; therefore, alternative approaches are required such as adsorption onto neutral 

carrier adsorbents (neutral silicate), encapsulation in solidifi ed sodium alginate beads, and spray 

drying the liquid SMEDDS in a laboratory spray dryer using dextran as a solid carrier. These tech-

niques enable the production of granules or powders that can then be compressed into tablet form or 

fi lled into capsules using conventional equipment. The results of the related studies demonstrated 

good fl owability and storage stability. Furthermore, it was confi rmed that the solid SMEDDS can 

preserve the improved bioavailability with releasing microemulsion lipid droplets from the formula-

tion in vivo in the poorly soluble drugs piroxicam (Marchaud and Hughes, 2008), simvastatin (Kang 

et al., 2003), and nimodipine (Yi et al., 2008).

ABBREVIATIONS

CoQ10 Coenzyme Q10

DNA Deoxyribonucleic acid

DSPE-PEG Distearoylphosphatidylethanolamine-N-poly(ethylene glycol) 2000

GI Gastrointestinal

GIT Gastrointestinal tract

MLM 1,3-dioctanoyl-2-linoleyl-sn-glycerol

O/W Oil-in-water microemulsions

pDNA Plasmid deoxyribonucleic acid

PEG Poly(ethylene glycol)

SEDDS Self-emulsifying drug delivery system

SLN Solid lipid nanoparticle

SMEDDS Self-microemulsifying drug delivery system

W/O Water-in-oil microemulsions
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11 Diclofenac Solubilization in 
Mixed Nonionic Surfactants 
Microemulsions

Monzer Fanun

11.1 INTRODUCTION

Diclofenac is a nonsteroidal compound with analgesic, antiinfl ammatory, and antipyretic properties. 

It is a weak acid (pKa 4.0) used to relieve mild to moderate pain from injury, menstrual cramps, 

arthritis, and other musculoskeletal conditions. It is widely used because of its robust analgesic, 

antipyretic, and antiinfl ammatory effects (Kreilgaard, 2002; Lawrence and Rees, 2000; Steer et al., 

2003), thus making it one of the most widely prescribed antiinfl ammatory drugs. The most common 

approaches to improving the solubility of drugs are the formation of salts (e.g., hydrochlorides, sul-

fates, nitrates, maleates, citrates, and tartarates) of the basic drugs possessing a net negative electri-

cal charge and reduction of the particle size of the powdered drugs by new milling technologies or 

by applying new crystallization processes. Because of its poor solubility, short in vitro (shelf-life) 

and in vivo (half-life) stability, low bioavailability, and strong side effects, diclofenac delivery should 

be targeted. One approach to conquer these problems is to enfold the drug into a delivery service 

system. The integration of the drug into a delivery system can be envisaged to protect it against 

degradation in vitro as well as in vivo; the release can be controlled, and targeting can be achieved. 

Different colloidal systems were used as diclofenac delivery vehicles to improve its bioavailability 

(Beck et al., 2006; Cevc, 2004; Fanun, 2007a; Kantarci et al., 2005; Kreilgaard, 2002; Kweon et al., 
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2004; Lawrence and Rees, 2000; Lindenstruth and Muller, 2004; Piao et al., 2006, 2007; Saravanan 

et al., 2004; Shakeel et al., 2007; Steer et al., 2003; Stevenson et al., 2005; Vucinic-Milankovic et al., 

2007). These systems include nanoparticles (Beck et al., 2006), gelatin microspheres (Saravanan 

et al., 2004), solid-in-oil suspensions (Piao et al., 2006, 2007), emulsions (Vucinic-Milankovic 

et al., 2007), multiple emulsions (Lindenstruth and Muller, 2004), nanoemulsions (Shakeel et al., 

2007), microemulsions (Fanun, 2007a; Kantarci et al., 2005; Kreilgaard, 2002; Kweon et al., 2004; 

Lawrence and Rees, 2000; Steer et al., 2003), liquid crystals (Stevenson et al., 2005), and vesicles 

(Cevc, 2004). The main requirements of the pharmaceutical market entering drug delivery formula-

tions are ease of preparation, physical stability, excipients that are well tolerated and accepted by 

regulatory authorities, and the availability of large-scale production that is sanctioned by regulatory 

authorities (Muller and Keck, 2004). Microemulsions are clear, thermodynamically stable, isotropic 

mixtures of oil, water, and amphiphiles, frequently in combination with a cosurfactant. Introduced 

fi rst by Hoar and Schulman (1943), microemulsions have been intensively studied during the last 

decade by many scientists and technologists because of their great potential in many applications 

(Fanun, 2008a; Kumar and Mital, 1999; Solans and Kunieda, 1997). The adsorption of drugs using 

microemulsion systems is infl uenced by the particle size, the partition coeffi cient of the drug 

between the two immiscible phases, the presence of the drug in the interface, the site or path of the 

absorption of the microemulsion components that can act as absorption enhancers, and the drug 

solubility in the microemulsion components. Microemulsions are (Bagwe et al., 2001; Lawrence 

and Rees, 2000; Tenjarla, 1999) effective vehicles for the solubilization of certain drugs because 

they provide all of the possible requirements of a liquid system including thermodynamic stability, 

ease of preparation, low viscosity, high surface area, and very small droplet size. Small droplets 

have a better chance to adhere to membranes and to transport bioactive molecules in a more con-

trolled fashion. Microemulsions can be envisioned as media for the entrapped of drugs to protect 

them from degradation, hydrolysis, and oxidation. These systems can also provide prolonged release 

of the drug and prevent irritation, despite the toxicity of the drug. Microemulsions can be introduced 

into the body orally, topically on the skin, or nasally as an aerosol for direct entry into the lungs. 

They have been used for pulmonary (Courrier et al., 2003; Hiranita et al., 2003; Krafft and 

Goldmann, 2003; Patel et al., 2003), intravaginal, or intrarectal administration delivery vehicles for 

lipophilic drugs such as microcides, steroids, and hormones (D’Cruz et al., 1999, 2002a, 2002b; 

D’Cruz and Uckun, 2003); as well as intramuscular formulations of peptides or cell-targeting sys-

tems (Ho et al., 1996), among others. The increased absorption of solubilized drugs in microemul-

sions for topical applications is attributed to the enhancement of penetration through the skin by the 

carrier. Topical drug delivery has much compensation over the oral route of administration because 

it evades hepatic metabolism, the administration is easier and more convenient for the patient, and 

there is the possibility of immediate removal of the treatment if required. Microemulsions suffer 

from high surfactant contents and in most cases from high alcohol, solvent, and cosolvent contents. 

High levels of nonactive compounds are always a hazard. The characterization of microemulsions 

used as drug delivery systems is necessary to determine the locus of the drug in the loaded micro-

emulsion. The properties of drug-loaded microemulsions can reveal the presence of molecular inter-

actions between the loaded drug and the microemulsion. These properties include the electrical 

conductivity (Cametti et al., 1992; Kahlweit et al., 1993), viscosity (Berghenholtz et al., 1995; 

Matsumoto and Sherman, 1969; Ray et al., 1992), periodicity, correlation length (Choi et al., 1997; 

Glatter et al., 1996; Gradzielski et al. 1996; Mihailescu et al., 2002; Shukla et al., 2004a), diffusion 

(Fanun, 2007b; Fanun and Salah Al-Diyn, 2006, 2007; Olsson et al., 1986; Soderman and Nyden, 

1999), droplet size (Goddeeris et al., 2006; Shukla and Neubert, 2005; Shukla et al., 2004b), and 

others (Kahlweit et al., 1987; Regev et al., 1996; Talmon, 1996). This chapter deals with the 

diclofenac solubilization capacity (SC) in three different microemulsion systems. The fi rst is water/

mixed nonionic surfactants/R-(+)-limonene (LIM) microemulsions. The second is a water/mixed 

nonionic surfactants/LIM + ethanol (EtOH) system. The third is microemulsion systems that are 

formed with isopropylmyristate (IPM) instead of LIM. The aims of this chapter are to outline our 
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current knowledge on diclofenac solubilization in U-type microemulsions with cosmetically permit-

ted nonionic surfactants and to discuss the infl uence of the microemulsion composition, compo-

nents, and structure on drug solubilization and its delivery potential.

11.2 PHASE BEHAVIOR

To determine the SC of diclofenac (Figure 11.1a) in mixed nonionic surfactant microemulsions, we 

initially studied the phase behavior of water/mixed nonionic surfactants/oil and water/mixed non-

ionic surfactants/oil + EtOH. The mixed surfactants were ethoxylated mono- and diglyceride 

(EMDG; Figure 11.1b) and sucrose laurate (L1695; Figure 11.1c). The oils were LIM (Figure 11.1d) 

and IPM (Figure 11.1e). The mixing ratios (w/w) of L1695/EMDG and EtOH/oil equal unity. The 

phase diagrams shown in Figures 11.2 through 11.4 reveal the presence of an isotropic and low-

viscosity area that is a microemulsion one-phase region (1ϕ); the remainder of the phase diagram 

represents a two-phase region designated as II (Wm + O), which signifi es a water continuous micel-

lar system with excess oil. A detailed discussion of the phase behavior was provided in our previous 

studies (Fanun, 2007a, 2008a, 2008b, 2008c).

11.3 SOLUBILIZATION CAPACITY

11.3.1 ALCOHOL-FREE SYSTEM

We evaluated the SC of diclofenac that was defi ned as the parts per million of solubilized diclofenac 

within the total formulation in the U-type microemulsions composed of water/L1695/EMDG/LIM 

(system A) at 25°C along the N60 dilution line. Figure 11.5 presents the SC as a function of the water 

volume fraction (ϕ), where we determined the maximum SC in each dilution point and calculate the 

average values from three independent preparations. The SC of sodium diclofenac in a micellar 
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FIGURE 11.1 Chemical structures of (a) sodium diclofenac, (b) EMDG, (c) L1695, (d) LIM, and (e) IPM.
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solution containing mixed surfactants and  LIM is 12,000 (12 wt%). Upon dilution with water the 

SC drops, indicating that the reverse micelles in the absence of water solubilize higher amounts of 

sodium diclofenac than in the presence of water once the water-in-oil droplets are formed. The 

reduction in the SC refl ects both the dilution factor (DF) and the structural changes that occur upon 

dilution. The SC profi le (Figure 11.5) reveals the presence of four different regions of solubilization 

within the phase diagram along the N60 dilution line. The fi rst region (region I) is where the water 

volume fractions (ϕ) are lower than 0.21. In this region, the diclofenac SC drops dramatically from 

12,000 to 11,100. For ϕ values higher than 0.21 and lower than 0.61, the diclofenac SC decreases 

gradually from 11,100 to 10,500 ppm (region II). A slight increase in the diclofenac SC is observed 

for water volume fractions between 0.61 and 0.72 (region III). In region IV (i.e., water volume frac-

tions higher than 0.72), the diclofenac SC decreases dramatically from 10,500 to 8000 ppm.

II (Wm + O)

Water LIM/EtOH = 1

L1695/EMDG = 1 

N60 

1φ

FIGURE 11.3 Pseudoternary phase behavior of the water/L1695/EMDG/LIM + EtOH system at 25°C. The 

mixing ratio (w/w) of LIM + EtOH and EMDG/L1695 equals unity. The one-phase region is designated by 1ϕ, 

and the two-phase region consisting of a water continuous micellar solution with excess oil is designated as 

(Wm + O). N60 is the water dilution line where the weight ratios of L1695/EMDG/oleic phase equal 3/3/4.

II (Wm + O)

Water R (+)-limonene

L1695/EMDG = 1 

1φ

N60

FIGURE 11.2 Pseudoternary phase behavior of the water/L1695/EMDG/LIM system at 25°C. The mixing 

ratio (w/w) of EMDG/L1695 equals unity. The one-phase region is designated by 1ϕ, and the two-phase region 

consisting of a water continuous micellar solution with excess oil is designated as (Wm + O). N60 is the water 

dilution line where the weight ratios of the L1695/EMDG/oleic phase equal 3/3/4.
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11.3.2 SYSTEMS WITH ALCOHOL AS COSURFACTANT

The maximum SC of diclofenac found in Figures 11.6 and 11.7 was determined along dilution lines 

N60 in water/L1695/EMDG/oil + EtOH systems at 25°C. The oils were LIM (system B) and IPM 

(system C). The mixing ratios (w/w) of L1695/EMDG and EtOH/oil equal unity. Figures 11.6 and 11.7 

show that dilution of microemulsions with water signifi cantly decreases the SCs. The SCs of sodium 

diclofenac in a micellar solution containing mixed surfactants and an oil phase (see Figures 11.6 and 

11.7) are 15,000 and 16,000 ppm (15 and 16 wt%) for LIM- and IPM-based systems, respectively. 

Upon dilution with water up to 0.2 ϕ, the SC drops dramatically from 15,000 to 11,800 in the  LIM-

based system and from 16,000 to 11,600 ppm in the IPM-based microemulsions. However, upon fur-

ther dilution to 0.60–0.70 ϕ, the SC continues to decrease in the IPM system whereas in the LIM 

system it increases to a maximum and then decreases for ϕ above 0.8. The alcohol makes the formation 

II (Wm + O)

Water IPM/EtOH = 1

L1695/EMDG = 1 

N60 1φ

FIGURE 11.4 Pseudoternary phase behavior of the system water/L1695/EMDG/IPM + EtOH at 25°C. The 

mixing ratio (w/w) of IPM + EtOH and EMDG/L1695 equals unity. The one-phase region is designated by 1ϕ, 

and the two-phase region consisting of a water continuous micellar solution with excess oil is designated as 

(Wm + O). N60 is the water dilution line where the weight ratios of L1695/EMDG/oleic phase equal 3/3/4.

0.0 0.2 0.4 0.6 0.8 1.0

8000

9000

10,000

11,000

12,000

13,000

SC
 (p

pm
)

Water volume fraction (φ)

I

II
III

IV

FIGURE 11.5 The SC of diclofenac sodium as a function of the water volume fraction along dilution line 

N60 at 25°C in the water/L1695/EMDG/LIM system. The mixing ratio (w/w) of EMDG/L1695 equals unity. 

The phase diagram is presented in Figure 11.2. The line is presented as a guide to the eye.
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of versatile transformable systems possible (Fletcher et al., 1984; Gradzielski and Hoffman, 1999; 

Saidi et al., 1990). In the water-poor region the alcohol migrates to the interface and competes with the 

drug on the free interfacial sites. However, at high levels of dilution, when oil-in-water droplets are 

formed, the EtOH departs from the interface and the micelles are tightly packed by the mixed surfac-

tants alone. Comparing the SCs of solubilized sodium diclofenac in system A based on LIM and sys-

tem B based on LIM + EtOH, this interesting alcohol effect is also refl ected in the SCs (Figures 11.5 

and 11.6). In the water-in-oil regions, the SC in alcohol-free systems was lower than in alcohol-based 

systems. This indicates that swollen reverse mixed micelles in the  LIM-based system are more tightly 

packed and accommodate smaller amounts of solubilized diclofenac than those based on  LIM + EtOH 
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FIGURE 11.6 The SC of diclofenac sodium as a function of the water volume fraction along dilution line N60 

at 25°C in the water/L1695/EMDG/LIM + EtOH system. The mixing ratios (w/w) of EMDG/L1695 and EtOH/

oil equal unity. The phase diagram is presented in Figure 11.3. The line is presented as a guide to the eye.
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FIGURE 11.7 The SC of diclofenac sodium as a function of the water volume fraction along dilution line N60 

at 25°C in the water/L1695/EMDG/IPM + EtOH system. The mixing ratios (w/w) of EMDG/L1695 and EtOH/

oil equal unity. The phase diagram is presented in Figure 11.4. The line is presented as a guide to the eye.



Diclofenac Solubilization in Mixed Nonionic Surfactants Microemulsions 277

that are less compact. Another explanation of this observation is that, at low water contents, the inter-

face is concave toward the water and the oil is the continuous phase, so the SC of sodium diclofenac 

depends on the available space that then depends on the oil penetration at the interface. The penetra-

tion of  LIM in system B is lower than in system A, causing higher amounts of sodium diclofenac to 

be loaded at the interface in system B that contains alcohol. However, as the dilution proceeds, the 

total solubilization decreases signifi cantly because the alcohol content drops. It is important to note 

that the decrease in the total solubilization is stronger in the system that contains EtOH compared to 

the one free of alcohol.

11.4 SOLUBILIZATION EVALUATION

To better evaluate the role of the interface and the dilution by water on the SC along the N60 dilution 

line in these systems, we introduced three different parameters related to the drug maximum solu-

bilization. Equation 11.1 was used to estimate the observed SC change factor (CF
ϕn) by dividing the 

measured SC at each water volume fraction (SC
ϕn) and by the measured SC at the previous water 

volume fraction (SC
ϕn−1):

 CF
ϕn =   SC

ϕn
 ______ 

SC
ϕn−1

  . (11.1)

We also determined the “calculated DF” from the decrease in the SC as a function of dilution 

from one water volume fraction to the next using Equation 11.2:

 DF
ϕn =   

1 − ϕn _______ 
1 − ϕn−1

  . (11.2)

We derived an “overall interfacial contribution factor” (IF) value that is strongly dependent on 

several structural and interfacial composition factors. The IF is calculated using Equation 11.3 by 

dividing the CF 
ϕn by the DF 

ϕn at each water volume fraction:

 IF
ϕn =   CF

ϕn
 _____ 

DF
ϕn

  .  (11.3)

When IF < 1, the DF is dominant, it dictates the SC behavior, and the interface does not play a 

role in the SC, meaning that the drug is located mainly in the oil phase. At IF = 1, the interface and 

DFs contribute evenly, indicating that the drug is located partly at the interface and partly at the oil 

phase. When IF > 1, the interface plays a dominant role and the drug is mostly located at the inter-

face. As the IF grows the interface plays a more signifi cant role in the solubilization of the drug.

11.4.1 ALCOHOL-FREE SYSTEM

Diclofenac solubilization is affected by the addition of water and interfacial packing upon dilution. 

As the dilution with water advances, the calculated IF of the microemulsion increases. In the 

fi rst region, the calculated IF value is higher than  1 and increases with dilution (Table 11.1 and 

Figure 11.8), confi rming that, in spite of the dilution and swelling factors, there is a positive input in 

the SC because diclofenac contributes to the self-assembly of the water-in-oil microemulsions 

because its packing parameter is higher than  1; therefore, it is not “pressed away” or desorbed from 

the micellar assembly once water is added. The diclofenac along the bicontinuous phase (region II, 

0.21–0.67 ϕ) behaves in a similar manner (Table 11.1 and Figure 11.8), where the SC continues to 

decrease but with a gentle slope. This is a clear indication that once the interface becomes fl at 

 (critical packing parameter ≈ 1) it pushes in fewer molecules of diclofenac (critical packing param-

eter > 1; Figure 11.1a). Suratkar and Mahapatra (2000) observed a similar change in the locus of 

solubilization of phenolic compounds in sodium dodecyl sulfate micelles. The calculated IF 

was greater than 1, meaning that the IFs are again dominant over the DF. However, it is clear 
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FIGURE 11.8 The IF of diclofenac sodium as a function of the water volume fraction along dilution line N60 

in the water/L1695/EMDG/LIM system at 25°C. The mixing ratio (w/w) of EMDG/L1695 equals unity. The 

phase diagrams are presented in Figure 11.2. The line is presented as a guide to the eye.

TABLE 11.1
 Water Volume Fraction, Maximum Measured SC of Diclofenac, and the CF, DF, 
and IF along Dilution Line N60 in the Water/L1695/EMDG/LIM System at 25°C

ϕ Max. Meas. SC (ppm) CF DF IF

0 12,000 NA NA NA

0.05 11,500 0.96 0.95 1.01

0.11 11,300 0.98 0.94 1.04

0.16 11,200 0.99 0.94 1.05

0.21 11,100 0.99 0.94 1.06

0.27 11,050 1.00 0.93 1.07

0.32 11,000 1.00 0.93 1.07

0.37 10,900 0.99 0.92 1.07

0.42 10,800 0.99 0.92 1.08

0.47 10,650 0.99 0.91 1.08

0.52 10,500 0.99 0.91 1.09

0.57 10,400 0.99 0.90 1.10

0.62 10,500 1.01 0.89 1.14

0.67 10,600 1.01 0.87 1.16

0.72 10,500 0.99 0.85 1.16

0.76 10,200 0.97 0.83 1.17

0.81 10,000 0.98 0.80 1.23

0.86 8000 0.80 0.75 1.07

Note: The mixing ratio (w/w) of L1695/EMDG equals unity. NA—not available.
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(Figure 11.8) that, despite the reduction in the SC caused by the dilution, the IF increases slightly 

along the entire bicontinuous region (Table 11.1 and Figure 11.8), indicating that diclofenac mole-

cules are still entrapped at the interface. Once the system inverts into oil-in-water droplets (region 

III, 0.67–0.86 ϕ; Table 11.1 and Figure 11.8), solubilization continues to decrease with a moderate 

slope. The oil is entrapped in the aqueous phase and its content (together with the mixed surfactants) 

progressively decreases. The oil-in-water interface requires surfactants with a critical packing 

parameter lower than one third, and such a hydrophilic interface is less capable of accommodating 

the lipophilic diclofenac molecules close to the head groups. The diclofenac has to be constricted 

between the mixed surfactants tails; the resulting total solubilization load decreases signifi cantly. A 

closer look at the IF values reveals that, despite the structural limitations, the interfacial solubiliza-

tion is a very dominant factor. The strong DF would have dropped the SC dramatically; with the 

very low oil content with such a dilution, we can expect minimal solubilization of the diclofenac. 

However, the solubilization is not zero (Figure 11.5). At 0.86 ϕ we found the SC to be 40-fold higher 

than the diclofenac solubility in water (Table 11.2). The IF is higher than 1 and contributes to the 

total solubilization of the drug. We should also not neglect additional factors that may affect the 

total SC that we could not estimate quantitatively.

11.4.2 SYSTEMS WITH ALCOHOL AS COSURFACTANT

In the LIM + EtOH based system (system B), we identifi ed four major regions in the SC curve sepa-

rated by SC defl ection boundaries. In the IPM + EtOH based system, we identifi ed three major 

regions in the SC curve. Diclofenac solubilization was infl uenced not only by the DF or the struc-

tural changes but also by the nature of the interface along the dilution line, which is shown in Tables 

11.3 and 11.4 and Figures 11.9 and 11.10. At ϕ = 0, the SC of diclofenac molecules is much higher 

than the diclofenac dissolution in the two oils (LIM and IPM, system C), which is attributable to its 

accommodation at the interface of many small reverse lipophilic mixed micelles. Diclofenac is 

embedded at the interface (and in the core of the mixed micelles) and contributes to the assembly of 

the reversed mixed micelles. Upon dilution the solubilization is affected by the addition of water 

and interfacial packing. As the dilution with water progresses, the SC of the microemulsion vehicles 

decreases. This decrease is affected by the dilution and swelling factors. The calculated IF value 

that equals 1 at very low water fractions (i.e., <0.07) decreases with dilution (Tables 11.3 and 11.4, 

Figures 11.9 and 11.10), confi rming that the dilution has a negative contribution on the SC because 

of two factors: fi rst, the diclofenac does not contribute to the self-assembly of the water-in-oil micro-

emulsions, and it is “pushed away” or desorbed from the micellar assembly once water is added; 

second, the effect of the alcohol that is serving as a cosurfactant is to decrease the surface tension 

and break the lamellar structures, maintaining the droplet confi guration where the surface area is 

TABLE 11.2
 Diclofenac Sodium Solubility in the 
Microemulsion Components at 25°C

Medium Na Solubility (ppm)

LIM <15

IPM <10

EtOH <600

Water <200

EtOH/LIM = 1 <550

EtOH/IPM = 1 <500
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TABLE 11.4
 Water Volume Fraction, Maximum Measured SC of Diclofenac, and the CF, DF, and 
IF along Dilution Line N60 in the Water/L1695/EMDG/IPM + EtOH System at 25°C

ϕ Max. Meas. SC (ppm) CF DF IF

0.00 16,000 NA NA NA

0.07 15,000 0.94 0.93 1.01

0.14 13,500 0.90 0.93 0.97

0.20 12,000 0.89 0.92 0.96

0.27 11,600 0.97 0.92 1.05

0.33 11,500 0.99 0.92 1.08

0.39 11,400 0.99 0.91 1.08

0.44 11,200 0.98 0.91 1.08

0.49 11,100 0.99 0.91 1.09

0.54 11,050 1.00 0.90 1.11

0.59 11,000 1.00 0.89 1.12

0.64 10,800 0.98 0.88 1.11

0.69 10,700 0.99 0.87 1.14

0.73 10,500 0.98 0.86 1.14

0.77 10,200 0.97 0.84 1.15

0.81 9700 0.95 0.82 1.16

0.85 9000 0.93 0.79 1.18

0.89 7000 0.78 0.74 1.05

Note: The mixing ratios (w/w) of L1695/EMDG and EtOH/IPM equal unity. NA—not available.

TABLE 11.3
 Water Volume Fraction, Maximum Measured SC of Diclofenac, and the CF, DF, and 
IF along Dilution Line N60 in the Water/L1695/EMDG/LIM + EtOH System at 25°C

ϕ Max. Meas. SC (ppm) CF DF IF

0 15,000 NA NA NA

0.07 14,000 0.93 0.93 1.00

0.14 12,800 0.91 0.93 0.99

0.20 12,000 0.94 0.92 1.01

027 11,800 0.98 0.92 1.07

0.33 11,700 0.99 0.92 1.08

0.38 11,600 0.99 0.91 1.08

0.44 11,500 0.99 0.91 1.09

0.49 11,400 0.99 0.91 1.10

0.54 11,300 0.99 0.90 1.10

0.59 11,300 1.00 0.89 1.12

0.64 11,300 1.00 0.88 1.13

0.69 11,500 1.02 0.87 1.17

0.73 12,000 1.04 0.86 1.21

0.77 12,300 1.03 0.84 1.22

0.81 12,200 0.99 0.82 1.21

0.85 10,500 0.86 0.79 1.09

0.89 8100 0.77 0.74 1.05

Note: The mixing ratios (w/w) of L1695/EMDG and EtOH/LIM equal unity. NA—not available.
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kept high. We also observed that the minimum IF value is 0.99 at 0.14 ϕ in the LIM-based system, 

whereas the IF value reaches a minimum of 0.96 at 0.2 ϕ in the IPM-based system. This behavior is 

explained in terms of oil penetration at the interface. The diclofenac SC along the bicontinuous 

phase (region II, 0.20–0.61 ϕ) continues to decrease slowly. This is a clear indication that once the 

interface becomes fl at it embeds less molecules of diclofenac. Suratkar and Mahapatra (2000) 

observed a similar change in the locus of solubilization of phenolic compounds in sodium dodecyl 

sulfate micelles. The calculated IF increases and reaches values higher than  1, meaning that the IFs 

are dominant over the DF. However, it is clear (Figures 11.9 and 11.10) that, despite the reduction in 

the SC caused by the dilution, the IF increases along the entire bicontinuous region, indicating that 
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FIGURE 11.9 The IF of diclofenac sodium as a function of the water volume fraction along dilution line N60 

in the water/L1695/EMDG/LIM + EtOH system at 25°C. The mixing ratios (w/w) of EMDG/L1695 and EtOH/

oil equal unity. The phase diagrams are presented in Figure 11.3. The line is presented as a guide to the eye.
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FIGURE 11.10 The IF of diclofenac sodium as a function of the water volume fraction along dilution line N60 

in the water/L1695/EMDG/IPM + EtOH system at 25°C. The mixing ratios (w/w) of EMDG/L1695 and EtOH/

oil equal unity. The phase diagrams are presented in Figure 11.4. The line is presented as a guide to the eye.
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diclofenac molecules are still entrapped at the interface (Tables 11.3 and 11.4, Figures 11.9 and 

11.10). Once the system inverts into oil-in-water droplets (region III, 0.62–0.85 ϕ; Figure 11.6), the 

IF values increase dramatically, which indicates that the interfacial solubilization is a very domi-

nant factor. In the oil-in-water microemulsions the oil is entrapped in the aqueous phase and its 

content (together with the surfactant) progressively decreases. The oil-in-water interface is a hydro-

philic interface that is less capable of accommodating the lipophilic diclofenac molecules close to 

the head groups. The diclofenac has to be squeezed between the surfactant tails; the resulting total 

solubilization load decreases signifi cantly. The IF values reveal that, regardless of the structural 

limitations, the interfacial solubilization is a very dominant factor. The strong DF would have 

dropped the SC very dramatically and with the very low oil content with such dilution, we can 

expect minimal solubilization of the diclofenac. However, the solubilization is not zero (Figure 

11.3). At 0.85 ϕ we again found that the SC is much higher than the diclofenac solubility in water 

(see Table 11.4). The IF is higher than 1 and contributes to the total solubilization of the drug. We 

should also not neglect additional factors that may affect the total SC that we were not able to esti-

mate quantitatively. Once suffi cient water is added, the structure inverts into oil-in-water domains 

and some of the excess EtOH gradually migrates out of the interface and partitions between the 

oil and the water phases. The alcohol desorption leaves more space at the interface for the diclofenac 

and it is refl ected in the IF value (IF = 1.05; Tables 11.1 and 11.3, Figures 11.8 and 11.9). The quan-

titative difference between the systems based on the two oils refl ects the oil penetration contribution 

to the SC. The LIM penetration is smaller than that of the IPM and leaves more “solubilization 

room” for the diclofenac molecules. The overall effect is an increase in the SC and the IF. The IF 

value along all of dilution line N60 is higher in the LIM-based system compared to the IPM-based 

system. In the IPM-based system, the droplets swell and become very elongated—more elongated 

than in the LIM-based one (possibly wormlike micelles)—and are progressively transformed into 

bicontinuous domains. The domains’ curvature is gradually reduced and results in fewer guest mol-

ecules per unit vehicle that are embedded at the interface, resulting in a signifi cant decrease in the 

SC upon dilution. We note that the SC curves do not show any signifi cant shift in the inversion 

boundaries in the two oils, but the IF calculation enables detection of the differences between the 

IFs in the systems based on the two oils. We conclude that the diclofenac solubilization is derived 

from its core solubilization along with its overall interfacial contribution entrapment and thus is 

strongly dependent on the number of mixed micelles or droplets, the interfacial curvature, and the 

composition of the interface, as well as the DF. The next section further explains the structural 

changes in the SC of diclofenac and determines the effect of the solubilized drug on the electrical 

conductivity and microstructure of the microemulsions.

11.5 ELECTRICAL CONDUCTIVITY OF DRUG-LOADED MICROEMULSIONS

To ascertain the effect of the solubilized drug on the electrical conductivity, which is a transport 

property of the microemulsions and the structural transitions occurring upon dilution with water, 

the electrical conductivities of the microemulsions were determined along water dilution line N60 

in drug-loaded microemulsions and compared to the electrical conductivities of the drug-free sys-

tems. As reported previously (Fanun, 2008a, 2008b, 2008d), the electrical conductivities increase 

with the increase in the water volume fraction. Adding diclofenac to the microemulsions increases 

the electrical conductivity of the system compared to the drug-free system, which as shown in 

Figures 11.11 through 11.13. The effect of the drug on the electrical conductivity is small when the 

water is low (i.e., water is entrapped in the core of the reverse swollen micelles), but it becomes more 

pronounced once the continuous phase is water and the hydrophilic portion of the drug faces the 

water. A closer look at the conductivity profi le reveals the existence of different solubilization 

regions manifested in different slopes. Tables 11.5 through 11.7 demonstrate these regions for the 

systems reported here. In the system based on LIM, the fi rst region is from 0.01 to 0.22 ϕ and its 

slopes are y = 54.23x and 75.92x for the free and drug-loaded microemulsions, respectively; in the 
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region of 0.26–0.67 ϕ the slopes are more gradual (y = 319.5x and 391.4x for free and loaded sys-

tems, respectively), and in the region above 0.67 ϕ the slopes are steeper (y = 688.5x and 909.1x for 

free and loaded systems, respectively). The LIM + EtOH based system loaded with diclofenac has 

three similar solubilization regions with slopes that are more pronounced compared to the previous 

system (see Figure 11.12 and Table 11.6). The IPM + EtOH based system loaded with diclofenac has 

two solubilization regions with slopes that are less pronounced compared to the LIM + EtOH based 

system (see Figure 11.13 and Table 11.7). The increases in the slopes in the drug-loaded systems 

indicate stronger electrical conductivity effects that are derived from the drug. The major difference 
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FIGURE 11.11 Electrical conductivity (σ) curves for samples with compositions lying along the N60 dilu-

tion line for the water/L1695/EMDG/LIM diclofenac-loaded and diclofenac-free microemulsions at 25°C. The 

mixing ratio (w/w) of EMDG/L1695 equals unity. The phase diagram is presented in Figure 11.2. The lines are 

presented as guides to the eye.
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FIGURE 11.12 Electrical conductivity (σ) curves for samples with compositions lying along the N60 dilu-

tion line for the water/L1695/EMDG/LIM + EtOH diclofenac-loaded and diclofenac-free microemulsions at 

25°C. The mixing ratios (w/w) of EMDG/L1695 and EtOH/ + LIM equal unity. The phase diagram is  presented 

in Figure 11.3. The lines are presented as guides to the eye.
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FIGURE 11.13 Electrical conductivity (σ) curves for samples with compositions lying along the N60 dilu-

tion line for the water/L1695/EMDG/IPM + EtOH diclofenac-loaded and diclofenac-free microemulsions at 

25°C. The mixing ratios (w/w) of EMDG/L1695 and EtOH/IPM equal unity. The phase diagram is presented 

in Figure 11.4. The lines are presented as guides to the eye.

TABLE 11.5
Slopes of Electrical Conductivity Curves at Different 
Water Volume Fractions for the Water/L1695/EMDG/LIM 
Microemulsion System along Dilution Line N60 at 25°C

ϕ Free Loaded

0.01–0.22 54.23 75.92

0.26–0.67 319.5 391.4

0.72–0.95 688.5 909.1

Note: The mixing ratio (w/w) of EMDG/L1695 equals unity.

TABLE 11.6
Slopes of Electrical Conductivity Curves at Different Water 
Volume Fractions for the Water/L1695/EMDG/LIM + EtOH 
Microemulsion System along Dilution Line N60 at 25°C

ϕ Free Loaded

0.01–0.22 167.5 234.5

0.26–0.61 990.5 1336

0.66–0.95 1733 2209

Note: The mixing ratios (w/w) of EMDG/L1695 and EtOH/LIM equal unity.
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between the empty and loaded systems is the dilution point at which the slope changes and the tran-

sition occurs. We learned in previous studies (Fanun, 2008a, 2008b, 2008c) that in the U-type phase 

diagrams the reverse micelles that are formed in the oil phase slowly swell and deform upon the 

addition of water or an aqueous phase, and at a certain point the water migrates out of the inner 

phase and spongelike domains are formed, which are termed the bicontinuous phase. Full inversion 

occurs upon further dilution and the water entrapped within the oil becomes a continuous phase. 

The structural transition from the water-in-oil to the bicontinuous phase occurs in both the empty 

and loaded systems at about 0.22–0.26 ϕ. The fi rst structural transition is seemingly not signifi -

cantly affected by the drug. The water reservoirs are equally deformed and they no longer exhibit 

spherical or disklike shapes upon the gradual addition of more water, instead turning into “worm-

like” water domains that are dispersed into the oil continuous domains. At a certain concentration, 

the water phase starts to migrate to the outer phase, the curvatures change, and the conductivity 

increases. The bicontinuous region is quite large and exists within 0.22–0.62 and 0.26–0.27 ϕ in the 

LIM and LIM + EtOH based systems, respectively, and within 0.2–0.52 ϕ in the IPM + EtOH based 

system. The water and oil phases are interwoven within this region. The second transition in the 

LIM-based systems takes place at about 0.62–0.67 wt% water and is diffi cult to detect because the 

process is quite gradual. This slope defl ection refl ects the full transformation of the bicontinuous 

domain into oil-in-water droplets, and the water becomes the continuous phase. The transition in 

systems loaded with the drug seems to occur at somewhat higher water content and seems to be 

completed at about 0.7 ϕ. The drug appears to affect the curvature of the bicontinuous domains, 

retarding their transition into oil-in-water droplets.

11.6 DYNAMIC VISCOSITY OF DRUG-LOADED MICROEMULSIONS

The dynamic viscosity of microemulsions is structure dependent, and its measurement can provide 

signifi cant information about the structural transitions in microemulsions (Fanun et al., 2001; 

Yaghmur et al., 2003). The variation in the dynamic viscosity as a function of the water volume 

fraction in the diclofenac-loaded and diclofenac-free microemulsions reported in the previous sec-

tions is illustrated in Figures 11.14 through 11.16. The investigated samples show a Newtonian fl ow 

behavior. The viscosity behavior of free and loaded microemulsions appears to be parallel with 

higher values given by the diclofenac-loaded microemulsions compared to the diclofenac-free ones. 

Once the droplets swell, the droplet–droplet interactions increase and the viscosity ascends roughly 

(Gradzielski and Hoffman, 1999; Saidi et al., 1990). Fletcher et al. (1984) studied an n-heptane/

Aerosol® OT/glycerol system and observed strong attractive interactions between the droplets, 

which led to the formation of clusters. Mathew et al. (1991) support this interpretation. With the 

increase in water volume fraction, bicontinuous structures are subsequently formed. In this region 

the interconnected water and oil “channels” progressively increase the structural interactions and 

therefore the viscosity. The interaction between the mixed surfactant tails is maximal and a strong 

impediment is expected, leading to an increase in viscosity. The viscosity is maximal once the 

TABLE 11.7
Slopes of Electrical Conductivity Curves at Different Water 
Volume Fractions for the Water/L1695/EMDG/IPM + EtOH 
Microemulsion System along Dilution Line N60 at 25°C

ϕ Free Loaded

0.01–0.15 10.73 15.03

0.15–0.52 974.9 1266

Note: The mixing ratios (w/w) of EMDG/L1695 and EtOH/IPM equal unity.
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 system is totally inverted into the bicontinuous domains. However, with further dilution, the bicon-

tinuous structure gradually disintegrates and a transition into an oil-in-water microemulsion occurs, 

which is refl ected in a sharp decrease in the viscosity. In this region, the head groups’ hydration is 

strongly increased and the packing parameter drops to values of less than one third. The viscosity 

continues to decrease as the nanodroplets’ number and size decrease and become increasingly 

diluted with the aqueous phase. The progressive dilution decreases the interdroplet interactions. 

When diclofenac is loaded into the reverse mixed micelles in region I, the viscosity of the system is 

only slightly affected because the diclofenac molecules are located mostly in the oil continuous 
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FIGURE 11.14 Dynamic viscosity (μ) curves for samples with compositions lying along the N60 dilution 

line for the water/L1695/EMDG/LIM diclofenac-loaded and diclofenac-free microemulsions at 25°C. The 

mixing ratio (w/w) of EMDG/L1695 equals unity. The phase diagram is presented in Figure 11.2. The lines are 

presented as guides to the eye.
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FIGURE 11.15 Dynamic viscosity (μ) curves for samples with compositions lying along the N60 dilution 

line for the water/L1695/EMDG/LIM + EtOH diclofenac-loaded and diclofenac-free microemulsions at 25°C. 

The mixing ratios (w/w) of EMDG/L1695 and EtOH/LIM equal unity. The phase diagram is presented in 

Figure 11.3. The lines are presented as guides to the eye.
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phase and the interfacially absorbed tails are not interacting. The viscosities of the diclofenac-

loaded systems are relatively larger than the viscosity of the diclofenac-free ones (Figures 11.14 

through 11.16). The explanation for this difference in behavior is that, once diclofenac is solubilized 

(in greater excess), it pushes away the mixed surfactant tails that tend to entrap and increase the 

viscosity. Consequently, the interdomain interactions are stronger than before, which causes an 

increase in the viscosity in the diclofenac-loaded systems over the diclofenac-free ones; and an 

inversion to the bicontinuous structure, which is the addition of diclofenac, precedes the full struc-

ture transformation (the transition occurs at ~50 and 40 wt% of the aqueous phase in the empty and 

loaded systems, respectively). It should be noted therefore that, although the electrical conductivity 

refl ects structural transitions, the viscosity refl ects mostly structural interaction  variations and is 

indicative of the sharp collapse of the oil-in-water bicontinuous network. If we examine the behav-

ior of the three systems (i.e., microemulsions based on LIM,  LIM + EtOH, and IPM + EtOH) in the 

presence of solubilized diclofenac, it is clear that the presence of EtOH and the type of oils strongly 

affects the interdroplet interaction and the viscosity values are different. These behaviors can again 

be explained in terms of EtOH and oil penetration effects on the interdroplet interactions.

11.7 MICROSTRUCTURE OF DRUG-LOADED MICROEMULSIONS

We used small-angle x-ray scattering (SAXS) measurements to learn about the microstructure para-

meters (periodicity and correlation length) of the sodium diclofenac loaded microemulsions. Figure 

11.17 presents the characteristic profi les as an example of what happens in the diclofenac-loaded 

water/L1695/EMDG/LIM microemulsion system as a function of the water volume fraction along 

dilution line N60. The mixing ratio of EMDG/L1695 also equals unity. According to the Teubner–

Strey (1987) equation (Equation 11.4), we were able to derive the scattering intensity [I(q)] from the 

values of the periodicity (d), correlation length (ξ), and amphiphilicity factor ( fa) as described in the 

experimental section (Equations 11.4 through 11.8):
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FIGURE 11.16 Dynamic viscosity (μ) curves for samples with compositions lying along the N60 dilution 

line for the water/L1695/EMDG/IPM + EtOH diclofenac-loaded and diclofenac-free microemulsions at 25°C. 

The mixing ratios (w/w) of EMDG/L1695 and EtOH/IPM equal unity. The phase diagram is presented in 

Figure 11.4. The lines are presented as guides to the eye.
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where q is the scattering vector and the constants a2, c1, c2, and b were obtained by using the 

Levenburg–Marquardt procedure (Teukolsky et al., 1992). Such a functional form is simple and 

convenient for the fi tting of spectra. Equation 11.5 corresponds to a real space correlation function 

[γ(r)] of the form

 

/
( ) sin exp .

rr
r

r
- xlÊ ˆg = Á ˜lË ¯
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The correlation function describes a structure with d = 2π/λ damped as a function of ξ. This 

formalism also predicts the surface/volume ratio. However, because this ratio is inversely related to 

the correlation length and therefore must go to zero for a perfectly ordered system, the calculated 

values are frequently found to be too low (Billman and Kaler, 1991). The values of d and ξ are 

related to the constants in Equation 11.4 by Teubner and Strey (1987):
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A third parameter that can also be defi ned is the amphiphilicity factor ( fa; Gradzielski et al., 

1996; Schubert and Strey, 1991; Schubert et al., 1994; Teubner and Strey, 1987), which relates to the 

behavior of the correlation function and refl ects the ability of the surfactant to impose order on the 

microemulsion:
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FIGURE 11.17 SAXS curves for samples with compositions lying along the N60 dilution line for the water/

L1695/EMDG/LIM diclofenac-loaded microemulsions at 25°C. The mixing ratio (w/w) of EMDG/L1695 

equals unity. The phase diagram is presented in Figure 11.2. The lines are presented as guides to the eye.
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The periodicity calculated from Teubner and Strey’s model (1987) was plotted against the water 

volume fraction as shown in Figure 11.18. The periodicity values increase as the water content 

increases. A comparison of the periodicity values of the drug-loaded microemulsions with those of 

drug-free microemulsions for the systems presented in our previous work (Fanun, 2008b) allows us 

to conclude that the drug affects the periodicity values (size of the domains). The droplets with the 

drug swell, and the average size increases by 8–10% (depending on the dilution). Figure 11.19 pro-

vides the correlation lengths of the microemulsion systems loaded with drug. The different regions 

observed in these curves correspond to the presence of structural transitions along the dilution line 

from water-in-oil to bicontinuous to oil-in-water microemulsions. The correlation length refl ects the 
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FIGURE 11.18 Drug-loaded and drug-free microemulsion periodicities as a function of the volume fraction 

of water for samples with compositions lying along the N60 dilution line for the water/L1695/EMDG/LIM 

systems at 25°C. The mixing ratio (w/w) of EMDG/L1695 equals unity. The phase diagram is presented in 

Figure 11.2. The lines are presented as guides to the eye.
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FIGURE 11.19 Drug-loaded and drug-free microemulsion correlation lengths as a function of the volume 

fraction of water for samples with compositions lying along the N60 dilution line for the water/L1695/EMDG/

LIM systems at 25°C. The mixing ratio (w/w) of EMDG/L1695 equals unity. The phase diagram is presented 

in Figure 11.2. The lines are presented as guides to the eye.
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degree of order in the microemulsion. The systems have a typical bell-shaped curve  for the correla-

tion length. As observed by the other analytical tools, the maximum correlation length is obtained at 

0.35 ϕ. The measurements indicate that the degree of order is lower in the presence of the drug com-

pared to the systems free of drug (Fanun, 2008b). The drug causes signifi cant disorder in the micro-

emulsion structures. The amphiphilicity factor values (Table 11.8) calculated using Equation 11.8 in 

the drug-loaded systems are less negative than those observed in the drug-free systems as reported 

previously (Fanun, 2008b). This behavior again indicated that the drug-loaded systems are less 

ordered than the drug-free ones. Figure 11.20 provides the characteristic profi les for the drug-loaded 

water/L1695/EMDG/LIM + EtOH microemulsions. The dependence of the periodicity and correla-

tion length  as a function of the progressive dilution in the loaded systems is plotted in Figures 11.21 

TABLE 11.8
 Values of the Amphiphilicity Factor for the Diclofenac-Loaded 
Water/L1695/EMDG/LIM Microemulsion System as a Function 
of the Water Volume Fraction along Dilution Line N60

ϕ fa

0 −0.75

0.11 −0.90

0.21 −0.89

0.32 −0.80

0.42 −0.68

0.52 −0.67

0.62 −0.67

Note: The mixing ratio (w/w) of EMDG/L1695 equals unity. The values of fa were 

calculated from Equation 11.8 from data obtained at 25°C.
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FIGURE 11.20  SAXS curves for samples with compositions lying along the N60 dilution line for the water/

L1695/EMDG/LIM + EtOH diclofenac-loaded microemulsions at 25°C. The mixing ratios (w/w) of EMDG/

L1695 and EtOH/oil equal unity. The phase diagram is presented in Figure 11.3. The lines are presented as 

guides to the eye.
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and 11.22. The periodicity value increases monotonically over the whole range of water dilutions 

along the N60 dilution line. The periodicity values of the drug-loaded system are about 10–13 times 

higher than those observed in the drug-free system (Fanun, 2008a, 2008b, 2009). Figure 11.23 shows 

the characteristic profi les for the drug-loaded water/L1695/EMDG/IPM + EtOH microemulsions. 

The dependence of the periodicity and correlation length  as a function of the progressive dilution in 

the loaded systems is plotted in Figures 11.24 and 11.25. The periodicity values of the drug-loaded 

system are about 10–15 times higher than those observed in the drug-free system (Fanun, 2008a, 
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FIGURE 11.21 Drug-loaded and drug-free microemulsion periodicities as a function of the volume fraction 

of water for samples with compositions lying along the N60 dilution line for the water/L1695/EMDG/

LIM + EtOH system at 25°C. The mixing ratios (w/w) of EMDG/L1695 and EtOH/oil equal unity. The phase 

diagram is presented in Figure 11.3. The lines are presented as guides to the eye.
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FIGURE 11.22 Drug-loaded and drug-free microemulsion correlation lengths as a function of the volume 

fraction of water for samples with compositions lying along the N60 dilution line for the water/L1695/EMDG/

LIM + EtOH system at 25°C. The mixing ratio (w/w) of EMDG/L1695 equals unity. The phase diagram is 

presented in Figure 11.3. The lines are presented as guides to the eye.
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2008b, 2009). The trend in the values of the amphiphilicity factor calculated using Equation 11.8 is 

the same as that observed in the LIM-based system (Tables 11.9 and 11.10). For all systems the values 

of the loaded microemulsions differ slightly (up to 15%) from the reported values of the free systems 

(Fanun, 2008a, 2008b, 2009); in other words, the drug does not have a dramatic effect on the period-

icity (size of the domains). This behavior of the microemulsions can be correlated with the structural 

transitions and can be explained in the following way: when water is the internal phase, increasing 

the aqueous phase content swells the surfactant aggregates and results in an increasingly ordered 

system (ξ increases); when water is the continuous phase, an added aqueous phase dilutes the system 

and the order decreases (ξ decreases). On this basis, we suggest that the inversion for this type of 

0.00 0.05 0.10 0.15 0.20 0.25 
0 

40 

80 

120 

160 

200 

240 

I(q
) (

ar
bi

tr
ar

y u
ni

ts
)

Water volume fraction (φ)

φ = 0.11
φ = 0.31
φ = 0.42

FIGURE 11.23  SAXS curves for samples with compositions lying along the N60 dilution line for the water/

L1695/EMDG/IPM + EtOH diclofenac-loaded microemulsions at 25°C. The mixing ratios (w/w) of EMDG/

L1695 and EtOH/oil equal unity. The phase diagram is presented in Figure 11.3. The lines are presented as 

guides to the eye.
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FIGURE 11.24 Drug-loaded and drug-free microemulsion periodicities as a function of the volume fraction 

of water for samples with compositions lying along the N60 dilution line for the water/L1695/EMDG/

IPM + EtOH system at 25°C. The mixing ratios (w/w) of EMDG/L1695 and EtOH/oil equal unity. The phase 

diagram is presented in Figure 11.4. The lines are presented as guides to the eye.
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microemulsion occurs where the correlation length  achieves its maximum value (Fanun, 2008a, 

2008b, 2009). In the LIM + EtOH based microemulsions the values of correlation length  along the 

dilution line in the loaded microemulsion are only slightly different from the values obtained from 

the drug-free system (Fanun, 2008a, 2008b, 2009). The inversion occurs when the maximum value 

of the correlation length  is reached at 0.32 ϕ. Because the drug participates at the interface, it 

increases the interdroplet interactions and precedes the inversion from the bicontinuous domains to 

the water-in-oil droplets. In the IPM-based system, the correlation length  reaches its maximum at 

0.41 ϕ. The correlation length values of the loaded IPM-based microemulsions are smaller than the 

values of the LIM-based microemulsion. This means that the increase of the oil penetration decreases 

the order of the system. A similar effect was achieved at the water-in-oil and bicontinuous domains 
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FIGURE 11.25 Drug-loaded and drug-free microemulsion correlation lengths as a function of the volume 

fraction of water for samples with compositions lying along the N60 dilution line for the water/L1695/EMDG/

IPM + EtOH system at 25°C. The mixing ratio (w/w) of EMDG/L1695 equals unity. The phase diagram is 

presented in Figure 11.4. The lines are presented as guides to the eye.

TABLE 11.9
Values of the Amphiphilicity Factor for the Diclofenac-Loaded 
Water/L1695/EMDG/LIM + EtOH Microemulsion System as a 
Function of the Water Volume Fraction along Dilution Line N60

ϕ fa

0 −0.78

0.11 −0.82

0.21 −0.88

0.31 −0.86

0.41 −0.79

0.51 −0.70

0.61 −0.65

Note: The mixing ratios (w/w) of EtOH/oil and L1695/EMDG equal unity. The values 

of fa were calculated from Equation 11.8 from data obtained at 25°C.
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by the addition of diclofenac to the microemulsion system. The measurements indicate that the degree 

of order in all of the loaded systems with any dilution composition that was tested is lower in the 

presence of the drug, which means that the drug causes signifi cant disorder. Figure 11.26 presents a 

schematic illustration (not to scale) of the possible packing of diclofenac within water-in-oil, bicon-

tinuous, and oil-in-water microemulsions along dilution line N60. This schematic illustrates that in 

the water-in-oil microstructure the diclofenac molecules can simply penetrate between the mixed 

surfactants’ hydrophobic chains. Upon water dilution and formation of bicontinuous microstructures, 

the ability of diclofenac to be set in between the surfactant hydrophobic chains decreases. Note 

that two different bicontinuous microstructures could be formed as the water dilution advanced. 

Initially, elongated wormlike reverse micelles are dispersed in continuous oil phase; upon further 

dilution the microstructure is converted to elongated wormlike direct micelles dispersed in the water 

continuous phase. The diclofenac solubilization seems to be higher in the water-in-oil bicontinuous 

microstructure than in the oil-in-water bicontinuous one, given that in the water-in-oil bicontinuous 

TABLE 11.10
 Values of the Aphiphilicity Factor for the Diclofenac-Loaded Water/
L1695/EMDG/IPM + EtOH Microemulsion System as a Function of 
the Water Volume Fraction along Dilution Line N60

ϕ fa

0 −0.75

0.11 −0.80

0.21 −0.86

0.31 −0.83

0.41 −0.76

0.52 −0.60

Note: The mixing ratios (w/w) of EtOH/oil and L1695/EMDG equal unity. The values of fa 

were calculated from Equation 11.8 from data obtained at 25°C.
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FIGURE 11.26 Schematic presentation (not to scale) of possible packings of diclofenac along dilution line 

N60 at the different dilution regions: water-in-oil, bicontinuous, and oil-in-water microemulsions.
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microstructure the mixed surfactants tails are hanging in the oil continuous phase and the diclofenac 

molecules can penetrate into the mixed surfactants’ fi lm more easily. Conversely, in the oil-in-water 

bicontinuous microstructure the mixed surfactants’ tails are confi ned to the inner oil phase, which 

has less space to contain the diclofenac molecules. Upon the inversion into oil-in-water-like droplets, 

the mixed surfactants are closely packed around the oil droplets, leaving less free space for diclofenac. 

The packing parameters of the mixed surfactants seem lower than that of diclofenac and, because the 

packing of diclofenac into the interface is not favorable, its SC is thus the lowest.

11.8 CONCLUSIONS

We demonstrated the utilization of U-type mixed nonionic surfactant based microemulsions as 

vehicles for solubilizing diclofenac sodium. We concluded that the diclofenac solubility in microe-

mulsions is much higher compared to its solubility in both oil and water. Concentrates (water-free) 

loaded with very high levels of the drug can be prepared easily. The diclofenac solubility in micro-

emulsions does not affect the extent of the one-phase microemulsion region. This is an important 

advantage of such systems that is refl ected in the ability of the end user to progressively dilute the 

formulation with an aqueous phase to any required dilution without phase separation. The SC of 

diclofenac is highly dependent on the composition of the microemulsion system. The presence of 

alcohol as a cosurfactant and the oil type and its penetration at the interface both greatly affect the 

degree of diclofenac solubilization. The SC of diclofenac is dependent on the microstructure, which 

means that the microemulsion type strongly infl uences the extent of diclofenac solubilization. 

Solubilized diclofenac infl uences both the microstructure and diffusion parameters of the loaded 

microemulsions compared to the drug-free microemulsions. The drug interacts at the interface with 

the microemulsion components at any specifi c microstructure of the investigated vehicles and 

affects the water contents at which the transitions from water-in-oil to bicontinuous to oil-in-water 

microemulsions, so the drug release kinetics from these microemulsions should be affected. The 

drug remains solubilized at the interface upon dilution with water and is oriented with its hydro-

philic part facing the water. In many of the formulations the drug is soluble in the concentrated 

capsule, but it precipitates at once if diluted with water. Our formulations are based on nonionic 

surfactants and therefore are more resistant to low pH and can survive the stomach dilution and 

acidity, especially the LIM-based system.

ABBREVIATIONS

EMDG Ethoxylated mono- and diglyceride

EtOH Ethanol

IPM Isopropylmyristate

L1695 Sucrose laurate

LIM R-(+)-limonene

SAXS Small angle x-ray scattering

SC Solubilization capacity

SYMBOLS

d Periodicity or characteristic length

ξ Correlation length

ϕ Water volume fraction

fa Amphiphilicity factor

λ X-ray wavelength

I(q) Scattering intensity

μ Dynamic viscosity
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1ϕ One-phase microemulsion region

q Scattering vector = (4π/λ) sin θ
σ Electrical conductivity

2θ Scattering angle

Wm + O Water continuous micellar system with excess oil
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12.1 INTRODUCTION

Oral delivery of various drugs is altered because of their low water solubility (Lipinski, 2002; 

Palmer, 2003), causing poor bioavailability, high subject (intra- or inter-) variability, and lack of 

dose proportionality (Hauss, 2007). Therefore, during the production of a suitable formulation it is 

very important to improve the solubility and bioavailability of these drugs. One of the most popular 

and commercially suitable approaches to solve these problems is to formulate self-emulsifying drug 

delivery systems (SEDDSs). SEDDSs improve the oral bioavailability of less water-soluble and 

hydrophobic drugs (Gursoy and Benita, 2004). They are isotropic mixtures of oil and a nonionic 

emulsifi er. One feature of these mixtures is their ability to form oil-in-water (O/W) emulsions with 

only gentle agitation when they are exposed to aqueous media. Because of this property, SEDDSs 

are good candidates for the oral delivery of hydrophobic drugs with adequate oil solubility. After 

oral administration, the soft gelatin capsules encasing SEDDSs readily disperse in the stomach to 

form a fi ne emulsion. The digestive motility of the stomach and the intestine provide necessary 

agitation for self-emulsifi cation (Groves and De Galindez, 1976; McClintic, 1976). At a given tem-

perature, self-emulsifi cation occurs when the entropy change that favors dispersion is greater than 

the energy required to increase the surface area of the dispersion (Reiss, 1975). The performance of 

SEDDSs is dependent upon two main factors: the ability of the SE mixture to form an emulsion 

of fi ne particles and the polarity of the resulting oil droplets to promote a fast release rate of the drug 

into the aqueous phase. The effi ciency of emulsifi ers in SEDDSs is commonly related to their ability 

to form a fi ne droplet size in the emulsion on exposure to water, and they have a polarity favoring a 

faster rate of the drug release (Charman et al., 1992; Groves and De Galindez, 1976; Pouton, 1985a, 

1985b). For drugs subject to dissolution rate limited absorption, SEDDSs may improve the rate and 

extent of absorption, as well as the reproducibility of the blood level time profi le (Pouton, 1985a, 

1985b; Charman et al., 1992). SEDDSs containing medium-chain monoglycerides (Capmul MCM90), 

and poly(ethylene glycol)-25 (PEG-25) trioleate has been reported to form small (submicron) drop-

let O/W emulsions (Bachynsky et al., 1989; Charman et al., 1992; Shah et al., 1990).

12.2 SELF-EMULSIFYING DRUG DELIVERY SYSTEMS

12.2.1 EXCIPIENTS

The process of self-emulsifi cation is specifi c to the nature of the surfactant–oil pair, their ratio, the 

concentration of surfactant, and the temperature at which it occurs (Pouton, 1985a, 1985b; Wakerly 

et al., 1986, 1987). It has been reported that only very specifi c pharmaceutical excipients can result in 

an effi cient SE system (SES; Chanana and Sheth, 1995; Hauss et al., 1998; Karim et al., 1994; Kimura 

et al., 1994; Shah et al., 1994). Examples of drug-loaded SEDDSs are depicted in Table 12.1.

12.2.1.1 Oils
Oil is one of the most important excipients in the SEDDSs formulation because of its solubilizing 

and self-emulsifi cation facility nature for marked amounts of the lipophilic drugs. It also increases 

the amount of hydrophobic drugs that are transported through the intestinal lymphatic system, 

resulting in an increase in the absorption of drugs from the gastrointestinal (GI) tract according to 

the molecular nature of the triglyceride (Charman and Stella, 1991; Gershanik and Benita, 2000; 

Holm et al., 2002; Lindmark et al., 1995). Oils of long- and medium-chain triglycerides with dif-

ferent degrees of saturation have been used for the formulation of SEDDSs. Edible oils are not 

frequently selected because of their poor ability to dissolve large amounts of lipophilic drugs. 

Hydrogenated vegetable oils have been widely used because of their better drug solubility proper-

ties and ability to form good emulsion systems with a huge number of approved surfactants for oral 

administration (Constantinides, 1995; Kimura et al., 1994; Hauss et al., 1998). Novel semisyn-

thetic, amphiphilic compounds (medium-chain derivatives) with surfactant properties replace the 
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regular medium-chain triglyceride oils for the formulation of SEDDSs (Constantinides, 1995; 

Karim et al., 1994).

12.2.1.2 Cosolvents
Relatively high concentrations of surfactants are required to produce optimized SEDDSs (Table 12.1). 

Organic solvents like ethanol, propylene glycol, and PEG are used to produce oral SEDDSs, because 

of their ability to dissolve a large amount of drug and hydrophilic surfactant in the lipid base. They 

also act as cosurfactants for microemulsions.

12.2.1.3 Surface Active Agents
The surfactants that are commonly used to formulate SEDDSs are nonionic surfactants with a 

relatively high hydrophilic–lipophilic balance (HLB; Table 12.1). They also have hydrophilicity so 

that they may immediately form O/W emulsion droplets and the formulation rapidly spreads in the 

aqueous media of the GI tract. For proper absorption of drugs in the GI tract, the drug should be in 

solubilized form for a prolonged period of time at the site of absorption (Serajuddin et al., 1988; 

Shah et al., 1994). Because of their amphiphilic nature, surfactants can dissolve or solubilize high 

amounts of hydrophobic drugs. The commonly used emulsifi ers are ethoxylated polyglycolyzed 

glycerides and polyoxyethylene 20 oleate (Tween 80). Natural origin emulsifi ers are mostly pre-

ferred because they are safer than synthetic surfactants (Constantinides, 1995; Georgakopoulos 

et al., 1992; Hauss et al., 1998; Yuasa et al., 1994). Nonionic surfactants are less toxic than ionic 

surfactants, but they may change the permeability of the intestinal lumen (Swenson et al., 1994). 

The surfactant  concentration usually used to form stable SEDDSs ranges between 30% (w/w) and 

TABLE 12.1
Examples of SEDDSs Prepared for Oral Administration of Poorly Water-Soluble Drugs

Active 
Ingredients

Drug Content 
(%) Solvents Oil Surfactants Reference

CsA 10 Ethanol Olive oil Polyglycolyzed glycerides Grevel et al., 1986, 

Meinzer et al., 

1995

Progesterone 2.5 Ethanol Ethyl oleate Tween 80 Charman et al., 

1992

Saquinavir 16 Ethanol d,l-α Tocopherol Medium-chain mono- and 

diglycerides

NA

Coenzyme Q10 5.66 Ethanol Captex 200 Labrafac CM10, 

lauroglycol 

Dabros et al., 

1999

Ritonavir 8 NA Oleic acid Polyoxyl 35 castor oil NA

CsA 10 NA Ethyl oleate Tween 80 Malcolmson et al., 

1993

A naphthalene 

derivative

5 NA Fatty acids, 

peanut oil

Medium-chain mono- and 

diglycerides, Tween 80, 

PEG-25 glyceryl 

trioleate, polyglycolyzed 

glycerides

Shah et al., 1994

Ontazolast 7.5 NA A mixture of 

mono- and 

diglycerides of 

oleic acid

Solid, polyglycolyzed 

mono-, di-, and 

triglycerides; Tween 80

Hauss et al., 1998

CsA, Cyclosporin A; NA—not available.
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60% (w/w). The concentration of surfactant should be properly determined because large amounts 

of surfactants may cause GI tract irritation and may affect the size of the droplets. Few reports 

showed that the mean droplet size may be reduced by increasing the concentration of the surfactant 

and vice versa. The explanation of the fi rst phenomenon is that the oil droplets are stabilized, causing 

localization of the  surfactant molecules at the oil–water interface (Craig et al., 1995; Kommuru 

et al., 2001; Levy and Benita, 1990; Pouton, 1992). This is a result of the interfacial disruption caused 

by enhanced water penetration into the oil droplets that is attributable to the increased concentration 

of the surfactant and causing the ejection of oil droplets into the aqueous phase (Pouton, 1997).

12.3  THEORETICAL ASPECTS OF SELF-EMULSIFYING DRUG 
DELIVERY SYSTEMS

Two factors that affect the performance of SEDDSs are the production of a uniform fi ne particle size 

of oil droplets during the exposure to aqueous media and the polarity of the produced oil droplets. 

Both factors affect the release rate of drugs from the oil droplets to the aqueous phase. SEDDSs 

form O/W emulsions on exposure to the aqueous phase. The O/W emulsions are produced sponta-

neously due to the thermodynamic stability of SEDDSs compared to the regular emulsions, which 

are thermodynamically unstable. The stability of the O/W emulsion is favored by two factors: the 

narrow range of the size distribution of oil droplets and the small volume of the dispersed oil phase. 

Emulsions with small and uniform sizes of oil droplets take more time to break. The larger droplets 

are less stable compared to smaller droplets because of their larger area/volume ratio (Shaw, 1980). 

The smaller oil droplets have a larger interfacial surface area per unit volume. The diffusion path 

for a drug will be decreased with the reduction of the radius of the oil droplets. The polarity of the 

oil droplets is the other important factor for the SEDDSs to work properly. The HLB, chain length, 

degree of unsaturation of the fatty acid, molecular weight of the hydrophilic portion and concentra-

tion of the emulsifi er are the main factors that back the polarity of the oil droplets. The combination 

of droplets together with the appropriate polarity of the small oil droplets permits a reliable drug 

release rate. The oil–water partition coeffi cient of the lipophilic drug is also another method to 

determine the polarity of the oil droplets.

12.4 MECHANISM OF SELF-EMULSIFICATION

The mechanism of self-emulsifi cation is not well established. It is believed that self-emulsifi cation 

occurs when the entropy change of dispersion is more than the energy needed to increase the disper-

sion surface area (Reiss, 1975). A conventional emulsion formulation requires free energy to create 

a new surface between the oil and water phases. The phases of the emulsion are separated with time 

to reduce the interfacial area as well as the free energy of the systems. Emulsifying agents stabilize 

emulsions by forming a monolayer around the emulsion droplets, resulting in a reduction in the 

interfacial energy and a reduction in the tendency to coalescence the emulsion droplets. Emulsifi cation 

in SEDDS occurs spontaneously because much less emulsifi cation energy is required (Dabros et al., 

1999). Emulsifi cation has been related to the easy penetration of water into the various phases on the 

droplet surface (Groves et al., 1974; Rang and Miller, 1999). When a mixture of oil and a nonionic 

surfactant is added to water, an interface forms between the oil and water phases. As a result of 

aqueous penetration through the interface, solubilization of water within the oil phase occurs until 

the solubilization is close to the interphase. Interface disruption and droplet formation occur on 

gentle agitation of the SES in water because of penetration into the aqueous phase. The SEDDS 

becomes very stable to coalescence because of interface formation around the oil droplets (Pouton 

et al., 1987). Low frequency dielectric spectroscopy and particle size analysis were used to deter-

mine the self-emulsifi cation properties of a mixture of Tween 80 and mono- and diglycerides of 

capric and caprylic acid systems. The drug compound may also affect the emulsion characteristics 

by interacting with the interfacial phase (Gursoy et al., 2003).



Self-Emulsifying Drug Delivery Systems 303

12.5 CHARACTERIZATION OF DELIVERY SYSTEM

The ability for self-emulsifi cation of SEDDS can be estimated by determining the oil droplet size 

distribution and rate of emulsifi cation. The charge on the oil droplets of SEDDS also needs to be 

determined (Gursoy and Benita, 2004). The melting properties and polymorphism of the lipid or 

drug in SEDDS can be determined by x-ray diffraction and differential scanning calorimetry.

12.6  DRUG ENTRAPMENT INTO A SELF-EMULSIFYING DRUG 
DELIVERY SYSTEM

The problem of poor aqueous solubility of hydrophobic drugs can be solved by dissolving them in 

novel synthetic hydrophilic oils and surfactants. The addition of solvents like ethanol and PEG may 

also improve the solubility of the drug in the lipid vehicle. The effi ciency of drug entrapment into a 

SEDDS is generally dependent on the physicochemical compatibility of the drug and excipient sys-

tem. The effi ciency of a SEDDS may be hindered by altering the charge movement in the system by 

complexation of the drug compound with some of the components in the mixture. A change in the 

droplet size distribution may be caused by the interference of the drug compound with the self-

emulsifi cation process that can be a function of the drug concentration. Emulsions with smaller oil 

droplets in more complex formulations are more prone to changes.

12.7 SOLID SELF-EMULSIFYING DRUG DELIVERY SYSTEM

A SEDDS may exist in either a liquid or solid state. Because most of the excipients that are used in 

the formulation of SEDDS are liquid at room temperature, the SEDDS is usually limited to liquid 

dosage forms. Solid SEDDSs (S-SEDDSs) have been extensively exploited in recent years because 

of the well-known advantage of being a solid dosage form.

In S-SEDDS, incorporation of liquid or semisolid SE ingredients into nanoparticles or powders 

occurs by different solidifi cation techniques that are usually further processed into other solid SE 

dosage forms or fi lled into capsules (Attama and Mpamaugo, 2006). In this way, S-SEDDSs are 

combinations of SEDDSs and solid dosage forms. SE pellets can be characterized by the assessment 

of self-emulsifi cation, friability, and surface roughness. Initially, S-SEDDS existed in the form of 

SE capsules, solid dispersions, and dry emulsions; in recent years, pellets and tablets, microspheres 

and nanoparticles, and suppositories and implants also emerged.

12.8  SOLIDIFICATION OF LIQUID OR SEMISOLID SELF-EMULSIFYING 
DRUG DELIVERY SYSTEM TO SOLID SELF-EMULSIFYING DRUG 
DELIVERY SYSTEM

12.8.1 SPRAY DRYING

In this technique the formulation was prepared by mixing lipids, surfactants, drug, and solid carri-

ers followed by solubilization. Then the solubilized liquid formulation is spray dried. The volatile 

phase evaporates in the drying chamber, leaving the dry particles under controlled temperature and 

airfl ow conditions. Such dry particles can be further converted into capsules or tablets. Variables 

like the selection of atomizer, temperature, suitable airfl ow pattern, and design of the drying cham-

ber are considered according to the specifi cations of the product.

12.8.2 ENCAPSULATION OF LIQUID OR SEMISOLID SELF-EMULSIFYING DRUG DELIVERY SYSTEM

Encapsulation of liquid or semisolid SEDDS in the capsules is the most commonly employed 

 procedure to convert them into S-SEDDS. Capsule fi lling of semisolid formulations involves a 
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 four-phase process: heating the semisolid excipient at least above its melting point, loading the 

active ingredients and stirring it, fi lling the molten mixture into capsules, and cooling the system at 

room temperature. For liquid formulations, it is a two-phase process of fi lling the capsules with 

liquid preparation and then sealing the body and cap of the capsule by using either a microspray or 

 banding process (Jannin et al., 2008). With the advancement in capsule technology, Alza Corporation 

has designed a controlled delivery system for peptides or insoluble drug substances known as liquid-

Oros technology. It possess an osmotic layer, which expands when it comes in contact with water 

and expels the drug formulation through an orifi ce from the soft or hard capsule (Dong et al., 2000, 

2001). The important factor that has to be considered during capsule fi lling is the compatibility of 

the formulation excipients with the capsule shell. Semisolid or liquid lipophilic vehicles that are 

compatible with hard gelatin capsules are described by Cole et al. (2008).

12.8.3 ADSORPTION TO SOLID CARRIERS

Free fl owing powders with signifi cant content uniformity may be obtained by adsorption of a liquid 

formulation to the solid carriers. Then the free fl owing powders may be fi lled directly into capsules 

or mixed with suitable excipients before converting into tablets (Ito et al., 2005).

Solid carriers that can be used to adsorb the liquid formulations may include high surface area 

colloidal inorganic adsorbent substances, microporous inorganic substances, and cross-linked poly-

mers or nanoparticle adsorbents, for example, silicates, silica, magnesium hydroxide, magnesium 

trisilicate, crospovidone, talc, cross-linked poly(methyl methacrylate), and cross-linked sodium 

 carboxymethyl cellulose (Fabio and Elisabetta, 2003; Venkatesan et al., 2005). Cross-linked poly-

mers may sustain the drug reprecipitation as well as the drug dissolution rate (Boltri et al., 1997).

12.8.4 EXTRUSION SPHERONIZATION

This is a solvent-free process resulting in content uniformity as well as effi ciency for high drug 

incorporation. The extrusion spheronization process converts a raw material with plastic properties 

into a product with uniform density and shape by passing it through a die under controlled product 

fl ow, pressure, and temperature conditions (Verreck and Brewster, 2004). The resulting spheroid 

size depends on the size of the extruder aperture. This process is commonly used to produce uni-

form size spheroids. The process requires the following six steps: preparation of a homogeneous 

powder by dry mixing of the active ingredients and excipients, wetting by adding binder, extrusion 

into an extrudate, spheronization from the extrudate to uniform size spheroids, drying of spheroids, 

and size separation. In the wet masses, the relative quantities of water and SES had a signifi cant 

effect on the size spread, extrusion force, surface roughness of the pellets, and disintegration time. 

Studies suggested that the maximum 42% (w/w) of the dry pellet weight of wet masses can be solidi-

fi ed by extrusion spheronization (Newton et al., 2001). Generally, the high water level is indicative 

of a sustained disintegration time (Newton et al., 2005).

12.8.5 MELT GRANULATION

In this process powder agglomerates are prepared by the addition of a binder that melts or softens at 

very low temperatures. It is one-step process, and it is more advantageous than conventional wet 

granulation because of liquid addition and omission of the drying steps. The impeller speed, mixing 

time, binder particle size, and viscosity of the binder are the main parameters that control the granu-

lation process. A wide range of semisolid and solid lipids can be used as meltable binders to produce 

granules. Some lipid-based excipients such as lecithin, Gelucire (Seo et al., 2003), polysorbates, or 

partial glycerides are also evaluated for melt granulation to create a solid SES. The melt granulation 

process is usually used to adsorb the SES onto solid neutral carriers (Gupta et al., 2001, 2002).
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12.9  DOSAGE FORMS OF SOLID SELF-EMULSIFYING DRUG 
DELIVERY SYSTEM

12.9.1 SUSTAINED RELEASE TABLETS

To reduce the amount of solidifying excipients necessary for converting SEDDS into solid dosage 

forms, a gelled SEDDS was developed by Patil et al. (2004) by using colloidal silicon dioxide as a 

gelling agent for the oil-based systems, which reduces the amount of required solidifying excipients 

as well as sustaining the drug release. The resultant SE sustained release tablets consistently main-

tained a higher active ingredient concentration in blood plasma over a prolonged period of time 

compared to a nonemulsifying tablet. The latest development in this fi eld is the SE osmotic pump 

tablet that has outstanding stable plasma concentrations and a controllable drug release rate.

12.9.2 CAPSULES

To solve the problem of irreversible phase separation of conventional liquid SE formulation containing 

capsules, sodium dodecyl sulfate was added into the SE formulation (Itoh et al., 2002). Another 

approach was the formulation of supersaturatable SEDDS by using a small quantity of hydroxypropyl 

methyl cellulose and a small amount of surfactant to prevent precipitation of the drug (Gao and 

Morozowich, 2006; Gao et al., 2003). Like liquid fi lling, liquid SE ingredients can also be fi lled into 

capsules in a solid or semisolid state obtained by adding solid carriers like solid PEG; these solid car-

riers will neither interfere with the process of self-microemulsifi cation nor with the solubility of the 

drug upon mixing with water (Li et al., 2007). Oral administration of SE capsules enhanced patient 

compliance compared to the previously used parenteral route of administration (Ito et al., 2006).

12.9.3 DRY EMULSIONS

These are powdered dosage forms that spontaneously emulsify in vivo and/or on exposure to aqueous 

medium. Dry emulsions can also be converted into tablets and capsules. These formulations are pre-

pared from O/W emulsions consisting of a solid carrier in the aqueous phase by freeze-drying (Bamba 

et al., 1995), rotary evaporation (Myers and Shively, 1992), or spray drying (Christensen et al., 2001; 

Hansen et al., 2004; Jang et al., 2006). Myers and Shively (1992) obtained solid-state dry “foam” glass 

emulsions of heavy mineral oil and sucrose by rotary evaporation. The O/W emulsion was formulated 

by the spray-drying method. One of the major developments in this fi eld is the formulation of an 

enteric-coated dry emulsion by using a surfactant, a vegetable oil, and a pH-responsive polymer for the 

oral delivery of peptide and protein drugs (Toorisaka et al., 2005). Recently, Cui et al. (2007) prepared 

dry emulsions by drying liquid O/W emulsions on a glass plate and triturating it into powders.

12.9.4 SUSTAINED RELEASE PELLETS

Serratoni et al. (2007) prepared SE controlled-release pellets that showed enhanced drug release by 

the extrusion or spheronization method incorporating two water-insoluble drugs (methyl paraben 

and propyl paraben) into an SES containing mono- and diglycerides and polysorbate 80. The pellets 

were then coated with a water-insoluble polymer that reduced the rate of drug release.

12.9.5 BEADS

Patil and Paradkar (2006) prepared microchannels of porous polystyrene beads with the solvent 

evaporation technique by using copolymerizing styrene and divinyl benzene. These excipients are 

inert, stable over a wide pH range, and stable to extreme conditions of humidity and temperature. 

This research concluded that porous polystyrene beads were potential carriers for solidifi cation of 

an SES (Patil and Paradkar, 2006).



306 Colloids in Drug Delivery

12.9.6 SOLID DISPERSIONS

Serajuddin (1999) and Vasanthavada and Serajuddin (2007) pointed out that the stability problems 

of solid dispersions could be overcome by the use of SE excipients. These excipients have the poten-

tial to increase the absorption of poorly water-soluble drugs and may also be fi lled directly into hard 

gelatin capsules in the molten state, thus bypassing the milling and blending steps before fi lling. The 

most widely used SE excipients are Gelucire 50/02, Gelucire 44/14, Transcutol, Tocopheryl PEG 

1000 succinate, and Labrasol (Khoo et al., 2000).

12.9.7 SUSTAINED-RELEASE MICROSPHERES

You et al. (2006) prepared solid SE sustained-release microspheres of zedoary turmeric oil by using 

the quasiemulsion–solvent-diffusion method of the spherical crystallization technique. The release 

behavior of zedoary turmeric oil could be controlled by the ratio of hydroxypropyl methylcellulose 

acetate succinate/Aerosil 200 in the formulation. The plasma drug concentration that was achieved 

was better than conventional products after oral administration of such microspheres to rabbits (You 

et al., 2006).

12.9.8 NANOPARTICLES

Nanoparticle techniques are also useful in the production of SESs. One of the preparation tech-

niques of nanoparticles is solvent injection. In this process, excipients and drugs are melted together 

and injected dropwise into a nonsolvent stirred at constant speed. The resulting SE nanoparticles are 

centrifuged and freeze-dried (Attama and Nkemnele, 2005). A second technique, sonication emul-

sion–diffusion–evaporation, was used to coload the active ingredients in biodegradable nanoparti-

cles (Hu et al., 2005). Trickler et al. (2008) recently developed novel chitosan and glyceryl monooleate 

nanoparticles of paclitaxel with nearly 100% entrapment effi ciencies.

12.9.9 IMPLANTS

The S-SEDDS also showed its utility to formulate SE implants. For example, the effectiveness of 

carmustine, a chemotherapeutic agent used to treat malignant brain tumors, was decreased because 

of its short half-life. To increase its stability, SES was formulated with tributyrin, Cremophor RH 

40, and Labrafi l 1944. Thus, the SES increased the in vitro half-life of 1,3-bis(2-chloroethyl)-1-

 nitrosourea (BCNU) up to 130 min compared to 45 min of BCNU only. In vitro release of BCNU 

from SE poly(lactic-co-glycolic acid) implants were sustained up to one week with higher in vitro 

antitumor activity and less susceptibility to hydrolysis (Chae et al., 2005).

12.9.10 SUPPOSITORIES

A S-SEDDS can also increase rectal and vaginal absorption (Kim and Ku, 2000). For example, 

Glycyrrhizin can produce satisfactory therapeutic activity for chronic hepatic diseases by either 

vaginal or rectal SE suppositories.

12.10 CONCLUSION

Numerous studies have confi rmed that SEDDS substantially improved the solubility, absorption, 

and bioavailability of drug compounds with poor aqueous solubility. In most instances, the compo-

sition of the SEDDS formulation should be determined very carefully because the effi ciency of the 

SEDDS formulation is mostly case specifi c. The toxicity of the surfactant must be taken into account 

because a high concentration of surfactants is generally used to formulate the SEDDS. Two other 
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important factors that affect the GI effi ciency of SEDDS are the size and charge of the oil droplet in 

the emulsion. Several modifi ed formulations have also been developed as an alternative to conven-

tional SEDDS. All of these novel modifi ed formulations will produce micelle dispersions or fi ne oil 

droplets when they are diluted with aqueous media. Because nearly 40% of the new drug com-

pounds are poorly water soluble, it is necessary that more drug products be formulated as SEDDS. 

Compared to conventional liquid SEDDSs, S-SEDDSs are better in terms of lower production cost, 

simple manufacturing process, and improved patient compliance as well as stability. The S-SEDDSs 

are easily developed solid dosage forms for parenteral as well as oral administration. Major research 

is needed before more solid SE dosage forms appear on the market.

ABBREVIATIONS

BCNU 1,3-bis(2-chloroethyl)-1-nitrosourea

GI Gastrointestinal

HLB Hydrophilic–lipophilic balance

O/W Oil-in-water

PEG Poly(ethylene glycol)

SE Self-emulsifying

SES Self-emulsifying system

SEDDS Self-emulsifying drug delivery system

S-SEDDS Solid self-emulsifying drug delivery system

GLOSSARY

SEDDS: SEDDS can be described as an isotropic solution of oil and surfactant that form O/W 

microemulsions on mild agitation in the presence of water.

HLB: Griffi n developed a scale based on the balance between hydrophobic and lipophilic solution 

tendencies of surface active agents. This so-called HLB scale extends from 1 to 50. The 

more hydrophilic surfactants have high HLB numbers whereas lipophilic surfactants have 

HLB numbers from 1 to 10. Surfactants with a proper balance in their hydrophilic and 

lipophilic affi nities are effective emulsifying agents because they concentrate at the oil–

water interface.

S-SEDDS: S-SEDDS represents the solid dosage form with self-emulsifi cation properties. They can 

be  prepared by incorporation of liquid or semisolid SE ingredients into powders or nano-

particles by different solidifi cation techniques. Such powders or nanoparticles are usually 

further processed into other solid SE dosage forms or fi lled into capsules.
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13.1 INTRODUCTION

The discovery of liquid crystals (LCs) is thought to have occurred nearly 150 years ago, although its 

signifi cance was not fully realized until more than 100 years later. Around the middle of the last century 

Virchow, Mettenheimer, and Valentin found that the nerve fi ber they were studying formed a fl uid sub-

stance when left in water that exhibited strange behavior when viewed under polarized light. They did 

not realize that this was a different phase, but they are attributed with the fi rst observation of LCs.

In 1877 Otto Lehmann used a polarizing microscope with a heated stage to investigate the phase 

transitions of various substances (Lehmann, 1889). He found that one substance changed from a clear 

liquid to a cloudy liquid before crystallizing, but he thought that this was simply an imperfect phase 

transition from liquid to crystalline. In 1888 Reinitzer conducted similar experiments and was the fi rst 

to suggest that this cloudy fl uid was a new phase of matter (Reinitzer, 1888). He has consequently been 

given the credit for the discovery of the liquid crystalline phase. Up until 1890 all of the liquid crystal-

line substances that had been investigated were naturally occurring, and it was then that the fi rst syn-

thetic LC, p-azoxyanisole, was produced by Gatterman and Ritschke. More LCs were subsequently 

synthesized, and it is now possible to produce LCs with specifi c predetermined material properties.

George Freidel conducted many experiments on LCs in the beginning of the 20th century, and 

he was the fi rst to explain the orienting effect of electric fi elds and the presence of defects in LCs. 

In 1922 he proposed a classifi cation of LCs based upon the different molecular orderings of each 

substance. Between 1922 and World War II Oseen and Zöcher developed a mathematical basis for 

the study of LCs.

After the start of the World War II, many scientists believed that the important features of LCs 

had now been discovered. It was not until the 1950s that work by Brown in America, Chistiakoff in 

the Soviet Union, and Gray and Frank in England led to a revival of interest in LCs. In 2006, Jákli 

and Saupe (Jákli and Saupe, 2006) formulated a microscopic theory of LCs. The interest in LCs has 

grown ever since, which is partly due to the great variety of phenomena exhibited by LCs.

In the 1960s, the French theoretical physicist Pierre-Gilles de Gennes, who had been working 

with magnetism and superconductivity, turned his interest to LCs and soon found fascinating analo-

gies between LCs and superconductors as well as magnetic materials. His work was rewarded with 

the Nobel Prize in Physics in 1991. The modern development of LC science has since been deeply 

infl uenced by his work (Gennes and Prost, 1993).

Today, thanks to Reinitzer, Lehmann, and their followers, we know that literally thousands of 

substances have a diversity of other states. Some of them have been found to be very usable in several 

technical innovations, among which LC substances and LC thermometers may be the best known.

13.2 INTRODUCTION TO LIQUID CRYSTALLINE SYSTEMS

LCs are intermediate states of matter or mesophases, which are halfway between an isotropic liquid 

and a solid crystal. In nature, some substances, or even mixtures of substances, present these 

 mesomorphic states. Of the many liquid crystalline structures self-assembled from aqueous surfactant 

systems, bicontinuous cubic phases possess a special status. As natural exhibitions of differential geom-

etry, cubic phases are composed of contorted bilayers that partition hydrophobic and hydrophilic 
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regions into continuous but nonintersecting spaces. Their discovery and subsequent structural charac-

terization probably sparked the current broad exploration of the complex relationship between surfac-

tant structures from the molecular to nanometer to millimeter scales. Of their many unique properties, 

the ability of cubic phases to exist as discrete dispersed colloidal particles, or cubosomes, is perhaps 

the most intriguing. Whereas most concentrated surfactants that form cubic LCs lose these phases to 

micelle formation at high dilutions, a few surfactants have optimal water insolubility. Their cubic 

phases exist in equilibrium with excess water and can be dispersed to form cubosomes.

Just as small-angle x-ray scattering was crucial to the discovery and structural characterization 

of bulk cubic phases, cryo-transmission electron microscopy (cryo-TEM) has been central to stud-

ies of cubosome dispersions. The fi eld evolved rapidly, new intermediate and equilibrium structures 

are still being discovered, and direct cryo-TEM observation of new morphologies has no substitute. 

In addition to providing direct measures of cubosome size and shape, cryo-TEM also serves as a 

quantitative probe of the liquid crystalline structural periodicity.

Applications often determine the rate and volume of research in a given area, and the study of 

cubosomes has been similarly driven. Despite the breadth of work already performed, no commer-

cial product is known to incorporate cubosomes, although patent art exists. In that light, this review 

chapter selectively examines recent research to provide a subjective discussion of areas where cryo-

TEM and other microscopy techniques can provide insight. Three intertwined application areas are 

the focus: active ingredient delivery, cubic phase–tissue interfaces, and material synthesis. Recent 

cubosome reviews exist, and this chapter builds on these to examine more recent literature and 

subjectively identify new or promising directions of cubosome research.

13.2.1 DEFINITION

The liquid crystalline state combines the properties of both liquid and solid states. The liquid state 

is associated with the ability to fl ow, whereas the solid state is characterized by an ordered, crystal-

line structure.

LCs are intermediate states of matter or mesophases, which are halfway between an isotropic 

liquid and a solid crystal. Some substances in nature, or even mixtures of substances, present these 

mesomorphic states. This picture leads to the concept of ordering (Figure 13.1).

In a solid crystal, the basic units display translational long-range order, with the center of • 

mass of atoms or molecules located on a crystal lattice; in some cases, the basic units also 

display orientational order.

In an isotropic liquid, the basic units do not present either positional or orientational long-• 

range order.

In plastic crystals, the basic units are located on a lattice but without any orientational order.• 

In • LCs, the basic units display orientational order and even positional order along some 

directions. These materials fl ow like an isotropic fl uid and have the characteristic optical 

properties of solid crystals.

Accordingly, liquid crystalline phases represent intermediate states that are also called meso-

phases. Molecules that can form mesophases are called mesogens. Depending on the molecular 

P-surface G-surface D-surface

FIGURE 13.1 Basic structure of LCs.
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shape, rodlike mesogens form calamitic mesophases and disclike mesogens form discotic meso-

phases. Rod-shaped molecules are often excipients of drugs (e.g., surfactants). Even drug compounds 

themselves (e.g., the salts of organic acids or bases with anisometric molecular shape) fulfi ll the 

requirements for the formation of calamitic mesophases.

13.2.2 AN INTRODUCTORY EXAMPLE

It is interesting to point out that there is a family of complex isotropic fl uids, which we can call micro-

emulsions, whose characteristics overlap with those of lyotropics in some respects. Microemulsions 

are mixtures of oil, water, and amphiphilic molecules, which behave as an optically isotropic and 

thermodynamically stable liquid solution. These systems differ from the emulsions, which are kineti-

cally stable. In microemulsions, the typical size of the basic units (self-assembled molecular aggre-

gates) is about 10 nm, which makes the mixture transparent to visible light. In contrast, emulsions 

diffuse visible light, displaying a milky or cloudy aspect, which indicates that their basic units are 

larger, typically with micron dimensions.

The conceptual boundaries between lyotropics, particularly the isotropic phases, and micro-

emulsions are not sharp; sometimes the isotropic phases of the same mixture, with oil as one of the 

components, are included in different sides of this border. To differentiate them, we point out that 

microemulsions are two-phase systems and lyotropics are one-phase systems. In this chapter we 

always refer to lyotropics and use their nomenclature to describe the isotropic micellar and bicon-

tinuous phases, even if oil is present in the mixture.

13.3 CLASSIFICATION OF LIQUID CRYSTALLINE SYSTEM

LCs are mainly classifi ed as thermotropics and lyotropics, depending on the physicochemical 

parameters responsible for the phase transitions. With their formation starting with the crystalline 

state, the mesophase is reached either by increasing the temperature or by adding a solvent, which 

corresponds to the differentiation between thermotropic and lyotropic LCs, respectively. As with 

thermotropic LCs, a variation in temperature can also cause a phase transformation between differ-

ent mesophases with lyotropic LCs.

13.3.1 THERMOTROPIC LIQUID CRYSTALS

The phase transition of thermotropic LCs depends on temperature. There are mainly two types of 

thermotropic LCs: nematic and smectic.

As temperature increases, the fi rst LC phase is • smectic A, where there is layerlike arrange-

ment as well as translational and rotational motion of the molecules.

A further increase in temperature leads to the • nematic phase, where the molecules rapidly 

diffuse out of the initial lattice structure and from the layerlike arrangement as well.

At the highest temperatures, the material becomes an • isotropic liquid where the motion of 

the molecules changes yet again.

13.3.1.1 Nematic Phase
The simplest form is a nematic LC, that is, long-range orientational order but no positional • 

order.

The preferred direction is known as the director.• 

Despite the high degree of orientational order, the nematic phase as a whole is in disorder, • 

that is, no macroscopic order (orientation within a group is similar but not from one group 

to another).
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The structure of the nematic phase can be altered in a number of ways, for example, an • 

electric or magnetic fi eld or treatment of surfaces of the sample container.

Thus, it is possible to have microscopic order and macroscopic order (Figure 13.2).• 

13.3.1.2 Cholesteric Liquid Crystals
 1. The fi rst LC that was observed through a polarizing microscope is cholesteryl benzoate. 

Thus, it is known as a cholesteric LC or a chiral nematic LC (Kelker and Hatz, 1980). For 

example, cholesteryl benzoate is an LC at 147°C and isotropic at 186°C.

 2. Cholesteric LCs have great potential uses for the following:

Drug delivery• 

Sensors• 

Thermometer• 

Fashion fabrics that change color with temperature• 

Display devices• 

 3. In the cholesteric phase, there is orientational order and no positional order, but the director 

is in helical order.

 4. The structure of the cholesteric LC depends on the pitch (Kelker and Hatz, 1980), which is 

the distance over which the director makes one complete turn (Figure 13.3). One pitch 

comprises several hundred nanometers.

 5. Pitch is affected by the following:

Temperature• 

Pressure• 

Electric and magnetic fi elds• 

A schematic representation of
the nematic phase (left) and a
photo of a nematic liquid crystal
(above).

FIGURE 13.2 Nematic LC. (Photograph courtesy of Dr. Mary Heuben, Liquid Crystal Institute, Kent State 

University.)
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13.3.1.2.1 Intrinsic Cholesterics
These are obtained by adding a chiral amphiphilic molecule to a nematic lyotropic LC. These mol-

ecules take part in the micellar structure as a nonchiral amphiphile. Examples of chiral molecules 

used for this purpose are l-n-lauroyl potassium alaninate, 2-sodium decylsulfate, and l,d-octanol.

13.3.1.2.2 Extrinsic Cholesterics
These are obtained by adding a chiral nonamphiphilic molecule to a lyotropic nematic. Depending 

on the electrostatic characteristics of the molecule (polar or nonpolar), it can be accommodated 

either in the inner or the outer part of the micelle. Examples of chiral molecules used for this pur-

pose are brucine sulfate heptahydrate, tartaric acid, cholesterol, l-sorbose, diacetone sorbose, and 

diacetone-2-ceto potassium gulonate.

13.3.1.3 Smectic Phase
The smectic phase (Kelker and Hatz, 1980) occurs at a temperature below the nematic or cholesteric 

phase. The molecules align themselves approximately parallel and tend to arrange in layers (Figure 

13.4). Not all positional order is destroyed when a crystal melts to form a smectic LC. Chiral smectic 

C LCs are useful in drug delivery (LCDs).

13.3.2 EXAMPLES OF PHASE CHANGES

 1. Cholesteryl myristate:

Solid    
74°C   Smectic C    94°C  Nematic  124°C   Isotropic.

1/2 Pitch distance

FIGURE 13.3 Cholesteric LC.

Smectic A Smectic C 

Z

FIGURE 13.4 Smectic phase.
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 2. 4, 4′-Di-heptyloxyazoxybenzene:

Solid    
74°C   Smectic C    94°C  Nematic  124°C   Isotropic.

Different smectics may be distinguished on the basis of a variety of arrangements with varying 

temperatures. Phase transitions occur with increasing temperature, for example, crystalline to smec-

tic C to smectic A to nematic to isotropic, or crystalline to nematic to isotropic. These examples 

demonstrate that all possible transitions do not necessarily occur. Depending on the number of 

mesophases occurring, thermotropic mono-, di-, tri-, or tetramorphism may be distinguished.

Discotic LCs arise from disc-shaped molecules as nematic or cholesteric mesophases. Their 

structural characteristics (Kelker and Hatz, 1980) are similar to that of their respective calamitic 

mesophases, that is, the normals of the discs are oriented parallel. Instead of the smectic meso-

phases, discotic columnar LCs arise from stapling the discs one on the other. The columns of the 

discotic columnar mesophase form a two-dimensional (2D) lattice that is in either a hexagonal or a 

rectangular modifi cation.

In thermotropic LCs the basic units are molecules, and phase transitions depend on temperature 

and pressure. A pronounced shape anisotropy (in other words, the anisometry) is the main feature 

of the molecules that gives rise to a thermotropic mesophase. Rod, disc, and banana shapes are 

examples of molecular geometries associated with thermotropic LCs. In addition to pure substances, 

mixtures of molecules can also present thermotropic mesomorphic properties.

13.3.3 LYOTROPIC LIQUID CRYSTALS

For lyotropic LCs, the phase transition depends on the temperature and concentration. Lyotropic 

LCs, shortly called lyotropics or lyomesophases (Jákli and Saupe, 2006), are mixtures of amphiphilic 

molecules and solvents at given temperatures and relative concentrations. The mesomorphic proper-

ties change with the temperature, pressure, and relative concentrations of the different components 

of the mixture. An important feature of lyotropics is the self-assembly of the amphiphilic molecules 

as supermolecular structures, which are the basic units of these mesophases. The physicochemical 

properties of the lyotropics have an interesting interface with biology; the understanding of these 

properties has been relevant for improving some technological aspects of cosmetics, soaps, food, 

crude oil recovery, and detergent production.

Lyotropic LCs differ from thermotropic LCs. They are formed by mesogens, which are not the 

molecules themselves but their hydrates or solvates, and by associates of hydrated or solvated mol-

ecules. In the presence of water or a mixture of water and an organic solvent as the most important 

solvents for drug molecules, the degree of hydration or salvation depends on the amphiphilic prop-

erties of a drug molecule. Hydration and salvation of the mostly rod-shaped molecules result in 

different geometries such as cones and cylinders.

Cylinders arrange in layers; this results in a lamellar phase with alternating polar and nonpolar 

layers. Water and aqueous solutions can be included in the polar layers, resulting in an increase of 

the layer thickness. Analogously, affi nic molecules (Jákli and Saupe, 2006) can be included in the 

nonpolar layers. In addition to the increased layer thickness of the lamellar phase, lateral inclusion 

between molecules is also possible with an increase in the solvent concentration, which transforms 

the rod shape of the solvated molecules to a cone shape, thereby leading to a phase change. Depending 

on the polar or nonpolar character of the solvating agent and the molecule itself, the transition 

results in a hexagonal or an inverse hexagonal phase.

The hexagonal phase is named after the hexagonally packed rod micelles of solvated molecules, 

whereby their polar functional groups point either to the outside or to the inside of the structure 

(inverse hexagonal phase). In the hexagonal phase, the additional amount of water or unpolar solvent 

that can be included is limited. As the molecular geometry (Gennes and Prost, 1993) changes  further 
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during solvation, another phase transformation to a cubic form (type I) or inverse cubic form (type 

IV) takes place, consisting of spherical or ellipsoidal micelles, inverse micelles, or both.

In addition to the cubic and inverse cubic forms described previously, further transitional forms 

exist between the lamellar phase and the hexagonal mesophase (cubic, type II) or inverse hexagonal 

mesophase (cubic, type III). In contrast to the discontinuous phases of types I and IV, cubic meso-

phases of types II and III belong to the bicontinuous phases. A range of lyotropic mesophases are 

possible, depending on the mesogen concentration and the lipophilic or hydrophilic characteristics 

of the solvent and the molecule itself.

13.4 AMPHIPHILIC MOLECULES

Amphiphilic molecules are always present in the composition of lyotropic LCs. They may be syn-

thesized for different purposes, ranging from interests in basic science to technological applications 

in various branches of industry.

The name amphiphilic comes from the Greek prefi x amphi, which means both or double, and the 

word phile, which means like or love. This word is applied to a compound that displays a double “prefer-

ence,” “loving both,” from the electrostatic point of view. It is used to name a molecule with a polar 

water-soluble group attached to a water-insoluble hydrocarbon chain. An example of these types of 

molecule is sodium decylsulfate (Figueiredo Neto and Salinas, 2005; Figure 13.5). These molecules are 

surfactants (from surface-active agents) because they can modify the properties of surfaces and inter-

faces between different media, such as solid–liquid or liquid–gas interfaces (Mlodozeniec, 1978).

There are different types of naturally and chemically synthesized amphiphilic molecules: anionic 

amphiphiles (soaps of fatty acids, e.g., potassium laurate), detergents (e.g., sodium decylsulfate); 

cationic amphiphiles (e.g., hexadecyl trimethylammonium bromide), nonionic amphiphiles (e.g., 

pentaethyleneglycol dodecyl ether), and zwitterionic amphiphiles (which develop an electric dipole 

in the presence of water, e.g., lysolecithin; Figure 13.6).

Another type of surfactant molecules that gives rise to lyotropic mesophases are the anelydes. 

These molecules are able to selectively complex some metallic ions, which are then incorporated in 

their structure (Figueiredo Neto and Salinas, 2005).

In addition to these so-called classical amphiphiles, there are molecules with a more complex 

topology, with more than one polar group, which also yield lyotropic mesophases, for example, 

gemini surfactants, rigid spiro-tensiles, and phospholipids, which have molecules of the hydrophilic 

group grafted in a position lateral to a rodlike rigid core.

Facial amphiphiles are block molecules in which two alkyl chains are placed in both sides of a 

calamitic core and the polar group is attached to the core, perpendicular to the sticklike molecule. 

In bolaamphiphiles, there are two polar heads in both sides of the sticklike molecule and the alkyl 

chain is perpendicularly attached to the core (Figueiredo Neto and Salinas, 2005; Figure 13.7). In 

the presence of polar and nonpolar solvents, these molecules form lyotropic mesophases with nano-

segregation properties.

As a fi nal remark, it is important to note that a polar group is not always required to be hydro-

philic (nor is a nonpolar group always hydrophobic). The topology of the molecule and its insertion 

into the water network are also important to characterize the solubility in water.

H H

C O

O

OSO –Na+

(NadS)

FIGURE 13.5 Amphiphilic molecule of sodium decylsulfate. (Figueiredo Neto, A. M. and Salinas, S. R. A., 

The Physics of Lyotropic Liquid Crystals, p. 17, 18. New York: Oxford University Press, 2005.)
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FIGURE 13.6 Examples of different amphiphiles: (a) anionic, potassium laurate (KL); (b) detergent, sodium 

lauryl sulfate (SLS); (c) cationic, cetyl trimethylammonium bromide (CTAB) or hexadecyl trimethylammo-

nium bromide (HTAB); (d) nonionic, pentaoxyethylene dodecyl ether; (e) zwitterionic; and (f) anelydes. 

(Figueiredo Neto, A. M. and Salinas, S. R. A., The Physics of Lyotropic Liquid Crystals, p. 17, 18. New York: 

Oxford University Press, 2005.)
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FIGURE 13.7 (a) Facial amphiphile and (b) bolaamphiphile.
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13.5 LYOTROPIC MIXTURE

Under suitable conditions of temperature and relative concentrations, mixtures of amphiphilic mol-

ecules and solvents can give rise to a lyotropic mesophase. In this type of system, amphiphilic 

molecules form self-assembled superstructures with several shape anisotropies and sizes.

Lyotropics can be classifi ed into three large families as follows:

 1. Micellar systems with molecular aggregates called micelles, which have small shape 

anisotropy, as sketched in Figure 13.8a (Figueiredo Neto and Salinas, 2005). These micelles 

are aggregates of amphiphilic molecules with typical dimensions of about 10 nm and shape 

anisotropy on the order of 1:2 in linear dimensions.

 2. Systems with aggregates of large shape anisotropy, of a typical order of 1:100 in terms 

of linear dimensions. These aggregates are sometimes called infi nite, but we do not use 

this nomenclature. Figure 13.8b shows a long cylindrical aggregate (Figueiredo Neto and 

Salinas, 2005).

 3. Bicontinuous systems, in which the amphiphilic molecules self-assemble as a three- 

dimensional (3D) continuous structure at large scales (>103 nm). Figure 13.8c is a sketch of 

a bicontinuous molecular aggregate with cubic symmetry (Figueiredo Neto and Salinas, 

2005).

13.6 ACTIVE INGREDIENT DELIVERY THROUGH LIQUID CRYSTALS

Drugs and other active ingredients require a range of delivery techniques and vehicles because of 

their variable solubility, availability, and stability. The fi eld is an extremely active one encompassing 

numerous devices and methods. Starting from their discovery in studies of fat digestion, the poten-

tial of cubosomes as encapsulation and delivery vehicles was obvious. Cubic phases with a bicon-

tinuous structure (Jákli et al., 2001) have a high solidlike viscosity, so cubosomes refl ect the bulk 

phase’s native symmetry in their cubic faceted shapes. The bicontinuous structure of the cubic 

phases enables solubilization of diverse molecules ranging from proteins to small-molecule drugs, 

and the bicontinuous structure’s tortuosity leads to diffusion-controlled release of the solubilizates. 

It is not surprising that the fi rst and still the broadest application pursued for cubosomes has been as 

controlled-release vehicles, despite some inherent limitations.

It is common to hear cubosomes described as excellent controlled-release vehicles (Mueller-

Goymann and Hamann, 1993) for delivery of active materials, especially drugs. Although the 

 diffusivity of solubilized molecules is reduced by about 33% in bulk cubic phases, the much 

(a) (b)

(c)

FIGURE 13.8 (a) Sketch of an orthorhombic micelle, where the cut in the bottom right side shows the paraf-

fi nic chains in its inner part; (b) a large anisotropic cylindrical aggregate; and (c) a sketch of a bicontinuous 

molecular aggregate with cubic symmetry. (Figueiredo Neto, A. M. and Salinas, S. R. A., The Physics of 
Lyotropic Liquid Crystals, p. 17, 18. New York: Oxford University Press, 2005.)



Liquid Crystals and Their Application in the Field of Drug Delivery 321

smaller length scale of cubosomes makes it diffi cult to use them directly for controlled release. 

Boyd examines a range of hydrophilic and hydrophobic drugs and fi nds only burst release from 

cubosomes in aqueous media. Apparently, earlier claims of controlled release from cubosomes 

did not accurately characterize the transport behavior in dispersions. Still, altering the cubosome 

charge, viscosity, and structure can improve the release kinetics, but controlling the responsive-

ness of cubosomes in vivo might do more. Beyond controlled release is targeted delivery of 

actives, for example, to cancerous tumor vasculature (Mueller-Goymann and Hamann, 1993). 

Here DNA–lipid complexes in the form of liposomes have shown promise during local injections 

by clustering around tumor sites and exhibiting effi cient transfection. No clinical work on DNA–

lipid complexes in cubosome form is known, but the extension is an obvious one and recent 

DNA–lipid cubic phase discoveries offer intriguing promise. Some interactions with biological 

systems can be undesirable, as when lipase enzyme is present. When injected into plasma, cubo-

somes are apparently hydrolyzed, but the solubilized actives remain encapsulated to some extent 

(Jákli et al., 2001). Through what phases do these particles pass as they degrade and how do solu-

bilized proteins and nucleic acids affect the progression? The actual interactions in blood plasma 

should be quantifi ed with cryo-TEM and compared to the work of Borné et al. on lipase degrada-

tion of cubosomes.

Beyond the effects of the immediate environment on cubosomes, microscopy can also convey 

the sometimes profound structural infl uences that solubilized molecules can have on the cubic 

phase. Such effects are exemplifi ed in the work of Angelova et al. who created a new class of par-

ticles called “proteocubosomes,” which are cubosomes fragmented from the bulk cubic phase by 

incorporated proteins. Proteocubosomes possess a tertiary structure hierarchically constructed of 

ordered and disordered subunits called “nanocubosomes.” Although the thermodynamic stability of 

such hybrid structures is an open question, their fascinating formation from cubosome building 

blocks is one of the fi rst and most successful attempts to alter and customize the structure of cubo-

somes. The relationship between proteocubosomes and the intermediates observed by Borné is not 

known, if any exists. A large factor in the success and performance of cubosomes as delivery vehi-

cles is their interactions with biological surfaces.

13.7 INTERFACE WITH BIOLOGY

Amphiphilic and water molecules are important components of the human body. The structures 

formed by amphiphilic molecules in the human body and the processes involving the connections 

with water, other polar, and nonpolar molecules are essential ingredients for the existence of life. 

Because some of these processes are essential for the stability of lyotropic mixtures, there is a large 

interface between research in lyotropics and in biological sciences. We now present some examples 

of this interface.

A lipid is an important structural component of living tissues in plants, animals, and microor-

ganisms. Lipid molecules may be neutral, phosphatides, sphingolipids, glycolipds, and terpenoids. 

Phospholipids have polar and nonpolar parts; under dispersion in an aqueous medium, they self-

organize in micelles and more complex structures, depending on the relative concentrations and 

temperature. In the presence of water, porphyrins, which are essential for life, also form liquid crys-

talline structures. In particular, phospholipids in the presence of increasing amounts of water were 

shown to reduce their marked endothermic transition (Jákli et al., 2001), which is usually observed 

in differential thermal analysis experiments, corresponding to the melt of the hydrocarbon chains. 

Mixtures of natural phospholipids, with highly unsaturated chains, and water display a transition 

between crystalline and LC phases at temperatures lower than in the biological environment. At 

room temperature, the chains of these molecules have high mobility, which improves the permeabil-

ity of the membranes that are formed. One of the most expressive similarities between living sys-

tems and lyotropics, especially in water-based mixtures, is the dominant presence of water that, in 

some mixtures, reaches concentrations larger than 96 mol%.
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If water is mixed with suitable solvents, biological compounds or even molecules commonly 

found in the human body may present liquid crystalline phases. An interesting example of liquid 

crystalline polymorphism with biological lipids is a mixture of the mitochondrial lipids and water; 

there were observations of three lamellar and one hexagonal phases, depending on the temperature 

and relative concentrations of lipids and water. Polypeptides are systems containing two or more 

amino acids and one or more peptide groups, such as poly-γ-benzyl-l-glutamate; if they are mixed 

with different solvents, polypeptides may present liquid crystalline phases (Jákli et al., 2001). 

Cholesterol and fatty acids form esters, which also have liquid crystalline properties. In particular, 

cholesterol is used to induce cholesteric mesophases in originally lyotropic nematic structures.

Micellar solutions of amphiphiles also play an important role in biological processes: the diges-

tion of fats by the human body requires solubilization by bile salt micelles, which act as the deter-

gent of the body through the digestive tract; and micellar catalysis, which exploits the large surface 

available in micellar systems (e.g., an ester hydrolysis by an acid). Particularly in the case of the fat 

solubilization problem, in vitro micellar solutions of lyotropics are used to study the temperature 

dependence of the solubilization rate of fat acids in micelles. In actual lyotropic mixtures this rate 

can increase by a factor of 4 at temperatures above the penetration temperature (at which the liquid 

crystalline phases appear).

Phospholipids and proteins are the basic structural blocks of the cell membrane. About 50% of 

the mass of most animal cell plasma membranes are made of lipidic membranes. Lipids form a 

bimolecular layer (bilayer) that controls the traffi c of substances to and from the inner part of the 

cell. Despite the differences between the liquid crystalline structures and the living cell, lyotropics 

can be used as models to study some aspects of cell membranes. Biological membranes inside cells 

serve different purposes, such as dividing compartments with different functions and as regulators 

of the fl ux of substances with different electric properties. These membranes usually have encrusted 

proteins. Investigations of the permeability of macromolecules through a lyotropic model mem-

brane, in a lamellar-type phase, bring important insights into problems regarding the form (struc-

ture) versus functionality in actual membranes.

Amphiphilic molecules of biological membranes usually have two hydrocarbon chains from 

glycerol derivatives. The membrane prevents transport from one compartment to the other without 

a biological command. From this point of view, the equilibrium in terms of the concentration gradi-

ents of different substances is not achieved passively. In plants and bacteria, the dominant lipid 

membranes are glycolipids. In animals, the most common membranes are phospholipids.

In the human body, molecular species with multiple positive charges are rare and biological 

membranes have a net negative surface charge. The diffusion coeffi cients of molecules across the 

membrane and on its surface can be very different. Because this behavior resembles the behavior of 

lamellar LCs, it is one of the reasons why lyotropics can be used as a model system to study diffu-

sion processes in biological membranes. For example, the permeability to both strongly polar (water) 

and nonpolar (hydrocarbons) molecules by the stratum corneum (the outer part of the human skin) 

can be studied by using lyotropic lamellar model systems.

One of the most interesting and important problems in living systems is the investigation of the 

interaction between lipids and proteins. According to a current view on this problem, proteins and 

cholesterol are incorporated into the bilayer structure and consequently disrupt it. Cholesterol mol-

ecules are interdigitated between lipid molecules of the bilayer, and the hydroxyl groups are in the 

external water layer. The bilayer is conceived as a dispersion medium for proteins and cholesterol. 

The stability of the structure and the permeability properties if the bilayer is in contact with hosts, 

such as proteins and cholesterol, can also be investigated in lyotropic model membranes and in 

cholesteric phases (in the particular case of chiral molecules incorporated into micelles or even in 

bicontinuous structures). The presence of cholesterol in lipid bilayers was shown to lower the transi-

tion temperature between the gel and liquid crystalline phases. It disturbs the crystalline arrange-

ment of the hydrocarbon chains in the gel phase structure. This process can be studied in vitro by 

using a lipid/cholesterol/water mixture.
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Another aspect of the similarity between lyotropics and living systems is related to the process 

of aging of the cell. As the living system becomes older, the cell membrane becomes stiffer and 

drifts toward crystallinity. In a typical binary lyotropic water-based mixture at a fi xed temperature 

and for increasing the concentration of amphiphiles, there is a phase sequence from micellar isotro-

pic to hexagonal, then lamellar, and fi nally to a crystalline phase. The aging of a cellular membrane 

has some similarities with the concentration-driven phase transition sequences of lyotropic systems. 

In lyotropics, the loss of water is the way to crystallinity. In human cell membranes, the aging pro-

cess is certainly more complex than a simple loss of water, so that many other aspects have to be 

considered. However, the role of the water molecules and their interactions with the membrane 

structure can certainly be one of the main aspects of this problem. For example, the investigation of 

the role of the hydration layers around different amphiphilic molecular aggregates in lyotropics, 

from micelles to the lamellae, can provide relevant insights on the time dependence of the charac-

teristics of membranes of living systems.

Shape transformations in biological lyotropic-like systems play a key role in many processes in 

the human body, for example, in the propagation of nerve impulses over the synaptic clef separating 

nerve cells by vesicles. Vesicles, which are a blister-type bilayered structure ranging in diameter 

from microns to millimeters, undergo a transformation and participate in this propagation under the 

action of an electric excitation. This process is reversible and, due to the hydrolysis by an appropri-

ate enzyme, the system is ready to receive and deliver new signals. Amphiphilic biocompatible 

molecular aggregates are used as drug vectors (Jákli et al., 2001).

Medicines can be encapsulated inside micelles or vesicles and injected in the living system. 

These closed structures are used, for example, as simple containers to transport drugs within the 

blood system.

13.8 CUBIC PHASE–TISSUE INTERFACES

Some of the earliest observations of cubosomes and related structures were in biological systems, 

including plant membranes and human digestion models. Building on liposome usage as model 

“cells,” the thought came to incorporate proteins into cubic phases. Buchheim and Larsson allow 

the protein casein to diffuse into a cubic phase and then carry out a beautiful work of freeze-fracture 

electron microscopy by showing the boundary between two different cubic phases at the limit of 

casein infi ltration. This pioneering work established the idea of probing the dynamics of the inter-

face between a biological system and a liquid crystalline phase. A step beyond such work is the now 

well-established success in meso crystallization of membrane proteins in cubic phases for structural 

determination.

Cryo-TEM imaging of crystal nucleation and growth in cubosomes could provide verifi cation of 

the proposed need for a local lamellar phase inclusion within the cubic phase to feed monomers to 

the growing crystals. Other progress in cubic–biological interfaces highlights the unique bioadhe-

sive nature of cubosomes. Although the mechanism is not yet understood, imaging studies of the 

adhesion, deformation, and failure of tissue–cubosome bonds could provide a dynamic window into 

the adhesion phenomenon and its roots. Recent work on adhesion and failure of vesicle–surface 

bonds offers an excellent basis to understand the wetting and adhesion physics of such interactions 

in the context of tissue–cubic liquid crystalline interfaces.

For example, what sort of deformation occurs as bioadhesive cubic phases are removed from 

biological surfaces as a function of the interfacial energy? The work of Carlos Rodriguez (2006) 

offers a tantalizing means of blurring the boundary between cubic self-assembly structures in sur-

factant and biological systems in his theory of a bicontinuous cubic structure of the stratum cor-

neum in human epidermis. Rodriguez’s use of cryoelectron microscopy of vitreous sections allows 

direct imaging of the epidermal spaces and fi nds a distinct similarity between cubosomes and the 

cubic structures of the intermediate fi laments in skin. Recent reviews build on these new insights to 

examine the broad applicability of cubic phases as substrates for bioelectrodes.
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Hoath et al. have a vision of using cubosomes as an adapter that allows continuity between elec-

trical and other medical sensors and the interior of the human body without invasive punctures or 

other modifi cations. They show that the cubic phase on human skin is superior to existing skin treat-

ments because it simultaneously acts as a protective barrier, a moisture sink, and perhaps most 

importantly as a permeable mass. With applied cubosomes the skin is still able to transpire but is 

protected and moisturized. Despite the broad interest in cubosomes and their “soft” nature, com-

mercial applications have also driven the pursuit of these phases in a more permanent form.

13.9 MATERIAL FOR PREPARATION OF LIQUID CRYSTALS

The materials for synthesis of LCs have tremendously increased nowadays. The bicontinuous cubic 

phase structure was recognized early as a fascinating template for more rigid, high surface area 

nanometer-scale structures. The pioneering work at Mobil of Kresge et al. formed a new alumino-

silicate zeolite matrix by initiating a sol–gel ceramic formation from precursors that were solubi-

lized and thus shaped by the self-assembly forces at work on the cetyl trimethylammonium bromide 

surfactants themselves. The new material, MCM-48, is the monolithic substrate for catalytic reac-

tions used in petroleum cracking operations. Templating of bulk bicontinuous cubic and other self-

assembled phases has broadened into a self-sustaining fi eld of its own, and a recent review exists.

A logical extension of bulk cubic phase templating is templating of cubosomes. Jákli et al. (2001) 

exploit liquid crystalline phase transition kinetics in evaporation-induced self-assembly processes 

for the aerosol synthesis of nanostructured particles. More recently, Yang et al. polymerized cubo-

somes and preserved the local microstructure. It is also possible to extend beyond the well-known 

cubosome symmetries using both kinetic and equilibrium structures on the colloidal and larger 

length scales. Lynch et al. followed the formation of unique pyramidal droplets during temperature-

induced shifts along the cubic phase boundary in the C12E2–water system. They also observed 

coupling of the structures formed and their orientation with the surface of the capillary containing 

the phase, perhaps early evidence that such structures can be tuned by surface forces as suggested 

above.

Staggeringly complex geometries have been formed in lyotropic and thermotropic cubic phase 

particles by Imperor-Clerc and coworkers, again using careful temperature schedules to form all of 

the crystalline facets. As new triply continuous cubic phases are explored, the range of geometric 

templates will expand further. As mentioned in the above, proteocubosomes also expand the avail-

able structural templates and suggest the use of proteins not as delivery passengers but as structural 

adjuncts that broaden the symmetries and defects contributing to available cubosome structures and 

shapes. Here the use of 2D cryo-TEM images in conjunction with newly developed models to extract 

the 3D structure could rapidly accelerate the exploration of previously unknown kinetic and thermo-

dynamically stable geometries.

Experimental microscopy could truly blend with theoretical models. Cubic phases possess broad 

potential as templates at both the molecular and colloidal length scales. Recent breakthroughs in 

cubosome yield are tantalizing in the possibilities that they offer to apply cubosomes in the way that 

monodisperse polymer colloids are now. For example, photonics researchers produce ordered struc-

tures by fi rst equilibrating polymer colloids in colloidal crystal phases in a metal oxide solution, 

then solidifying the structure and burning out the polymer particles. However, some symmetries 

have a favorable band gap for photonics applications but are diffi cult to access using colloidal crys-

tals based on spherical particles. It would be interesting to assemble monodisperse cubosomes, 

explore their colloidal self-assembly structures, and template them by infi ltration of silica solutions. 

Then the cubosomes could simply be dissolved away with organic solvents, leaving behind rigid 

structures based on cubic building blocks rather than spherical ones. A crude proof of concept 

shows a 100-μm cube formed by coating a large cubosome with silica sol, evaporating the water to 

consolidate the silica, and dissolving the cubosome. Larger-scale structures would require ordering 

the cubosomes fi rst and then templating; but this could be done by forming the cubosomes from 
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vesicle or emulsion precursors, ordering these, and then slowly crystallizing them into cubosomes 

using the techniques.

The importance of templating to material science is growing. As researchers become increas-

ingly adept, a shift in emphasis from equilibrium phases to kinetic structures is logical. An example 

is the use of kinetic myelinic structures as templates during lamellar phase formation. Recent work 

has shown that certain kinetic pathways leading to cubosomes through lamellar intermediates pro-

duce structures clearly infl uenced by myelinic structure formation. What has not been done is to 

probe the internal structure of such kinetically intermediate forms using cryo-TEM. Even simple 

systems exhibit the potential for much structural complexity, and future microstructural probes, for 

example, of poorly resolved regions of the ternary ethanol–monoolein–water phase diagram, may 

yield additional kinetic and possibly equilibrium structures of interest.

Cubosome research currently progresses through incremental advances and breakthroughs. 

Much knowledge exists in proprietary circles given the patent and literature activity, but without a 

well-known commercialized example it is diffi cult to coalesce the fi eld around some fundamental 

and central challenges. Nevertheless, the areas discussed above are just a few of the potential appli-

cations of cubosomes where microscopy could directly address unknowns. Other areas of potential 

include a reexamination of the key conclusions of the last 20 years using the new freeze-fracture 

direct imaging techniques that avoid some of the artifacts associated with cryo-TEM and freeze-

fracture TEM. Finally, the rheological and fl ow behavior of cubic phases is at the core of their 

uniqueness; but few fundamental studies exist that link the fl ow, deformation, and hydrodynamic 

behavior of cubosome dispersions with their structure and performance. Examples from the liquid 

mixing community offer the most hope for physically based interpretations.

13.10  METHODS FOR CHARACTERIZATION OF LIQUID 
CRYSTALLINE SYSTEMS

Methods appropriate for the investigation and characterization of lyotropic LCs are frequently used 

in drug development and may thus be employed in pharmaceutical laboratories. These methods are 

both macroscopic and microscopic.

13.10.1 POLARIZED LIGHT MICROSCOPY

Lyotropic LCs except for cubic mesophases show birefringence just like real crystals do. Birefrin-

gence can be observed in a polarization microscope. Two polarizers in cross-position are mounted 

below and above the birefringent object being examined. The cross-position of the polarizers pro-

vides plane polarized waves perpendicular to each other. Therefore, the light passing the polarizer 

below an isotropic object cannot pass the polarizer in cross-position above the object. In an aniso-

tropic material, some parts of the light are able to pass the second polarizer because the plane polar-

ized beam has been rotated by an angle relative to the plane of the incoming beam.

Each LC shows typical black and white textures. The addition of an l-plate with strong birefrin-

gent properties enables the observation of color effects of the textures in yellow, turquoise, and pink. 

Color effects arise because rotation of the plane polarized light depends on the wavelength. The 

thickness of the l-plate is suited for a 550-nm wavelength. After leaving the plate, this wavelength 

swings in the same plane as the incoming polarized white light does. Therefore, it is totally absorbed 

by the second polarizer in the cross-position. All of the other wavelengths of the white light except 

for the 550-nm one are more or less rotated with respect to the polarization plane. Hence, they pass 

the polarizer with various intensities. White light minus the 550-nm wavelength (green yellow) 

gives the impression of a pink color. With an additional birefringent liquid crystalline material in 

the microscope, small deviations of the wavelengths being absorbed occur; thereby, turquoise and 

yellow textures can be observed. The smectic mesophases of the thermotropic LCs show a variety 

of textures but resemble the fan-shaped texture of the lyotropic hexagonal mesophase.
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13.10.2 TRANSMISSION ELECTRON MICROSCOPY

Because of the high magnifi cation power of the electron microscope, the microstructure of LCs can 

be visualized. However, aqueous samples do not survive the high vacuum of an electron microscope 

without loss of water, thus changing their microstructure. Therefore, special techniques of sample 

preparation are necessary prior to electron microscopy. The freeze-fracture technique has proven to 

be successful in this regard. For this purpose, a replicum of the sample is produced and viewed in 

the electron microscope. To preserve the original microstructure of the sample during the replica-

tion, the fi rst step is to shock freeze the sample. For high freezing rates up to 105–106 K/s, the 

sample is sandwiched as a thin layer between two gold plates and then shock frozen with either 

nitrogen-cooled liquid propane at −196°C or slush nitrogen at −210°C. If the temperature of the 

cooling medium is far below its boiling temperature, an effi cient freezing rate can be obtained 

(Burylov and Raikher, 1995).

The frozen sample within the sample holder is transduced into the recipient of a freeze-fracture 

apparatus, in which the fracture is performed at a temperature of −100°C and with a vacuum between 

10–6 and 5–7 bar. Within a homogeneous material, the fracture occurs randomly because all struc-

tural elements have equal probabilities for fracturization. However, even a homogeneous material 

often consists of more or less polar areas. Within polar areas, stronger interactions via hydrogen 

bonds prevent the fracture; thus, fracture within polar areas is less probable than fracture within 

apolar areas. Therefore, the sample profi le obtained after fracturization represents the microstruc-

ture of the sample just qualitatively and not quantitatively.

Following this, the sample surface is shadowed with 2 nm thick platinum under an angle of 45°. 

Additional vertical shadowing with a 10 times thicker carbon layer of 20-nm platinum provides 

high mechanical stability of the replicum, which means easier handling in regard to removing, 

cleaning, drying, and fi nally observing in the transmission electron microscope (Burylov and 

Raikher, 1995).

The shadowing with platinum under an angle of 45° provides differences in contrast because plati-

num precipitation takes place preferably at sample positions that face the platinum source in luff, 

whereas sample positions in lee are less or not shadowed. In TEM, these different thicknesses of plati-

num absorb the electron beam to different extents, thus forming shadows. This phenomenon results in 

the formation of a plastic impression of the transmission electron micrographs of the replicum. It rep-

resents transmission electron micrographs of different lyotropic LCs after freeze-fracture without 

etching. The layer structure of the lamellar mesophase (Burylov and Raikher, 1995), including con-

focal domains, hexagonal arrangement of the rodlike micelles within the hexagonal mesophase, and 

closely packed spherical micelles within the cubic LC, was clearly seen.

13.10.3 X-RAY SCATTERING

With x-ray scattering experiments, characteristic interferences are generated from an ordered 

 microstructure. A typical interference pattern arises that is attributable to specifi c repeat distan ces 

of the associated interlayer spacing d. According to Bragg’s equation, d can be calculated as d =   1 _ 
4
  

n(l/2) sin W, where l is the wavelength of the x-ray (e.g., 0.145 nm by using a copper anode or 0.229 nm 

by using a chromium anode), n is an integer that denotes the order of the interference, and W is the 

angle under which interference occurs (i.e., refl ection conditions are fulfi lled).

Bragg’s equation points at the inverse proportionality between d and W. Large terms for d in the 

region of long-range order are registered by the small-angle x-ray diffraction (SAXD) technique, 

whereas small terms for d in the region of short-range order are registered by the wide-angle x-ray 

diffraction technique. SAXD is important for the exact determination of the distances of d of liquid 

crystalline systems. With wide-angle x-ray diffraction, the loss of short-range order of liquid crys-

talline systems can be recognized in terms of the absence of interferences, which are characteristic 

of the crystalline state (Fontell and Gray, 1974).
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Interferences can be detected in two ways: fi lm detection and registration of x-ray counts with 

scintillation counters or position-sensitive detectors.

However, SAXD not only detects interferences from which the interlayer spacings can be calcu-

lated, but it also enables us to decide the type of LC from the sequence of the interferences.

13.10.4 DIFFERENTIAL SCANNING CALORIMETRY

Phase transitions correspond with changes in the energy content of the respective system. This phe-

nomenon is caused by changing either the enthalpy or the entropy. Enthalpy changes cause endo-

thermic or exothermic signals, depending on whether the transition is due to consumption of energy 

(e.g., melting of a solid) or release of energy (e.g., recrystallization of an isotropic melt).

Note that the transition from crystalline to amorphous requires much energy; but the transition 

from crystalline to liquid crystalline, from liquid crystalline to amorphous (Burylov and Raikher, 

1995), and particularly the transition between different LCs consume low amounts of energy. 

Therefore, care has to be taken about the appropriate sensitivity of the measuring device as well as 

a suffi ciently low detection limit.

Entropically caused phase transitions may be recognized by a change in baseline slope according 

to a change in the specifi c heat capacity. In particular, the phase transitions of liquid crystalline 

polymers result from entropic reasons, thus being considered transitions of the second order. These 

are usually called glass transitions. They can be overlaid from an enthalpic effect, so their detection 

can be complicated.

13.10.5 RHEOLOGY

Different types of LCs exhibit different rheological properties. With an increase in the microstruc-

tural organization of the LC, its consistency increases and the fl ow behavior becomes more viscous. 

The coeffi cient of dynamic viscosity Z, although a criterion for the viscosity of ideal viscous fl ow 

behavior (Newtonian systems), is rather high for cubic and hexagonal LCs but fairly low for lamellar 

ones; however, the fl ow characteristics are not Newtonian but plastic for cubic and hexagonal crys-

tals or pseudoplastic for lamellar ones (Roux and Nallet, 1993).

For thermotropic LCs, the viscosity increases in the following sequence:

 Nematic < Smectic A < Smectic C.

The low fl owability of lyotropic LCs such as cubic and hexagonal mesophases is due to their 3D 

and 2D order (Jákli and Saupe, 2006), respectively. Lamellar mesophases with one-dimensional 

long-range order have a fairly high fl owability (Roux and Nallet, 1993). Because of their gel charac-

ter, cubic and hexagonal mesophases even exhibit a yield stress until fl ow occurs. Unlike the corre-

sponding inverse LCs, the gel character is much more pronounced because of the interactions between 

polar functional groups located at the surface of the associates. Via polar interactions, for example, 

hydrogen bonds, the associates may form strong networks with each other. In contrast, the surface of 

the associates of inverse mesophases consists of apolar groups of the associated molecules. Thus, the 

resulting interactions are less strong and the gel can become deformed more easily.

A mechanical oscillation measurement is the method of choice for determining the elasticity of 

liquid crystalline gels. Without applying a superposition of shear strain, the viscoelastic properties 

of LCs may be studied without a change in network microstructure, which usually occurs in terms 

of mechanical deformation with rheological investigations (Roux and Nallet, 1993). With the oscil-

lation experiments, the viscoelastic character of cubic and hexagonal mesophases as well as that of 

lamellar mesophases and highly concentrated dispersions of vesicles (which also show viscoelastic 

behavior) can be quantifi ed. A vesicle dispersion of low content of the inner phase, however, exhib-

its an ideal viscous fl ow property. According to the Einstein equation, Z is larger than Z0 of the 
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continuous phase, which is usually pure water or solvent, by the multifactor 2.5 volume ratio of the 

dispersed phase f.

13.10.6 DETERMINATION OF VESICLE SIZE BY LASER LIGHT SCATTERING

Vesicle size is an important parameter in not only in-process control but also quality assurance 

in particular because the physical stability of the vesicle dispersion depends on the particle size 

and particle size distribution. An appropriate and particularly quick method is laser light 

 scattering (for particle size) or diffraction (for particle size distribution). Laser light diffraction 

can be applied for >1-mm particles; according to the diffraction theory of Fraunhofer, this refers 

to the proportionality between the intensity of the diffraction and the square of the particle 

diameter.

Rayleigh’s theory holds for <200-nm particles, which considers scattering intensity to be propor-

tional to the sixth potency of the particle diameter. Both Fraunhofer’s and Rayleigh’s theories are 

only approximations of Mie’s theory, which claims that scattering intensity depends on the scatter-

ing angle, absorption, and size of the particles as well as on the refractive indices of both the parti-

cles and the dispersion medium. Unfortunately, the latter parameters are diffi cult to determine. 

Furthermore, most vesicle dispersions consist of a dispersed mesophase with particle sizes of 

<200 nm up to 1 mm. Therefore, photon correlation spectroscopy (PCS) that is based on laser light 

scattering provides an appropriate method of investigation.

Dynamically raised processes in the dispersion, such as Brownian molecular motion, cause vari-

ations in the intensities of the scattered light with time, which is measured by PCS. The smaller the 

particle is, the higher the fl uctuations by Brownian motion (Roux and Nallet, 1993). Thus, a correla-

tion between the different intensities that are measured is only possible for short time intervals. In a 

monodisperse system following fi rst-order kinetics, the autocorrelation function decreases rather 

fast. In a half-logarithmic plot of the autocorrelation function, the slope of the graph enables the 

calculation of the hydrodynamic radius by the Stokes–Einstein equation. Commercial PCS devices 

determine the z-average, which corresponds to the hydrodynamic radius.

In a polydisperse system, the calculation of the particle size distribution is possible by using 

special transformation algorithms. Certain requirements need to be fulfi lled for this: a spherical 

particle shape, suffi cient dilution, and a large difference between the refractive indices of the inner 

and outer phase. Because not all requirements can usually be fulfi lled, the z-average as a directly 

accessible parameter is preferred to the distribution function, depending on the models.

13.11 APPLICATIONS OF LIQUID CRYSTALS IN DRUG DELIVERY

Some drug substances are able to form mesophases with either a solvent or alone. An increase in 

temperature causes the transition from the solid state to the liquid crystalline one, which is called 

thermotropic mesomorphism. Lyotropic mesomorphism occurs in combination with a solvent, usu-

ally water. Furthermore, a change in temperature may cause additional transitions. Thermotropic 

and lyotropic liquid crystalline mesophases of drug substances may interact with mesomorphous 

vehicles as well as with liquid crystalline structures in humans.

Arsphenamin was the fi rst drug substance with thermotropic mesomorphism to be therapeuti-

cally used as Salvarsan during the fi rst half of the 19th century. The drug is effective against micro-

organisms and offered the fi rst effi cient therapy for venereal diseases such as syphilis. Today it has 

been replaced by antibiotics with less serious side effects.

The molecular structure of arsphenamin is typical of a thermotropic mesogen. With its sym-

metrical arrangement of atoms, the same holds for disodium cromoglicinate (DNCG), which forms 

thermotropic LCs and lyotropic mesophases with water. If micronized DNCG powder is applied to 

the mucosa of the nose or the bronchi, the powder absorbs water from the high relative humidity of 

the respiratory tract, fi rst transforming into a lyotropic mesophase and then into a solution.
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DNCG serves as a mast cell stabilizer. Mast cells are located on the mucosa of the respiratory 

tract and act by releasing the mediator substance histamine on contact with an allergen, provided 

the patient was sensitized previously. Because of its mast cell stabilizing effect, DNCG acts as a 

prophylactic against allergic reactions associated with asthma and hay fever. In addition to this 

prophylactic effect, DNCG exhibits a second mode of action in causal therapy of asthma, which has 

not yet been fully clarifi ed. According to recent fi ndings, DNCG has a positive effect on the infl am-

mation of the mucosa of bronchi.

For therapeutic purposes, a similar frequently used group of drug compounds are nonsteroidal 

antiinfl ammatory drugs (NSAIDs). The best-known representatives of the aryl acetic acid deriva-

tives and aryl propionic acid derivatives are diclofenac and ibuprofen, respectively. Both have 

acidic properties, so they dissociate while being dissolved and may form salts with amphiphilic 

properties. Together with appropriate counterions, these amphiphilic organic acids may form 

lyotropic mesophases with water at even room or body temperature, for example, diclofenac 

diethylamine or ibuprofen lysinate. Furthermore, some anhydrates of NSAIDs, for example, feno-

profen calcium, exhibit thermotropic mesomorphism after thermal dehydration of the crystalline 

salt (Figure 13.9).

13.11.1 LIQUID CRYSTALLINE FORMULATIONS FOR TOPICAL APPLICATION

As long as drug molecules with an amphiphilic character form lyotropic mesophases, amphiphilic 

excipients in drug formulations form lyotropic LCs. Especially surfactants, which are commonly 

used as emulsifi ers in dermal formulations, associate to micelles after dissolution in a solvent. With 

increasing concentration of these micelles, the probability of interaction between these micelles 

increases, formatting LCs.

13.11.2 SURFACTANT GEL

Monophasic systems of lyotropic LCs are relatively seldom used and are limited to gels. A variety of 

polar surfactants (e.g., ethoxylated fatty alcohols) are hydrated in the presence of water and form spheri-

cal or ellipsoidal micelles (Mueller-Goymann, 1984). At high surfactant concentrations, these associ-

ates are densely packed and are thus identifi ed as cubic LCs. Such gels are optically transparent. If 

agitated mechanically, their elastic properties become evident. Because of resonance effects in the 

audible range, they are also called ringing gels. The lipophilic components are solubilized together with 

the active ingredients in hydrated associates of the surfactants. However, the solubilization capacity for 

lipophilic components is generally limited. By exceeding this capacity, the excess of the lipophilic 

component will be dispersed dropwise in the liquid crystalline phase. Such systems exhibit a white 

appearance according to the change in the refractive index at the interface between the continuous 

 liquid crystalline and dispersed oil phases. In addition, the dispersed drops are mechanically stabilized 

because the liquid crystalline phase of either a hexagonal or cubic character has a high yield stress.

Ringing gels with cubic liquid crystalline microstructure are used as commercial drug formu-

lations, especially for topical NSAID formulations. Examples in the German market include 
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FIGURE 13.9 Functional LC assembly (Douglas, L. G., et al., 2007).
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Contrheuma Gel Forte N, Trauma-Dolgit Gel, and Dolgit Mikrogel. Dolgit Mikrogel was intro-

duced in 1996 (Mueller-Goymann, 1984) and contains ibuprofen as an active ingredient. The high 

surfactant concentration of such gels is necessary to verify the liquid crystalline microstructure, but 

this concentration infl uences the microstructure of the stratum corneum lipids via an increase in 

permeability. This effect is also achieved by alcohol, which is also solubilized in the formulation. 

The amount of ibuprofen permeating per unit time and surface area is much higher for Dolgit 

Mikrogel than for an aqueous mixed micellar solution of the drug. Although relatively high perme-

ation rates are possible for the liquid preparation, the commercial formulation is signifi cantly more 

effective because the high surfactant content and the alcohol favor high permeability.

A ringing surfactant gel of liquid crystalline microstructure containing the antimycotic bifon-

azole (Bifomyk gel) was introduced in 1995 into the German market. Similar to surfactant gels 

(Mueller-Goymann, 1984) containing NSAIDs, an improved penetration of the active ingredient is 

desired in antifungal therapy of the dermis as well. However, because the LC structure only forms 

with a relatively high surfactant concentration, the positive effect of improved penetration must be 

considered together with the potential of irritation. The objective is to achieve improved penetra-

tion with minimum irritation via a change in the skin structure. Because hyphae fungi (mycelium) 

can penetrate deep into the epidermal layers by sliding past corneocytes of the horny layer, 

improvement of antimycotic therapy is of particular importance. The same holds true for penetra-

tion of NSAIDs through several epidermal layers because they have to arrive at the deeply located 

muscle and joint tissues.

13.11.3 OINTMENTS AND CREAMS

Usually the surfactant concentration in ointments and creams is signifi cantly lower than in surfac-

tant gels. Ointments are nonaqueous preparations, whereas creams are ointments (Wahlgren et al., 

1984) with water added. The microstructure of both ointments and creams may consist of LCs, as 

long as a liquid crystalline network or matrix is formed by amphiphilic molecules. In a liquid crys-

talline matrix, it is easier to deform the system by shear; such formulations show plastic and thixo-

tropic fl ow behavior on shear (Roux and Nallet, 1993). In comparison to systems with a crystalline 

matrix that are usually destroyed irreversibly by shear, those with a liquid crystalline matrix exhibit 

a short regeneration time of the sheared matrix. To obtain a liquid crystalline matrix, amphiphilic 

surfactants that form lyotropic LCs at room temperature have to be selected. Preferably, lamellar 

LCs should be formed that are able to solubilize high amounts of further ingredients and spread 

through the whole formulation as a network forming a cross-linked matrix. In contrast, ointments 

that contain long-chain fatty alcohols such as cetyl or stearyl alcohol have a crystalline structure at 

room temperature (Wahlgren et al., 1984).

Although the so-called a-phase of the fatty alcohols (a thermotropic-type smectic B LC with 

hexagonal arrangement of molecules within the double layers) is initially formed from the melt dur-

ing the manufacturing process, it normally transforms into a crystalline modifi cation as it cools. 

However, the crystallization of the gel matrix can be avoided if the a-phase can be kept stable as it 

cools to room temperature. This can be achieved by combining appropriate surfactants such as 

myristyl or lauryl alcohol and cholesterol, a mixture of which forms a lamellar LC at room tempera-

ture. Because of depression of the melting point, the phase transition temperature of crystalline to 

liquid crystalline as well as liquid crystalline to isotropic decreases. Therefore, a liquid crystalline 

microstructure is obtained at room temperature.

The polar character of a surfactant molecule enables the addition of water to form creams (Tiddy 

and Blackmore, 1980). Depending on whether the surfactant or the surfactant mixture has a strong 

or weak polar character, oil-in-water or water-in-oil type creams are formed. Water-in-oil type 

creams are produced from systems that are stabilized solely with weakly polar surfactants such as 

fatty alcohols, cholesterol, glycerol monostearate, or sorbitan fatty acid esters (Mueller-Goymann, 

1984). The surfactant or surfactant mixtures are adsorbed at the interface of the dispersed aqueous 
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phase and the continuous lipophilic phase. Even multiple layers of the surfactant will be adsorbed if 

the concentration of mesogenic molecules is high enough to form their own liquid crystalline phase. 

Apart from the reduction of surface tension or surface energy, the liquid crystalline interface also 

has a mechanically stabilizing effect on the emulsion drops (Mueller-Goymann, 1984).

Surfactants such as sulfated fatty alcohols may be hydrated to a higher extent than fatty alcohols 

alone, thus stabilizing oil-in-water emulsions. The combination of an anionic and a nonionic sur-

factant has proven to be particularly effective, because the electrostatic repulsion forces among the 

ionic surfactant molecules at the interface are reduced by the incorporation of nonionic molecules, 

thereby improving the emulsion stability. The combination of cetyl/stearyl sulfate (Lanette E) and 

cetyl/stearyl alcohol (Lanette O) to yield an emulsifying cetyl/stearyl alcohol (Lanette N) is an 

example of this approach. The polar properties of this surfactant mixture are dominant, so oil-in-

water creams are formed. In contrast to water-in-oil systems, the stabilizing effect of the surfactant 

mixture is not mainly attributable to adsorption at the interface. Instead, the mixed surfactants are 

highly hydrated and form a lamellar network, which is dispersed throughout the continuous aque-

ous phase, whereas the dispersed lipophilic components are immobilized within the gel network 

(Mueller-Goymann, 1984). However, this hydrated gel matrix is not crystalline at room tempera-

ture as are the corresponding water-in-oil creams with cetyl/stearyl alcohol but is instead in its 

a-phase, which belongs to the thermotropic smectic LCs and exhibits a strong similarity to lyotro-

pic lamellar LCs.

Analogous gel matrices of liquid crystalline lamellar phases can also be formed with nonionic 

mesogens, for example, with the combination of cetyl/stearyl alcohol and ethoxylated fatty alcohol, 

provided the hydrophilic and lipophilic properties of the surfactant molecules are more or less bal-

anced to favor the formation of lamellar structures.

13.11.4 LIPOSOME DISPERSION

Although liposomes have been extensively studied since 1970, only a few commercial drug formu-

lations contain liposomes as drug carriers. The fi rst commercial drug formulation with liposomes 

for topical administration was registered in Italy. The antimycotic econazol was encapsulated in 

liposomes being dispersed in a hydrogel (Ecosom Liposomengel, formerly Pevaryl Lipogel). Because 

of the formation of a highly hydrated gel network of the hydrophilic polymers, liposomes are immo-

bilized within the gel network and thus mechanically stabilized (Larsson, 1972). This stabilization 

via gelation of the continuous aqueous phase can also be applied to other dispersion systems (e.g., 

suspensions or emulsions). An example of such an emulsion/hydrogel combination that contains 

heparin sodium as an active ingredient and liposomes as the additional dispersed phase (the latter 

only since 1995) is Hepaplus Liposom. A formulation with an analogous emulsion/hydrogel combi-

nation but without additional liposomes is Voltaren Emulgel. A transmission electron micrograph 

reveals adsorption of lamellar LCs at the interface of dispersed oil drops and the aqueous continu-

ous phase. The aqueous continuous phase is again a hydrogel based on polyacrylate in which the 

lipophilic phase is immobilized. The interface consists of multilamellar layers comprising both 

surfactant and drug molecules. Thus, the hydrogel is not only stabilized by the hydrogel network 

itself but also by the liquid crystalline interface (Larsson, 1972). The active ingredient diclofenac 

diethylamine diffuses slowly from the dispersed phase via the multilamellar interface into the con-

tinuous phase, from where it penetrates into the epidermis.

Similar to Voltaren Emulgel, oily droplets of a eutectic mixture of lidocaine and prilocaine are 

dispersed in a hydrogel to provide local anesthesia of the skin for injections and surgical treatment 

(Emla cream). A further possibility is the dermal administration of a liposome dispersion as a spray. 

After administration, water and isopropyl alcohol partially evaporate and result in an increase of 

concentration and thereby in a transition from the initial liposome dispersion to a lamellar LC. The 

therapeutic effect thus appears to be infl uenced favorably by the presence of lecithins alone, rather 

than by the degree of dispersion of liposomes.
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Liposome dispersions for parenteral administration depend on their size and surface charge; 

parenterally administered liposomes interact with the reticuloendothelial system and provoke an 

immunological response (Larsson, 1972). After being marked by the adsorption of certain serum 

proteins, called opsonins, they are identifi ed as an invader and destroyed by specifi c immune cells 

mainly in the liver, spleen, and bone marrow.

This passive drug targeting enables an effi cient therapy of diseases of these organs or their 

affected cells. Clinical tests in the therapy of parasitic diseases of the liver and spleen have proved 

most effi cient by having encapsulated the drug substance in liposomes. Apart from passive drug 

targeting, drug encapsulation within liposomes offers a modifi cation of the therapeutic effect in 

terms of intensity and duration, together with a minimization of undesired side effects. For this 

purpose, liposomes have to circulate for as long as possible in the vascular system and remain 

unrecognized by phagocytic cells.

The antimycotic amphotericine is encapsulated in liposomes and marketed as AmBisome to treat 

severe systemic mycosis. The liposomal encapsulation reduces the toxicity of amphotericine while 

increasing the half-life of the drug and plasma level peaks. For stability reasons, the parenteral for-

mulation is a lyophilized powder, which has to be reconstituted by adding the solvent just before 

administration.

The cytostatic daunorubine, which is administered in the later stage of Kaposi’s sarcoma of 

acquired immunodefi ciency syndrome patients, is encapsulated in liposomes that are about 45 nm 

in size. The liposome dispersion is marketed as a sterile, pyrogen-free concentrate (DaunoXome) 

and has to be diluted with a 5% glucose solution just before being administered as an infusion. 

Although daunorubicine by itself is cardiotoxic, the liposomal formulation attacks cardiac tissue 

only insignifi cantly but strongly affects the tumor cells by being taken up preferentially. It is postu-

lated that small unilamellar vesicles may pass through endothelial gaps in recently formed capillar-

ies of the tumor, thereby entering the tumor tissue. At this site, the drug is released from the 

liposomal carrier and inhibits the proliferation of the tumor cells.

13.11.5 LIPOSOME DISPERSIONS FOR AN INSTALLATION INTO THE LUNG

A liposomal formulation consisting of a surfactant, which usually coats the mucosa of the bronchi and 

prevents a collapse of the alveolar vesicles of the lung, has been developed for patients who suffer 

either from infant respiratory distress syndrome (IRDS) or adult/acquired respiratory distress syn-

drome (ARDS). IRDS often affects premature babies who have not yet developed a functional lung 

surfactant and therefore develop a failure in pulmonary gas exchange. ARDS is also a life-threatening 

failure or loss of lung function, which is usually acquired by illness or accident. Clinical trials with 

liposomal surfactants have proven to be effi cient in prophylactic treatment of IRDS and ARDS.

The surfactant is obtained by extraction from the lungs of cattle, which is washed and centri-

fuged several times. This raw extract is treated with appropriate organic solvents, sterilized by fi l-

tration, dried by solvent evaporation under aseptic conditions, resuspended in water, and fi nally 

homogenized in a French press under cooling. Care has to be taken to maintain sterility of the 

extract during all procedures. Special attention has to be paid to transmissible spongiform enceph-

alopathies. The whole manufacturing process has been validated in terms of a decrease of infectious 

material by a factor of 1021, although a factor of 108 is suffi cient. The result is a formulation 

(Alvefact) that is considered safe in the context of transmissible spongiform encephalopathies and 

viruses, and it also contains all relevant components of a lung surfactant in terms of pulmonary 

exchange of gas.

13.11.6 TRANSDERMAL PATCH

To obtain a systemic effect via percutaneous penetration of a drug compound, high permeability 

through the stratum corneum and the living tissue beneath it is required as well as high potency of 
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the drug for a low dose to be administered. For an additional short biological half-life, the develop-

ment of a controlled release transdermal system is a good choice.

Transdermal patches are high-tech devices, which contain the drug substance in a reservoir from 

which the drug is released in a controlled manner (i.e., zero-order kinetics). The control element is 

either a membrane or a matrix. Membrane-controlled patches were the fi rst to be marketed. A major 

disadvantage of these is the so-called dose dumping that occurs in membrane damage during han-

dling. To ensure the desired drug control, even liquid crystalline polymers have been examined with 

regard to their usefulness in membrane-controlled transdermal patches (Tiemessen, 1989). The 

matrix-controlled transdermal patch consists of only one functional element, a porous polymer 

matrix, which not only controls drug release but also simultaneously acts as a drug reservoir and 

adhesive element.

Transdermal patches are marketed worldwide with the drug substances glycerole trinitrate, estra-

diol, testosterone, clonidine, scopolamine, fentanyl, and nicotine. The patch has to remain for up to 

one week at the appropriate body site. In this case the drug amount in the reservoir is rather high. 

Because liquid crystalline vehicles with lamellar microstructure have high solubilization capacities, 

they are recommended as reservoirs for transdermal patches (Tiemessen, 1989), although the high 

surfactant concentration of the lamellar LC might have an irritating effect on the skin. Especially in 

terms of the membrane-controlled patch, the liquid crystalline vehicle is not in direct contact with 

the skin and thus will not exhibit an irritating effect on the skin.

13.11.7 SUSTAINED RELEASE FROM SOLID, SEMISOLID, AND LIQUID FORMULATIONS

The therapy of a chronic disease requires repeated dosing of a drug. Drugs with a short biological 

half-life have to be administered up to several times daily within short intervals. Sustained formula-

tions have been developed to reduce the application frequency. Liquid crystalline excipients are 

appropriate candidates for this because in a liquid crystalline vehicle the drug diffusion is reduced 

by a factor of 10–1000 in comparison with a liquid vehicle such as a solution. The factor depends on 

the kind of LC being employed.

13.11.7.1 Solid Formulations
Solid formulations for sustained drug release may contain mesogenic polymers as excipients. The 

mesogenic polymers form a matrix, which is usually compressed into tablets. Some of the most 

frequently used excipients for sustained release matrices include cellulose derivatives, which behave 

like lyotropic LCs when they are gradually dissolved in aqueous media. Cellulose derivatives such 

as hydroxypropyl cellulose or hydroxypropylmethyl cellulose form gel-like lyotropic mesophases in 

contact with water, through which diffusion takes place relatively slowly. Increasing the dilution of 

the mesophase with water transforms the mesophase to a highly viscous slime and then to a colloi-

dal polymer solution.

13.11.7.2 Semisolid Formulations
The solubilization of a drug substance in monophasic liquid crystalline vehicles results in semisolid 

formulations, which are preferably used for topical application (Mueller-Goymann, 1984; see 

Sections 13.11.2 and 13.11.6).

13.11.7.3 Liquid Formulations
Sustained release from disperse systems such as emulsions and suspensions can be achieved by the 

adsorption of appropriate mesogenic molecules at the interface. The drug substance that either 

forms the inner phase or is included in the dispersed phase cannot pass the LCs at the interface eas-

ily and thus diffuses slowly into the continuous phase and from there further into the organism via 

the site of application. Such a sustained drug release is especially pronounced in the case of multi-

lamellar LCs at the interface.
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A further possibility is the formation of LCs on contact with body fl uids at the site of application. 

The applied drug solution interacts with body fl uids such as plasma, tears, fl uids, or skin lipids and 

undergoes a phase transition to a mono- or multiphasic system of LCs. For example, oily solutions 

of reverse micellar solutions of phospholipids, which solubilize any additional drug, transform into 

liquid crystalline lamellar phases by the absorption of water when applied to the mucosa. Drug 

release is controlled by the LCs because diffusion within the liquid crystalline phase is slowest and 

thus rate controlling. This principle can be used for ophthalmological administration as well as for 

nasal, buccal, rectal, vaginal, or even parenteral subcutaneous application. However, the peroral 

administration of such reverse micellar solutions either directly or encapsulated within soft gelatin 

capsules is not recommended because the sustained release effect is limited by interindividual vari-

ations in digestion, such as the amount and composition of the gastric fl uid as well as its ability to 

emulsify and solubilize in terms of enteral absorption.

The chemotherapeutic metronidazole has proven to be effective for the treatment of paradontitis 

of infected gum pockets. The crystalline prodrug metronidazole benzoate, which has to provide the 

active metronidazole through dissolution and hydrolysis, is suspended in an oleogel (Elyzol 

Dentalgel). The oleogel consists of glycerol monooleate and sesame oil, which are immobilized 

within the matrix structure of the surfactant. The base melts at body temperature and spreads evenly 

over the inner surface of the gum pockets. The molten system absorbs water and transforms into a 

reverse hexagonal phase. This liquid crystalline structure has high viscosity. The resulting system 

adheres well to the surface of the mucosa and releases the active ingredient slowly.

13.11.8 LIQUID CRYSTALS IN COSMETICS

LCs are mainly used for decorative purposes in cosmetics. Cholesteric LCs are particularly suitable 

because of their iridescent color effects and fi nd applications as coloring for nail varnishes, eye 

shadows, and lipsticks. The structure of these thermotropic LCs changes with body temperature, 

resulting in the required color effect. In recent times, such thermotropic cholesteric LCs have also 

been included in body care cosmetics, where they are dispersed in a hydrogel. Depending on whether 

this dispersion in the hydrogel involves stirring or a special spraying process, the iridescent liquid 

crystalline particles are distributed throughout the gel or concentrated locally to give the formula-

tion the required appearance. Tests of the cosmetic effi ciency of the liquid crystalline constituents 

have not yet been published.

13.12 CONCLUDING REMARKS

LCs offer tremendous opportunities in drug delivery systems. Because of their highly uniform, 

porous nanoscale structures, LC phases and LC-based materials have been proposed for use in a 

number of materials applications. However, LC materials with functional properties and demon-

strated applications of LC systems have been realized only during the last two decades. This work 

provides an overview of functional LC materials and the areas of application where they have made 

an impact. As new functional properties and capabilities are realized in LC materials, it is almost 

certain that they will play more prevalent roles in nanoscience and nanotechnology in the near 

future.

ABBREVIATIONS

ARDS Adult/acquired respiratory distress syndrome

DNCG Disodium cromoglicinate

IRDS Infant respiratory distress syndrome

LC Liquid crystal

NSAID Nonsteroidal antiinfl ammatory drug
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PCS Photon correlation spectroscopy

SAXD Small-angle x-ray diffraction

TEM Transmission electron microscopy

SYMBOLS

d Interlayer spacing

W Angle under which interference occurs

Z Coeffi cient of dynamic viscosity
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14 Liquid Crystalline 
Nanoparticles as Drug 
Nanocarriers

Anan Yaghmur and Michael Rappolt

14.1 INTRODUCTION

In living cells, the lamellar–nonlamellar transitions are fundamentally important in modulating 

the physicochemical properties of biomembranes and consequently in regulating different biologi-

cal processes (Landh, 1995; Luzzati, 1997; Patton and Carey, 1979; Simidjiev et al., 2000). In this 

respect, it is important to understand how lipid composition and protein content modulate the 

membrane structure and its vital function. Stimulated by biomembranes’ excellent example of the 

possible formation of fascinating lipidic domains with internal self-assembled structures as a result 

of membrane fusion (Ortiz et al., 1999; Szule et al., 2003), fat digestion (Patton and Carey, 1979), 

or under different pathophysiological conditions (Almsherqi et al., 2006; Deng et al., 2002), much 

effort has been devoted in the last two decades to forming various nanostructured aqueous disper-

sions of model surfactant-like lipids that mimick biological systems (Larsson, 1989, 2000; Yaghmur 

and Glatter, 2008; Yang et al., 2004). For instance, we recently investigated the aqueous dispersion 

of a model monoelaidin (ME)/water system that is a good example for lamellar–nonlamellar tran-

sitions analogous to certain steps in membrane fusion (Yaghmur et al., 2008a). Our experiments 

demonstrated the direct transition from vesicles to particles with an internal bicontinuous cubic 

phase (cubosomes) by heating these aqueous dispersions.

As a good example of self-assembled nanostructures formed in biomembranes, Almsherqi et al.’s 

(2006) recent review pointed out that cubic assemblies form in various cells as a result of cell stress, 

starvation, or lipid and protein alterations. It is also intriguing that these cubic biomembranes can 

be utilized for loading signifi cantly short deoxyribonucleic acid segments and thus may offer new 

systems for gene transfection (Almsherqi et al., 2008).
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Nanostructured aqueous dispersions of model lipid systems with internal hierarchical self- 

assemblies are receiving much attention because of their potential applications in various areas, 

including the formulation of functional food and drug nanocarriers (Drummond and Fong, 1999; 

Larsson, 2008; Spicer, 2005; Yaghmur and Glatter, 2008). Cubosomes (aqueous dispersions of 

inverted-type bicontinuous cubic phases, V2; Barauskas et al., 2005; de Campo et al., 2004; 

Gustafsson et al., 1997; Larsson, 2000; Spicer et al., 2001), hexosomes (aqueous dispersions of 

inverted-type hexagonal phase, H2; Dong et al., 2006; Yaghmur et al., 2005), micellar cubosomes 

(aqueous dispersions of inverted-type discontinuous cubic phase, I2; Nakano et al., 2002; Yaghmur 

et al., 2006b), emulsifi ed microemulsions (EMEs; Yaghmur et al., 2005), and dispersed sponge 

phases (L3; Barauskas et al., 2005, 2006) are good examples of such dispersions in which the dis-

persed particles with a size of a few hundred nanometers embed distinctive internal well-ordered 

nanostructures. Under specifi c conditions, the fully hydrated inverted-type bulk phases of liquid 

crystalline systems and microemulsions formed through the self-assembly of lipids are internally 

confi ned in the kinetically dispersed particles as high-energy input is applied in the presence of a 

suitable stabilizer (Gustafsson et al., 1997; Larsson, 1989). In general, a hydrophilic polymeric 

 stabilizer is used to effi ciently cover the outer surface of the dispersed particles and to retain the 

structures of these self-assembled systems.

Since the pioneering studies of Larsson and coworkers (Gustafsson et al., 1996, 1997; Larsson, 

1989) on the formation and characterization of monoolein (MO)-based cubosomes and hexosomes, 

various nanostructured particles based on other surfactant-like lipids were described (Abraham 

et al., 2005; Boyd et al., 2006; Dong et al., 2006; Johnsson et al., 2005a; Yaghmur and Glatter, 

2008). In addition, different investigations were carried out on characterizing various nanostruc-

tured aqueous dispersions as attractive media for solubilizing proteins (Angelova et al., 2005a, 

2005b, 2008) and as drug nanocarriers (Boyd et al., 2006; Johnsson et al., 2006; Lopes et al., 2006; 

Malmsten, 2006; Yaghmur and Glatter, 2008).

Figure 14.1 gives an overview of different lipid drug carrier systems. These soft lipidic drug 

nanoparticles have attracted broad research interest for the formulation of safe and effi cient drug 

delivery (Boyd, 2008; Couvreur and Vauthier, 2006; Malmsten, 2006). In particular, it is an ambi-

tious goal for many research groups to enhance the solubilization of poorly water-soluble drugs such 
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as anticancer and antifungal bioactive materials (Couvreur and Vauthier, 2006). This is also stimu-

lated by the urgent needs for curing serious life-threatening diseases without side effects and thus 

saving the lives of many patients. In this respect, lipidic nanoparticulate drug carriers based on 

cubosomes, hexosomes, and micellar cubosomes could offer a promising strategy for forming such 

effi cient delivery systems (Boyd et al., 2006; Chung et al., 2002; Johnsson et al., 2006; Malmsten, 

2006; Yaghmur and Glatter, 2008).

This chapter presents an overview of the role of the packing frustration and the curvature elastic-

ity in the formation of self-assembled lamellar and nonlamellar phases. Recent studies are described 

that deal with the formation of different nanoparticulate carriers based on cubosomes, hexosomes, 

and micellar cubosomes for enhancing the solubilization capacity of active guest molecules. We 

summarize investigations carried out on the structural transitions within this colloidal family of 

dispersions after loading them with guest biomolecules. In particular, we emphasize the attractive-

ness of these nanocarriers for enhancing the solubilization of poorly water-soluble drugs in an 

attempt to increase their bioavailability and to prevent unwanted side effects.

14.2  NONLAMELLAR LIQUID CRYSTALLINE PHASES

Rational drug design based on nonlamellar phases is still a relatively young research fi eld. Although 

great progress has been made in the formulation of various nanoparticulate carriers, which we will 

outline in the following sections, some fundamental obstacles have to be considered: biocompati-
bility and stability are in many cases far from being solved, and drug targeting and release 
 on-demand are often not more than wishful thinking (Boyd, 2003, 2004). Hence, various model 

membranes are still the main workhorses in this fi eld. It is clear that learning from nature, espe-

cially in drug delivery research, is a constant source of inspiration, and further prominent exam-

ples will underline the importance of bionic approaches. The biological signifi cance of planar fl uid 

bilayers in nature is unquestioned, and therefore fi nding the right model of biological membranes 

has been a considerable target for scientists since the end of the 19th century. It took almost 

100 years of research from the fi rst idea that cells and cell compartments are enclosed by a mem-

brane (Pfeffer, 1877), to the fi rst claim of a bilayer structure (Gorter and Grendel, 1925), followed 

by the sandwich model predicting the location of proteins at the outer and inner interface of the 

lipid bilayer (Danielli and Davson, 1935), to the formulation of the now legendary fl uid mosaic 

model of Singer and Nicholson (1972). Today the research on membrane microdomains, so-called 

lipid rafts, has regained scientifi c interest (Simons and Toomre, 2000; Simons and van Meer, 1988). 

In addition, there is growing awareness that nonlamellar biomembranes play an important role in 

cell life. Although, broadly speaking, the planar plasma membrane helps to the keep the status quo 

of the cell intact, nonlamellar membrane formations such as in bilayer nanotubules (Kralj-Iglic 

et al., 2002), narrow necks of phospholipid bilayers connecting buds to the mother membrane 

(Kralj-Iglic et al., 2006), and fusion intermediates such as pores (Hui et al., 1981) defi nitely play 

an important role in dynamic processes like vesicle fusion (e.g., in endo- and exocytosis) and cell 

communication in a broader sense. Fortunately, improved imaging techniques like two-photon 

laser scanning fl uorescence microscopy (Denk et al., 1990) have made it possible to visualize liv-

ing matter in even greater detail. It was recently demonstrated how material is transported from 

one cell to another via microvesicles that travel like gondolas along tubular connections (Veranic 

et al., 2008; Figure 14.2a through c). However, locally curved membranes have their function in 

cell life, and larger domains of stable nonlamellar phases have been identifi ed. For instance, 

domains of H2 phases have been found in paracrystalline inclusions of the retina (Corless and 

Costello, 1981) and the existence of saddle-like curved membrane phases have been proved by a lot 

of examples (for a review, see Almsherqi et al., 2006). Remarkably, later curved membrane mor-

phologies have been published in numerous transmission electron microscopy (TEM) studies with-

out understanding the three-dimensional (3D) structures. For instance, they have been described 

as “paracrystalline membranes,” “lattice organelles,” and “undulating membranes,” to mention a 
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few. However, since the ground-breaking analysis of electron micrographs by Landh (1995), these 

phases have been unequivocally identifi ed as nonlamellar phases with bicontinuous cubic sym-

metry (Figure 14.2d and e). Today it is well accepted that the curved bilayers of the V2 lipid/water 

phases are draped around periodic minimal surfaces (Figure 14.3, second from top), creating two 

distinct continuous systems of water channels (Hyde et al., 1997).

In nature, continuous membranes sometimes divide the space into more than two physically 

distinct subspaces. The lattice dimensions of cubic biomembranes are usually greater than 1000 Å, 

whereas synthetic V2 phases have lattice constants of about 100–200 Å (e.g., see Mariani et al., 

1988). Although the biological function of cubic phases is mostly still unknown, cubic biomem-

branes surely add a new dimension to cell life through their extraordinary effi ciency as subcellular 

space organizers (Hyde et al., 1997).

Next to directly investigate biological membranes, it is indispensable for the understanding of the 

formation and structural stability of curved membranes to also study the phase behavior of model 

binary surfactant-like lipid–water systems, which have the tendency to form inverted-type non-

lamellar phases. It is important to mention that the experimental phase diagrams of these systems 

may already seem complicated, because the phase behavior depends on a complex interplay of sev-

eral factors such as temperature, pressure, water concentration, and lipid chain length (Seddon and 

Templer, 1995). In this respect it is instructive to take a closer look at the membrane–water interface 

of the different model membranes and especially see how different parameters affect the mean inter-

facial curvature (H). Note that membrane curvatures are described using the geometrical concepts 

of principal  curvatures c1 and c2. The mean curvature is defi ned as the average of the principal 
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FIGURE 14.2 Examples of nonlamellar membranes in nature. (a–c) Membrane nanotubes with gondolas 

(white arrows) observed between cells in the human urothelial cell lines (a) RT4 and (b and c) T24 by SEM 

under physiological conditions. Note that the gondolas are an integral part of the tubes. (From Veranic, P., et al., 

2008. Biophysical Journal 95: 4416–4425. With permission.) (d and e) Green fl urorescent proteins induce the 

formation of distinct forms of smooth endoplasmic reticulum. (d) A bicontinuous cubic phase in contact 

with the cytoplasm. Note that the 8-nm electron-dense space between membranes is continuous with the cyto-

plasm (arrows). Scale bar = 160 nm. (From Snapp, E. L., et al., 2003. Journal of Cell Biology 163: 257–269. 

With permission.) (e) The original TEM micrograph (d) matches perfectly to the theoretical double diamond 

projection. (From Almsherqi, Z. A., S. D. Kohlwein, and Y. Deng, 2006. Journal of Cell Biology 173: 839–844. 

With permission.)
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 curvatures: H = (c1 + c2)/2. Another useful parameter is given by the Gaussian curvature G, which is 

defi ned as the product of the principal curvatures (see Hyde et al., 1997). A few examples will illus-

trate how surface curvature is infl uenced by external parameters. Increasing the temperature acts 

mainly on the chain region of the lipids and results in greater chain disorder, thus favoring a bending 

of the lipid head-group surface toward the water. The opposite tendency accounts for an increase of 

the hydrostatic pressure: the lipid chain packing condenses with augmenting pressure and thus an 

induction of convex interfaces is favored. The existence of a natural sequence for the appearance of 

lipid mesophases should be clear, for example, for a hypothetical lipid–water phase diagram in 

which the transitions are driven by temperature. From the planar fl uid lamellar phase (Lα), the V2 

phase may form, followed by the columnar H2 phase, which fi nally may convert into an I2 phase 

(Figure 14.3, from top to bottom). All of these phases have increasingly negative mean interfacial 

curvatures, which can be estimated easily (Seddon and Templer, 1993). Obviously H = 0 for planar 

lamellar phases. Defi nitely more complicated is the geometry of bicontinuous cubic phases, but it 

can be estimated for this mesophase that H ~ lc1c2,  where c1 and c2 are the principal curvatures of 

the bilayer midplane and l is the monolayer thickness (lipid length). The averaged interface curva-

ture of the inverted hexagonal and micellar phases depends solely on the water core radius (RW) and 
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FIGURE 14.3  Basic membrane shapes. Two combinations of the principal curvatures are commonly used to 

describe membranes: the mean curvature H and the Gaussian curvature G. For biologically relevant mem-

branes, there are four basic membrane shapes: planar (c1 = c2 = 0: isotropic surface), saddle-like (c1 = −c2 > 0: 

anisotropic surface), cylindrical (c1 = 0 and c2 < 0: anisotropic surface), and spherical shapes (c1 = c2 < 0: iso-

tropic surface). (Right) Examples of electron density maps from different model membranes are shown. High 

density areas are given in white and lower density regions in darker shades. For ease of interpretation, the lipid 

molecule models with white head groups and black hydrocarbon tails are superimposed on the electron den-

sity maps. (Top to bottom) A fl uid Lα, a primitive V2, an H2 (with Wigner–Seitz cell, white), and an I2 phase. 

Two subsequent layers of micelles are visualized as polyhedrons (Fd3m packing). All structural examples 

including amplitude and phase listings can be found in Rappolt (2006). (Data from Rappolt, M. 2006. In Planar 
Lipid Bilayers and Liposomes, A. Leitmannova (Ed.), Vol. 5, pp. 253–283. Amsterdam: Elsevier.)
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is easily found as −1/(2RW) and −1/RW, respectively. Realistic values of H for phospholipid systems 

in the  bicontinuous cubic, H2, and inverse micellar phases are −0.015 Å−1 (Harper and Gruner, 2000), 

−0.03 Å−1 (Rappolt et al., 2003), and −0.07 Å−1 (Luzzati et al., 1992), respectively.

The interfacial mean curvature is tightly connected to the molecular shape of the lipids (Hyde, 

2001). Alternatively, the membrane curvature can also be rationalized using the critical packing 

parameter concept of Isrealachvili (1991). This parameter is also known as the shape parameter of 

molecules (s) and is defi ned as the hydrophobic chain volume divided by the lipid chain length and 

its optimal head-group area. For instance, cylindrical lipid molecules (s = 1) will lead to planar 

membranes and cone-shaped (s < 1) and wedge-shaped molecules (s > 1) will induce convex and 

concave interfaces, respectively. In this respect, the typical values of s for the V2 and H2 phases are 

1.3 and 1.7, respectively (Larsson, 1989). However, s does not supply information on the radial sym-

metry of the molecules. In contrast, molecular deformations do not necessarily preserve rotational 

symmetry (Templer, 1998). Note for instance that the principal curvatures of the monolayers in the 

V2 as well as in H2 phases are different (Figure 14.3, second and third row of illustrations from top); 

that is, their surface curvatures are anisotropic. This has as a consequence that the involved lipid 

molecules also exhibit anisotropic shapes. Recent theories also consider anisotropic molecular 

shapes, and especially the stability of strong bent membranes as in necks or tubular protrusions can 

be simulated satisfactorily (Kralj-Iglic et al., 2002, 2006). Because phase diagrams on nonlamellar 

phases can be predicted in a better manner and refi ned molecular shapes result from these simula-

tions (Mares et al., 2008), hopefully future rational design of new cubosomes and hexosomes will 

profi t from this newest bottom-up approach.

14.3 LIPIDIC NANOSTRUCTURED AQUEOUS DISPERSIONS

Liposomes are used extensively as a model phospholipid dispersion that mimicks biomembranes 

(Ortiz et al., 1999; Siegel and Epand, 1997; Yaghmur et al., 2008a, 2008b) and for drug delivery 

 formulations (Couvreur and Vauthier, 2006). They are formed when the fully hydrated one- dimensional 

lamellar phase is dispersed in a continuous aqueous medium. In a similar manner, the nanostructured 

aqueous dispersions confi ning internal two-dimensional (2D) or 3D inverted-type liquid crystalline 

phases are formed. Under full hydration conditions, the emulsifi cation of these  self-assembled nano-

structures is accomplished in the presence of suitable stabilizers (Gustafsson et al., 1996, 1997; 

Larsson, 2000; Yaghmur and Glatter, 2008). Two prominent examples on these aqueous dispersions 

are cubosomes and hexosomes. In general, small-angle x-ray scattering (SAXS) and cryo-TEM tech-

niques are excellent tools to characterize the morphology of the dispersed particles and their internal 

nanostructures (Gustafsson et al., 1996, 1997; Larsson, 2000; Yaghmur and Glatter, 2008). Figure 

14.4 provides two typical examples for cryo-TEM images that were taken for cubosomes and hexo-

somes (de Campo et al., 2004).

In recent years, there has been increasing interest in fully understanding the dynamic behavior of 

these dispersions under varying temperature conditions (Yaghmur et al., 2005, 2006b, 2008a; Yaghmur 

and Glatter, 2008) or the addition of different solutes (amphiphilic molecules, hydrophilic or hydro-

phobic additives, salts, etc.; Abraham et al., 2005; Barauskas 2005; Dong et al., 2006; Yaghmur et al., 

2005, 2006a; Yaghmur and Glatter, 2008). The reported nanostructured aqueous dispersions are based 

on amphiphilic lipids with a tendency to form nonlamellar phases. Among these lipids, the most reported 

lipid classes in the literature are monoglycerides (de Campo et al., 2004; Dong et al., 2006; Gustafsson 

et al., 1996, 1997), glycolipids (Abraham et al., 2005), phosphatidylethanolamines (Johnsson et al., 

2005a), and urea-based amphiphiles (Gong et al., 2008). Nanostructured dispersions based on mixtures 

of MO with copolymers bearing blocks of lipid-mimetic anchors (Rangelov and Almgren, 2005) or 

mixed binary catanionic surfactants (Rosa et al., 2006) were also recently described. In addition to 

cubosomes and hexosomes, different studies reported on the formation of micellar cubosomes (Nakano 
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et al., 2002; Yaghmur et al., 2006b), sponge particles (emulsifi ed L3 phase; Barauskas et al., 2005, 

2006), emulsifi ed inverted types of micelles (L2; de Campo et al., 2004), and swollen micelles (EMEs; 

Yaghmur et al., 2005; Yaghmur and Glatter, 2008).

The effect of lipid composition (Barauskas et al., 2005; Johnsson et al., 2005b; Kamo et al., 

2003; Yaghmur et al., 2006a) and solubilizing guest molecules (Dong et al., 2006; Johnsson et al., 

2006; Nakano et al., 2002; Yaghmur et al., 2005; Yaghmur and Glatter, 2008) on the confi ned nano-

structures of monoglycerides-based cubosomes has been investigated intensively in recent years. 

For example, different studies were carried out on the effect of solubilizing oil on the structure of 

monolinolein (MLO) dispersed and nondispersed systems (Yaghmur et al., 2005). For the oil-free 

aqueous dispersions of the MLO–water system (de Campo et al., 2004), by varying the temperature 

the dispersed particles undergo a reversible transition from cubosomes (internal cubic Pn3m phase) 

via hexosomes (internal H2 phase) to an emulsifi ed L2 phase (internal water/MLO inverse micellar 

solution) at relatively high temperatures (Figure 14.5a). In these dispersions, the polymeric stabi-

lizer Pluronic polymer poly(ethylene oxide)99–poly(propylene oxide)67–poly(ethylene oxide)99 

(F127) was an effective stabilizer covering the outer surface of the dispersed particles without a 

signifi cant impact on the confi ned nanostructure. In analogy with temperature, loading these dis-

persions at ambient temperatures with oil induces (Figure 14.5b) internal structural transitions in 

the order V2 (Pn3m) (cubosomes) → H2 (hexosomes) → I2 [discontinuous micellar cubic phase 

(Fd3m), micellar cubosomes] → water-in-oil microemulsion (EMEs; Yaghmur et al., 2005, 2006b). 

These structural transitions are reversible and identical to those observed in the corresponding 

nondispersed phases coexisting with an excess of water. This means that there is a reversible 

exchange of water inside and outside the internally confi ned nanostructures as the temperature is 

switched up and down during the heating and cooling cycles. The internal nanostructures of these 

oil-free and oil-loaded particles can also be modulated by varying the lipid composition (Yaghmur 

et al., 2006a).

The common tendency of water-deswelling behavior in fully hydrated monoglyceride-based 

 systems and their nanostructured aqueous dispersions was observed in most studies on varying tem-

peratures (de Campo et al., 2004; Misquitta and Caffrey, 2001; Qiu and Caffrey, 2000; Yaghmur 

et al., 2005, 2007). This is due to dehydration (a reduction in the hydrophilic head-group area) and 

simultaneous enhancement of the hydrophobic chain volume. The most investigated monoglycerides 

 containing a cis-monounsaturated acyl chain such as MO, MLO, and phytantriol expel water and 

induce the formation of more negative spontaneous curvatures with increasing temperature 

(de Campo et al., 2004; Qiu and Caffrey, 2000; Yaghmur et al., 2005). However, we recently observed 

100 nm
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200 nm

(b)

FIGURE 14.4  Cryo-TEM micrographs of (a) cubosomes at 25°C and (b) hexosomes at 55°C. Some of the 

nanostructured hexosome particles exhibit an internal hexagonal symmetry (arrows); others exhibit both hex-

agonal symmetry and curved striations (stars). (From de Campo, L., et al., 2004. Langmuir 20: 5254–5261. 

With permission.)
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FIGURE 14.5  SAXS scattering curves of different MLO/water systems. (a) SAXS scattering curves for a 

MLO-based dispersion (gray lines) in comparison with those from a nondispersed bulk phase (black lines) at 

three different temperatures, and (b) the effect of the amount of solubilized oil on MLO-based emulsifi ed 

systems at 25°C. In these dispersions, the α ratio [100 × (mass of oil)/(mass of MLO)] varied from 0 (cubo-

somes) to 28 (hexosomes), 40 (micellar cubosomes), and 60 (EMEs). (From Yaghmur, A., et al. 2006b. 

Langmuir 22: 517–521. With permission.)
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signifi cantly different water behavior in ME (a rodlike monoglyceride containing a trans-monounsat-

urated acyl chain) dispersed and nondispersed samples (Yaghmur et al., 2008a). It is interesting that 

the heating-induced structural transition of a fl uid lamellar (Lα) to bicontinuous cubic phase of the 

symmetry Im3m involves a signifi cant enlargement of the nanostructure (Im3m phase) as a result of 

water uptake (Figure 14.6).

Important recent achievements on cubosomes and hexosomes concern their 3D complex mor-

phology characterization (Boyd et al., 2007; Rizwan et al., 2007). Cryo fi eld emission scanning 

electron microscopy (cryo-FESEM) was recently used to directly provide further information on 

the 3D morphology of cubosome (Rizwan et al., 2007) and hexosome particles (Boyd et al., 2007). 

In the cubosome particles, the cryo-FESEM images reveal “ball-like” cubosome particles enclosing 

aqueous water channels in good agreement with the proposed mathematical models using a nodal 

surface representation (Figure 14.7a; Rizwan et al., 2007). The observed 3D morphology of hexo-

some particles resembles “spinning-top-like” structures (Figure 14.7b; Boyd et al., 2007).

Of particular interest is the possible utilization of cubosomes for confi ning protein molecules and 

retaining their native structure and function (Larsson, 2008). Protein-loaded cubosome particles 

(proteocubosomes; Angelova et al., 2005a, 2005b) were characterized as hierarchical well-ordered 

nanostructures modifying the native protein-free cubosome particles. They offer promising systems 

for the formation of protein delivery carriers.

The formation of dispersed nanostructure particles requires the application of high-energy input 

(ultrasonication, microfl uidization, and homogenization; Gustafsson et al., 1997; Larsson, 2000; 

Yaghmur and Glatter, 2008) or the addition of a suitable hydrotrope (the dilution process as described 
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FIGURE 14.6  Contour x-ray diffraction plots covering the phase regime of the Lα, Im3m, and Pn3m 

phases. In a temperature scan from 25°C to 80°C at a rate of 1°C/min, heating the ME aqueous dispersion 

stabilized by F127 induced a direct transformation of liposomes to cubosomes: an internal Lα via Im3m to 

Pn3m structural transition. The inset shows a stabilized ME-based particle with the inner cubic structure 

highlighted in dark cyan. The inner nanotubular network is clearly visible. Judging from the x-ray data, the 

inner lattice should be Im3m symmetry. The overall shape however is not well defi ned compared to other 

cubosomes known from the literature (de Campo et al., 2004; Gustafsson et al., 1997; Larsson, 2000). The 

color scale of the diffraction intensity is also mentioned. (From Yaghmur, A., et al., 2008a. PLoS ONE 3: 

e3747. With permission.)
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by Spicer et al., 2001) to induce the spontaneous formation of the dispersions. The latter technique 

avoids dispersing at high temperatures, which is extremely important for temperature-sensitive 

materials. Salentinig et al.’s (2008) recent work introduced a new and fast emulsifi cation technique 

for the formation of relatively highly concentrated aqueous dispersions with a controllable size of 

dispersed particles. These concentrated dispersions were formed by using an approach similar to 

that proposed by Bibette’s method, which is well known for the preparation of monodispersed emul-

sions. The ability to form nanostructured aqueous dispersions with a uniform dispersed particle size 

is a desirable goal for many pharmaceutical applications.

14.4  ADSORPTION OF LIQUID CRYSTALLINE NANOPARTICLES 
ON SURFACES

The application of nanostructured aqueous dispersions for various purposes in the pharmaceutical 

industry is undeniably linked to the adsorption mechanism of the dispersed particles to the biologi-

cal surfaces (Svensson et al., 2008; Vandoolaeghe et al., 2006, 2008). For instance, the utilization of 

these nanostructured aqueous dispersions as mucosal drug nanocarriers requires the understanding 

of their mucoadhesive properties. Svensson et al. (2008) recently studied the interaction of MO 

(a)

100 nm

(b)

FIGURE 14.7  Representative 3D images of (a) cubosome particles with an internal V2 cubic Pn3m phase 

(Rizwan et al., 2007) and (b) oil-loaded hexosome particles (Boyd et al., 2007). The imaging was obtained 

using cryo-FESEM. (Reproduced from Rizwan, S. B., et al., 2007. Micron 38: 478–485; Boyd, B. J., et al., 

2007. Langmuir 23: 12461–12464. With permission.)
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cubosomes stabilized in the presence of the polymeric stabilizer F127 with mucin. They found that 

cubosome particles behave similarly to materials bearing poly(ethylene oxide) chains. They are 

weakly mucoadhesive and the adsorption of mucin is pH dependent. As observed for poly(ethylene 

oxide)-coated polymeric particles, these results suggest the possible enhancement of the transport 

of active molecules loaded to cubosomes through the mucous gel layer.

In general, the interaction between dispersed cubosome particles and hydrophilic or hydrophobic 

surfaces can be systematically affected by varying the surface properties or parameters that also 

infl uence the stability of the dispersions such as changing the pH value or ionic strength (Vandoolaeghe 

et al., 2006).

Vandoolaeghe et al. (2008) recently carried out in situ experiments by using different tech-

niques to monitor the interfacial behavior of cubosome particles that interact strongly with sup-

ported phospholipid bilayer membranes. Important aspects are outlined concerning lipid exchange, 

the ability to trigger the release, and further interesting features of the dynamic process that occur 

when cubosomes adsorb to the lipid bilayer. In brief, it was clearly shown that the strong adsorp-

tion of the cubosome particles onto the lipid bilayer involves the interfacial exchange of materials 

between the dispersed particles and the supported lipid bilayer: the cubosome particles expel MO 

to the bilayer, whereas the investigated phospholipid (dioleoylphosphatidlycholine) moves from 

the bilayer to the particles. In addition, the obtained results allow the interpretation that the trig-

ger release of the cubosome particles depends on the concentration of these particles in the dis-

persion. The release of these particles can be triggered by adjusting this concentration to a certain 

threshold value.

14.5   NANOSTRUCTURED AQUEOUS DISPERSIONS 
AS DRUG NANOCARRIERS

The feasibility of using nanostructured aqueous dispersions as drug nanocarriers for different 

treatment purposes has been investigated in recent years by different research groups (Boyd et al., 

2006; Chung et al., 2002; Esposito et al., 2005; Kuntsche et al., 2008; Lopes et al., 2006; Swarnakar 

et al., 2007; Yaghmur and Glatter, 2008). The main motivation for such studies arises from the 

potential of these aqueous dispersions to solubilize drugs that are poorly soluble in both aqueous 

and organic media and to form effi cient delivery systems. Therefore, it is assumed that this col-

loidal family could possess superior effi cacy in delivering solubilized bioactive materials than 

conventional emulsions and liposomal formulations. They are attractive for different administra-

tion routes commonly used in the pharmaceutical industry such as oral, injectable, and topical 

applications. As proposed in different studies, the advantages of utilizing dispersions such as 

cubosomes, hexosomes, or micellar cubosomes based on lipids are the following: solubilization 

of poorly water-soluble drugs could improve bioavailability, formation of more effi cient delivery 

systems, decrease of unwanted side effects, improvement of intracellular penetration, protection 

against degradation, and possible control of drug release (Boyd et al., 2006; Johnsson et al., 2006; 

Lopes et al., 2006; Malmsten, 2006; Yaghmur and Glatter, 2008). To date, the number of studies 

on these drug-loaded nanoparticulate dispersions is still very limited despite their potential in 

drug related applications. There is need for further investigations to fully understand their behav-

ior under different conditions, to study the interaction of the lipids with new bioactive materials 

such as various designer peptides, and to address different basic challenges such as stability and 

drug targeting. The following are a few representative examples of these nanoparticulate systems 

for drug delivery.

1. Oral insulin formulation based on cubosomes. Chung et al. (2002) recently proposed a new 

oral lipid cubosomal formulation for the delivery of insulin. By carrying out in vitro and in vivo 

studies, this formulation induced a signifi cant reduction in the blood glucose concentration that was 

maintained at a low level for at least 6 h. Thus, nanocarriers offer a promising approach for the 

delivery of insulin.
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2. Cubosomes and hexosomes as topical delivery system. Cubosomes (Esposito et al., 2005) 

and hexosomes (Lopes et al., 2006) were proposed as alternative approaches for the topical delivery 

of drugs. Indomethacin and cyclosporin A were chosen as model drugs in two different studies. 

Indomethacin is an antiinfl ammatory drug with potential side effects when administrated orally, 

whereas cyclosporin A is a peptide with poor skin penetration. The indomethacin-loaded cubo-

somes were suitable nanocarriers for effi ciently prolonging antiinfl ammatory activity and for con-

trolling drug release (Esposito et al., 2005). Cyclosporin A loaded hexosomes demonstrated that this 

drug nanocarrier signifi cantly enhances the penetration of the peptide through the skin, as illus-

trated in Figure 14.8. Hexosomes seem to be a promising media for improving the topical delivery 

of the peptide without causing skin irritation.

3. Hexosomes and micellar cubosomes as injectable nanocarriers. Hexosomal and micellar 

cubosomal formulations were also investigated as injectable nanocarriers for the delivery of irino-

tecan, an anticancer drug (Boyd et al., 2006), and propofol, an anesthetic agent (Johnsson et al., 

2006), respectively. When irinotecan is accommodated into the hexosome particles (Boyd et al., 

2006), its retention in lactone form at neutral pH is a promising alternative approach for forming 

injectable nanocarriers when compared with the marketed formulation Camptosar® that is formu-

lated at acidic pH. The propofol-bearing micellar cubosomes (Johnsson et al., 2006) are a good 

example of the different advantages that can be obtained when the nanostructured aqueous disper-

sions are compared with conventional dispersions of liposomal formulations and emulsions. The 

studied micellar cubosomes enhanced the drug solubilization capacity and constituted the forma-

tion of highly effective delivery systems (Johnsson et al., 2006).

14.6  SUMMARY AND OUTLOOK

Lipidic nanoparticulate systems have recently attracted much attention for the delivery of peptides, 

drugs, and functional foods. Among these systems, dispersions confi ning well-ordered nanostruc-

tures such as cubosomes, hexosomes, and micellar cubosomes are the subject of various studies 

aiming to evaluate their effi cacy as drug or food nanocarriers. The nanostructured aqueous disper-

sions in these studies are a promising strategy for loading drugs and offer an alternative method for 

overcoming the problems of the administration of drugs that are poorly soluble in aqueous medium. 

They are potential candidates for enhancing the bioavailability of loaded drugs and avoiding serious 

side effects.

Nevertheless, there is need for further future investigations to address the challenges of enhanc-

ing the stability of the dispersed particles after administration and modulating their nanostruc-

ture in order to optimize their interaction with different biological surfaces. For instance, we 
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FIGURE 14.8  In vitro penetration of the peptide cyclosporin A in the stratum corneum at 6 and 12 h follow-

ing the topical application of both cyclosporin A loaded hexosomes and control sample (cyclosporin A dis-

solved in olive oil; Lopes et al., 2006). (Reproduced from Lopes, L. B., et al., 2006. Pharmaceutical Research 

23: 1332–1342. With permission.)
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recently found that the addition of short charged designer peptide surfactants mimicking biologi-

cal phospholipids can be used to functionalize nonlamellar mesophases and to enhance the load-

ing capacity of charged active molecules (Yaghmur et al., 2007). The term functionalization 

means to control the solubilization capacity of the liquid crystalline phases by the inclusion of 

specifi c anchors such as charged or long-chain amphiphilic molecules. It will also be appealing 

to study the potential of these dispersions in loading new bioactive materials, to investigate the 

impact of such molecules on the internal nanostructures, and to study their interaction with dif-

ferent biological surfaces.

ABBREVIATIONS

Cryo-FESEM Cryo-fi eld emission scanning electron microscopy

Cryo-TEM Cryo-transmission electron microscopy

EME Emulsifi ed microemulsion

F127  Pluronic polymer poly(ethylene oxide)99–poly(propylene oxide)67–poly(ethylene 

oxide)99

Fd3m Discontinuous micellar cubic phase, also called I2

Im3m The primitive type bicontinuous cubic phase

ME Monoelaidin

MLO Monolinolein

MO Monoolein

Pn3m The Schwarz diamond type bicontinuous cubic phase

SAXS Small-angle X-ray scattering

TEM Transmission electron microscopy

SYMBOLS

c1, c2 Principal curvatures

G Gaussian curvature

H Mean interfacial curvature

H2 Inverted-type hexagonal liquid crystalline phase

I2 Inverted-type discontinuous micellar cubic phase

l Monlayer thickness

Lα Lamellar phase

L2 Reverse micellar system (water-in-oil micelles)

L3 Dispersed sponge phases

RW Water core radius in the inverted-type self-assembled systems

s Shape parameter of molecules

V2 Inverted-type bicontinuous cubic phase
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15 Niosomal Delivery System 
for Macromolecular Drugs

Yongzhuo Huang, Faquan Yu, and Wenquan Liang

15.1 INTRODUCTION

Niosomes, which are the self-assembly of nonionic amphiphiles, are closed bilayer vesicles ranging 

in size from microns to nanometers. Niosomes are attractive because of their structural similarity to 

liposomes and their alternative application potential in the cosmetic and pharmaceutical industries. 

Analogous to liposomes, niosomes show great advantages in stability, cost, and safety. The mechanism 

of nonionic surfactant vesicle formation in aqueous media involves their amphiphilic nature and 

helper additives like cholesterols, which were well reviewed by Uchegbu and Vyas (1998).

Like liposomes, niosomes represent a highly fl exible platform that is due to their unique bilayer 

structure. First, the bilayer structure is composed of two layers of nonionic amphiphiles; their hydro-

phobic tails face one another and form the lipophilic core region, and their hydrophilic heads are 

exposed to the interfacial aqueous environment. Therefore, such a unique structure makes niosomes 

a promising drug carrier because the interior is able to encapsulate aqueous solutes, and hydrophobic 

molecules can be incorporated within the lipophilic region of the membrane. Second, unstable 

drugs (e.g., peptides, proteins, and genetic materials) can be isolated from the adverse environment 

by being encapsulated into the interior vehicles. Third, the bilayer provides great potential for 
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 surface modifi cation to achieve special functions. Almost all of the methods used in liposomal 

 surface modifi cation can be easily transferred to the application of niosomal system. For instance, 

covalent attachment of poly(ethylene glycol) (PEGylation) has been widely used in liposomal drug 

delivery systems for the past two decades, because it decreases the interaction between liposomes 

and serum proteins, with a consequent long-circulation effect. Similarly, PEGylated niosomes have 

also been developed for specifi c delivery purposes.

15.2 BRIEF INFORMATION OF NIOSOME PREPARATION

Phospholipids can form bilayer vesicles (liposomes) via self-assembly (Figure 15.1), although the 

input of physical energy is often involved during the process to promote this formation and reduce 

the size of the particles. Liposome preparation includes two major steps: enclosing vesicles and 

sizing some specifi c particle diameters. The general principles of liposome formation are basically 

similar to that of niosomes. Therefore, the methods for liposome preparation are usually applied to 

niosome preparation, which include thin-fi lm hydration, ether injection, reverse phase evaporation, 

and organic solvent free preparation for formation of vesicles and sonication, high-pressure homog-

enization, and extrusion for reducing the particle size. These techniques are well reviewed in the 

niosome monograph edited by Uchegbu (2000) and in many liposome books, so a detailed discus-

sion is not included here. However, it is worthwhile to note that nonionic surfactants display 

 superior physicochemical stability over phospholipids, thereby gaining greater advantages in prep-

arations involving hot aqueous solvents or vigorous heat-producing processes (e.g., sonication and 

homogenization).

15.3 SURFACE MODIFICATION

Surface modifi cation plays an important role in niosomal drug delivery systems, which can be func-

tioned for a variety of purposes, and a brief summary follows. We hope that it may provide a guide 

to rational design of a niosomal system for specifi c delivery.

Hydration

Hydrophilic 
head 

Lipophilic 
tail 

Non-ionic surfactants Bilayer 

Niosome 

FIGURE 15.1 Niosome formation.
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15.3.1 MODIFICATION OF SURFACE CHARGE

Surface charge is a key factor infl uencing the physical stability and biofate of nanocarriers. In phar-

maceutical sciences, the zeta potential is commonly used as an indicator of the surface charge of 

drug particulate carriers and is widely applied to predict the physical stability of particulate sys-

tems. In general, a high zeta potential is accompanied by great stability because of the electrostatic 

repulsion against the natural tendency to aggregate. A rough rule is often used to predict the storage 

stability: a zeta potential of >30 mV indicates full electrostatic stability, 5–15 mV indicates limited 

fl occulation, and 3–5 mV indicates maximum fl occulation (Heurtault et al., 2003).

The charge property of particulates has also been put to good use for loading drugs with opposite 

charges to the carriers. A typical application is in gene delivery. Cationic lipids are necessarily 

involved in colloidal gene delivery systems, which consequently bear positive charges. Because of 

their opposite charge, cationic carriers can form positively charged complexes with negatively 

charged genes, which are consequently compacted.

In general, the surface charge of niosomes can be modifi ed by incorporating charged amphiphiles 

into the bilayer membrane. Based on this method, we developed cationic niosomes for gene delivery. 

Cholesterol is the most common additive in niosomal systems, and it was thus included in a 1:1 

molar ratio to build less leaky bilayer membranes (Uchegbu and Vyas, 1998). We used 3β-[N-

(N′,N′-dimethylaminoethane)-carbamoyl]-cholesterol (DC-Chol) as a substitute for cholesterol to 

prepare cationic niosomes in our study. With a 1:1 molar ratio to different nonionic surfactants 

(Span 80, Span 60, Span 40, and Span 20), stable cationic niosomal systems were prepared with zeta 

potentials all above +35 mV (Huang et al., 2005a). A cationic surfactant was also used as an additive 

to modify the surface charge of the niosomes. For gene delivery purposes, we incorporated cetylt-

rimethylammonium bromide (CTAB), which has a high effi ciency for deoxyribonucleic acid (DNA) 

binding, in a 1:2:1 molar ratio (Span 40/cholesterol/CTAB) into niosomes. Cationic niosomes with 

a zeta potential of about +45 mV were obtained.

In addition, modifi cation of surface charge also has a signifi cant impact on the disposition of 

particles for their in vivo application. There have been numerous studies on liposomal systems but 

few investigations of niosomes.

15.3.2 MODIFYING THE HYDROPHILIC AND HYDROPHOBIC PROPERTIES

Hydrophilic–lipophilic balance (HLB) values are often used as a prediction parameter of the nio-

some forming ability of any surfactant (Uchegbu and Vyas, 1998). The HLB is also an indicator of 

the hydrophilic and hydrophobic properties of vesicles. Hydrophobicity plays an important role in 

cell adhesion. For particulate drug carriers, the fi rst step in phagocytosis of a cell is the adhesion of 

particles to the cell. It has been widely proved that the process of cell adhesion and phagocytosis for 

bacteria is dependent on hydrophobicity (Liu et al., 2004). Furthermore, compared to Tween 20 

modifi ed lipsomes, the higher fusion interaction observed among Tween 80 modifi ed lipsomes was 

due to the increase in hydrophobic interactions by the longer alkyl chain of Tween 80 (Tasi et al., 

2003). We prepared a series of Tween niosomes for antisense oligodeoxynucleotide cellular delivery 

and found out that their cellular uptake effi ciencies were well in accordance with the hydrophilic 

and hydrophobic properties of vesicles; from high to low, the order is Tween 85 niosomes 

(HLB = 11.0), Tween 80 niosomes (HLB = 14.9), Tween 40 niosomes (HLB = 15.6), and Tween 20 

niosomes (HLB = 16.7; Huang et al., 2005b). This correlation revealed that optimized surface 

hydrophobicity of vesicles could promote the cellular uptake effi ciency through a possible mecha-

nism of increasing the interactions between vesicles and cells.

15.3.3 STERICALLY STABILIZED EFFECT

Nanovesicles are naturally prone to adhere and fuse to form larger ones, essentially because of 

their nanosize effect. During adhesion and fusion, vesicles experience “open-and-fuse” processes 
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that result in inclusion leakage (Zhang and Granick, 2006). Many attempts have been made to 

develop a stabilization method for nanovesicles. Among them, surface modifi cation with hydro-

philic polymers has become the most common method, especially since its great success in lipo-

somal products with the landmark stealth liposome being marketed. A variety of hydrophilic 

polymers, such as pullulan (Sihorkar and Vyas, 2000), mannan (Jain et al., 2005), and PEG 

(Beugin et al., 1998), have been investigated for their potential to improve liposomal physical 

stability. PEG is the most widely used hydrophilic polymer for the steric stabilization of nano-

particle drug delivery systems (Torchilin and Trubetskoy, 1995). PEG displays excellent water 

solubility in all proportions over a wide range of molecular weights. The meander structure of its 

linear backbone provides comprehensive surface coverage, thus forming a hydrophilic brushlike 

confi guration around the vesicle. However, there is a concentration restriction for PEG—a high 

PEG content results in vesicle disruption and disk  formation. Such a concentration restriction is 

dependent on the PEG molecular weight. In a diglycerol hexadecyl ether niosomal system, nonag-

gregated, stable, unilamellar vesicles were obtained at low polymer levels with optimal shape and 

size homogeneity at cholesterol conjugate/lipid ratios of 10 mol% M-PEG1000-Chol or 5 mol% 

M-PEG2000-Chol, corresponding to the theoretically predicted brush conformational state of the 

PEG chains (Beugin et al., 1998).

Span/DC-Chol cationic niosomes were developed for oligonucleotide (OND) delivery; but these 

carriers also have a stability problem common to cationic drug carriers, which are prone to bind 

with serum proteins in the physiological environment and thus result in aggregation. Therefore, 

PEGylated cationic niosomes, composed of DC-Chol, PEG2000–1,2-distearoyl-sn-glycero-3-

phosphoethanolamine, and nonionic surfactant (Spans) were developed for increasing the stability 

of niosomes in the physiological environment (Huang et al., 2008). These PEGylated cationic nio-

somes remained relatively stable in the presence of serum for up to 20 h, whereas the controlled 

cationic niosomes precipitated during the same time frame. PEGylated cationic niosomes could also 

provide comprehensive protection for a payload (DNA) against nuclease degradation due to the 

hydrophilic and sterically stabilized structure of PEG that prevents the near approach of enzymes, 

thereby protecting DNA from degradation.

15.3.4 SPECIFIC TARGETING

PEGylated liposomes have been named “stealth” liposomes because of their ability to avoid opsonin 

binding and subsequently escape the capture of the reticuloendothelial system, thus leading to long 

circulation, which in turn could favor specifi c tissue accumulations (Ishida et al., 2002). PEGylation 

was also applied to niosomal systems for the same purpose. Alain Luciani et al. (2004) developed a 

tumor-oriented magnetic resonance contrast agent based on PEGylated niosomes bearing N-palmitoyl 

glucosamine ligands targeted to the glucose receptors that are overexpressed in tumor cells. PEGylated 

 niosomes endured an increased plasma half-life when compared with nonconjugated niosomes. 

Furthermore, the tumor-targeting ligands on the niosome surface signifi cantly increased the drug 

accumulation in the tumor. Brain accumulation was also observed. However, there was relatively 

weak enhancement of brain uptake for PEGylated niosomes because continuous capillaries of the 

blood–brain barrier do not favor passive targeting. The effect of the chain length of PEG 

on poly[methoxy-poly(ethylene glycol) cyanoacrylate-co-n-hexadecyl cyanoacrylate] (PHDCA) nio-

somes was investigated; the results demonstrated the optimal coating was PEG5000 in aspects of in 
vitro drug release, phagocytic uptake, pharmacokinetics, and antitumor activity (Shi et al., 2006). 

The PEG5000-PHDCA niosomes with particle sizes of 92.5 nm had the least phagocytic uptake, the 

longest half-life of 11.46 h, and the best tumor inhibition rate of 97.1%. The tumor-targeting effect of 

PEG-PHDCA niosomes may be attributable to the enhanced permeability and retention effect.

Polysaccharide mannan was also used to modify the noisome surface to not only achieve stratum 

corneum penetration enhancement but also target the Langerhans cells, the major antigen-presenting 

cells found in abundance beneath the stratum corneum (Jain et al., 2005).
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15.3.5 MODIFYING THE MEMBRANE PERMEABILITY

In bilayer-structural vesicles-like liposomes and niosomes, cholesterol is the most commonly used 

membrane stabilizer, preventing leakiness and retarding permeation of solutes enclosed in the aque-

ous core of these vesicles. Other materials (e.g., fatty alcohols) with good bilayer-stabilizing proper-

ties were also identifi ed (Devaraj et al., 2002). Niosomes incorporating fatty alcohols showed a 

release pattern similar to that of cholesterol. However, their release rates were slower than that of 

cholesterol. Generally, the smaller the chain length was, the higher the release rate. Based on the 

chain length, release rates could be ranked as stearyl (C18) < myristyl (C14) < cetyl (C16) < lauryl 

(C12) < cetostearyl (C16 + C18). The relatively higher release rate observed with cetostearyl alcohol 

and lauryl alcohol could be due to the perturbations in the bilayer structure brought about by these 

alcohols. Another report revealed that nisomes modifi ed with fatty alcohols could provide con-

trolled release of the encapsulated drugs (Bandyopadhyay and Johnson, 2007). The fatty alcohol 

based system exhibited controlled release phenomena as it released ~20% of encapsulated carboxy-

fl uorescein (CF) after 6 h compared to the release of ~35% encapsulated CF from sorbitol and ~65% 

encapsulated CF from the fatty acid based system over the same time period. This difference was 

attributable to fatty alcohols participating in the bilayer structure, thus stabilizing the system and 

lowering the release rate, whereas fatty acids were destabilizing the vesicular system.

Many lipid-soluble compounds penetrate the bilayer and perturb the organization of the lipid 

acyl chains; these include fatty acids, alkanols, detergents, organic solvents, inorganic ions, and 

fl uorescent probes (Devaraj et al., 2002). However, a detailed investigation for niosomes has yet to 

be revealed.

15.3.6 MUCOADHESION

Bioadhesive materials have been widely used for surface modifi cation of colloidal drug delivery 

systems in order to increase mucosal absorption. Chitosan and carbopol were applied to modify 

niosomal timolol maleate (0.25%) formulations (Aggarwal and Kaur, 2005). The in vitro release 

phase of timolol (91% release in 2 h) was extended signifi cantly by its incorporation into niosomes 

and further by the polymer coating (40–43% release up to 10 h). The developed formulations were 

applied to albino rabbits, and chitosan-coated formulation showed a more sustained effect of up to 

8 h (vs. 6 h for carbopol-coated niosomes). More effi cient control of intraocular pressure was 

observed in polymer-coated niosomes.

15.4 NIOSOMES FOR DELIVERY OF GENETIC DRUGS

15.4.1 NIOSOMES FOR ANTISENSE OLIGONUCLEOTIDE DRUGS

We fi rst reported using Span cationic niosomes as antisense OND carriers (Huang et al., 2005b). 

The cationic lipid DC-Chol, a cholesterol derivative with low toxicity, was the fi rst cationic lipid 

approved for use in clinical trials (Caplen et al., 1995). We used it as a substitute for cholesterol, 

which was the most common membrane additive in niosomal systems. The niosomes of Spans 

showed high effi ciency for mediating the cellular uptake of OND. Compared with cationic  liposomes 

composed of soybean phospholipids and DC-Chol of equal moles, niosomes of Span 40 and Span 

60 showed a signifi cant enhancement in this study (p < 0.05) whereas those of Span 20 and Span 80 

also had some positive enhancement but without signifi cant differences. In addition, these cationic 

niosomes showed low cellular toxicity that the cell viability was above 90% when the lipid concen-

tration was less than 40 μM. However, positively charged vesicles usually display unstable properties 

in the physiological environment. To improve the stability of this niosomal system, PEGylation 

modifi cation was applied to the Span cationic nisome; then these novel PEGylated cationic nio-

somes were used for antisense OND delivery (Huang et al., 2008). Complexes of PEGylated cationic 

niosomes and OND showed a neutral zeta potential with a particle size of around 300 nm. PEG 
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modifl cation signifl cantly decreased the binding of serum proteins and prevented particle aggrega-

tion in the serum. Compared with cationic niosomes, the PEGylated niosomes showed a higher 

effi ciency of OND cellular uptake in the serum. Two methods were applied to prepare OND/

PEGylated niosome complexes: precoating and postcoating. PEGylated niosomes from the post-

coating method showed a greater capability of antisense oligodeoxynucleotide delivery than those 

from the precoating method. Therefore, in terms of their stable physiochemical properties in storage 

and the physiological environment, as well as low cost and widely available materials, PEGylated 

cationic niosomes are promising drug delivery systems for improving OND potency in vivo.

15.4.2 NIOSOMES FOR PLASMID DEOXYRIBONUCLEIC ACID CARRYING REPORTER GENES

The extremely unstable properties of plasmid DNA impose a major restriction for their application 

as therapeutic agents. Therefore, DNA delivery systems are required to not only carry the gene to 

the specifi c sites but also protect its stability. PEGylated cationic niosomes were also tested for their 

DNA delivery ability in the presence of serum (Huang et al., 2008). Serum proteins in blood play a 

key role in quenching the cellular penetration ability of cationic carriers because of their charge 

neutralization. The stability of DNA/PEGylated cationic niosome complexes in the presence of 

serum was signifi cantly increased compared to non-PEGylated complexes. However, the cellular 

transfection effi ciency, which was evaluated by green fl uorescent protein expression, was low. This 

compromised result was partially due to the PEG coating essentially becoming a barrier for the 

DNA complexes to access cells. When incorporating CTAB into PEGylated niosomal formulations 

at a concentration of 10 mol%, the transfection effi ciency increased signifi cantly. Therefore, further 

investigation of a helper additive will be benefi cial.

Luciferase plasmid (pLuc) is another commonly used reporter gene in gene delivery studies. The 

entrapment effi ciency and storage stability of pLuc entrapped in cationic bilayer vesicles prepared 

from various molar ratios of amphiphiles [dipalmitoyl phosphaditylcholine (DPPC), Tween 61, or 

Span 60], cholesterol, and a cationic charge lipid dimethyl dioctadecyl ammonium bromide (DDAB) 

was investigated (Manosroi et al., 2008). All of the tested cationic bilayer vesicles gave the pLuc an 

entrapment effi ciency of 100%. However, the stability of pLuc can be further enhanced by entrap-

ping it in cationic liposomes rather than in niosomes.

15.4.3 NIOSOMES FOR PLASMID DEOXYRIBONUCLEIC ACID VACCINES

Vyas’ group reported on topical DNA delivery using niosomal systems for hepatitis B immunization 

(Vyas et al., 2005). DNA encoding hepatitis B surface antigen (HBsAg) was encapsulated in Span 85 

niosomes with an entrapment effi ciency of 45.4%. These DNA encapsulated niosomes were capable of 

inducing comparable serum anti-HBsAg titers and cytokines levels in BALB/c mice after topical 

application compared to intramuscular recombinant HBsAg and topical liposomes. However, the nio-

somal vaccination shows the additional advantages of a noninvasive vaccination and low cost as well 

as high stability. Another application of niosomal DNA vaccine delivery for oral immunization was 

reported by the same group (Jain et al., 2005). DNA-loaded Span 60 niosomes were coated with poly-

saccharide O-palmitoyl mannan in order to protect them from dissolution and enzymatic degradation 

in the gastrointestinal tract caused by bile salts and to enhance their affi nity toward the antigen-pre-

senting cells of Peyer’s patches. O-Palmitoyl mannan coated niosomes produced strong humoral (both 

systemic and mucosal) and cellular immune responses upon oral administration, whereas intramuscu-

lar naked DNA and recombinant HBsAg did not elicit a secretory immunoglobulin A titer in mucosal 

secretions and pure HBsAg also failed to elicit a cellular response (cytokines level).

Perrie et al. (2004) reported on an infl uenza DNA niosomal vaccine delivery system. The plasmid 

pI.18Sfi /NP containing the nucleoprotein gene of A/Sichuan/2/87 (H3N2) infl uenza virus in the 

pI.18 expression vector was incorporated by the dehydration–rehydration method into various sur-

factant vesicle formulations and yielded high DNA vaccine incorporation values (85–97% of the 
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DNA used). Using these systems for subcutaneous delivery of DNA vaccines enhanced both humoral 

and cell-mediated immune responses to the encoded antigens.

15.5 NIOSOMES FOR PEPTIDE AND PROTEIN DELIVERY

15.5.1 NIOSOMES FOR PEPTIDES

Niosomal insulin delivery systems have been widely investigated in the past decade. Khaksa et al. 

developed injectable niosomal insulin formulations for diabetic therapy (Khaksa et al., 2000). 

Niosomes signifi cantly reduced the blood glucose level in diabetic rats. These blood glucose levels 

were almost 92% of the initial value. The half-life of insulin was prolonged by 4−5 h in niosomal 

form in contrast to 2 h for the free drug. Niosomes maintained the plasma insulin level for up to 

12 h, but the free drug was cleared quickly.

Niosomal insulin formulations with the potential of sustained-release oral delivery were also 

reported (Pardakhty et al., 2007). Entrapment of insulin in niosomes of polyoxyethylene alkyl ethers 

(Brij) protected it against the proteolytic activity of α-chymotrypsin, trypsin, and pepsin in vitro. 

The maximum protection activity was seen in Brij 92/cholesterol (7:3 molar ratios) in which only 

26.3 ± 3.98% of entrapped insulin was released during 24 h in simulated intestinal fl uid. Span sur-

factant series niosomes were also investigated as insulin oral delivery carriers (Varshosaz et al., 

2003). Span 60 niosomes showed the highest protection of insulin against different proteolytic 

enzymes and good physical stability.

Ning et al. (2005) explored the possible application of mucosal insulin delivery. Span niosomal 

insulin formulations were applied in vaginal delivery and showed Span 60 and Span 40 niosomes 

were both higher than blank Span 40 and Span 60 vesicles, as well as free insulin physical mixture 

groups ( p < 0.05). Compared with subcutaneous administration of the insulin solution, the relative 

pharmacological bioavailability and relative bioavailability of the insulin–Span 60 vesicles group 

were 8.43% and 9.61%, respectively, and the insulin–Span 40 niosomes were 9.11% and 10.03% 

( p > 0.05), respectively, indicating niosomes had an enhancing effect on vaginal delivery of insulin.

15.5.2 NIOSOMES FOR PROTEINS

Streptokinase is utilized as a therapeutic agent because of its fl brinolytic activity. Niosomes and other 

lipid vesicles were used as drug carriers for streptokinase to achieve slow release of entrapped pro-

teins in circulation to increase their half-life, to mask immunogenic properties, and to protect against 

the loss of enzymatic activity (Erdogan et al., 2006). Streptokinase niosomes showed an average size 

of 190 nm and entrapment effi ciency of 13%. The highest concentration of niosomes was in the 

spleen at levels above 60% per gram at 1 and 4 h after administration. With entrapment of streptoki-

nase in the niosomes, thrombus uptake and imaging quality were improved; at 4 h after administration, 

a higher thrombus/vein ratio was obtained when compared with free streptokinase ( p < 0.05).

Niosomal immunization has gradually attracted scientists’ interests since the late 1990s. A vari-

ety of niosomes have been shown to be versatile in their ability for the incorporation of a diverse 

range of antigens. Some model antigens, for example, bovine serum albumin (BSA; Brewer and 

Alexander, 1992; Murdan et al., 1999), ovalbumin (Rentel et al., 1999), and hemagglutinin (Murdan 

et al., 1999), were encapsulated within niosomes; these novel vaccine delivery systems revealed 

promising immunization outcomes. Furthermore, viral infl uenza antigen (Chattaraj and Das, 2003), 

malarial antigens (Vangala et al., 2006), and HBsAg (Vangala et al., 2007) were encapsulated in 

niosomal carriers for immunization purposes. Vangala et al. reported that dimethyldioctadecylam-

monium-based niosomes showed the ability to promote both cell-mediated and humoral immune 

responses to the HBsAg and malarial antigens in mice.

Noninvasive routes have been explored for niosomal vaccine delivery. Niosomes show 

great potential for transdermal delivery, and some reviews have surfaced in this fi eld (Choi and 

Maibach, 2005). In recent years, niosomes have been found to have great potential in transcutaneous 
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 immunization (Jain and Vyas, 2005). Mannosylated niosomes composed of sorbitan monostearate/

sorbitan trioleate (Span 60/Span 85), cholesterol, and stearylamine have been developed as a topical 

vaccine delivery carrier and adjuvant with a model antigen of BSA. The encapsulation effi ciency of 

BSA was 44.3 ± 3.8% and 41.2 ± 3.2% for Span 60 and Span 85 based plain niosomes, respectively. 

Niosomal formulations elicited a signifi cantly higher serum immunoglobulin G (IgG) titer upon 

topical application compared to topically applied alum adsorbed BSA ( p < 0.05). The serum IgG 

levels were signifi cantly higher for the mannosylated niosomes compared to plain uncoated nio-

somes ( p < 0.05). Combined serum IgG2a/IgG1 responses revealed that the formulations were 

capable of eliciting both humoral and cellular responses.

The adjuvant effect of a particular system has been well recognized in vaccine delivery systems. 

There are mainly three mechanisms involved: slow release of antigens at the injection site (a depot 

effect); targeting of antigens to the relevant antigen-presenting cells of the immune system, that is, 

macrophages; and direct activation of cells in the immune system (e.g., bacterial adjuvants and 

cytokines; Sinyakov et al., 2006). Niosomes have also been widely examined for their adjuvant 

function. Brewer and Alexander reported that niosomes were generally better stimulators of IgG2a 

than Freund’s complete adjuvant but poorer stimulators of IgG1, which means niosomes are effec-

tive stimulators of the Th1 lymphocyte subset, and by inference, potent stimulators of cellular 

immunity (Brewer and Alexander, 1992). However, the adjuvant activity of niosomes was dependent 

on factors such as administration routes and the entrapment of the antigen within niosomes. 

Intraperitoneal inoculation of niosomes did not generate strong immunostimulation; but subcutane-

ous inoculation, oral immunization (Jain et al., 2005), and topical immunization (Jain and Vyas, 

2005) had niosomal adjuvant activity.

15.6 CONCLUSION

Biomacromolecules have opened an era for therapy with the great advance of biotechnology. However, 

challenges have been raised in the development of carriers for these biomacromolecular drugs. 

Niosomes are produced from entirely synthetic and well-defi ned surfactants. Numerous studies have 

demonstrated that niosomes have advantages over liposomes in such aspects as low cost, storage, and 

industrial-scale production. Niosomal delivery has seen advances and new applications in biomacro-

molecular drug delivery. We believe that surface modifi cation is one of the most important techniques 

applied in niosomal drug delivery systems, because the niosomal systems can thereby be tailored for 

some specifi c purposes as in physical forms (e.g., stability, drug release) or biological performance 

(e.g., biodistribution, half-life, and tissue or cellular penetration). Therefore, multifunctional niosomal 

delivery systems for biomacromolecules can be developed using suitable modifi cation techniques.

ABBREVIATIONS

Brij Polyoxyethylene alkyl ethers

BSA Bovine serum albumin

CF Carboxyfl uorescein

CTAB Cetyltrimethylammonium bromide

DC-Chol 3β-[N-(N′,N′-dimethylaminoethan)-carbamoyl]-cholesterol

DNA Deoxyribonucleic acid

HBsAg Hepatitis B surface antigen

HLB Hydrophilic–lipophilic balance

IgG Immunoglobulin G

OND Antisense oligonucleotide

PEG Poly(ethylene glycol)

PHDCA Poly[methoxy-poly(ethylene glycol) cyanoacrylate-co-n-hexadecyl cyanoacrylate]

pLuc Luciferase plasmid
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16 A New Class of Mesoscopic 
Aggregates as a Novel Drug 
Delivery System

Federico Bordi, Cesare Cametti, and Simona Sennato

16.1 INTRODUCTION

With the progress of molecular biology and genetics, particularly with the identifi cation, sequenc-

ing, and characterization of an increasing number of pathogenic genes, genetic therapy has appeared 

as a therapeutic modality with a tremendous potential impact on the quality of human life. In gen-

eral, genetic therapy consists of delivering nucleic acids to the interior of specifi c target cells in the 

organism (Rayburn et al., 2005). In the more traditional approach of gene therapy, the gene of inter-

est is inserted into the genetic code to restore or correct some functions in the cell. In a different 

approach, ribonucleic acid (RNA) silencing molecules are delivered to the cell cytoplasm and pro-

duce, on the basis of different mechanisms not yet completely understood, the inhibition of the 

expression of pathogenic genes. In both cases, however, a proper vector transporting the therapeutic 

nucleic acids through the cell membrane and delivering the genetic material to the cytoplasm must 

be employed.

To reach their target, all drugs have to be transported through a complex “aqueous environment” 

system, such as a living body, and have to cross a series of different “barriers.” In genetic materials, 
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the main barriers are the cell membranes. In some cases, many effective drugs are hydrophobic or 

amphiphilic and the barrier is represented by the diffi culty of transporting these insoluble sub-

stances through the blood stream or through extracellular fl uid. In other cases the drug, although 

easily dissolved in an aqueous solvent, is immediately degraded by enzymes present in the body 

fl uids. Moreover, even if the drug is able to cross the barriers without being degraded or without 

producing undesired side effects, it is still possible that its local bioavailability is not suffi cient for 

effective pharmacokinetics or even for effecting its function. In all of these cases, the active sub-

stance has to be encapsulated in a proper vector in order to favor the effective transport through the 

different barriers and to reduce its toxicity.

For these reasons, there is a general tendency to employ specifi c vectors for targeting active sub-

stances to the designed organs or to the corporeal districts in the attempt to modify the pharmaceu-

tical index of the drugs, minimizing unwanted side effects. As an example, in the case of doxorubicin, 

an effective anticancer drug but with important side effects against the cardiac muscle (Arancia 

et al., 1995), its formulation with poly(ethylene glycol) (PEG) liposomes (PEGylated liposomes) 

proved very effective in reducing these undesirable effects, even in critical situations as in the case 

of human immunodefi ciency virus (HIV)-infected patients (Stevenson, 2003).

Finally, there is the rapidly developing technique of genetic vaccination. Over the last few years, 

advances in gene-based delivery technology contributed to the revitalization of the fi eld of vaccine 

development. Genetic vaccinations, encoding antigens from bacteria, virus, and cancer, have been 

shown to be very promising in enhancing protective immunity. However, again the lack of effective 

intracellular vectors has reduced the value of the deoxyribonucleic acid (DNA) vaccine approach. 

Genetic immunization by the use of plasmid DNA has often led to protective humoral and cell-

mediated immunity, but “naked DNA” vaccines can be easily degraded by nucleases in situ. 

Moreover, naked DNA is obviously unable to target antigen presenting cells. To optimize antigen 

delivery effi ciency, as well as vaccine effi cacy, there is a strong need for effective vectors to be 

employed as vaccine carriers (El-Aneed, 2004).

The systems currently in use can be divided into two broad categories: viral vectors and nonviral 

vectors. Viruses have naturally evolved to effi ciently infect eukaryotic cells, transferring their 

genetic materials into the host cell. Different viruses, both RNA and DNA, have been evaluated as 

possible carriers for gene therapy, but they have proved of limited use. Their main limitations are 

the reduced size of the genetic material that can be transported and, from a practical point of view, 

the diffi culties of large-scale production and purifi cation. Moreover, they present signifi cant risks of 

toxicity and immunogenicity and their acceptance by the patients is generally low (Wasungu and 

Hoekstra, 2006; Zhang et al., 2004).

Synthetic nonviral vectors, such as cationic lipids and polymers, have several potential advan-

tages compared with viral systems. They include lower toxicity and immunogenicity, simpler qual-

ity control and regulatory requirements, and no limitation in the size of the genetic material to be 

transported (from oligonucleotides to artifi cial chromosomes; Wasungu and Hoekstra, 2006; Zhang 

et al., 2004).

Among the different systems that have been proposed, cationic lipids appear to be the most 

probable alternative to viral delivery systems, and their use in transfection protocols in vitro and 

in vivo shows an increasing diffusion. However, the transport effi ciency of these vectors still 

remains unsatisfactory (Safi nya, 2001), and much research effort has been directed at improving 

this aspect (Lin et al., 2003; Hoekstra et al., 2007) as well as reducing their toxicity (Rayburn 

et al., 2005).

The accomplishment of this task is made more diffi cult by our incomplete understanding of the 

mechanisms that govern the transfection. For example, although endocytosis is considered the major 

pathway of access to the cytoplasm, the relative contribution of distinct endocytic pathways (includ-

ing clathrin- and caveolae-mediated endocytosis or macropino cytosis) is poorly defi ned. For this 

reason, there is much interest in developing new vector systems. Lipids and lipid encapsulation 

technologies could furnish an effective solution to this problem.
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In his interesting book Life—As a Matter of Fat, Ole G. Mouritsen (2005) writes:

First of all, lipids are amphiphiles designed to mediate hydrophobic and amphiphile environments, 

which makes them perfect emulsifi ers. Secondly, many lipids are biocompatible and biodegradable 

and hence harmless to biological systems. Thirdly, lipids are a rich class of molecules allowing for a 

tremendous range of possibilities. Finally and possibly most important, lipids are the stuff out of which 

the barriers that limit drugs transport and delivery are themselves made. Therefore by using lipids for 

transport and delivery of the drugs, one can exploit nature’s own tricks to interact with cells, cell mem-

branes, and receptors for drugs.

A further advantage of the structures formed by lipid molecules for their use as vectors for drug 

delivery is that these structures form spontaneously or self-assemble into vesicular monolayer or 

multilayer aggregates that encompass an aqueous core (liposomes).

This chapter focuses on a new class of colloids built up by the aggregation of cationic liposomes 

stuck together by oppositely charged linear polyions. This aggregation process gives rise to an equi-

librium cluster phase controlled by an interparticle potential with a short-range attraction and a 

screening repulsion, both of electrostatic origin. The balance between electrostatic repulsion and 

attraction favors the formation of relatively large, stable, equilibrium aggregates where each lipo-

some maintains its integrity and consequently the ability to transfer both hydrophilic (within the 

aqueous core) and hydrophobic (within the lipidic bilayer) molecules.

These self-assembling, supermolecular complexes represent a new class of colloids, which have 

intriguing properties that are not yet completely investigated and are far from being thoroughly 

understood. These structures should have wide potential technological applications in the area of 

nanoparticles and nanostructured materials and represent a very promising research fi eld for bio-

technological and biomedical applications. The assembled liposome structures may have the advan-

tage to act as a multicomponent drug delivery system, among others. In contrast to what happens in 

vesosomes, it is possible to build up vesicles (liposomes) containing different therapeutic agents and 

stuck together by means of an electrostatic glue, without the need of an outer lipidic membrane that 

encompasses the whole aggregate.

Biocompatibility, stability, and, above all, the ability to deliver a broad range of bioactive 

 molecules make these colloidal aggregates a versatile drug delivery system with the possibility of 

effi cient targeting to different organs.

We will review some recent results concerning the hydrodynamic, electrical, and structural 

properties of these aggregates in different environmental conditions, with a special attention to our 

work. We expect that this chapter will provide a comprehensive overview of electrostatic stabilized 

polyion-induced liposome aggregates, encouraging the proposed strategy into clinical reality.

16.2 POLYION–LIPOSOME COMPLEXES

Polyelectrolyte and oppositely charged lipid complexes show a rich and interesting phenomenology 

that has recently attracted much interest, because of a variety of implications in the most disparate 

fi elds of technology, as well as more fundamental research, from membrane biophysics and DNA 

condensation to technical issues of interest in waste treatment or oil extraction. In particular, when 

lipids are structurally organized in vesicles, their interactions with linear polyelectrolytes (polyions) 

show peculiar aspects, suggesting that these systems belong to the class of colloids characterized by 

long-range electrostatic repulsions and short-range attraction interactions (Bordi et al., 2005a; 

Sanchez and Bartlett, 2005; Sciortino et al., 2005), although with a very distinctive characteristics, 

because repulsion and attraction both share the same electrostatic nature (Bordi et al., 2005a).

This latter aspect is particularly intriguing because, thanks to these particular electrostatic inter-

actions, liposomes maintain their individuality within the clusters, which appear as “multicompart-

ment” aggregates of water-fi lled vesicles (Bordi et al., 2006a). Recent years have witnessed a 

growing interest in the role of interparticle potential in controlling the structure and dynamics of 
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colloidal dispersions, both for its fundamental implications in soft matter physics and to develop 

new routes toward advanced materials.

When linear polyelectrolytes are added to a suspension of oppositely charged mesoscopic parti-

cles, the polyion chains rapidly adsorb onto the particle surface (Bordi et al., 2004a; Ciani et al., 

2004; Gonçalves et al., 2004; Piedade et al., 2004; Sennato et al., 2005a) and repel each other, 

reconfi guring themselves in more or less orderly patterns (Dobrynin et al., 2000; Yu et al., 2002) to 

gain some energy.

This lateral correlation of the adsorbed polyelectrolyte produces two effects: a phenomenon of 

overcharging and the appearance of a short-range attractive potential between different polyelectrolyte-
decorated particles (pd-liposomes) that produces the effect of reentrant condensation. Overcharging 

is obtained when, with the increase of the polyelectrolyte concentration, the adsorption of the poly-

ion chains at the particle surface progressively neutralizes the particle charges. However, depending 

on the relative size and the charge density of the particles and the polyelectrolytes, polyion chains 

might continue adsorbing even beyond the neutralization point, so that the sign of the net charge of 

the whole assembly is reverted (charge inversion). In other words, more polyelectrolyte adsorbs at 

the particle surface than is needed for neutralizing its original charge (giant charge inversion). 

Concomitant to this effect and as a direct consequence of it, the average size of the aggregate 

increases with the increase of the polyion concentration, reaches a maximum in correspondence to 

the charge neutralization condition, and then decreases toward values similar to the ones of isolated 

liposomes (reentrant condensation).

Briefl y, the actual origin of the attraction could be traced back to the nonhomogeneous dis-

tribution of adsorbed polyions that repel each other and form “structures” at the particle surface, 

resembling a Wigner crystal. The precise conformation of these structures is sensitively dependent 

on the relative size of both dispersed particles and polyions, their valence, and charge density. 

However, because they are “similar,” that is, showing, on average, an identical periodicity, these 

nonuniformly charged regions form interlocking patterns on different particle surfaces, so that a 

short-range attraction can arise when a “counterion domain” on one particle corresponds to a “coun-

terion-free domain” on the other particle.

More generally, from a nonuniform distribution of charges at a microscopic level, an attraction 

can arise (“charge patch” attraction; Miklavic et al., 1994; Khachatourian and Wistrom, 1998) and 

this mechanism has been invoked to explain the effect of different polyelectrolytes in inducing 

aggregation of colloidal particles (Leong, 2001; Walker and Grant, 1996).

We recently demonstrated (Bordi et al., 2004a, 2005a, 2006a; Sennato et al., 2005a) in com-

plexes formed by charged liposomes with oppositely charged polyelectrolytes that in a broad poly-

electrolyte concentration range around the point of charge inversion (isoelectric point) there is a 

cluster phase that appears to be formed by equilibrium aggregates (Bordi et al., 2005a). The observed 

reversible aggregation was due to the balance of the long-range electrostatic repulsion and the short-

range attraction (Bordi et al., 2005a; Sennato et al., 2005a) arising from the correlated distribution 

of electrostatic charges at the pd-liposome surface, where the polyelectrolyte domains “alternate” 

with an oppositely charged polyelectrolyte-free domain (Khachatourian and Wistrom, 1998; Leong, 

2001; Miklavic et al., 1994; Walker and Grant, 1996). In these systems, close to the neutralization 

point, a reentrant condensation is observed (i.e., at a fi xed liposome concentration) by increasing the 

polyelectrolyte content; and the size of the clusters formed by the pd-liposomes increases, reaches a 

maximum at the neutralization point, and decreases monotonously beyond this point as the degree 

of overcharging increases.

The aim of this chapter is to summarize the main phenomena occurring in colloidal suspensions 

of charged mesoscopic particles in the presence of oppositely charged linear polyions. We will dis-

cuss in detail overcharging and reentrant condensation, which are both governed by electrostatic 

interactions, on the basis of experimental evidence derived from the measurement of the relevant 

parameters, such as the average size and size distribution of the aggregates [from dynamic light 

scattering (DLS) experiments], cluster morphology [from transmission electron microscopy (TEM)], 
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and electrical parameters (from electrical conductivity measurements and electrophoretic mobility 

measurements).

Section 16.3 briefl y discusses the structural and electrical characteristics of polyelectrolytes 

and liposomes as separate objects in aqueous suspensions. Section 16.4 is devoted to polyelectro-

lyte–liposome interactions. The dynamics of the formation of aggregates that result from this 

interaction is discussed in Sections 16.4 and 16.5, whereas the morphology of the aggregates is 

described in Section 16.7. Because of its importance for possible biotechnological applications 

and its novelty for these systems, the multicompartment structure of the aggregates will be 

described in detail and experimental evidence of this structure will be presented and commented 

upon at some length.

16.3 POLYELECTROLYTES AND CHARGED LIPOSOMES

16.3.1 POLYELECTROLYTES

Polyelectrolytes are macromolecules bearing numerous ionizable groups along their backbone. 

When dissolved in a polar solvent such as water, these groups dissociate and counterions, which 

diffuse into the bulk solution, are left behind oppositely charged groups on the polyion backbone 

(Dobrynin and Rubinstein, 2005). Because of the fi ne interplay between the electrostatic attraction 

of counterions to a polyion and the loss of translational entropy that is attributable to their localiza-

tion in the vicinity of the polyion chain, these solutions display peculiar behaviors that differ from 

neutral polymer solutions and from simple electrolyte solutions.

These systems experience a relevant phenomenon known as “counterion condensation.” In a very 

dilute polyelectrolyte solution, the entropic penalty for the counterions being “trapped” close to a 

polyion is very high and virtually all counterions leave the polymer chains, “freely” diffusing in the 

solution. As the polymer concentration increases, the entropic penalty for counterion localization 

decreases, resulting in a gradual increase in the number of counterions that “condense” in a volume 

close to each polyion. This phenomenon is known as the Manning–Oosawa counterion condensa-

tion (see Bordi et al., 2004b and references cited therein; Dobrynin and Rubinstein, 2005). According 

to this theory, the counterions accumulate in a “condensed layer” along the polyion chain exactly to 

the point that the parameter ξ = b/lB is reduced to ξ = 1 (for monovalent counterions), that is, the 

“effective separation” between charges along the polyion is increased from b to lB, where b is the 

distance between two neighboring charges along the chain and lB is the Bjerrum length, which is the 

distance at which electrostatic interactions between two particles bearing an elementary charge e 

and suspended in a medium of permittivity ε reduces to the thermal energy KBT. In other words, if 

the charge spacing is too small, the electric fi eld becomes so strong that the system reduces its free 

energy by “condensing” some counterions on the polyion chain. In these conditions, each polyion 

bears an effective charge Qp = eNf, while the remaining fraction f = b/lB of counterions is “free” in 

the solution.

If a simple electrolyte is added to the suspension, the increased ionic strength screens the elec-

trostatic interactions, infl uencing the confi guration of the polyion chains and the properties of the 

solution as a whole. For suffi ciently small fi xed charge density, this screening, which is described by 

the linearized form of the Poisson–Boltzmann equation, is quantifi ed by a screening length kD
−1 (the 

Debye length) defi ned as
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where ci is the number density of ions of valence zi.

The conformation assumed by a polymer in solution is usually described in terms of a persistence 

length Lp, which is a measure of the chain stiffness. In polyelectrolytes, the persistence length, 
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according to the Odijk–Skolnick–Fixman theory (Odijk, 1977), can be decomposed into structural 

(L0) and electrostatic (Le) contributions:
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In a regime of suffi ciently low added salt, intra- and interchain electrostatic interactions strongly 

infl uence both the chain conformation and the properties of the solution. In order to describe the 

conformation of polyions in solution, a scaling model for polymer solutions was originally proposed 

by de Gennes in 1976 (Pincus et al., 1976). This approach is based on the existence of different 

length scales and on the concept of an “electrostatic blob” as the elementary unit of the chain 

conformation.

On very small scales (on the order of a few monomers), because of the insuffi cient charge repul-

sion necessary to modify its conformation, the chain forms little coils or “blobs,” and inside these 

blobs its conformation is unperturbed by electrostatic interactions. If the solvent is a “good solvent” 

for the chain, that is, if the solvent swells the uncharged chain as it happens for highly charged poly-

ions, the electrostatic blob size is determined by a balance between the electrostatic energy inside 

the blob and the thermal energy KBT:
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where e is the elementary charge, f is the fraction of monomers bearing an effective charge, ε is the 

permittivity of the solvent, and De is the size of the blob containing ge monomers. In most cases, the 

solvent is a “poor solvent” for the uncharged chain, that is, the uncharged polymer would not dis-

solve in the solvent. For example, water is a poor solvent for most polymers. In this case, the size of 

the electrostatic blobs De is given by a balance between the electrostatic energy inside the blob, 

which favors its swelling, and the excess free energy γDe
2 due to the unfavorable interaction with the 

solvent, which tends to collapse the blob (Dobrynin et al., 1995; Grosberg and Khokhlov, 1994):
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This excess free energy can be expressed in the form of interfacial tension γ = (τ/b)2 KBT. Here, 

τ = (θ − T)/θ is the reduced temperature, where θ is the temperature at which the net interaction 

between uncharged polymer and the solvent is zero. In any polar solvent and in a dilute solution, that 

is, in the condition largely encountered in liposome interactions, a fl exible polyelectrolyte with no 

added salt adopts a highly extended conformation with a length L determined by the strong electro-

static repulsion between the ND = N/ge electrostatic blobs in the chain L ≈ NDDe.

With this “blob picture” in mind for polyions dissolved in a polar solvent, we now consider the 

case of polyion chains adsorbed at an interface. The adsorption of polyelectrolytes at charged and 

neutral surfaces from aqueous solutions has been the subject of extensive theoretical and experi-

mental investigations (Dobrynin and Rubinstein, 2005; Netz and Andelman, 2003).

In aqueous solutions, most polyelectrolytes behave as a “surface-active” (surfactant) sub-

stance, that is, they adsorb at the free water surface (Yim et al., 2002). This behavior is essen-

tially due to the presence of hydrophobic moieties along the chain (de Meijere et al., 1999; Yim 

et al., 2002). Usually, at very low concentrations, polyions adsorb at the air–water surface only 

for very low molecular weights (Caminati and Gabrielli, 1993). The profi les of the adsorbed 

layer also depend on the bulk concentration. At a low polymer concentration, the profi les at the 
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air surface comprise a thin layer of high concentration, where segments of the chains lie fl at 

(trains), and a second layer of much lower segment concentration that extends into the liquid 

(loops and tails; Yim et al., 2002).

Polyelectrolytes spontaneously adsorb to a surface of opposite charge. The adsorbed layers can 

be thin with the chains lying fl at on the surface, or they can be more fl uffy with the chains forming 

loops and dangling ends between “adsorption trains” in a “pseudobrush” confi guration (Théodoly 

et al., 2001). Which conformation is favored mostly depends on the linear charge density of the 

polyion and on the charge density of the surface. In other words, this conformation depends on a 

balance between the strength of the attraction (electrostatic and nonelectrostatic) between the chain 

and surface and the increase of free energy of the adsorbed chains that is attributable to the loss of 

conformational entropy. Depending on the stiffness of the polyelectrolyte, the layer can be fl at and 

compressed or coiled and extended.

Several theories have been proposed to describe the coupling of polyelectrolytes to a charged 

interface bathed by the polyion solution (Borukhov et al., 1998; Dobrynin et al., 2000; Dobrynin 

and Rubinstein, 2005; Netz and Andelman, 2003; Netz and Joanny, 1999). The main questions that 

have been addressed concern the conformation of the molecules in the adsorbed layer and the origin 

and amplitude of the charge overcompensation or overcharging effect, that is, the possibility that 

more polyions adsorb than are needed to neutralize the interface (overcompensation), so that the 

overall net charge of the surface changes its sign (charge inversion). Theoretical studies predicted 

that the thickness of an adsorption layer of a strong polyelectrolyte in a solution of low ionic strength 

is proportional to the inverse square root of the charged polymer fraction (Borukhov et al., 1998). 

This prediction has been confi rmed experimentally (de Meijere et al., 1999).

More recently, the dependence of the conformation of the chain on both the polyion linear 

charge density and the surface charge density has been thoroughly studied on the basis of the 

 scaling model for fl exible, highly charged polyelectrolytes (Dobrynin and Rubinstein, 2005; Netz 

and Andelman, 2001).

In the low salt regime (kD
−1 larger than the thickness D of the fi lm) and at suffi ciently low surface 

charge density σ, the polyelectrolytes, which are strongly attracted to the surface and strongly repel 

each other, lie fl at at the charged surface. As a result of the balance between the electrostatic attrac-

tion of the chains to the surface and their confi nement entropy, the layer thickness D decreases with 

increasing σ (chains lie fl atter and fl atter) as D ≈ ( fσlB/b2)−1/3 (in a θ solvent). In this regime, at the 

lowest order in σ, the charge of adsorbed polyelectrolytes, f Σ (where Σ is the surface density of 

adsorbed monomers) exactly compensates the surface charge, that is, σ = f Σ. However, at higher 

order in kD, adsorbed polyions overcompensate the surface charge and f Σ = (σ + dσ). The excess 

charge dσ is due to the presence of loops, as a result of the conformational entropy of the chains, 

and depends on the σ (Dobrynin and Rubinstein, 2005; Netz and Andelman, 2001) as
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At increasing charge density, a value of σ = σe = f/b2 is reached when the adsorbed polymer 

chains come into close contact. For σ f σe, the polyions cannot lie fl at at the surface any longer and 

they form a self-similar carpet. In this regime, the electrostatic attraction between the polyelectro-

lytes and charged surface is balanced by the short-range repulsion between monomers. The D 

increases now with σ as D ≈ De(σ/σe)
1/3. In this “carpet regime” Dobrynin et al. (2000) and Dobrynin 

and Rubinstein (2005) predict an overcharging
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that increases with σ. As an example, for sodium polyacrylate (NaPAA), which is characterized by 

a monomer size b = 1.8 Å (Schmitz and Yu, 1988), the charge fraction f on the polyion calculated 

from the Manning theory is f = 0.25, corresponding to a crossover surface charge density σe equal 

to one elementary charge e per 13 Å2. This surface charge density is higher, for example, than the 

one reached when a 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) lipid fi lm is at it maxi-

mum compression before collapse (about 1/60 Å2; Bordi et al., 2003a).

In the adsorption process, part of the counterions condensed on the polyions is probably 

released. However, as recently discussed by Grosberg et al. (2002) for counterion release, the 

key role is played by the correlation between adsorbed macroions at the charged surface, and 

the counterion release is a consequence rather than the driving force for adsorption (Wagner 

et al., 2000).

16.3.2 CATIONIC LIPOSOMES

Liposomes are vesicular structures formed by a closed lipid bilayer, encompassing an aqueous core. 

In an appropriate environment, these structures spontaneously self-assemble, because of the 

amphiphilic character of their component molecules. Amphiphilic molecules, which are composed 

of different hydrophobic and hydrophilic parts, in an aqueous solution dissolve as isolated mono-

mers only at very low concentrations. Above the critical micelle concentration (CMC), these mole-

cules aggregate, forming large structures. The CMC is characteristic of the different substances. 

However, it is invariably very low and on the order of a few micromoles per liter for short-chain leci-

thins and even lower when the chain length and hence the volume of the hydrophobic part increases 

(Jones and Chapman, 1995).

Among the morphologically different structures that, under different thermodynamic condi-

tions and for different molecules, result from this spontaneous aggregation, unilamellar or 

 multilamellar vesicles (liposomes) are of peculiar interest in several aspects. Liposomes represent 

a good model of biomembranes, particularly for studying the interactions between membrane 

proteins and different lipid environments, because they offer the unique advantage that the 

 composition of their bilayer can be varied in a well-defi ned and controlled way. For example, 

liposomes can be doped with receptor moieties to mimic cell adhesion and used as targets for 

membrane-active peptides.

Adsorption and adhesion of liposomes play essential roles in many biological processes such as 

exo- and endocytosis and membrane traffi cking. Moreover, liposomes are frequently used as vehi-

cles for drug delivery or as reaction compartments on a nanoscale level. As noted earlier, because 

the lipid bilayer allows the entrapment of hydrophobic material within the hydrocarbon chain phase 

and hydrophilic material within the aqueous core, liposomes represent a versatile drug delivery 

system (Gregoriadis, 1993; Lasic, 1998).

The lipid composition, together with the characteristics of the aqueous phase, defi nes the physi-

cochemical properties of these structures, such as their stability, the surface charge density (at the 

lipid–aqueous phase interface), surface hydrophilicity/hydrophobicity ratio, and bilayer rigidity, and 

their properties as colloidal particles, such as size, electrophoretic mobility, interparticle interac-

tions, and interactions with ions and other molecules in the solution.

The possibility of fi ne-tuning these properties suggested a number of applications in various 

fi elds. There has been considerable development of liposome applications in the last few years, 

especially in the clinical and biotechnological fi elds (Gregoriadis, 1993; Lasic, 1998).

Liposomes are usually built up by phospholipids (which are also the main components of biologi-

cal cell membranes) with variable amounts of cholesterol and other surfactants. Phospholipids 

are derivatives of a trivalent alcohol: glycerol. Two of the alcoholic moieties are esterifi ed with the 

fatty acids, which form the hydrophobic part (usually referred to as a “hydrophobic tail”) and can 

have variable length and degrees of unsaturation. The hydrophilic “head,” which is made up of a 

phosphate group and a variable polar residue, is bonded to the third alcoholic group.
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The name of this class of substances is derived from the simultaneous presence within the mol-

ecule of a phosphate (phospho-) group and a lipidic (fatty) part. Figure 16.1 shows the structure of 

di-palmitoyl-phosphatidyl-choline, which is derived from palmitic acid (n-hexadecanoic acid), a 

saturated fatty acid with 16 carbon atoms. The last part, choline, is the name of the group that con-

stitutes the characteristic part of the hydrophilic head.

Natural phospholipids are mostly unsaturated; that is, they contain one or more double carbon–

carbon bonds in one or in both of the hydrophobic chains. Molecules obtained from different natural 

sources show characteristic “patterns” in terms of chain length and degree of unsaturation. The 

higher the degree of unsaturation is, the lower the main transition temperature Tm. Below Tm, the 

hydrophobic tails within a double layer arrange themselves in a more ordered state (gel state); above 

Tm, the tails are more disordered (liquid state) and the fl uidity of the bilayer increases.

Concerning the polar head, natural phospholipids either bear a net negative charge (an anionic 

phospholipid, e.g., phosphatidic acid, or phosphatidylinositol) or are zwitterionic, such as phosphati-

dylcholine. In zwitterionic molecules, although they are neutral as a whole, a unit charge appears 

displaced, so that the molecule acquires a strong dipole moment. In phospholipids, the phosphate 

usually loses a proton, which is acquired by the polar head group (e.g., choline). This effect is 

strongly dependent on the pH of the solutions, so a zwitterionic phospholipid can assume a negative 

net charge in basic environments and a positive one in acidic environments at lower pH values.

Cationic lipids used in gene therapy are synthetic molecules that generally maintain a close simi-

larity to the overall structure of their natural homologues. Figure 16.2 shows the structure of two 

different cationic lipids widely employed in gene therapy: DOTAP (Figure 16.2a) with two long 

unsaturated chains and a trimethylammonium cationic group as the polar head and 3β-[N-(N′,N′-
dimethylaminoethane)-carbamoyl]-cholesterol (Figure 16.2b), which is the cationic homologue of 

neutral cholesterol.

Although the basic “driving force” for the self-assembling of amphiphilic lipids is represented by 

the entropic gain that occurs when water is not “forced” to assume a structure compatible with a 

nonpolar surface (Finkelstein and Ptitsyn, 2002), electrostatic interactions play a fundamental role 

in the aggregation process and in determining the properties of the resulting particles as a whole. 

For this reason, the presence of an external electric fi eld can have a strong infl uence on the organiza-

tion of the lipids within the bilayer. Correspondingly, the coupling of an external electric fi eld to the 

system furnishes a valuable physical probe to investigate the structure and the dynamical properties 

of the liposome–water interface (Bordi et al., 2006b).

Liposomes can be prepared by different methods to control their dimension and the number of 

the lamellae. Various experimental procedures have been developed to obtain homogeneous and 

reproducible liposome suspensions of appropriate size range (Barenholtz and Crommelin, 1994; 
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FIGURE 16.1 Structure of phospholipid, di-palmitoyl-phosphatidyl-choline. A trivalent alcohol (glycerol) 

links the two fatty acids that form the hydrophobic part. The acyl chains can be saturated or unsaturated, and 

in naturally occurring phospholipids generally have chain lengths from C10 to C28. The hydrophilic “head,” 

made up of a phosphate group and a variable polar residue (choline, in this example), is bonded to the third 

alcoholic group.
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Gregoriadis, 1993; Hope et al., 1983; Lichtenberg and Barenholtz, 1998; New, 1990; Storm et al., 

1988; Szoka and Papahadjopolous, 1981).

16.3.2.1 Effect of Surface Charge Density on Spontaneous Vesicle Formation
Relatively large vesicles, such as those required in biomedical applications, usually form under 

nonequilibrium conditions and the deformation of the fl at lipid double layer into a spherical one is 

obtained at the cost of some bending energy (Gradzielski, 2003). For smaller vesicles, the free 

energy increase due to bending can be compensated if the outer layer contains signifi cantly more 

molecules than the inner layer. Symmetrical bilayers consisting of two identical monolayers have 

zero spontaneous curvature and their bending elasticity can be written (Helfrich, 1973) as
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where dE is the free energy cost for bending the unit area dA with principal local curvatures c1 and 

c2 and ρ and ρ¯ represent the mean and the Gaussian curvature moduli, respectively. Because pure 

phospholipid bilayers have bending moduli on the order of 5–25 KBT or more (Brannigan et al., 

2004; Kumaran, 1993, 2001a, 2001b) at room temperature, vesicles ≥100 nm should rarely form 

spontaneously in these conditions. However, when the bilayer consists of a mixture of different 

amphiphiles, characterized by different packing parameter values (Israelachvili, 1985), equilibrium 

vesicles form spontaneously (Safran et al., 1991).

In charged bilayers, the bending moduli ρ and ρ– should be written as the sum of two contribu-

tions: a specifi c electrostatic contribution, ρelec and  
____

 ρelec,  should be added to the curvature moduli 

representing the “intrinsic” bending elasticity arising from packing constraints, ρp and ρ–p. The com-

prehensive mean and Gaussian bending moduli are thus rewritten as

 ρ = ρp + ρelec, 

 ρ– = ρ–p +  
___

 ρelec  . 
(16.8)

This makes it evident that the charge density asymmetries on the two layers contribute to the vesicle 

stabilization (Kumaran, 2000, 2001a, 2001b; Lau and Pincus, 1998). When the charge density on the 

outer surface of the vesicle is larger than the one on the inner surface, the energy expenditure for bend-

ing the bilayer can be compensated by a reduction in electrostatic repulsion in the outer monolayer, 
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FIGURE 16.2 Structure of typical cationic lipids widely employed in gene therapy: (a) DOTAP and 

(b) 3β-[N-(N′,N′-dimethylaminoethane)-carbamoyl]-cholesterol.
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which is due to its deformation. This is also true when the charges are allowed to fl ip from one side to 

the other. In addition, the entropic disadvantage attributable to the unequal charge distribution cannot 

be suffi cient to compensate the reduction in electrostatic energy (Kumaran, 1993).

Even in the absence of charge distribution asymmetries, there could be spontaneous formation 

of vesicles when the surface charge density exceeds a limiting value (Winterhalter and Helfrich, 

1988). Analyzing the effect of charge density on membrane curvature moduli shows that, although 

ρelec is always positive,  
___

 ρelec  may be negative. At a suffi ciently high surface charge density and low 

ionic strength, the negative contribution of  
___

 ρelec  becomes comparable to the positive ρelec. In these 

conditions, polydisperse, entropically stabilized vesicles could form spontaneously. At higher 

charge densities,  
___

 ρelec  dominates and the fl at bilayer becomes unstable against spontaneous bend-

ing, leading to the formation of small, thermodynamically stable vesicles. The effect of the sur-

face charge in inducing double-layer bending and in stabilizing liposomes has been observed in 

different systems (Brasher et al., 1995; Claessens et al., 2004; Hao et al., 2001; Hoffmann et al., 

1994; Kim and Sung, 2002; Oberdisse, 1998; Oberdisse et al., 1996; Oberdisse and Porte, 1997).

16.3.2.2 Counterion Condensation and Effective Charge of Colloidal Particles
Because simple ions in electrolyte solutions accumulate around highly charged colloidal particles, 

the relevant parameter to compute particle–particle interactions is not their bare charge, but an 

effective (or renormalized) quantity, whose value is sensitive to the geometry of the colloidal par-

ticle, the temperature, and the presence of added salt. This nonlinear screening effect is a central 

feature in the fi eld of colloidal suspensions.

A quantitative analysis of the charge renormalization in colloidal suspensions is comparatively 

more recent and was initiated by the pioneering work of Alexander et al. (1984). As a result, an 

“effective charge” is associated with the “decorated” object made of the charged particle plus its 

condensed counterions.

The extent of counterion condensation clearly depends on the intrinsic charge density at the par-

ticle surface. However, when an isolated charged object is surrounded by an unbounded domain, its 

geometry plays an important role as well. It is easy to show that at infi nite dilution, counterion con-

densation takes place only at the surface of an infi nitely extended plane or a cylinder but not around 

a spherical particle. For a charged plate, the electric potential felt by the single counterion grows 

linearly with the size of the plate. In this case, an unbounded domain means an infi nitely extended 

plate that, with its infi nite surface potential, can “condense” any counterion. In cylinders, the sur-

face potential depends logarithmically on the cylinder length. Because the entropy associated with 

the counterion is proportional to KBT lnV, where V is the available volume, at infi nite dilution, the 

logarithmic divergence of entropy is balanced by the divergence of the electrostatic gain, as the 

length of the cylinder goes to infi nity. For this reason, Manning (1969, 1978) and Oosawa (1971) 

indicated that the line charge density of a polyelectrolyte is limited to a maximum value determined 

by this balance. All other counterions are “condensed” close to the polyelectrolyte. However, in an 

isolated charged sphere, the potential energy of a counterion on its surface remains fi nite also at 

infi nite dilution, so that, in this limit, a charged sphere is unable to bind counterions at any fi nite 

temperature. Nevertheless, although counterions do not condensate around an isolated charged 

sphere, a fi nite counterion concentration exists, because the counterion entropy in this condition is 

also fi nite in all practical salt-free colloidal systems and counterion condensation occurs for suffi -

ciently high charge densities.

In practice, in colloidal suspensions made of spherical charged particles the notion of effective 
charge is widely used in the literature at fi nite concentration, both for the equilibrium and dynami-

cal properties. Because of all of these considerations, in spherical geometry, charge renormalization 

should only be considered at intermediate salt concentrations (Netz and Andelman, 2003). In the 

absence of a “limiting condition” similar to the Manning condition, the problem remains of defi ning 

how much of the counterions are effectively condensed and which is the effective charge of a 

 colloidal particle.
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As a further diffi culty, for liposomes, Taheri-Araghi and Ha (2005) calculated that the dielec-

tric discontinuity at the surface (the dielectric permittivity within the double layer is much lower 

than the permittivity of water) and the charge correlations among lipids and condensed counteri-

ons infl uence the effective charge of the surface. In particular, for monovalent counterions, dielec-

tric discontinuities can enhance counterion condensation. Moreover, the effects of dielectric 

discontinuities and surface-charge distributions seem to be correlated. Dielectric discontinuity 

diminishes the condensation if the surface charge is uniformly smeared out, whereas counterions 

are localized in space. They can, however, enhance condensation when a discrete surface charge 

is considered.

From an experimental point of view, it is noteworthy that, for charged liposomes, the effective 

charge obtained from electrophoretic mobility measurements is in good agreement with the values 

that can be calculated from the measured (by light scattering) static structure factor of a liposome 

suspension, assuming a Debye–Huckel type pair interaction potential, with the Ornstein–Zernike 

equation and the hypernetted chain approximation as a closure relation (Haro-Pérez et al., 2003). In 

contrast, the effective charge estimated from the measured shear modulus in deionized aqueous 

suspensions of highly charged spherical latex colloids was systematically smaller than the effec-

tively transported charge by about 30% (Wette et al., 2002). These fi ndings again point out that the 

value of the effective charge determined by different techniques and on different systems can differ 

signifi cantly, so this concept should be used with caution.

16.4 POLYELECTROLYTE–LIPOSOME INTERACTIONS

When polyelectrolytes and charged surfactants are added to the same aqueous solution, they strongly 

interact, affecting both the bulk and the surface properties of their environment. For example, 

because of a strong electrostatic interaction, polyelectrolytes and surfactants of opposite charge can 

form hydrophobic complexes at surfactant concentrations lower than the CMC or their coadsorption 

at the air–water interface can lead to interfacial gels (Monteux et al., 2004).

In the presence of an oppositely charged surface in an aqueous solution, polymers readily adsorb 

on the surface itself, although usually with a very slow kinetics (Noskov et al., 2004; Théodoly 

et al., 2001). The adsorbed layers can be thin with the chains lying fl at on the surface or can be more 

thick and fl uffy with chains forming loops and dangling ends between the adsorption trains, adher-

ing to the surface in a pseudobrush confi guration (Millet et al., 2002; Yim et al., 2002). The favored 

conformation depends mostly on the charge fraction of the polymer and the surface charge density 

of the substrate (Dobrynin and Rubinstein, 2005; Klebanau et al., 2005).

When polyelectrolytes are added to a suspension of oppositely charged liposomes, the adsorption 

is an almost instantaneous phenomenon (Bordi et al., 2003b, 2004a) in striking contrast to the slow 

kinetics observed for the adsorption on a monolayer surface. In fact, in liposomes, the adsorption 

process is strongly enhanced by the huge surface area available (in 1 mL of a liposome suspension 

1% in volume with an average particle size of 100 nm, the total area of the external surface is about 

3 × 103 cm2) and the adsorption is favored by the fi ne dispersion in the whole suspension volume (in 

the same example the average distance between two liposomes = ~700 nm).

In some cases, colloidal particles are stabilized by polymers grafted or adsorbed on their surface 

(Russel et al., 1989). If two polymer-coated particles approach each other, the respective surface 

layers overlap and this usually leads to a repulsive interaction between the particles (“steric inter-

action” or “steric stabilization”). Conversely, in polyelectrolytes adsorbed onto oppositely charged 

liposomes, the interaction phenomenology is quite different and the pd-liposomes rapidly aggregate 

(Bouyer et al., 2001; Gregory, 1973, 1976; Leong, 1999, 2001; Leong et al., 1995; Walker and 

Grant, 1996).

The interaction mechanism appears to be related to the correlated adsorption of the polyelectro-

lytes at the particle surface. Because adsorbed polyions are not positioned at random, but correla-

tions occur, because they reconfi gure themselves in an orderly way to gain some energy, polymers 
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form charged “patches” of one sign (negative in anionic polyelectrolytes) on otherwise oppositely 

charged particles (e.g., cationic liposomes). In other words, avoiding each other and residing as far 

away as possible to minimize their reciprocal electrostatic repulsion, adsorbed polyions leave the 

particle surface “partially uncovered.” Hence, the particle surface appears to be decorated by a 

more or less ordered “patchwork-like” pattern, with excess negative charge domains (polyelectro-

lyte domains) and excess positive charge domains (polyelectrolyte free). When two such particles 

approach closely enough, the oppositely charged patches on the different particles can attract each 

other, even though the overall net charge on the two particles has the same sign. This picture was 

invoked by Gregory (1973, 1976) in the early 1970s to rationalize his experimental results on the 

fl occulating effect of polyelectrolytes on colloidal suspensions.

The possibility that a short-range attractive potential can arise between two nonuniformly 

charged surfaces bathed by an electrolyte (“charge patch” attraction) recently gained a solid theo-

retical basis (Khachatourian and Wistrom, 1998; Miklavic et al., 1994; Velegol and Thwar, 2001). 

In its original formulation, the charge patch model was concerned with intrinsic nonhomogeneities 

in the distribution of charged groups on the surfaces, but it can be easily generalized to the case 

where the nonhomogeneities are due to adsorbed polyions. Velegol and Thwar (2001) showed that 

the interaction between two nonuniformly charged colloidal surfaces is always attractive and that 

the length scale of this interaction is on the order of the Debye length.

In recent years, increasing evidence from experiments (Bloomfeld, 1996; Olvera de la Cruz et al., 

1995; Strey et al., 1998) and numerical simulations (Linse, 2002; Messina et al., 2000; Najia and 

Netz, 2004) showed that like-charged particles can attract each other via effective forces of electro-

static origin. Numerous theoretical studies sought to clarify the possible underlying mechanisms of 

these counterintuitive interactions. Within the framework of a mean-fi eld approach, that is, within 

the classical Poisson–Boltzmann theory (Neu, 1999; Trizac, 2000), only repulsive forces between 

like-charged objects can be expected. Different models have been proposed that, incorporating the 

effect of the correlations, justify most of the features of this like-charge attraction on the basis of a 

rigorous statistical mechanics theory (see, e.g., Boroudjedi et al., 2006; Linse, 2002).

Recent Monte Carlo simulations of complexes formed by polyelectrolytes and oppositely charged 

colloids pointed out the possibility of a different mechanism that results in an effective attraction 

between the complexes (Dzubiella et al., 2003). Simulations demonstrated that, for suffi ciently short 

polyion chains, the existence of a permanent dipole moment of the complexes (again due to the cor-

related adsorption of polyelectrolytes on the colloidal particles) leads to a van der Waals type short-

range attraction. This attractive interaction vanishes for very long chains (larger than the particle 

size), where the permanent dipole moment is negligible. At short distances, the complexes interact 

with a deep short-range attraction, which is due to an “energetic bridging” (Podgornik et al., 1995; 

i.e., a polyelectrolyte chain is “shared” by two adjacent particles, partially neutralizing both col-

loids) for short chains and to an entropic bridging (part of a chain is adsorbed on one particle and 

the remaining on another particle) for long chains.

From the above discussion it appears that, although theoretical approaches differ on several 

aspects, correlations among the charged particles, which are neglected in the mean-fi eld approxima-

tion, play a fundamental role. Whatever the details of this interaction may be, the simple picture of 

charge patch attraction appears to be able to intuitively capture the basis of the attraction 

mechanism.

Returning to the observed phenomenology, adding increasing amounts of polyions in a suspen-

sion of oppositely charged liposomes, the polyion chains keep adsorbing, in a correlated way, on the 

liposome surface. Close enough to the isoelectric point, where the charge of the adsorbed polyelec-

trolyte compensates the original liposome charge, the charge patch attraction prevails on the rela-

tively small electrostatic repulsion and the polyion-decorated liposomes begin to aggregate. 

Surprisingly enough, aggregation stops when the clusters reach an equilibrium average size that 

depends on the polyion/liposome charge ratio and the liposome concentration (Bordi et al., 2004a, 

2004b), which is discussed in the next section.
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16.5  AGGREGATION DYNAMICS: REENTRANT CONDENSATION 
AND CHARGE INVERSION

Now that we have discussed the basis of the polyion-induced charged particle aggregation, we are 

able to present the phenomenology of the charge inversion and reentrant condensation of a particu-

lar system consisting of clusters of DOTAP liposomes stuck together by an oppositely charged 

polyion. Because of this system’s aggregate size (and size distribution) and average electrical charge 

properties, it is particularly suitable to be employed as a drug delivery system.

Within the framework of the classical Derjaguin–Landau–Verwey–Overbeek (DLVO) theory of 

colloid stability, interactions between colloidal particles are described as the superposition of long-

range electrostatic repulsions and short-range attractions. When attractive interactions have suffi -

cient strength (some KBT per particle, where KBT is the thermal energy) and repulsions are suffi ciently 

weak, an irreversible aggregation process occurs (Russel et al., 1989). An example of this process is 

the destabilizing effect when a simple salt is added to a colloidal suspension. In this case, because 

of the increase of the ionic strength of the suspension, electrostatic repulsions between the particles 

are increasingly screened. Above a certain amount of added salt, repulsions are no longer effective 

in avoiding collisions among the particles and an irreversible aggregation process begins. The pro-

cess eventually yields colloid fl occulation (the formation of large aggregates that are visible to the 

naked eye as fl akes or fl ocks and ultimately separate from the suspending medium).

Polyelectrolytes can effectively induce the irreversible aggregation of oppositely charged lipo-

somes (Bordi et al., 2004c), but only when a large excess of polyions is added to the suspension. In 

this case, the aggregation proceeds until the clusters fl occulate and precipitate and a further increase 

of the polyion concentration above an “irreversible aggregation threshold” does not change the fi nal 

outcome (fl occulation), instead only infl uencing the kinetics of the process.

However, the aggregation of pd-liposomes observed at moderate polyelectrolyte/liposome 

charge ratios, where the total charge on the polymer is comparable to the total charge on the lipo-

somes (i.e., close to the isoelectric point), is a completely different phenomenon (Bordi et al., 

2004a, 2004c, 2005a, 2005b, 2005c, 2006a; Sennato et al., 2004, 2005a, 2005b). Figure 16.3 
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FIGURE 16.3 Different effects of adding a simple electrolyte (NaCl) or a polyelectrolyte (NaPA) to a sus-

pension of cationic liposomes (DOTAP). (Open symbols) At increasing NaCl concentration, the average 

hydrodynamic radius <RH> of the suspended particles obtained from DLS is approximately constant. (Filled 

symbols) Completely different behavior is observed when the polyelectrolyte NaPA is added at the same 

monomolar concentration to a DOTAP liposome suspension. In this case, a striking “reentrant” condensation 

is observed, with the formation of large stable clusters, the radius of which does not evolve with time and 

depends, in a rather reproducible manner, on the polyelectrolyte/liposome concentration ratio.



A New Class of Mesoscopic Aggregates as a Novel Drug Delivery System 379

compares these two different behaviors (simple salt and polyion-induced aggregation). By adding 

increasing amounts of NaCl to a suspension of cationic DOTAP liposomes, the average hydrody-

namic radius <RH> of the suspended particles (obtained from DLS measurements) remains con-

stant in a wide concentration range. At an NaCl concentration higher than 1 mol/L, liposomes 

begin to aggregate irreversibly (data not shown); from this point onward, the <RH> values are no 

longer equilibrium values.

Different behavior is observed when a polyelectrolyte is added to the liposome suspension, and a 

new phenomenon appears. Adding monotonously increasing amounts of polyelectrolyte to equal 

volumes of the liposome suspensions causes stable clusters to form rapidly, the radius of which does 

not evolve further with time; but its value depends reproducibly on the polyion/liposome concentra-

tion ratio ξ (Figure 16.3). The behavior undergone by the average hydrodynamic radius is typical of 

the reentrant condensation— increasing with the increase of the polyion concentration, reaching a 

maximum close to the isoelectric point, and then decreasing again toward its initial value—when 

the polyion concentration continues to increase. The parameter ξ is defi ned as the ratio between the 

total number of the negative charges N− on the polyions and the total number of the positive charges 

N+ on DOTAP molecules in the whole suspension according to
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where CP and CL are the (weight) concentrations of the polyelectrolyte and the lipid into the sample 

solution, respectively, and MWP and MWL are the molecular weights of the repeating unit of the poly-

electrolyte and the lipid, respectively.

This “reentrant” condensation is different from the irreversible aggregation predicted by the 

DLVO theory, which was observed at higher polyelectrolyte concentrations. In addition to the evi-

dent reentrant behavior, there are at least two differences. The fi rst difference is that the clusters 

form very rapidly, reach a given size, and remain stable for weeks or longer periods of time. In the 

DLVO model the aggregation is an irreversible process that eventually ends with fl occulation or 

with “kinetically stabilized” large aggregates, which stop to aggregate only because they become 

too large to diffuse and meet each other on the timescale of the experiment. In contrast, in the case 

shown in Figure 16.3, liposome aggregates are stable; once an appropriate size is reached, its value 

is maintained constant over a long period of time. The second important difference is that the “equi-

librium” size reached by the complexes depends reproducibly on the polyion/liposome ratio and the 

overall liposome concentration (Sennato et al., 2004). Finally, for each charge ratio, the aggregates 

are relatively monodisperse whereas irreversible aggregation (both diffusion-limited and reaction-

limited cluster aggregation; Russel et al., 1989) is usually accompanied by high polydispersity of the 

aggregates, with monomers that continue to coexist with the larger aggregates, even in the later 

stages of the process.

All of these features can be accounted for by means of a semiquantitative model that satisfacto-

rily describes the observed behavior of the system, although to a fi rst approximation (Bordi et al., 

2005a, 2005c). In this model, assuming that the clusters are equilibrium aggregates, their average 

size RH is calculated as the result of a balance between the screened electrostatic repulsion, attribut-

able to the residual overall charge of the pd-liposomes, and a short-range attraction (due to the 

charge patch).

The balance is attained when the last pd-liposome of radius R0 sticks to a cluster already contain-

ing (N − 1) pd-liposomes. From there onward the repulsion due to the charge built up on the whole 

cluster exceeds the short-range attraction and no other pd-liposome can stick. Details of the model 

can be found in the works of Sennato et al. (2004) and Bordi et al. (2004c, 2005c). With the increase 

of the polyion/liposome ratio, the pd-liposomes go through the “charge inversion” sequence, and the 

charge of the adsorbed polyelectrolyte increasingly compensates and then exceeds the original lipo-

some charge. For this reason, the neat charge on each primary particle composing the cluster 
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decreases in absolute value, goes through zero, and inverts its sign. Hence, because of the charge 

inversion, the system shows a reentrant condensation with the size of the aggregates that goes 

through a maximum when the charge on the individual primary particles (pd-liposomes) is approxi-

mately neutral.

Concomitant to the reentrant condensation, the system undergoes a relevant charge inversion 

effect. An example of this complex behavior is provided in Figure 16.4, where in correspondence to 

the isoelectric condition, characterized by the maximum aggregate size, the zeta potential inverts its 

sign and passes from positive to negative values. The zeta potential is an electrokinetic parameter 

that depends on the electrical charge distribution at the particle surface. The inversion of its value, 

which is close to the isoelectric point, means that the single aggregate during the cluster formation 

changes its charge and at the end of the process it bears an excess of polyions, causing an excess of 

negative charges (see Figure 16.4). These two peculiar features of this system (charge inversion and 

reentrant condensation) are of relevant importance when these aggregates are considered as drug 

carriers in drug delivery. It is well known that the aggregate size is the major determinant of in vitro 

(and in vivo) transfection effi ciency. However, the appropriate choice of this parameter is not enough 

to ensure the maximum of transfection; different studies suggest that an optimization of size and 

charge needs to be individualized to signifi cantly enhance the activity of these lipidic vectors. 

Optimization will remain largely a result of trial and error until the importance of the correlation 

between size and charge is recognized. These systems offer the possibility to go into this direction 

because they allow the simultaneous modulation of charge and size to the desired value (at least to 
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FIGURE 16.4 (Open symbols) Average hydrodynamic diameter <2RH> and (fi lled symbols) zeta potential of 

NaPA-DOTAP complexes as a function of the polyion/DOTAP charge ratio parameter ξ, for two different 

molar concentrations of a simple electrolyte (CsCl) employed in liposome preparation: (a) 0.1 M CsCl and 

(b) 0.01 M CsCl. Lines are to guide the eye only.
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a large extent) in a relatively simple and reproducible way. This important aspect has never been 

studied seriously.

16.6 EQUILIBRIUM VERSUS KINETICALLY STABILIZED AGGREGATES

Whether the observed clusters are “true” equilibrium or kinetically stabilized aggregates still 

remains a unsettled matter (Bordi et al., 2005a; Volodkin et al., 2006). Within the framework of the 

model described in the previous section (Bordi et al., 2005a), the clusters would result from a force 

balance. The whole aggregation process should thus be reversible and the aggregates should resize 

as a consequence of any change in the equilibrium conditions. Such an unbalance can be realized, 

for example, by varying the net charge on the primary particles. However, the simple addition of a 

proper amount of the polyelectrolyte to already formed aggregates did not have the expected result, 

and the size of the aggregates did not change according to the new polyion/liposome ratio.

However, resizing of the clusters can be obtained by following an appropriate experimental pro-

cedure. The equilibrium can be shifted to change, for example, the value of the screening length κ−1
D, 

by adding a simple electrolyte to the suspension. Thus, resizing of the clusters can be induced with-

out any modifi cation of the polyion adsorption, but only by changing the range of the repulsive 

interaction. By adding a simple electrolyte at different concentrations to the liposome suspension 

(keeping the charge ratio ξ constant), clusters of different sizes are obtained. Figure 16.5 shows 

the equilibrium size distribution of the aggregates formed at the same charge ratio (ξ = 0.5) but 

with NaCl concentrations of 0.004 mol/L (Figure 16.5a) and 0.35 mol/L (Figure 16.5b). The larger 

aggregates (Figure 16.5b) are obtained for the larger electrolyte concentration, where the range of 

repulsive interactions is smaller.
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FIGURE 16.5 Particle size distribution of pd-liposome clusters at different NaCl electrolyte concentrations: 

(a) 0.004 mol/L; (b) 0.35 mol/L; and (c) (open bars) 1:1 (v/v) mixture of (a) and (b), resulting in a fi nal concentra-

tion of 0.17 mol/L, and (fi lled bars) the sample obtained by directly adding NaCl to the liposome suspension to 

a fi nal concentration of 0.17 mol/L. The polyion/lipid ratio is 0.5. The autocorrelation functions of the intensity 

of the scattered light were analyzed by using a nonnegatively linear sampling algorithm Lawson and Morrison, 

1974. The distributions are normalized to the intensity of the scattered light measured for sample (a).
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By mixing these two suspensions, after some time (on the order of minutes) the expected inter-

mediate size clusters are yielded, corresponding to the fi nal intermediate NaCl concentration of 

0.17 mol/L (Figure 16.5c).

Although the adsorption of polyions onto the liposome surface cannot be considered an equilib-

rium process (at least at these charge ratio values), this experiment clearly shows that the aggrega-

tion of the pd-liposomes appears as an equilibrium, reversible process.

This aspect further reinforces the possibility of utilizing these systems in drug delivery tech-

niques because the size (and consequently the charge) can be conveniently tuned by varying the 

environmental parameters, such as the ionic strength of the aqueous dispersing medium.

16.7 MORPHOLOGY AND STRUCTURE OF THE AGGREGATES

The morphology of the pd-liposome clusters presents intriguing aspects. The structures of the 

aggregates formed by cationic lipids and DNA have been thoroughly investigated in recent years 

(Harries et al., 1998; Koltover et al., 1999; May et al., 2000; Rädler et al., 1997, 1998; Safi nya, 2001; 

199) because of the increasing acceptance of these complexes as preferential DNA delivery vehicles 

in gene therapy (Ferber, 2001; Pedroso De Lima et al., 2001; Woodle and Scaria, 2001). Although it 

has been shown that under appropriate conditions liposome restructuring occurs during the forma-

tion of liposome–DNA complexes (lipoplexes; Harries et al., 1998; Koltover et al., 1999; May et al., 

2000; Rädler et al., 1997, 1998; Safi nya, 2001), there is mounting evidence that, at least in a low 

concentration range, aggregates form whereas liposomes maintain their individuality (Bordi et al., 

2006a, 2004a; Volodkin et al., 2006; Yaroslavov et al., 1998).

Direct and unequivocal evidence of the formation of such stable clusters of vesicles was 

recently produced by using a sophisticated electron microscopy technique and employing differ-

ent concentrations of a high atomic number electrolyte, such as CsCl, contained within the 

 aqueous core of the liposomes as a contrast medium (Bordi et al., 2006a). In this experiment, 

DOTAP liposomes were prepared in aqueous suspensions at two different CsCl electrolyte con-

centrations (0.1 and 0.01 M) following the standard procedure. Equal amounts of the two lipo-

some suspensions were mixed together immediately before the addition of the NaPA polyions 

inducing the aggregation to have heavily and lightly Cs-loaded liposomes within the same cluster. 

The evolution of the hydrodynamic radius for the complexes of Cs-loaded liposomes with the 

polyelectrolyte at increasing polymer concentrations shows the usual reentrant condensation and 

charge inversion effects.

Within this procedure, electron spectroscopy imaging (ESI) was utilized to obtain a direct image 

of the liposomes in a typical cluster without any need to stain the sample (Figure 16.6). Moreover, 

the ESI technique furnishes a “map” of the presence of Cs within the sample, allowing the unam-

biguous identifi cation of the structures that contain this element. ESI evolved from electron energy 

loss spectroscopy, which measures the energy loss suffered by the high-energy incident electrons 

when transmitted across the sample. In this technique, only the electrons that show the energy loss 

characteristic of their interaction with a specifi ed element contribute to the image formation and a 

topographic map of that particular element within the sample can be obtained. As a further advan-

tage, energy fi ltering allows the suppression of the contribution of inelastic scattering that typically 

occurs when the sample is mainly made by light elements, as in the case of biological samples 

(Diociaiuti, 2005). Figure 16.6 shows an ESI-TEM image of a typical aggregate induced by adding 

the polyelectrolyte to a mixed suspension of heavily and lightly Cs-loaded liposomes. The aggregate 

clearly appears as a cluster of small globular particles (~30 -nm diameter). Darker and lighter zones 

are clearly visible within the aggregate. The sample is not stained, so the strong contrast is only 

attributable to differences in the Cs concentration (in these conditions non-Cs-loaded liposomes 

would be invisible to the electron microscope).

The clear-cut edges of the different regions reveal the contour of intact liposomes fi lled with 

the two different Cs concentrations that were employed. This high-contrast appearance of the 
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 individual liposomes allows us to exclude a rearrangement of the bilayers within the aggregate and 

particularly the fusion of the vesicles, a process that would be accompanied by mixing the content 

of the different compartments, with a blurring of the contours.

The overall aspect and the shape of the aggregates can be better appreciated at a smaller magni-

fi cation (Figure 16.7). Smaller aggregates appear to have a more compact and approximately sphe-

roidal shape, but larger aggregates rapidly become elongated.

FIGURE 16.7 TEM image of typical aggregates of polyion-coated liposomes. Smaller aggregates have a 

more compact and approximately spheroidal shape, but larger aggregates are more elongated. Darker and lighter 

liposomes (high Cs and low Cs concentrations, respectively) are clearly distinguishable. Scale bar = 200 nm.

FIGURE 16.6 ESI-TEM image of a typical aggregate of “heavy” and “lightly” Cs-loaded liposomes. The 

aggregate appears to be built up by globular particles: darker and lighter individual globules are clearly 

 recognized. In the absence of any staining, the observed contrast is due to differences in the elastic scattering 

of electrons caused by the different Cs concentrations. Scale bar = 100 nm.
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16.8 INTACT LIPOSOMES: CONDUCTOMETRIC EVIDENCE

Further evidence for the existence of a cluster phase, where intact pd-liposomes are the primary 

particles, can be obtained from low-frequency electrical conductivity measurements. We recenty 

investigated (Bordi et al., 2006c) the conductivity behavior of suspensions of single liposomes built 

up in a high-conductivity salty aqueous solution (0.3 M NaCl) as a function of the difference in the 

salt concentration between the internal aqueous compartment of the liposomes and the (external) 

dispersing medium.

Because low-frequency electrical conductivity measurements primarily probe the concentration 

of small ions in bulk solution, a change in the overall electrical conductivity effectively points out a 

leakage from the inner core when the salt concentration difference is suffi ciently high between the 

inner compartment and the external medium. Measuring the electrical conductivity of the different 

suspensions before and after an ultrasound stimulus provides clear evidence of the release of the 

ionic content induced by the mechanical stress in the individual liposomes, both isolated and within 

the clusters. Conversely, the aggregation process induces negligible effects on the ion permeability 

of the liposome membranes, thus excluding fusion or complete restructuring of the liposomes, 

which should have been accompanied by an almost complete mixing of the internal solution with 

the external medium. This fi nding gives further evidence on the existence of a cluster phase of intact 

liposomes as opposed to the formation of aggregates where the liposomes undergo a restructuring 

process, resulting in multilayered heaps. Moreover, it opens new and interesting perspectives for 

practical applications of these clusters as, for example, multifunctional vectors in drug delivery 

(Bordi et al., 2005b; Volodkin et al., 2006).

A summary of the results of this approach is illustrated in Figure 16.8, where the electrical con-

ductivity σ of three liposome suspensions measured in three different aqueous environments is 

shown: liposomes built up in a 0.3 M NaCl electrolyte solution and dispersed in the same solution; 

liposomes with a 0.3 M NaCl aqueous solution in their core, but dispersed in deionized water; and 

this latter liposome suspension after a sonication cycle where, because of the mechanical (transient) 

rupture of the membranes, the core content is expected to have mixed with the dispersing solution 

(Figure 16.8, right panel).

Unilamellar liposomes that are 100–200 nm in size are capable of withstanding signifi cant 

osmotic stress (they are “osmolitically inert”; Bangham et al., 1967; Fettiplace, 1978; Price and 

Thompson, 1969; Yaroslavov et al., 1998), and signifi cant transient membrane lysis only occurs at 

considerable osmotic pressures, depending on their size and composition (Logisz and Hovis, 

2005). For these reasons, the sudden increase of about 40% in the low-frequency electrical con-

ductivity (from 0.0173 mho/m measured after the dialysis process in Figure 16.8a, right panel, to 

0.0243 mho/m in Figure 16.8b, right panel) was ascribed to the transient lysis of the membrane 

bilayer with the consequent release of the liposome core content that was shared with the external 

medium.

This simple experiment shows that single liposomes are able to maintain the imposed differential 

of osmolality without any appreciable leakage and, conversely, that leakages can be easily induced 

by an appropriate ultrasound stress. By adding appropriate amounts of NaPA polyions to the dia-

lyzed liposome suspension, there is the usual reentrant aggregation.

When the polyelectrolyte is added to the liposome suspension, there is an increase of the mea-

sured conductivity, which is mainly due to the contribution of the counterions of both the polyelec-

trolyte and the liposomes that are partially released in the bulk solution and partially remain 

condensed at the pd-liposome surface. However, upon sonication, the σ is further increased, because 

now the electrolyte content contained in the internal core of the liposomes within the aggregates has 

been released to the external medium. In the example shown in Figure 16.8 (left panel), the σ 

increases from a value of 0.0691 mho/m, measured for the aggregate suspension (Figure 16.8c) to a 

value of 0.0776 mho/m (Figure 16.8d) after the sonication procedure. On the assumption that all of 

the liposomes release their ionic content upon sonication, the expected σ calculated on the basis of 
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heterogeneous system mixture equations (Asami, 2002) is 0.078 mho/m, which fi ts surprisingly 

well with what was found experimentally.

Moreover, the size distributions of pd-liposome aggregates compared before and after sonication 

are very similar; both of them are monomodal and there is only a little shift toward a smaller aver-

age size after sonication. In these conditions, sonication does not produce, other than the transient 

opening of the membranes and the release of the ionic content of the liposomes, a signifi cant restruc-

turing of the clusters.

These results give further evidence to the existence of an equilibrium cluster phase where intact 

and separate liposomes are “glued together” by polyelectrolytes. The possibility of controlling this 

by means of thermodynamic parameters such as the ionic strength, size, and electrical charge of 

clusters composed of liposomes that maintain their integrity offers new and interesting applications 

in different fi elds of chemistry, soft-matter physics, and life sciences.

16.9  LIPOSOME CLUSTERS AS A MULTIDRUG DELIVERY 
SYSTEM: A PERSPECTIVE

For successful delivery and an effi cient expression of its action, a nonviral vector must be able to 

overcome many different barriers in order to protect its payload and to deliver it to target cells as 

specifi cally as possible. Different strategies to obtain these ideal performances are currently under 

investigation, but most of them are based on the peculiar characteristic of different nanostructured 

or mesostructured materials. Among them, the strategy based on the supramolecular structures 

formed between charged polymers and oppositely charged particles, particularly liposomes, shows 
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FIGURE 16.8 The electrical conductivity (σ) of liposome aqueous suspensions is a function of the frequency 

at 25.0 ± 0.2°C. The lipid concentration is 0.68 mg/mL. (Right) (a) A liposome suspension after exhaustive 

dialysis against deionized water, (b) a liposome suspension after sonication (the electrolyte content in the lipo-

some core has been released in the external medium, with a consequent increase of the conductivity), and (c) 

a liposome suspension in 0.3 M NaCl electrolyte solution. Although only the low-frequency limit of the con-

ductivity is employed in the characterization of the structure of the vesicle aggregates, the whole measured 

conductivity spectrum is shown. (Left) (a) Liposome suspension dispersed in deionized water solution; (b) 

polyion solution; (c) liposome aggregate suspension, where the aggregation was induced by NaPA; and (d) 

liposome aggregate suspension after sonication. The electrolyte content inside each liposome is shared with 

the external medium.
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promising potential. The main advantage of these supramolecular assemblies resides in their intrin-

sic modularity and fl exibility. In fact, because they are based on physical mechanisms, their self-

assembling ability is maintained regardless of the specifi c chemical nature of the components, the 

only requisites for the formation of the polyion-decorated clusters being the presence of charged 

colloidal particles and oppositely charged linear polyelectrolytes. Moreover, the average size (and 

size distribution) of the resulting aggregates, in addition to their electrical charge, can be varied and 

controlled by means of different environmental parameters. In particular, the system we described 

allows us to obtain both positively and negatively charged aggregates of the desired size (and size 

distribution) by simply changing the basic liposomal vesicles (positively or negatively charged) and 

by using appropriate oppositely charged polyions. This means that the chemical composition can be 

varied to a large extent and adjusted to meet the requirements of different applications.

In addition to charged liposomes, other colloidal particles can be employed, such as polymeric 

nanocapsules or different nanostructured polymers, and some of them are already employed as drug 

carriers (e.g., chitosan nanoparticles; Masotti et al., 2008). In the case of liposomes, the huge poten-

tial of these versatile lipid assemblies can be fully exploited as drug carriers (Huwyler and Krähenbuhl, 

2008). For example, by using hybrid niosomes as primary particles to form the clusters (Sennato 

et al., 2008), the characteristic of “stealth carriers” of these vesicles are partly transferred to their 

aggregates. Hybrid niosomes are built up by a mixture of PEGylated lipids (e.g., Tween 20) and 

 cholesterol (the nonionosomes) to which an ionic lipid (e.g., phosphatidic acid or dicetylphosphate) 

is added to confer the desired net electrical charge. The presence of the PEG moieties at the particle 

surface is very effective in reducing the undesired interactions with the extracellular environment, 

with the result of a prolonged circulation lifetime (Lasic and Needham, 1995).

“Conventional” liposomes have been modifi ed in different ways to improve the effi cient transfer 

of their payloads to the cell cytoplasm. For example, decorating the liposome surface with the oli-

gopeptide octaarginine (Khalil et al., 2008) greatly enhanced their cellular uptake and, by optimiz-

ing the density of the peptide, liposomes could be internalized via clathrin-independent pathways, a 

mechanism that improves intracellular traffi cking, avoiding lysosomal degradation. Many of the 

interesting features of the variously modifi ed liposomes could in principle be transferred to their 

polyion-induced aggregates that, as an extra bonus, have the advantage of being multicompartment 

structures. In their different compartments, each one formed by an individual liposome, aggregates 

can transport different active substances. Because of its multicompartment structure, a single aggre-

gate is able to separately but simultaneously transport and deliver different active substances to a 

single cell, including possibly diagnostic probes for a direct “real-time” visualization of the effec-

tive drug transfer and downstream processes. Moreover, the procedure for assembling these multi-

vectors is primarily straightforward. Ionic liposomes differing in composition or payload can be 

prepared separately and then mixed in proper proportion to obtain the desired stoichiometry of the 

various components in the suspension. At that point, the aggregation process is initiated by adding 

the oppositely charged polyions that act as a sort of electrostatic glue and induce the formation of 

multiliposome clusters. For suffi ciently large clusters, the defi ned stoichiometry of the different 

components previously established in the initial suspension is reproduced within each aggregate. In 

this way, by controlling the stoichiometry at a nanoscale level, it can be reasonably assumed that all 

of the different substances to be delivered reach each cell. This peculiar aspect is particularly 

appealing in developing new strategies in antiretroviral therapies. For example, several biological 

and nonbiological carrier systems have been developed for anti-HIV therapy in the last few years. 

Among these, liposomes showed excellent potential and were tested with various drugs, antisense 

oligonucleotides, ribozymes, and therapeutic genes (Lichterfeld et al., 2005).

Generally, nanoparticles are cell-specifi c transporters of drugs against macrophage-specifi c 

infections, such as HIV. In particular, the relatively large polyion-decorated liposome aggregates 

are rapidly captured by the macrophages, an elective reservoir for the virus, that are diffi cult to 

reach with the traditional pharmacological approaches. In fact, large lipid–peptide structures, such 

as erythrocyte ghosts and bacterial ghosts, are a promising delivery system for therapeutic peptides 



A New Class of Mesoscopic Aggregates as a Novel Drug Delivery System 387

and HIV vaccines. The pd-liposome clusters could also be effectively employed in this case, being 

similar in size and possibly in composition, because various lipidic and peptidic components of 

these cells could be easily incorporated in the liposome structure.

The HIV virus is characterized by an extreme genetic variability and a high mutation rate that 

provokes a rapid escape from adaptive immune responses (Walker and Burton, 2008). For this rea-

son, cocktails of different drugs are usually employed that are potentially active against the differ-

ent strains of the virus. In this case, the practical advantage is plainly apparent for a multiple vector 

that is able to deliver all of the components of the cocktail to a single macrophage with a defi nite 

and controlled stoichiometry at the level of the single vector particle.

A major problem for the use of pd-liposome clusters as vectors is the high effi ciency of the mac-

rophages in capturing these relatively large particles, even when they are stealth (PEGylated). 

However, even though their systemic administration could appear problematic, other routes appear 

to be very promising. One of the most noninvasive approaches is via inhalation. The delivery of 

genes via aerosol holds promise for the treatment of a broad spectrum of pulmonary disorders and 

offers numerous advantages over other more invasive delivery modes. After the cloning of the cystic 

fi brosis gene, there was great interest in the delivery of genes directly to lung surfaces via inhalation 

and many efforts focused on the use of nonviral vectors, particularly cationic lipids (Densmore, 

2006). Because one of the viral reservoirs of HIV that is less accessible to traditional pharmacologi-

cal approaches is represented by pulmonary macrophages, the use of pd-liposome aggregates is 

interesting. However, in addition to the ability to deliver different substances separately but simul-

taneously, the multicompartment structures formed by polyion-decorated liposomes show other 

potential advantages. Supramolecular hydrogels based on the self-assembly of complexes between 

various biomacromolecules have been actively investigated for their use as implantable drug deliv-

ery systems for controlled release of macromolecular drugs (Li and Loh, 2008). In general, scaf-

folds serve a central role in many technological strategies by providing the means to control the 

local environment. Moreover, in this case, scaffolds also provide the means of prolonging the release 

of the active macromolecules by simply trapping them within a matrix that delays their delivery to 

the surrounding environment.

The multicompartment clusters formed by pd-liposomes are, in a sense, nanoscaffolds that, in prin-

ciple, offer the possibility of extending the duration of the release period of the different substances 

enclosed in their compartments. For example, water-soluble active substances entrapped within the 

aqueous core of the liposomal compartments will be released to the surrounding aqueous medium 

only progressively, as the degradation and the rupture of the single vesicles proceeds from the more 

external compartments toward the interior of the cluster. The pd-liposome cluster could serve simulta-

neously as a multiload cargo, transporting several different drugs or diagnostic probes, shielding the 

active substances from the aggression of the degrading enzymes of the extracellular fl uids, and fi nally 

maintaining the proper “nanoenvironment” for drug storage and controlled release.

Prolonged delivery is attractive in all cases where repeated applications are not feasible or 

impractical. For instance, the eye is an attractive target for gene therapy strategies because of its 

accessibility and immune-privileged characteristics. This latter property is ideal for local gene ther-

apy because it is expected that the infl ammatory and immune reactions toward the gene vector or 

transgenic protein will not be a major drawback. Because of its relatively small size, effective treat-

ment of the ocular tissues will require a smaller drug concentration, wheras the diffusion from the 

eye into the circulation and vice versa is limited (Bloquel et al., 2005). Topical instillation of active 

compounds is the easiest method of delivery for ocular therapy. However, the eye has very strong 

defenses against the entry of foreign compounds. Thus, the intraocular availability of instilled com-

pounds is generally very poor. Intracameral and intracorneal injections are more effective but inva-

sive. Subconjunctival injection is a more promising strategy because this procedure is less invasive, 

allows for larger injection volumes, and can be repeated more frequently. However, in this case and 

especially in intracameral and intracorneal injections, the possibility of employing vectors that 

allow prolonged release appears to be an interesting perspective.
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16.10 CONCLUSIONS

This chapter compiled relevant results that were recently observed in aqueous suspensions of 

charged liposomes and oppositely charged polyelectrolytes. Although we mainly utilized the exper-

imental results from our group, we tried to draw a comprehensive picture of the state of art of elec-

trostatically interacting colloidal mixtures that are of great importance in technological and 

biotechnological applications.

We demonstrated that electrical conductivity measurements give further independent support to 

the hypothesis that the complexes that form in the suspensions as a result of the interaction of the 

oppositely charged macroions are clusters of liposomes. Within the clusters, the liposomes, which 

are simply glued together by the polyions, are able to maintain their structural integrity. Moreover, 

they keep the content of their inner aqueous core separate from the surrounding medium at all 

stages of the aggregation process without any signifi cant restructuring of the double layer.

The morphological study of these aggregates by electron microscopy techniques had already 

furnished strong evidence for a multicompartment organization of these aggregates. However, elec-

trical conductivity measurements allowed a “functional characterization” of these structures, dem-

onstrating that, after the formation of the clusters, the liposomes can be still induced to release and 

share their inner content with the suspending medium by means of appropriate external stimuli.

This result opens interesting avenues for employing these structures as systems for drug delivery 

that could allow the simultaneous transport of different active substances within the different com-

partments (multidrug vectors).

The process that results in the formation of these multicompartment aggregates was discussed in 

the light of recent theories on the adsorption of polyelectrolytes at oppositely charged interfaces and 

the more advanced models for aggregation in colloidal systems, where the interparticle potential is 

characterized by the simultaneous presence of short-range repulsion and long-range attraction. This 

viewpoint enabled us to effectively describe the interweaved phenomena of the overcharging of the 

aggregates and their reentrant condensation, which have both been observed for a long time, in 

suspensions of cationic liposomes and DNA that has eluded a convincing explanation in these sys-

tems for quite some time.

The charge inversion that we observed has a simple and straightforward explanation in view of 

the general theory of polyion correlated adsorption onto an oppositely charged surface: when linear 

polyions are added to a solution bathing a charged surface, they adsorb on it; but, because they repel 

each other, to gain some energy they reconfi gure themselves at the surface in more or less orderly 

patterns. By the same token, correlated adsorption of the polyions at the liposome surface is also the 

origin of the reentrant condensation. From lateral correlations, or in other words from local nonho-

mogeneities of the net charge distribution at the polyion-decorated surface, short-range attractive 

interactions can arise; and the observed reentrant behavior can be described in terms of a balance 

of these short-range attractions and the screened electrostatic repulsions attributable to the residual 

net charge of the complexes.

In this context, the electrical behavior of these systems during the polyion-induced liposome 

aggregation allows the addition of relevant tesserae to the whole mosaic. In particular, the conducto-

metric behavior seemed to be consistent with the description of both the single liposomes and the 

pd-liposome aggregates as different entities able to encompass an aqueous core from the surrounding 

aqueous solution. This fi nding points out the nonnegligible role that electrostatic interactions among 

charged surfaces and small counterions play in determining the whole dynamics of the system.

ABBREVIATIONS

CMC Critical micelle concentration

DLS Dynamic light scattering

DLVO Derjaguin–Landau–Verwey–Overbeek model of colloidal stability
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DNA Deoxyribonucleic acid

DOTAP 1,2-Dioleoyl-3-trimethylammonium-propane

ESI Electron spectroscopy imaging

HIV Human immunodefi ciency virus

NaPA Polyacrylate sodium salt

pd Polyelectrolyte-decorated particles

PEG Poly(ethylene glycol)

RNA Ribonucleic acid

TEM Transmission electron microscopy

SYMBOLS

b Effective distance between adjacent charges in the polyion chain

c1, c2 Principal local curvatures

ci Concentration of the ith species of ions

Cp, CL Concentrations (weight) of polyelectrolytes and lipids, respectively

D Thickness of the adsorbed polyion layer at aqueous interfaces

De Size of an electrostatic blob

ε Permittivity of the aqueous phase

f Fraction of free counterions

γ Interfacial tension

ge Number of monomers inside an electrostatic blob

κD
−1 Debye screening length

KBT Thermal energy

lB Bjerrum length

L0 Structural persistence length

Le Electrostatic contribution to the persistence length

Lp Polyion persistence length

MWP, MWL Molecular weights of the repeating unit of polyions and lipids, respectively

ρ, ρ– Mean and Gaussian curvature moduli

RH Hydrodynamic radius of the aggregates

σ Electrical conductivity

τ Reduced temperature [τ = (θ − T)/T]

ξ Negative to positive charge ratio

zi Valence of ith ion
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17 Liposomes and 
Biomacromolecules
Effects of Preparation Protocol 
on In Vitro Activity

Paola Luciani, Debora Berti, and Piero Baglioni

17.1  INTRODUCTION

Liposomal solutions are colloidal dispersions in which self-closed bilayered membranes composed 

of lipid molecules are suspended in an aqueous solution (Lasic and Templeton, 1996). The interior 

of the lipid vesicles is an aqueous core, the chemical composition of which corresponds in a 

fi rst approximation to the chemical composition of the aqueous solution where the vesicles are 

prepared.

Liposomes are typically made of natural, biodegradable, nontoxic, and nonimmunogenic lipid 

molecules and can encapsulate or bind a variety of drug molecules within or onto their membranes. 

Usually they are composed of natural and synthetic lipids (phospho- and sphingolipids) and may 

also contain other bilayer constituents such as cholesterol (CH) and hydrophilic polymer-conjugated 

lipids. The net physicochemical properties of the lipids composing the liposomes, such as mem-

brane fl uidity, charge density, steric hindrance, and permeability, determine the interactions of the 

liposomes with blood components and other tissues after systemic administration (Sharma and 

Sharma, 1997). All of these properties make them attractive candidates for drug delivery vehicles 

(Lasic, 1998). Prolifi c fi elds of investigation and applications originated from the pioneering study 

by Bangham et al. (1967).
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The drugs which are to be encapsulated may be included in the aqueous hydration buffer for 

hydrophilic drugs or in the lipid fi lm for lipophilic drugs. Liposomes of different sizes and charac-

teristics usually require different methods of preparation. The most simple and widely used method 

for the preparation of liposomes is the thin-fi lm hydration procedure (Bangham et al., 1965). A thin 

fi lm of lipids is hydrated with an aqueous buffer at a temperature above the transition temperature 

of the lipids. The thin-fi lm hydration method produces a heterogeneous population of multilamellar 

vesicles (MLVs; 1–5 μm diameter), which can be sonicated or extruded through polycarbonate fi l-

ters to produce a smaller (up to 0.025 μm) and more uniformly sized population of small unilamellar 

vesicles (SUVs). Several methods have been developed for the preparation of large unilamellar 

vesicles (LUVs), including solvent (ether or ethanol) injection (Hope et al., 1986), detergent dialysis 

(Bosworth et al., 1982; Matsumoto et al., 1977), calcium-induced fusion (Papahadjopoulos et al., 

1977), and reverse-phase evaporation (Szoka and Papahadjopoulos, 1978).

Since their discovery as possible delivery systems, biophysical and biological investigations have 

focused on the interaction of liposomes with biomacromolecules. In this review chapter, we utilize 

the term biomacromolecules to refer to macromolecules that present biological activity: primarily 

nucleic acids and proteins and, more broadly, pharmaceutical compounds. Preservation of 

biomacromolecule functionality is one of the essential parameters that have to be monitored in drug 

delivery, gene therapy, and protein reconstitution. Thus, in addition to novel design of liposomal 

components (surfactants and lipids; Bombelli et al., 2009; Karmali et al., 2006; Saily et al., 2006; 

Sen and Chaudhuri, 2005), structural investigations of complexes (Bombelli et al., 2005b; Caracciolo 

et al., 2007; Ewert et al., 2004; Ma et al., 2007; Safi nya, 2001), and biological tests of novel and vari-

ous formulations (Bombelli et al., 2005c; Lonezet al., 2008; Pastorino et al., 2007), a correlation 

between the physicochemical characterizations and in vitro activities of the tested systems must be 

established to achieve consistent advances in liposome technology.

17.2  LIPOSOMES AND NUCLEIC ACIDS

Compaction of deoxyribonucleic acid (DNA) offers protection from nuclease degradation, and it 

represents a fi rst crucial step in evaluating the effi ciency of a gene delivery system. The condensa-

tion of the nucleic acids seems to be essential, which is also demonstrated by biological systems. 

DNA is condensed by positively charged proteins in the nucleus of eukaryotic cells or in the viral 

core, where part of the capsid functions as a shell to protect the viral genome from nucleases 

(Gelderblom, 1996; Yang and Huang, 1998). Mimicking nature, it is possible to achieve such an 

important structural and functional change upon interaction of the nucleic acid with specifi c agents. 

The interactions with cationic species reduce the electrostatic repulsion on the DNA chain causing 

a structural transition. It is believed that one of the major effects of positively charged systems is 

their ability to effectively reduce DNA size in terms of the radius of gyration, which facilitates cell 

internalization. However, this interaction must be reversible, because DNA has to be decondensed 

for transfection and gene expression.

Cationic lipids are widely used to complex DNA, because they provide a positively charged 

molecular portion that binds DNA, as well as a hydrophobic moiety that participates in the forma-

tion of highly ordered, compact lipid–DNA particles (lipoplexes). The formation of the lipoplex is a 

spontaneous process; the positive charge of the polar head group of the cationic lipid binds through 

charge–charge interactions with the negative charge of the DNA strand and thus condensates DNA. 

This process is time dependent and generally occurs within a timescale ranging from seconds to 

minutes (Eastman et al., 1997). The kinetics and thermodynamics of this complexation, which 

depend on the relative concentrations of the lipids and DNA, rate and order of mixing, temperature, 

salt concentration, and so forth, are still under debate. The exhaustive reviews of Pedroso de Lima 

et al. (2001) and Bally et al. (1999) provide additional information on this topic.

A fundamental challenge for the effective targeted delivery of DNA is to control the surface and 

colloidal properties of plasmids in a biological environment, because these properties infl uence 
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their biological distribution, cellular uptake, intracellular traffi cking, and nuclear translocation 

(Rolland, 1998). The fl exibility in the design of a cationic lipid structure and liposome composition 

and the diversity of methods for their preparation, combined with the in vivo effi ciency, have pro-

moted the notion that cationic lipids can be effi ciently used in human gene transfer (Tomlinson and 

Rolland, 1996).

The transfection ability of lipoplexes in vitro depends on many parameters, such as their physico-

chemical characteristics, type of cells, and incubation conditions (Felgner et al., 1996; Lasic, 1997; 

Lasic and Templeton, 1996). From the vast amount of studies performed on lipofection over the last 

few decades, it is clear that even in vitro (and more so in vivo) the lipofection process is multifacto-

rial. Some of the factors involved are external and related to the type of cells and lipofection medium. 

Other factors are intrinsic and directly related to the physicochemical properties and mode of lipo-

plex preparation (Zuidam et al., 1999).

The challenges facing the development of liposomal gene delivery systems are similar to those 

for liposomal drug delivery. With gene-based drugs, however, delivery into appropriate cells repre-

sents only part of the problem; a number of intracellular barriers exist that can inhibit the biological 

activity of gene-based drugs (Chonn and Cullis, 1998).

17.2.1  LIPOSOMES AND DEOXYRIBONUCLEIC ACID

A reproducible production of a well-characterized lipoplex dispersion is critical for the understand-

ing of the molecular, biophysical, and biological mechanisms of lipoplex formation and action 

(Zelphati et al., 1998). Control over the biophysical and molecular parameters infl uencing lipoplex 

formation represents a central issue to consistently obtain well-defi ned, stable, and monodisperse 

formulations with reproducible biological activity. The concentration of lipid and DNA at the time 

of mixing, cationic lipid/DNA charge ratio, order of addition, mixing rate, vesicle size, and ionic 

strength of the hydration buffer represent a minimal set of parameters that affects lipoplex charac-

teristics (Zuhorn and Hoekstra, 2002). However, when the same reagents and the same concentra-

tions but different formulation procedures are used, the resulting thermodynamic and biological 

stability of lipoplexes may again differ greatly (Ferrari et al., 2001; Thierry et al., 1997; Zelphati 

et al., 1998).

Rakhmanova et al.’s (2004) defi nitive work pointed out how formulation procedures might affect 

the transfection effi ciency even when the changes in the preparation protocol may appear modest. 

They explored how different methods of lipid dispersion and different modes of mixing DNA and 

lipids (together with size determination) might infl uence the transfection effi ciency. Their investiga-

tions were referred to 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine as phospholipids and baby 

hamster kidney cells. By leaving the molar lipid concentration and lipid/DNA ratio constant, they 

prepared lipoplexes using eight different procedures: the addition order was varied (vortexed or 

extruded liposomes added to DNA and vice versa) rapidly or dropwise at a constant rate. According 

to their reports, the formulation procedures have large effects on the lipoplex size, and we should 

recall here that the size of the complex is key in order to have an effective transfection. For the 

examined complexes and cells, a lower threshold in lipoplex size that was fi xed at around 650 nm 

seemed to exist. Smaller and larger populations were quite ineffective; DNA added to vortexed 

liposomes (MLV) by rapid mixing appeared to be the best formulation procedure as far as effi cient 

transfection was concerned. However, the authors specifi ed that the size of most lipoplex formula-

tions varies as a natural consequence of the physical and geometric properties of DNA, lipids, and 

liposomes.

Thierry et al. (1997) varied both the lipid/DNA ratio and the methods of lipoplex preparation and 

obtained an improved delivery system suitable for systemic administration. Two different methods 

of preparation were used throughout all the in vitro studies: (1) complex formation between pre-

formed cationic dioctadecylamidoglycylspermine–dioleoylphosphatidylethanolamine vesicles or 

(2) hydration of a dioctadecylamidoglycylspermine–dioleoylphosphatidylethanolamine dry lipid 
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fi lm with an aqueous DNA solution. Preliminary morphological and size characterizations were 

done by means of transmission electron microscopy. In vitro transfection, cytoplasmic and nuclear 

transport, and reporter gene expression were compared to in vivo evaluation of DNA protection, 

pharmacokinetics, and transgene expression in mouse tissues. Reporter gene expression was detected 

in mouse tissues after intravenous administration of complexed DNA. Its level varied with the 

DNA/lipid ratio of the injected plasmid, the procedure used in preparing complexed DNA, and the 

tissue being tested. The lipoplex physicochemical properties affected the effi ciency of in vivo and in 
vitro transgene expression differently. Consequently, the transfection effi ciency of lipoplex formula-

tions determined in vitro could not be extrapolated in an in vivo setting. The order of mixing report-

edly infl uences other systems (Zelphati et al., 1998) tested on different cell cultures, which were 

prepared with the aim of developing a physically stable lipoplex formulation. Without the addition 

of any other components, monodisperse and stable lipoplexes with high transfection activities could 

be prepared only by combining two very simple procedures that are able to avoid aggregation prob-

lems: liposome extrusion and controlled mixing. Lack of attention to these preparation variables can 

lead to extensive aggregation. When negative complexes are formed, smaller aggregates can be 

obtained if liposomes are added to excess DNA; in positive complexes, the addition order has to be 

reversed. Large aggregation results in lower transfection activity. The physical properties and trans-

fection activities of lipoplexes prepared from heterogeneous MLVs were compared with lipoplexes 

prepared from homogeneous extruded liposomes with well-defi ned sizes. Because the order of the 

addition of DNA and cationic liposomes was shown to be critical for controlling the size of the lipo-

plexes, Zelphati et al. (1998) developed a method to mix both components simultaneously at a fi xed 

ratio and a controlled speed. The production of homogeneous and monodisperse lipoplexes was 

dependent on the concentration of DNA. According to tests of the in vitro transfection effi ciency of 

lipoplexes formed from unextruded or extruded liposomes using the controlled mixing method, 

lipoplexes prepared with larger liposomes were more active than those prepared from smaller lipo-

somes. However, for in vivo applications, the benefi ts of using small versus large lipoplexes may 

depend on the route of administration and on the intended cell or tissue targeted.

Ferrari et al. (2001) underscored the importance of the formulation procedure with respect to 

lipoplex structure by carrying out a systematic investigation of the effects of the components and the 

preparation technique on DNA-binding properties and on in vitro transfection of lipoplexes. The 

authors used a group of structurally related cationic lipids and varied the injection media. Even if 

phosphate was found to be a unique ion in terms of its effect on lipoplexes, different chemical sub-

stitution in the lipids reacted differently to the phosphate ion concentration in the injection medium. 

Among the examined formulation variables, the mixing method had the greatest effect on transgene 

expression in vitro. However, no direct correlation was found between the physicochemical trend 

and the biological activity for the examined systems (Ferrari et al., 2001).

Zuidam et al. (1999) used only one type of cell (mouse embryonic fi broblast NIH-3T3 cells), one 

type of medium, and one cationic lipid {N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium 

(DOTAP)]} to change the mode of lipoplex preparation. They used these few variables together with 

the DOTAP/DNA molar ratio, the presence of a helper lipid, and the lamellarity of liposomes to try 

to understand the effects on the in vitro effi cacy of lipoplexes. The authors concluded that lipoplexes 

should be physicochemically characterized at two different levels of structural properties: the mac-

rolevel that relates to size and size instability and the microlevel that relates to the intimate interac-

tion between the plasmid DNA (pDNA) and the lipids. At the microlevel, all parameters are 

reversible, independent of history, and determined by the DNA/DOTAP mole ratio. In contrast, the 

macrolevel (which is the most important for transfection effi ciency) is dependent on history and not 

reversible. Lipofection followed the macrostructure and not the microstructure. Even if LUVs are 

undoubtedly considered superior to MLVs as pharmaceuticals, Zuidam et al. (1999) reported that 

MLV transfection effi ciency is less dependent on DNA/DOTAP concentration than that of LUV. It 

can be assumed that lipofection effi ciency is related to the fraction of a specifi c population of lipo-

plexes (DNA/DOTAP ratio = ~0.5, excess cationic lipid), as in the previously shown case of 
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Rakhmanova et al. (2004). According to Zuidam et al., at this ratio the lipoplexes reach a high level 

of instability that is due to lipid packing defects, which results from a lateral phase separation 

between regions of bilayers that were condensed by DNA and those that were not (Hirsch-Lerner 

and Barenholz, 1998). The authors propose that defects in lipid packing, which lead to inherent 

instability, are the common denominator for optimizing transfection.

When the formulation of lipoplexes has to be varied, as in poly(ethylene glycol) (PEG)ylated 

lipoplexes, the importance of the order of mixing must not be undervalued. As recent and distinct 

papers attest (Bombelli et al., 2007; Peeters et al., 2007), different physicochemical features and, 

most importantly, different biological activity can be obtained by adding a PEG derivative at differ-

ent stages of the complexation. Bombelli et al. (2005c, 2007) utilized complexes made of DNA and 

mixed vesicles containing cationic gemini surfactants to investigate the connection between the 

lipid molecular architectures and the transfection effi ciency displayed by lipoplexes. Their papers 

demonstrate that the biological properties of lipoplexes can be correlated in some cases to the chiro-

optical features of DNA in cationic complexes and to the preparation protocol of the complexes. The 

secondary structure of DNA was previously demonstrated (Bombelli et al., 2005a) to be dependent 

on the stereochemistry of the gemini surfactant spacer added in mixed liposomes, and the strong 

compaction of DNA typical of the ψ-phase can be related to the transfection effi ciency (Bombelli 

et al., 2005c). A modifi cation of the liposome surface by inserting alkylated PEG monolaurate 

(PEG-ML) polymers was introduced to reduce opsonization for future in vivo applications. Samples 

were prepared according to three different strategies (PEG-ML added to preformed lipoplexes, 

PEG-ML added to the hydration buffer, and PEG-ML codissolved in the dry lipid fi lm). The addi-

tion of PEG-ML to the preformed lipoplexes provided a better insertion of the PEG on the surface 

of the lipoplexes. When the PEG-ML inclusion is achieved by means of the other two tested proto-

cols, part of the poly(ethylenglycol), needing a longer time for reorganization, is entrapped in the 

internal core of the vesicles and it is, very likely, no longer able to interact with DNA. The highest 

transfection effi ciency was observed in correspondence with the addition of PEG after the formation 

of lipoplexes. Peeters et al. (2007) studied the effect of pre- and post-PEGylation of lipoplexes on 

cell adhesion and on retinal pigment epithelium (RPE) cell transfection. It turned out that pre-

PEGylated lipoplexes did not succeed in transfection, likely because, among other possible reasons, 

pre-PEGylated lipoplexes were unable to escape from the RPE endosomes and a high amount of 

PEG at the surface of the lipoplexes also reduced their cellular internalization. According to Peeters 

et al., post-PEGylated lipoplexes obtained by preparing the lipoplexes and subsequently coating 

them with PEG chains, using PEG ceramides (short acyl-chain ceramides) that spontaneously 

adsorb to the lipoplexes, are expected to lose the PEG ceramides (and thus the PEG coating) upon 

contact with cellular membranes. Post-PEGylated lipoplexes (only 100–200 nm in size) do not 

aggregate in the vitreous body, a crucial requirement when the lipoplexes are applied intravitreally 

for targeting inner retinal cells or even RPE cells. Their transport through the neural retina will 

hopefully occur much more effi ciently than that of the non-PEGylated lipoplexes that form micron-

sized aggregates in the vitreous body and will be strongly blocked by the neural retina.

Freeze–thaw PEGylated liposomes (Ueno and Sriwongsitanont, 2005) may have different conse-

quences on fusion and fi ssion of phospholipid vesicles, and this has to be taken into account when 

using PEGylated liposomes for complexing DNA.

In addition to insertion of polymers like PEG to achieve a prolonged circulation lifetime, other 

ternary systems were studied such as the one described by Penacho et al. (2008). Their system is 

composed of cationic liposomes/pDNA and transferrin (Tf): association of this blood protein, 

responsible for the transport of iron into cells, to lipoplexes, results in a signifi cant enhancement of 

transfection in a large variety of cell types (da Cruz et al., 2005; Neves et al., 2006). Different ionic 

strengths of the medium and different modes of preparation were tested to understand how the dif-

ferent modes of preparation of ternary complexes composed of a cationic lipid, pDNA, and a ligand 

(e.g., Tf) affect their physicochemical properties and consequently infl uence their biological activ-

ity. The order of addition seemed to be extremely important in terms of facilitating DNA release 
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from the complex into the cell cytoplasm: when Tf was added to liposomes prior to pDNA, the 

complexes were able to mediate transfection with better effi cacy.

17.2.2  LIPOSOMES AND OLIGONUCLEOTIDES

Oligonucleotides are appealing and promising DNA substitutes. They are widely studied for bio-

technological and pharmaceutical applications, mostly in their antisense form. Aliño et al. (1999) 

investigated the effect of the lipid composition and preparation method on the pharmacokinetics of 

oligonucleotide–liposomes complexes. The authors tested two methods of preparation: preparation 

of MLVs and preparation of liposomes by the dehydration–rehydration method. Liposomes obtained 

by the dehydration–rehydration method were characterized by higher encapsulation effi ciency and 

yielded lower oligodeoxynucleotide plasma clearances than liposomes prepared with the MLV 

method, regardless of the chemical composition of the liposomes and the type of oligonucleotide 

involved. More recently, Ciani et al. (2007) investigated the effect of the preparation procedure on 

the structural properties of oligonucleotide–cationic liposome complexes. They did not reveal any 

infl uence of the preparation procedures on the physicochemical features of the lipoplexes, but unfor-

tunately no in vitro or in vivo test was performed.

The successful delivery of nucleic acids to cells requires a synthetic carrier that is able to 

 complex DNA, the formation of a supramolecular DNA–carrier assembly, and the uptake of this 

complex in the cell. Cationic-based synthetic nonviral systems are routinely used in vitro as conve-

nient biological tools for transporting nucleic acids to cells; however, their proven toxicity at high 

doses (Anderson and Borlak, 2006) drove several scientists to explore alternative routes by design-

ing and synthesizing neutral or anionic lipids. One of the most challenging issues is designing 

robust neutral supramolecular complexes that are more easily targetable to specifi c cells, able to 

deliver other biologically active compounds, and able to overcome the drawback of an aspecifi c 

binding to cell surfaces. As extensively reviewed by Barthélémy and coworkers (Gissot et al., 2008), 

nucleolipids represent a fascinating system that may modulate the interactions between DNA and a 

synthetic carrier. In nucleolipids, functionalization with pyrimidine or purine bases of the amphiphile 

brings about new favorable H-bonding and π-stacking interactions (Banchelli et al., 2007; Berti, 

2006; Berti et al., 1998; Moreau et al., 2005). Berti and coworkers (Milani et al., 2007) recently 

demonstrated that a novel lamellar phase is obtained from the spontaneous ordering of polyuridylic 

acid between the lamellae formed by the anionic 1-palmitoyl-2-oleoylphosphatidyl-adenosine 

nucleolipid without any mediation from divalent cations. This nucleolipid is biocompatible and can 

be enzymatically cleaved by phospholipases once inside living organisms to release the polynucle-

otide. Their study opens new perspectives in the fabrication of lipoplexes, which were up to now 

obtained by favorable coloumbic interactions or the presence of divalent cations. The proof of the 

principle that molecular recognition can be the driving force for bioconjugate constructs establishes 

a new paradigm with potentially important impact in the biomedical fi eld.

17.2.3 LIPOSOMES AND RIBONUCLEIC ACID

Ribonucleic acid interference (RNAi) is a mechanism for RNA-guided regulation of gene expres-

sion in which double-stranded RNA inhibits the expression of genes with complementary nucleotide 

sequences. There is a widespread mistaken belief that all nucleic acids are similar and a general lack 

of notion that different delivery systems may deliver RNA and DNA to different intracellular path-

ways, with consequent possible different transcription effi cacies (Tagami et al., 2007). Tagami et al. 

(2007) demonstrated that simultaneous transfection with the target gene pDNA and the gene- 

silencing small interference RNA (siRNA) can be achieved by means of cationic liposomes. The 

cotransfection was accomplished following two different approaches: method I in which pDNA and 

siRNA were in the same carrier complex, and method II in which a mixture of pDNA–carrier com-

plex and siRNA–carrier complex was used for transfection. Thanks to the signifi cant chemical and 
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structural differences between pDNA and siRNA, the physicochemical features of the three 

 complexes (pDNA–siRNA–liposome, siRNA–liposome, and pDNA–liposome) are likely to be sig-

nifi cantly different: they have anionic phosphodiester backbones with identical negative charge/

nucleotide ratios ready to interact with cationic liposomes to form lipoplexes, but their molecular 

topography and molecular weight are very different. According to Tagami et al., this is likely to lead 

to essentially distinct interactions of the complexes with cells, their cellular uptake, and the intracel-

lular distribution and ultimate fate of siRNA and pDNA, which will largely determine the effective-

ness of the gene-silencing effect. The siRNA lipoplexes produced by method I showed a much 

stronger reporter-gene-silencing effect than those produced by method II. In terms of physicochemi-

cal characterization, no signifi cant differences between complexes prepared by the two different 

methods were pointed out as far as particle diameter and zeta potential were concerned. The major 

cause of the different gene-silencing effects of siRNA observed in this study did not derive from a 

difference in physicochemical properties. This interpretation was supported by the constant values 

of the control exogenous gene expression levels that were observed and by the similar amounts of 

siRNA associated with the cells, irrespective of the preparation method.

17.3 LIPOSOMES AND PROTEINS

17.3.1  PROTEIN ENCAPSULATION

One of the most systematic studies that investigated the effect of the preparation technique on pro-

tein encapsulation in liposomes was carried out by Colletier et al. (2002). Proteins can be extremely 

sensitive to chemical and physical treatments: freeze–thaw cycles, extrusion, and thermal vortexing 

may affect native conformation of proteins and enzymes that may be needed to encapsulate or 

reconstitute in lipid bilayers. One of the most popular methods is the lipid fi lm’s hydration: a phos-

pholipid solution in chloroform is dried under vacuum to obtain a lipid fi lm, and the lipid fi lm is 

subsequently hydrated in a solution containing the protein (Anselem et al., 1993; Kirby and 

Gregoriadis, 1984). This method allows the encapsulation of the protein in its functional form, but 

the effi ciency of encapsulation is generally weak. The authors’ purpose was to improve the fi lm 

hydration method for effi cient protein (acetylcholinesterase) upload in liposomes while preserving 

its functionality. The effects of the lipid concentration and composition, number of freeze–thaw 

cycles, extrusion, composition, and coencapsulation of stabilizers on acetylcholinesterase activity 

were systematically investigated. Interesting conclusions were drawn: encapsulation is proportional 

to the number of lipids and thus proportional to the surface; an increase of encapsulation effi ciency 

occurs according to the number of freeze–thaw cycles without signifi cant denaturation of the 

enzyme; retention of some vesicles or lipids may occur on extrusion fi lters with specifi c composi-

tions; the observed decrease of the encapsulation effi ciency while increasing salt concentration sug-

gests that encapsulation might be related to a specifi c interaction between the phospholipids and 

protein; and the encapsulation effi ciency does not depend on the hydrophobic component of the 

phospholipids, whereas it appears to be dependent on the electrostatic interactions between the 

enzyme peripheral surface and the polar head group of the phospholipids.

To improve the encapsulation effi ciency of proteins in a size-regulated phospholipids vesicle by 

using an extrusion method, Sou et al. (2003) conducted a very interesting investigation on the effect 

of the frozen–thawed vesicles on water-soluble protein hemoglobin encapsulation, which unfortu-

nately lacked biological activity tests.

Among the possible interesting proteins for pharmaceutical applications, synthetic peptides must 

be mentioned: synthetic peptides of antigenic epitopes are receiving considerable interest as the 

basis for “next generation” highly specifi c and safe vaccines (Arnon and Ben-Yedidia, 2003). 

Conjugation of peptides to lipoamino acids confers increased lipophilicity to the peptides and there-

fore increases their membrane permeability (Toth et al., 1994) in addition to protecting it from 

enzymatic digestion. The presence of lipidic moieties appears to overcome the need for additional 
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adjuvants. However, as a result of their increased lipophilicity, the aqueous solubility of the con-

structs can be dramatically reduced, frequently requiring administration as a suspension. To over-

come this formulation issue and to further enhance their bioactivity, lipid-conjugated peptides have 

been encapsulated within liposomes (Babu et al., 1995; Haro et al., 2003). Liang et al. (2005) inves-

tigated the effect of the chemical nature of the lipid on the effi ciency of entrapment of a lipopeptide 

within a liposome, and the effect of the mode of preparation was also considered. Preparing lipo-

somes by means of hydration of dried lipid fi lms results in differing rates of precipitation upon 

solvent evaporation and the formation of a lipid fi lm in which the lipopeptide is not homogeneously 

dispersed because of the differential solubility of lipopeptides and phospholipids. Lipopeptide 

entrapment within liposomes prepared by this method is incomplete and dependent on the structure 

of the lipopeptide and loading. Conversely, when liposomes are prepared by hydration of freeze-

dried monophase systems, entrapment is high and less affected by the lipopeptide structure and 

higher loadings can be achieved. Unfortunately, no biological activity of these complexes was 

monitored.

An extensive study about enzyme encapsulation in lipid bilayers was reported by Walde and 

Ichigawa (2001). The issues addressed in the paper are strictly limited to vesicle encapsulation of 

water-soluble enzymatic active proteins (enzymes), although the authors signaled a number of other 

papers dealing with the entrapment of other nonenzymatically active, water-soluble proteins (Adrian 

and Huang, 1979; Meyer et al., 1994; Zheng et al., 1994). These extensive and detailed reviews pro-

vide further insights on these topics.

17.3.2  PROTEIN ANCHORING

The key role of G proteins in complex intracellular signaling explains their importance as pharma-

ceutical targets. The correct physiological functionality of G proteins requires anchoring to a lipid 

bilayer: mutations that prevent myristoylation or palmitoylation may severely interfere with protein 

functionality. Luciani et al. (2009) recently carried out a study on Gα subunit functionality, includ-

ing fatty acid modifi cations and taking into proper account the importance of a hydrophobic envi-

ronment by means of protein reconstitution in a lipid bilayer. They sought to improve the protocols 

of Gα-mir reconstitution in lipid vesicles with preservation of protein functionality, so the effects of 

freeze–thaw cycles, lamellarity, extrusion procedures, and lipid chain length on Gαi activity were 

evaluated. The reconstitution of Gα-mir protein in a liposomal structure represents a more physio-

logical system that improves the protein basal activity. To the best of the authors’ knowledge, this 

was the fi rst complete characterization of a Gα subunit reconstitution in model membranes, in terms 

of protein activity as a function of the reconstitution protocol. The importance of correlating the 

variations in preparation methods to the functionality maintenance was underscored.

17.4 LIPOSOMES AND DRUGS

Liposomal drug delivery is one of the principal routes that is currently being explored to achieve 

increased therapeutic indices for existing drugs and for some new classes of drugs whose clinical 

application has been prevented by rapid breakdown or a lack of solubility. Liposomes might improve 

the bioavailability of pharmacologically active molecules by solubilizing those with reduced aque-

ous solubility, by entrapping rapidly degradable drugs, by reducing the accumulation of drugs in 

sensitive tissues thanks to the alteration of the biodistribution of their associated drugs, and by 

opportunely targeting the lipid carriers to specifi c cells and tissues (Allen and Moase, 1996). It is 

possible to improve the degree of interaction and capture of liposomes by phagocytic cells by using 

a suitable liposome design.

Different methods of liposome preparation may markedly affect the relative stability and percent-

age of encapsulation of markers and drugs. This consequently affects in vitro activity, as in the case 

investigated by Vitas et al. (1996) in which the therapeutic capacity of gentamicin was evaluated by 
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encapsulation in different types of liposomes for monocytes infected with Brucella abortus. Standard 

MLVs and standard stable plurilamellar vesicles (SPLVs) were prepared together with freeze–thaw 

MLVs and modifi ed SPLVs. Their stability in the presence of high-density lipoprotein with and with-

out charged molecules was evaluated: comparative studies of the stabilities of vesicles prepared by 

different techniques indicate that, in addition to the composition of the liposomes, the method of 

preparation might also affect the physical and chemical characteristics of the vesicles, thus altering 

their stability and encapsulating effi ciency. The best dispersion for antibiotic transport was modifi ed 

SPLVs. The preparation method might affect liposome capture.

Another study (Zeisig et al., 1998) focused on the infl uence of the composition of liposomes as 

drug carriers, especially with regard to CH content, charge, size, and sterical stabilization, on the 

physical properties and the cytotoxic effect in vitro, as well as the therapeutic activity in vivo. Two 

different preparation procedures were also used in this case, and their effect on biological activity 

was investigated. MLVs and LUVs containing with a novel cancerostatic alkylphospholipid [octa-

decyl-(1,1-dimethyl-piperidino-4-yl)-phosphate] were prepared, physically characterized, and 

tested on four different human breast cancer cell lines. The effect of CH on the stability of the 

different dispersions and on the capacity of increasing release was evaluated; the effects of the 

different preparations against tumor cells in vitro were investigated. The reduction of liposomal 

CH correlated with an increase of the cytotoxic effect in vitro. This could be explained by the 

increase in membrane fl uidity caused by CH reduction (Nagayasu et al., 1996), which probably 

facilitates (specifi c) interactions between the components of the liposomal membrane and those 

of the cellular membrane. In terms of cytotoxicity, size dependency is involved: large MLVs are 

less toxic, most likely by the inhibition of the transbilayer transport of the MLVs into the cells. 

Octadecyl-(1,1-dimethyl-piperidino-4-yl)-phosphate–LUVs showed high stability in serum, but 

no further correlation between the preparation procedures and in vitro and in vivo tests was estab-

lished in this study.

Maestrelli et al. (2006) evaluated complexes of cyclodextrin–ketoprofen–liposomes to improve 

drug solubility. The aim of their work was to fi nd the most effective operative conditions to 

improve the effectiveness of the ketoprofen–cyclodextrin–liposome system in terms of drug 

encapsulation effi ciency and permeation properties. Toward this purpose, liposomes of constant 

composition [i.e., 60/40 (w/w) phosphatidylcholine/CH] were prepared by using different prepa-

ration methods (MLVs, frozen–thawed MLVs, SUVs, and LUVs). The percentage of encapsula-

tion effi ciency depended on both the liposome preparation method and the complex concentration 

in the aqueous phase used for liposome preparation and was in the order MLVs > LUVs > SUVs. 

A different drug permeation rate was observed from the different liposomal formulations (i.e., 

solutions > SUVs > frozen–thawed MLVs = MLVs > LUVs). MLVs exhibited the highest value of 

encapsulation effi ciency, so they represent the best formulation to optimize the drug entrapment 

effi ciency and permeation rate when a prolonged drug release is desirable. Unfortunately, in vitro 

or in vivo tests were not performed.

The physicochemical properties of bioactive components of natural traditional herbs may 

also be affected by different methods of inclusion of the compound in lipid bilayer. Fan et al. 

(2007) studied salidroside encapsulation in lipid vesicles by preparing them according to fi ve 

different methods: thin-fi lm evaporation, sonication, reverse-phase evaporation, melting, and 

freezing–thawing. A physicochemical characterization of the complexes was performed: a rela-

tionship between the encapsulating effi ciency of salidroside liposomes and different preparation 

methods and loading capacities was established. Moreover, morphological and dimensional 

studies were performed together with leakage and temperature-stability characterization. 

Salidroside liposomes prepared by the melting method showed better encapsulating effi ciency 

and physicochemical stability. The loading and leakage characteristics of salidroside liposomes 

showed that salidroside loading effi ciency highly infl uenced the encapsulating effi ciency, and 

the preparation method had a great effect on the leakage of salidroside from liposomes. 

Unfortunately, no biological evaluation was done.
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17.5  CONCLUSIONS

This chapter summarizes recent systematic approaches in rationalizing parameters during prepara-

tion of liposomes as drug and gene delivery systems. Biological response may be affected by several 

variables, but undoubtedly biomacromolecule functionality must be preserved. Thus, understanding 

how different preparation techniques may affect physicochemical features and how changed char-

acteristics of the biomacromolecule–liposome complexes may impact cell and tissue interaction, as 

well as pharmaceutical and biological applications in general, should be mandatory. Among the 

open challenges in this multidisciplinary fi eld, the understanding of the role played by molecular 

interactions in complex systems as supramolecular aggregates, biomacromolecules, and cells repre-

sents the most exciting milestone to be overcome.
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ABBREVIATIONS

CH Cholesterol

DNA Deoxyribonucleic acid

DOTAP N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium

LUV Large unilamellar vesicle

MLV Multilamellar vesicle

pDNA Plasmid deoxyribonucleic acid

PEG Poly(ethylene glycol)

PEG-ML Poly(ethylene glycol) monolaurate

RNA Ribonucleic acid

RNAi Interference ribonucleic acid

RPE cells Retinal pigment epithelium cells

siRNA Small interference ribonucleic acid

SPLV Stable plurilamellar vesicle

SUV Small unilamellar vesicle

Tf Transferrin
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18.1 INTRODUCTION

Of the hundreds of known secondary lichen metabolites, usnic acid is certainly the most exten-

sively studied because it exhibits antimicrobial activity (Correché et al., 1998; Francolini et al., 

2004; Lauterwein et al., 1995; Perry et al., 1999; Ribeiro et al., 2006), particularly an antimy-

cobacterial effect (Ingólfsdóttir et al., 1998), and antitumor activity (Pereira et al., 1994; Santos 

et al., 2005), among other properties. However, the therapeutic use of usnic acid is limited by its 

very poor water solubility (Kristmundsdóttir, 2005; Kristmundsdóttir et al., 2002) and hepatotox-

icity (Favreau et al., 2002; Han et al., 2004; Pramyothin et al., 2004; Ribeiro-Costa et al., 2004; 

Santos et al., 2006). The use of usnic acid in a safe and effi cient approach therefore requires 

appropriate nano- or microparticulated systems to increase the therapeutic index of this drug by 

improving the effi cacy and reducing the toxicity. In this challenging scenario, liposomal and 

nano- and microparticulated formulations containing usnic acid or usnic acid–β-cyclodextrin 

inclusion complex were developed and characterized for the in vitro kinetic release, biological 

activity, and toxicity.

This review chapter was designed to show the overall results of the in vitro release profi le, 

cytotoxicity, and antitumor and antimycobacterial activity of usnic acid encapsulated into 

 liposomes, nanocapsules, and microspheres. The cellular uptake of usnic acid loaded liposomes 

by J774 macrophages was also investigated, exploiting the intrinsic fl uorescence of the drug. 

Bearing in mind the issues of tuberculosis chemotherapy, studies were carried out to examine the 

antimycobacterial activity of usnic acid encapsulated in liposomes against the Mycobacterium 
tuberculosis H37Rv strain. Finally, the progress and issues involved in the encapsulation of usnic 

acid as an antimycobacterial agent, as well as further prospects in this fi eld, are presented and 

discussed.
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18.2 CHEMICAL AND PHARMACOLOGICAL PROPERTIES OF USNIC ACID

18.2.1 CHEMICAL PROPERTIES OF USNIC ACID

All of the earlier reports on the properties of usnic acid and its derivatives pointed out only the 

pharmacological activities, but the chemical properties are highlighted here because of the benefi ts 

of understanding the pharmacological activities and mechanism of action of usnic acid.

Usnic acid [(9bR)-2,6-diacetyl-3,7,9-trihydroxy-8,9b-dimethyl-dibenzofuran-1-one] is a phenolic 

compound formed by two cycles of six carbon atoms fused with a furan ring with the chemical 

structure C18H16O7 (Figure 18.1). It exists in two enantiomeric forms, (+) and (−) usnic acid, which 

differ in orientation from the methyl group located in the chiral carbon at the 9b position (Asahina 

and Shibata, 1954; Huneck and Yoshimura, 1996).

Usnic acid is widely distributed in lichen species such as Cladonia, Usnea, Lecanora, Ramalina, 

Evernia, and Parmotrema (Ingólfsdóttir, 2002) as a yellowish water-insoluble pigment produced in the 

secondary metabolism of lichens through the biosynthetic route of acetate-polymalonate. Monocyclic 

phenol structures are initially formed from carboxylic acids derived from acetil-coenzyme A and from 

malonil-coenzyme A units catalyzed by aromatic synthetases. Usnic acid exists in tautomeric β-dike-

tone form, sometimes as the 1-OH, 3-oxo-tautomer; the Chemical Abstracts Service name refers to the 

1,3-dioxo tautomer (Rashid et al., 1999). The presence of different hydroxyl groups, a carbonyl group, 

and an enol function in the molecule of usnic acid leads to keto-enol tautomerism (Roach et al., 2006). 

Usnic acid is a dimer of methylfl uoracetophenone and its chirality is produced during the dimerization 

process after two units of methylfl ouroacetophenone are stereospecifi cally coupled, producing hydrated 

usnic acid. Finally, dehydration occurs, leading to an ether bound formation (Nash, 1996).

The crystals of usnic acid are characterized by yellow needles (13.5 g), a melting point of 203–

204°C, and [α]D
20 + 495° in chloroform (Culberson, 1963; Huneck and Yoshimura, 1996). The 

molecular weight of usnic acid is 344.31, and its melting point is around 203°C (Huneck and 

Yoshimura, 1996). The theoretical partition coeffi cient (log P) of usnic acid is 2.679 ± 0.631, and the 

log P of (−)-usnic acid in the octanol–water system (25°C) was found to be 2.88 by direct measure-

ment (Takai et al., 1979). Apparently, the intramolecular hydrogen bonds in the usnic acid molecule 

not only contribute to the poor solubility in hydrophilic solvents (water <10 mg/100 mL, 25°C; ethanol 

20 mg/100 mL, 25°C; Stark et al., 1950) but also lead to a log P value that is well into the lipophilic 

range. The hydrophobic character of usnic acid is due to the presence of the β-triketonic groups and 

the furan ring linking both cyclic rings (Asahina and Shibata, 1954; Huneck and Yoshimura, 1996). 

The intramolecular hydrogen bonds contribute to its lipophilic nature (Bertilsson and Wachtmeister, 

1968), and the acidity is justifi ed by the presence of the unstable enol ring (Shibata, 2000). An 

 electron paramagnetic resonance spectrum of usnic acid confi rmed that the dissociation constant 
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FIGURE 18.1 The chemical structure of usnic acid and its C atom assignments.
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(pKa) for the enol hydroxyl group located at position 3 is 4.4 and the pKa value for the phenolic 

hydroxyl groups located at positions 9 and 7 are 8.8 and 10.7, respectively. It was found that the usnic 

acid is entirely unprotonated at pH 11.5 (Hauck and Jürgens, 2008; Sharma and Jannke, 1966).

18.2.1.1 Characterization of Usnic Acid
The chemical structure of usnic acid was characterized and confi rmed by vibrational spectroscopic 

analyses, including infrared (IR) and Raman, nuclear magnetic resonance (NMR), mass spectro-

scopy, and x-ray diffraction (Campanella et al., 2002; Rashid et al., 1999; Takani et al., 2006). The 

IR spectrum of usnic acid presents a characteristic band of the conjugated ketone cyclic group at 

1694 cm−1. The conjugation, electron donation of the constituent rings, and possible hydrogen bonds 

contributed to the small wavelength of the aromatic methyl ketone at 1627 cm−1. It is possible to 

assign the conjugated cyclic ketone group to the 1694 cm−1 band. Weak bands at 1716 and 1676 cm−1 

in the IR spectrum are assigned to the ν(C=O) nonconjugated cyclic ketone and the nonaromatic 

methyl ketone, respectively. Conjugation, the electron donating ring substituent, and possible intra-

molecular hydrogen bonds all contribute to the lower wavenumber position of the aromatic methyl 

ketone at 1627 cm−1. In addition, the IR spectrum of usnic acid included a band of hydroxyl phenolic 

groups at 3150 cm−1 and bands of unsaturated α-β-carbonyl groups and aromatic rings between 

1800 and 1550 cm−1. It is also possible to assign the antisymmetric and symmetric stretching ν(COC) 

aryl alkyl ether bands at approximately 1288 and 1070 cm−1, respectively, with the aid of the IR 

spectrum (Edwards et al., 2003). The spin–lattice relaxation proton NMR (1H NMR) spectrum of 

usnic acid showed that hydroxyl groups are found in regions of high chemical shifting and are highly 

infl uenced by the solvent polarity (Campanella et al., 2002; Rashid et al., 1999).

The mass spectrum of usnic acid was particularly informative because it showed the molecular 

ion at a mass/charge ratio (m/z) of 344, in agreement with the molecular formula C18H16O7 (calcu-

lated molecular weight = 344.31) and a base peak at m/z 217 (Huneck and Yoshimura, 1996). 

Moreover, more recently mass spectroscopic analysis of usnic acid revealed other ion fragmenta-

tions m/z 329, 260, and 233 (Huneck and Schmidt, 1980; Kutney et al., 1974; Letcher, 1968; Shukla 

et al., 2004; Talvitie, 1983). A summary of the overall spectroscopic assigned data of usnic acid is 

described as follows: IR (KBr) typical vibrations centered on 3150, 1695, 1630, 1550, 1465, 1300, 

1200, 1075, 1040, 965, and 900 cm−1; 1H NMR [dimethyl sulfoxide (DMSO), chemical shifts (δ)]: 

6.32 (1H, s, ϕH), 2.62 (6H, s, 2COCH3), 1.98 (3H, s, -ϕ-CH3), and 1.69 (3H, s, =C−CH3); mass 

 spectrometry parental ion peak at 344 and fragmentation ion peaks at m/z 233(100), 260(60), 

344(55), 232(31), 217(29), 234(20), 215(13), 261(11), and 345(10).

The optical properties of usnic acid isolated from the lichens Ramalina reticulata, Parmelia 
molliuscula, and Usnea californica Herre have been determined. The crystals obtained from chlo-

roform solution are orthorhombic with indices α = 1.611, β = 1.710, and γ = 1.772. X-ray diffraction 

photographs of these crystals give α = 19.10 Å parallel to β, b = 20.39 Å parallel to γ, and c = 8.09 

Å parallel to α. The space group is probably D4
2 -P212121 but may be D2

3-P21212, and the density is 

1.46 g/mL (Jones and Palmer, 1950).

18.2.1.2 Solubility Properties of Usnic Acid
Usnic acid is poorly soluble in water at 25°C as shown by the different reported values approximat-

ing 0.01% (100 μg/mL; see Merck Index, Budavari, 1989) and 5 μg/mL (Kristmundsdóttir et al., 

2002). In addition, usnic acid is partially soluble in ethanol and considerably soluble in organic 

solvents such as ether, acetone, benzene, chloroform, and DMSO. The water solubility of usnic acid 

(5 μg/mL) was increased 70-fold in the presence of 10% hydroxypropyl-β-cyclodextrin (350 μg/mL; 

Kristmundsdóttir et al., 2002).

18.2.1.3 Chemical Derivatives of Usnic Acid
A huge limitation to the practical use of usnic acid is low solubility in organic solvents and in water. 

Accordingly, interest has arisen in the preparation of derivatives maintaining the antibiotic activity, 
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but with more favorable solubility. For the purpose of increasing the solubility, salts of usnic acid 

were obtained in the form of the drugs Usno (Grasso et al., 1989) and Binan (Najdenova et al., 2001), 

preserving the antimicrobial activity. In addition, the preparation of new esters was investigated 

starting from R-(+)-usnic acid with an esterifi cation reaction dependent on the kind of acylating 

agent. The use of aliphatic acyl chlorides afforded the expected diesters at positions 7 and 9, involv-

ing only the phenolic hydroxyl groups. However, when aromatic acyl chlorides are used, the reactiv-

ity is shifted in favor of the enolic hydroxyl groups; that is, the reaction occurred at position 3 and 

on the enolized form of the acetyl group at position 2 (Erba et al., 1998). Usimine derivatives of 

usnic acid were also synthesized recently to improve the solubility and pharmacological properties 

(Erba et al., 1998; Luzina et al., 2007; Seo et al., 2008; Takai et al., 1979). The synthesis of polyamine 

usnic acid derivatives (diamines and triamines), including a dimeric product of usnic acid, was car-

ried out and the derivatives were evaluated against Staphylococcus aureus. The addition of an amine 

chain to the usnic acid molecule improved its antimicrobial activity, which was possibly due to an 

increase in its hydrosolubility (Tomasi et al., 2006). Further, the greatest activity was observed for 

the triamine derivatives, indicating the importance of the aminopropyl chain.

18.2.1.4 Chemical Methods for Quantifying Usnic Acid
The methods proposed for determining usnic acid content in lichens or pharmaceutical dosage 

forms were different conventional techniques such as spectroscopy (Siqueira-Moura et al., 2008; 

Takani et al., 2002) gas chromatography (Rashid et al., 1999), and high performance liquid chroma-

tography (HPLC; Ribeiro-Costa et al., 2004; Roach et al., 2006). Note that HPLC is the current 

method for quantifying usnic acid at 233 nm with a retention time of approximately 13.3 min 

(Cansaran et al., 2007; Erba et al., 1998; Ji and Khan, 2005; Luzina et al., 2007; Takai et al., 1979; 

Tomasi et al., 2006) or at 235 nm with a retention time of 7.1 min (Huneck and Yoshimura, 1996; 

Kristmundsdóttir et al., 2005). Moreover, HPLC was proposed for determining usnic acid concen-

tration in human plasma (Venkataramana and Krishna, 1992) and rabbit plasma (Venkataramana 

and Krishna, 1993). Furthermore, other unconventional methods such as capillary electrophoresis 

were applied in the analysis of usnic acid using reverse polarity capillary zone electrophoresis (Kreft 

and Štrukelj, 2001). More recently, usnic acid was determined using a micellar electrokinetic chro-

matography method (Falk et al., 2008).

18.2.1.5 Interactions of Usnic Acid and Phospholipids
The binding interactions of usnic acid and phospholipids were fi rst investigated in lipidic vesicles 

mixed in an usnic acid solution by measuring spin–lattice NMR relaxation rates, which provide an 

evaluation of motional and environmental features of bound usnic acid (Campanella et al., 2002). 

The presence of bilayer membranes induces enhancement of the R value of the methyl and aromatic 

protons of usnic acid. The values are consistent with the slowing down of the reorientational molec-

ular tumbling rate that in turn results from the binding interaction of usnic acid with bilayers based 

on the nonpolar interactions in the form of hydrophobic forces.

The interfacial properties and thermodynamic parameters of usnic acid in phospholipid mono-

layers were investigated, bearing in mind the use of liposomes as nanocarrier systems for this drug 

(Andrade et al., 2006). The results showed a better interaction between usnic acid and dipalmi-

toylphosphatidylcholine than with dioleylphosphatidylcholine, which might be attributable to the 

higher fl uidity of the dioleylphosphatidylcholine monolayer in the presence of an unsaturated phos-

pholipid chain. The surface pressure (ΔΠ) and surface potential (ΔV) compression isotherms as a 

function of the molecular area revealed in all mixed monolayers that there is clear evidence of inter-

actions between the molecules of usnic acid and phospholipids. The variations found in the iso-

therms are presumed to result from the differences in the longer phospholipid hydrocarbon chains. 

The assumption that the usnic acid molecules interact with the hydrocarbon chains of the phospho-

lipids agrees with reported results (Campanella et al., 2002).
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18.2.2 PHARMACOLOGICAL PROPERTIES OF USNIC ACID

A renewed interest in usnic acid has emerged, which is corroborated by an increasing number of 

 publications on its biological properties and pharmacological activities such as the reviews at the 

beginning of this decade (Cocchietto et al., 2002; Ingólfsdóttir, 2002; Müller, 2001). Usnic acid has 

been extensively studied because it exhibits a number of pharmacological activities such as antimicro-

bial (Francolini et al., 2004; Ingólfsdóttir et al., 1998), antiprotozoal (De Carvalho et al., 2005), anti-

proliferative (Cardarelli et al., 1997; Correcché et al., 2004; Kumar and Müller, 1999; Mayer et al., 

2005; Ögmundsdóttir et al., 1998; Santos et al., 2005), antitumor (Fujita and Nagao, 1977; Kupchan 

and Kopperman, 1975; Ribeiro-Costa et al., 2004; Santos et al., 2006; Takai et al., 1979), antiinfl am-

matory (Vijayakumar et al., 2000), and gastroprotective and antioxidant (Odabasoglu et al., 2007). 

Moreover, usnic acid is proposed as a noteworthy candidate for clinical trials on patients with vancomycin-

resistant enterococci and methicillin-resistant Staphylococcus aureus (Elo et al., 2007). The antiinfl am-

matory activity of usnic acid was confi rmed in a study with patients with human papilloma virus 

genital infection. Usnic acid was administered in association with zinc sulfate by the intravaginal route 

as an adjuvant therapy combined with radiosurgery. The administration of usnic acid and zinc sulfate 

improved reepithelization time 1 month after radiosurgery, and the differences between treated and 

untreated control patients remained signifi cant even 6 months after radiosurgery (Scirpa et al., 1999).

Moreover, ever since 1949, a number of studies have investigated the antimicrobial activity of 

lichen compounds, especially their antimycobacterial activity (Ingólfsdóttir et al., 1998; Marshak 

et al., 1949; Vartia, 1950, 1973). Usnic acid is a strong inhibitor of Gram-positive bacteria (Vartia, 

1973; Yamamoto et al., 1993, 1985) and aerobic and anaerobic microorganisms (Lauterwein et al., 

1995), because it is a selective agent against species of Streptococcus mutans (Grasso et al., 1989) 

and against clinical isolates of vancomycin-resistant enterococci and methicillin-resistant 

Staphylococcus aureus (Elo et al., 2007). As previously mentioned, (−)-usnic acid exhibited inhibi-

tory activity against tubercle bacilli strains at a titer of 1:60,000 (16.6 μg/mL; Vartia, 1973) and 

(+)-usnic acid from Cladonia arbuscula exhibited the highest activity with a minimum inhibitory 

concentration (MIC) of 32 μg/mL against Mycobacterium aurum, a nonpathogenic organism with a 

similar sensitivity profi le to M. tuberculosis (Ingólfsdóttir et al., 1998).

Although the toxicity of usnic acid is well established and its mechanism of action remains some-

what unclear, several topical formulations containing this drug are available either as such or in salt 

form (Cocchietto et al., 2002; Kilpio, 1956; Lodetti et al., 2000). This drug is also used in antifeed-

ant products (Durazo et al., 2004), mouth rinses, and toothpaste (Grasso et al., 1989), as well as 

cosmetics (Najdenova et al., 2001). It should be emphasized that usnic acid is the antimicrobial 

agent in products for personal care and cosmetics. Products such as deodorants, creams, toothpaste, 

mouthwash, and sunscreens containing usnic acid as a preservative have been developed and are 

widely used, especially in Europe (Ingólfsdóttir, 2002).

18.2.3 PHARMACOKINETICS OF USNIC ACID

The only report on the pharmacokinetics of usnic acid, which was evaluated in rabbits after intravenous 

(5 mg/kg) and oral (20 mg/kg) administrations, showed mean terminal half-life constants (t1/2) of 

10.7 ± 4.6 and 11.4 ± 2.8 h, respectively (Venkataramana and Krishna, 1993). The dose-normalized 

absolute oral bioavailability of usnic acid was 77.8% with a plasma maximal concentration (Cmax) of 

32.45 ± 6.84 μg/mL and a time corresponding to Cmax (tmax) of 16.6 ± 3.5 h. A plasma concentration of 

approximately 30 μg/mL was maintained for 24 h, followed by a decrease to around 10 μg/mL at 48 h.

18.2.4 MECHANISM OF ACTION OF USNIC ACID

Although a number of studies have reported the in vitro mechanism of action of usnic acid, its 

 specifi c mechanism of action remains to be more accurately elucidated for different biological 
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 properties and pharmacological activities. Further studies are required to clarify the mode of action 

of usnic acid on a molecular and therapeutic basis. Such studies are mandatory to guarantee its 

therapeutic use as an antibiotic or antitumor drug.

As previously reported, the mechanism of the antibiotic activity of (+)-usnic acid against Gram-

positive bacteria was attributed to its protonophoric properties as an uncoupler of oxidative phos-

phorylation (Abo-Khatwa et al., 1996). This effect was remarkably more pronounced than that 

produced by dinitrophenol, a well-known uncoupler agent that increases the permeability of mito-

chondria to protons, reducing the electrochemical potential and thus inhibiting adenosine triphos-

phate synthesis. Two research groups found that usnic acid played an active role in the transport of 

protons through the membranes of isolated mouse liver mitochondria, uncoupling the electron fl ow 

through respiratory electron transport chains from the generation of an acidic gradient and thereby 

inhibiting the synthesis of adenosine triphosphate (Abo-Khatwa et al., 1996; Bouaid and Vicente, 

1998). The ability of usnic acid to shuttle protons through membranes was confi rmed by studies 

with artifi cial phospholipid membranes (Backor et al., 1998). A model for the function of usnic acid 

in the control of the intracellular pH of lichens was recently proposed (Hauck and Jürgens, 2008) 

that involves two hypotheses: (1) at the optimum pH near the pKa1 value of usnic acid (4.4), buffering 

is assumed to be compensated by the usnic acid mediated proton transport into the cell; (2) at low 

pH (<3.5), the equilibrium between usnic acid and usneate shifts toward the usnic acid and protons 

are increasingly shuttled into the cells, considering that usnic acid dissociates to usneate at cytosolic 

pH 7.4 (Raven, 1986). This implies that more protonated molecules would be able to cross the mem-

brane and release protons into the cell. As a result, the intracellular pH would decrease and lead to 

the death of the cells (Hauck and Jürgens, 2008).

With reference to the antiviral activity of usnic acid on the proliferation of mouse polyomavirus 

in 3T6 cells, it was shown that Py deoxyribonucleic acid replication is severely inhibited at a con-

centration of 10 μg/mL. Usnic acid acts as a generic repressor of ribonucleic acid transcription 

(Campanella et al., 2002).

The mechanism of antiproliferative activity of usnic acid was investigated in regard to apoptosis 

via protein 53 (p53), on wild-type p53 (MCF7), as well as the nonfunctional p53 (MDA-MB-231) 

breast cancer cell lines and the lung cancer cell line H1299, which is null for p53 (Mayer et al., 

2005). Cells exposed to usnic acid showed an accumulation of p53, but there was no increase in p53 

transcriptional activity. The results demonstrated that there was no phosphorylation of p53 at Ser15 

after treatment of MCF7 cells with 29 mM usnic acid, indicating that deoxyribonucleic acid damage 

is not involved in the oxidative stress and disruption of the normal metabolic processes of cells 

 triggered by usnic acid. Usnic acid is thus a nongenotoxic antiproliferative drug that acts in a p53-

independent manner.

18.2.5 TOXICOLOGY OF USNIC ACID

The toxicological data of usnic acid, expressed as the lethal dose in 50% of subjects, were deter-

mined in different animals after intravenous administration. These lethal dose values were 25, 30, 

and 40 mg/kg in mice and rats, rabbits, and dogs, respectively (Virtanen and Kärki, 1956).

The allergenic side effect of (−)-usnic acid has been known since the 1960s (Mitchell, 1965), but 

not until the 1980s was it demonstrated that both (+)- and (−)-isomers of usnic acid are allergenic and 

individuals may react to one or both enantiomers (Salo et al., 1981). More recently, allergic contact 

dermatitis caused by a deodorant containing usnic acid was reported in patients who manifested bilat-

eral axillary or ear contact dermatitis after using a natural odorless deodorant (Sheu et al., 2006).

In addition to allergenic reactions, usnic acid induces hepatotoxicity. This was confi rmed in 

experimental in vivo studies (Pramyothin et al., 2004) as well as in patients after chronic use or 

those undergoing high-dose treatments (Durazo et al., 2004; Han et al., 2004; Neff et al., 2004). 

With regard to the mechanism of hepatotoxicity, in vitro studies showed that usnic acid can  uncouple 

mitochondrial oxidative phosphorylation and generate oxidative stress in a dose-dependent manner 
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(Abo-Khatwa et al., 1997; Han et al., 2004). This mechanism was recently investigated in vivo in 

rats (200 mg/kg), as well as in vitro in isolated rat hepatocytes and isolated rat liver mitochondria 

(Pramyothin et al., 2004). They found that the hepatotoxic effect of (+)-usnic acid might be medi-

ated by itself or by its reactive metabolite(s), causing loss of membrane integrity and destruction of 

mitochondrial functions.

Regarding in vivo toxicity of usnic acid, terpenoid-containing dietary supplements are implicated as 

the cause of severe and sometimes fatal hepatotoxicity. Dietetic supplement products containing usnic 

acid for weight loss caused hepatotoxicity, and a number of clinical cases of severe liver failure events 

were described (Arneborn et al., 2005; Chitturi and Farrell, 2008; Foti et al., 2008; Lazerow et al., 2005; 

Neff et al., 2004; Sanchez et al., 2006). Twelve clinical cases of hepatotoxicity associated with weight 

loss supplements containing ma huang or usnic acid were reported (Neff et al., 2004). Further, a case of 

liver failure in a 28-year-old woman taking only usnic acid for weight loss was described (Durazo et al., 

2004). The authors noted that usnic acid is a component of many weight loss supplements, but hepato-

toxicity from these supplements was historically attributed to other components. However, in this 

instance, the patient took only usnic acid, which resulted in fulminate liver failure requiring a liver trans-

plant, establishing the fi rst case report of liver failure from usnic acid alone. In addition to these cases, 

Sanchez and colleagues (2006) described two patients who developed severe hepatotoxicity while using 

a dietary supplement containing usnic acid, one of whom experienced fulminate liver failure requiring 

emergency transplantation. There is a full report on the toxicity of usnic acid in a recent review on the 

hepatotoxicity of usnic acid and other herbal hepatotoxins (Chitturi and Farrell, 2008).

18.3  NANOTECHNOLOGY AS A TOOL FOR IMPROVING 
ANTIMYCOBACTERIAL AND ANTITUMOR ACTIVITIES 
OF USNIC ACID

Usnic acid is one of the most extensively studied lichen derivatives because it exhibits, among other 

properties, antimycobacterial activity (Ingólfsdóttir et al., 1998; Lira et al., 2009). However, the 

potential therapeutic benefi ts of usnic acid are limited by its unfavorable solubility (Kristmundsdóttir 

et al., 2002) and hepatotoxicity (Han et al., 2004; Pramyothin et al., 2004; Ribeiro-Costa et al., 

2004; Santos et al., 2006). To overcome these drawbacks, one possible strategy is to fi nd a suitable 

solubilizer agent or to develop nanocarrier systems for improving the therapeutic index, thereby 

ensuring the safe and effi cient clinical use of usnic acid.

As part of our continuing research, we have developed different approaches on liposomes and 

polymeric nanocarrier systems in order to introduce usnic acid in the treatment of tuberculosis by 

exploiting the main biological effects of usnic acid’s antimycobacterial and antitumor activities. 

Before the presentation of our results, we provide a brief discussion of the issues related to the treat-

ment of tuberculosis.

Tuberculosis, a widespread intracellular infectious disease, can be treated with rifampicin, isoni-

azid, streptomycin, and pyrazinamide. Nonetheless, it requires a high-dose treatment over a minimum 

period of 6–12 months, which is usually associated with undesirable side effects. The failure of che-

motherapy in tuberculosis is related to poor patient compliance, degradation of the drugs before 

reaching their site of action, and the drugs’ low solubility. In addition, the incorrect use of antibiotics 

has contributed particularly to the development of M. tuberculosis multiresistance (Nguyen and 

Thompson, 2006). From our point of view, there are two promising strategies for achieving real prog-

ress in the chemotherapy of tuberculosis: the search for new natural or synthetic compounds with 

antimycobacterial activity and the design of novel dosage forms of well-established drugs based on 

nanotechnological approaches. In this challenging scenario of tuberculosis treatment, different nano-

carrier systems have been proposed because of their ability to enhance drug concentration in infected 

cells by improving their uptake by the mononuclear phagocytic system. Colloidal nanocarriers such 

as liposomes (Chono et al., 2008; Düzgünes et al., 1996; Salem and Düzgünes, 2003; Vyas et al., 
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2004; Wijagkanalan et al., 2008) and nanoparticles (Fawaz et al., 1998) containing antimicobacterial 

agents have been studied in vitro and in vivo for the treatment of tuberculosis.

The literature results are promising and have encouraged us to develop colloidal nanosystems to 

provide safe and effi cient dosage forms of usnic acid for tuberculosis therapy. Therefore, the results 

from the encapsulation of usnic acid in liposomes, nanocapsules, and microspheres will be pre-

sented and discussed in the next sections.

18.3.1 ENCAPSULATION OF USNIC ACID IN LIPOSOMES

18.3.1.1 Usnic Acid Loaded Liposomes
Because of the requirement to use nanocarrier systems to decrease hepatotoxicity and possibly 

enhance the effi cacy of usnic acid, usnic cid was encapsulated into liposomes. Usnic acid loaded 

liposomes were prepared using the dried-lipid fi lm hydration method followed by sonication (Lira 

et al., 2009). A typical stable liposomal formulation was prepared with soybean phosphatidylcho-

line, cholesterol, and stearylamine in a 7:2:1 molar ratio (42 μM of lipids for each 10 μL of encapsu-

lated water) and 1.2 mg/mL of usnic acid (1:12 drug/lipid molar ratio). To improve the stability, 

liposomes were lyophilized using 1% trehalose as a cryoprotectant.

18.3.1.2 Characterization of Liposomes Containing Usnic Acid
Usnic acid loaded liposomes with a mean vesicle diameter of 90 ± 20 nm and a surface charge expressed 

by a zeta potential of −9.37 ± 3.6 mV were utilized by Lira et al. (2009). The content of usnic acid in 

the liposomes was 92.5 ± 0.3% and the drug encapsulation ratio was 99.6 ± 0.2%. It should be empha-

sized that the stability of usnic acid loaded liposomes was assured by the presence of stearylamine, a 

positively charged lipid, in the bilayer of phospholipids. Stearylamine was essential for maintaining 

the molecules of usnic acid imbibed in the phospholipid bilayer of liposomes. An enhancement of the 

forces of attraction between negatively charged usnic acid and positively charged stearylamine mole-

cules might well be produced. Moreover, it is well known that charged lipids induce an increase in the 

electrostatic repulsion forces between vesicles and prevent their aggregation. Moreover, taking into 

account the fundamentals of physicochemical interfacial studies of usnic acid in lipidic vesicles 

(Campanella et al., 2002) and phospholipid monolayers (Andrade et al., 2006), it is expected that at 

high concentrations the usnic acid molecules are squeezed out of the bilayer of liposomes and precipi-

tate as aggregates. Based on these fi ndings, we hypothesize that the stability of usnic acid loaded 

liposomes is dependent not only on the presence of positive charges at the surface of liposomes but also 

on the type of phospholipids, with a more favorable structure in unsaturated phospholipids.

In terms of long-term stability, positively charged usnic acid loaded liposomes maintained their 

stability for over 24 months with an usnic acid content of 90 ± 2.5% and the drug encapsulation ratio 

remained about 100% after resuspension of the lyophilized liposomal form. The results confi rmed 

that the liposomal encapsulation of usnic acid is especially encouraging and demonstrated the sta-

bility of liposomes and their ability to be used as nanocarriers of usnic acid. They also clearly 

showed the infl uence of the constituent concentrations and charge of phospholipids on the stability 

of usnic acid loaded liposomes.

18.3.2 ENCAPSULATION OF USNIC ACID IN POLY(LACTIC-CO-GLYCOLIC ACID) NANOCAPSULES

18.3.2.1 Usnic Acid Loaded Nanocapsules
Given that usnic acid is a lipophilic molecule, its encapsulation into the oily cavity of polymeric 

nanocapsules seems to be a good strategy for enhancing its solubility, cellular uptake, and antimi-

crobial effi cacy. Usnic acid extracted from Cladonia substellata (Pereira et al., 1994) was thus 

encapsulated into nanocapsules prepared with poly(lactic-co-glycolic acid) (PLGA 50:50), soybean 

oil as the oily core, and soybean phosphatidylcholine and poloxamer F68 as surfactants. The method 
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of interfacial deposition of a preformed polymer on the surface of an oil-in-water nanoemulsion was 

used for the manufacture of nanocapsules (Fessi et al., 1989). Stable PLGA nanocapsules containing 

usnic acid (1 mg/mL) were obtained with a 1:15 drug/polymer weight ratio and a 1:10 drug/oil 

weight ratio (Santos et al., 2005). The usnic acid content (101.7 ± 1.7%) and encapsulation effi ciency 

(99.4 ± 0.2%) were determined by HPLC. However, the drug content of usnic acid loaded nanocap-

sules in suspension form decreased to 64.3% during storage at 4°C for 2 months. To overcome the 

instability of the colloidal nanocapsule suspension, usnic acid loaded nanocapsules were lyophilized 

using 1% trehalose as a cryoprotectant. In this case, the drug content of the lyophilized form of 

usnic acid loaded nanocapsules was 77 ± 3.6% after 36 months of storage at 4°C.

18.3.2.2 Characterization of Usnic Acid Loaded Nanocapsules
Usnic acid loaded nanocapsules in a colloidal suspension dosage form presented a surface charge of 

−28.4 ± 8 mV, which was determined by measuring the zeta potential using the electrophoresis tech-

nique. The analysis of the particle size of PLGA nanocapsules containing usnic acid was performed 

using laser light scattering, and a mean particle size of 214 ± 75 nm with a narrow polydispersity 

index (PDI = 0.26) was determined (Santos et al., 2006). The encapsulation of usnic acid did not 

affect the mean size diameter of particles, and unloaded PLGA nanocapsules exhibited a mean diam-

eter of 167 ± 55 nm (PDI = 0.19). Moreover, the particle size evolution of the usnic acid loaded nano-

capsule suspension was negligible for 120 days (285 ± 116 nm, PDI = 0.43) when stored at 4°C.

18.3.3  ENCAPSULATION OF USNIC ACID IN POLY(LACTIC-CO-GLYCOLIC ACID)–POLY(ETHYLENE 
GLYCOL) BLEND MICROSPHERES

18.3.3.1 Usnic Acid Loaded Microspheres
To improve the encapsulation effi ciency and to provide an oral controlled release dosage form of 

usnic acid, microspheres containing usnic acid from C. substellata were prepared with a physical 

polymeric blend of PLGA and poly(ethylene glycol) (PEG 4000) using poly(vinyl alcohol) as a sta-

bilizer (Ribeiro-Costa et al., 2004). The emulsifi cation and solvent evaporation technique was used 

for manufacturing usnic acid loaded microspheres. Usnic acid loaded microspheres were obtained 

with a 1:45 drug/polymer ratio (10 mg of usnic acid and a physical blend of 450 mg PLGA and 

400 mg PEG). A drug encapsulation effi ciency of 99 ± 0.46% was achieved.

18.3.3.2 Physicochemical Characterization of Microspheres Containing Usnic Acid
A morphological characterization of lyophilized usnic acid loaded microspheres prepared with or 

without PEG was performed through scanning electron microscopy (SEM). As shown in Figure 

18.2, PLGA-PEG microspheres were spherical in shape and a relative homogeneity in size distribu-

tion of particles was noted (Ribeiro-Costa et al., 2004). Further, the role of PEG in the stability of 

PLGA microspheres containing usnic acid was clearly established, as demonstrated by SEM images 

(Figure 18.2a and b). The presence of PEG was essential for preventing the formation of micro-

spheres with a porous surface and avoiding their aggregation. A mean diameter of 7.02 ± 2.74 μm 

was estimated from the SEM analysis of the microspheres. The content of usnic acid in the micro-

spheres was 105 ± 5% after manufacture. However, a slight decrease in drug content to 90% was 

determined in lyophilized microspheres after 7 months of storage at 4°C.

18.4  IN VITRO KINETICS OF USNIC ACID FROM COLLOIDAL 
NANO- AND MICROCARRIER SYSTEMS

18.4.1 KINETICS OF USNIC ACID LOADED LIPOSOMES

The in vitro release profi le of usnic acid from liposomes was assessed using a dialysis technique in 

which 2 mL of usnic acid loaded liposomes was placed inside a dialysis sac (cellulose membrane, 
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cutoff = 12,400 Da, Sartorius, Germany), sealed, and immersed in a vessel containing 200 mL of 

release medium (pH 7.4 phosphate buffer solution; Lira et al., 2009). The kinetic pattern of usnic 

acid from liposomes presented bimodal behavior (Figure 18.3). As can be seen, an initial burst 

release of 20.6 ± 0.4% occurred during the fi rst 8 h, followed by a fi rst-order kinetic with a constant 

rate of 32.92 ± 0.75 μg/h (correlation coeffi cient r2 = 0.9753) for the interval from 8 to 72 h. Almost 

all of the payload drug was released (98.5 ± 2.7%) after 96 h of the kinetic process. An interesting 

controlled release profi le of usnic acid from liposomes was found, which could be explained by both 

the arrangement and interactions of the drug molecules with the phospholipid bilayer of the lipo-

somes. As expected, the usual burst effect occurred that was due to the release of the drug molecules 

located at the outer monolayer of the phospholipid bilayer of liposomes. Conversely, a remarkable 

controlled release of usnic acid took place between 8 and 72 h, which can be attributed to the release 

of drug molecules located on the inner phospholipid monolayer of the liposomal bilayer. In addition, 

a strong interaction of usnic acid molecules with phospholipids may control the release. Andrade 

et al. (2006) showed that the presence of usnic acid in phospholipid monolayers enhanced their 

interfacial properties and contributed to their stability.

FIGURE 18.2 SEM photographs of PLGA microspheres containing usnic acid prepared (a) with a PLGA-

PEG blend or (b) without PEG. Original magnifi cation × 100. [(a) Reproduced from Ribeiro-Costa, R. M., 

et al. 2004. Journal of Microencapsulation 21: 371–384. With permission. (b) Reproduced from Lira, M. C. B.,  

et al. 2009. Journal of Liposome Research 19: 49–58. With permission.]
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18.4.2 KINETICS OF USNIC ACID LOADED NANOCAPSULES

The in vitro release profi le of usnic acid from PLGA nanocapsules was evaluated using the dialysis 

technique (Santos et al., 2005). An initial burst effect of 15.1 ± 0.1% occurred 1 h after the start of 

the kinetic process. This effect can be attributed to the prompt release of drug molecules adsorbed 

on the polymeric surface of the nanocapsules or located on the polymeric wall of the nanocapsules. 

The second stage of the kinetics occurred with slow and gradual releases attaining 78.30 ± 0.08% 

of the drug payload in the nanocapsules. The kinetic release data of usnic acid from PLGA nano-

capsules (Santos et al., 2005) were fi tted using an exponential model according to

 Mt = M∞ (1 − k1 e
−k

2
t), (18.1)

where Mt and M∞ are the mass of the drug released at a determined time (t) and at an infi nite time 

(t∞) of the kinetic process, respectively; k1 is a fi tting constant; and k2 is the kinetic rate constant. The 

kinetic parameters were thus determined, yielding the following values: M∞ = 78.84 ± 1.41 μg, 

k1 = 0.928 ± 0.02, and k2 = 0.134 ± 0.01 h−1 with r2 = 0.9979 (Figure 18.4). The plot dMt/dt × t of the 

kinetics of usnic acid from PLGA nanocapsules showed an exponential decrease in the release rate 

starting with at 9.8 μg/h (Figure 18.4, inset). The respective constant of time (1/k2) at 7.5 h was esti-

mated and consequently an elapsed time of 30 h, assessed by computing the elapsed time to achieve 

a kinetic process (4/k2), was required to achieve the kinetic process of usnic acid from PLGA nano-

capsules. It should be emphasized that about 20% of the drug remained in the device and this profi le 

is characteristic of reservoir systems such as nanocapsules, which are formed by an oily core 

 containing the dissolved drug that is enclosed by a thin polymeric wall. We can postulate a diffusion 
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FIGURE 18.3 In vitro release profi le of usnic acid encapsulated into positively charged liposomes (1.5 mg/

mL) in pH 7.4 phosphate buffer solution at 37°C. The results are the mean values of three assays. The inset 

shows the release profi les over the fi rst 8 h (p < 0.05). (From Santos, N. P., et al. 2005. Journal of Drug 
Delivery Science and Technology 15: 355–361 and Ribeiro-Costa, R. M., et al. 2004. Journal of Micro-
encapsulation 21: 371–384. With permission.)



Colloidal Nanocarrier Systems Containing Usnic Acid 421

mechanism of drug molecules throughout the polymeric thin shell of nanocapsules during the two 

fi rst stages of the kinetic process. However, a saturation process throughout the polymeric barrier 

must have occurred at the end of the kinetic process, corresponding to the device exhaustion, pre-

venting the release of the remainder of the drug.

18.4.3 KINETICS OF USNIC ACID LOADED MICROSPHERES

The in vitro release of usnic acid from PLGA-PEG microspheres was performed using the dissolution 

technique (Ribeiro-Costa et al., 2004). The release pattern of usnic acid was characterized by a large 

burst effect of 35 ± 0.13% occurring at 1 h, which may have been caused by a variety of factors. 

Among these, the presence of drug molecules on or near the surface of microspheres, the small size 

of the microspheres (7 μm), and the presence of porous particles in the PLGA matrix might be con-

sidered. The burst effect was followed by the controlled release of usnic acid that reached 92 ± 0.4% 

within 5 days. After this period, a slight decrease in the usnic acid in the dissolution medium was 

found that may be ascribed to drug photodegradation and chemical instability. Similar behavior was 

observed in the kinetic study of usnic acid release from nanocapsules (Santos et al., 2005).

The kinetic release data of usnic acid from PLGA-PEG blend microspheres were also 

 fi tted according to Equation 18.1, yielding M∞ = 90.54 ± 6.39 μg, k1 = 0.781 ± 0.073, and 

k2 = 0.04 ± 0.02 h−1 with r2 = 0.948, as shown in Figure 18.4. The plot dMt/dt × t of the kinetic of 

usnic acid from microspheres showed an exponential decrease with an initial release rate of 2.8 μg/h 

(Figure 18.4, inset). The respective 1/k2 at 25 h was estimated; as a result, an elapsed time of 100 h, 

which was assessed by computing 4/k2, was required to achieve the kinetic process of usnic acid 

from microspheres. The mechanism of usnic acid release from microspheres might be governed by 

the diffusion of drug molecules throughout the polymeric matrix, followed by an erosion of micro-

spheres beginning on the surface and spreading toward the matrix core.
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FIGURE 18.4 Exponential fi tting of the in vitro kinetic release data of usnic acid from (—) PLGA nanocap-

sules and (• • •) PLGA-PEG blend microspheres according to Equation 18.1: Mt /M∞ = (1 − k1 e
−k2t ) (n = 3). The 

inset shows the release rate pattern (dMt/dt × t) of usnic acid from (—) PLGA nanocapsules and (• • •) PLGA–PEG 

blend microspheres. The experimental kinetic data were taken from Santos et al. (2005) and Ribeiro-Costa et al. 

(2004). (Reproduced from Lira, M. C. B., 2009. Journal of Liposome Research 19: 49–58. With permission.)
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The in vitro kinetic studies of usnic acid, which used the dialysis method for liposomes (theoretical 

C∞ ≅ 12–13 μg/mL) and nanocapsules (theoretical C∞ ≅ 10 μg/mL) and the dissolution technique for 

microspheres (theoretical C∞ ≅ 10 μg/mL), revealed different patterns of usnic acid release that were 

dependent on the type of colloidal nano- and microcarrier systems. Considering the reservoir sys-

tems as lipidic vesicles (liposomes) or polymeric capsules (nanocapules) and a polymeric matrix 

(microspheres), the kinetic profi les were different. The encapsulation of usnic acid into liposomes 

provides controlled the release, and exponential release profi les were obtained for nanocapsules and 

microspheres. Moreover, the release of usnic acid from the microspheres was very slow in compari-

son with the release from nanocapsules. All of these fi ndings should be taken into account in further 

kinetic studies of usnic acid from colloidal dosage forms. Furthermore, the development of differ-

ent-sized microspheres prepared with different types of polymeric matrices might change the 

in vitro kinetic profi le of usnic acid, providing controlled drug delivery systems.

18.5  CYTOTOXICITY OF USNIC ACID ENCAPSULATED IN COLLOIDAL 
NANO- AND MICROCARRIER SYSTEMS

18.5.1 CYTOTOXICITY OF USNIC ACID LOADED LIPOSOMES

In relation to cytotoxicity, the encapsulation of usnic acid into conventional liposomes improved its 

cytotoxic effect on J774 macrophages evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) assay (Lira et al., 2009). As shown in Figure 18.5, the cytotoxicity of 

liposomal usnic acid on macrophages, expressed as the concentration of the drug needed to inhibit 

50% of cell proliferation (IC50), was dose dependent and twice as high (12.5 ± 0.26 μg/mL) as that 

of pure usnic acid (22.5 ± 0.60 μg/mL). As expected, unloaded liposomes did not have any effect on 

the proliferation macrophages. These results suggest that the encapsulation of usnic acid into lipo-

somes enhanced its antiproliferative effect because of the increase in the uptake of liposomes by 

macrophages. The results for the cytotoxicity of usnic acid from C. substellata are in agreement 

with those of a previous report (Mayer et al., 2005) in which the IC50 values of commercial usnic 
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FIGURE 18.5 (•) Cytotoxicity of positively charged liposomes containing usnic acid (1.5 mg/mL) on J774 

macrophages. (▲) Usnic acid in 0.2% DMSO and (■) unloaded liposomes were used as controls. Cell viability 

was determined by the MTT method at 37°C in a 5% CO2 atmosphere. The vehicle control (0.2% DMSO) did 

not show any cell toxicity (data not shown). The values are the mean ± SD of three sets of experiments (n = 18). 

(From Santos, N. P., et al. 2005. Journal of Drug Delivery Science and Technology 15: 355–361. With 

permission.)
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acid (Sigma–Aldrich) on MCF7 and MDA-MB-231 breast cancer cell lines and the lung cancer cell 

line H1299 were around of 25 μM (10 μg/mL).

18.5.2 CYTOTOXICITY OF USNIC ACID LOADED NANOCAPSULES

The cytotoxicity of usnic acid from C. substellata on NCI-H292 or HEp-2 cells, which were evalu-

ated using the standard MTT method, was dose dependent (Santos et al., 2005). Usnic acid loaded 

nanocapsules and free usnic acid both presented IC50 values of the same magnitude of 10 and 13.5 μg/mL, 

respectively (Figure 18.6). Note that unloaded nanocapsules have no cytotoxicity effect on NCI-H292 

cells. The morphological aspects of NCI-H292 cells were evaluated after treatment with free and 

encapsulated usnic acid. Cell abnormalities such as irregular cytoplasm, vacuolization, and inhibition 

of proliferation were found after treatment with usnic acid at <2.5 μg/mL. At a high usnic acid con-

centration (5 μg/mL) a drastically antiproliferative effect was verifi ed in comparison with the untreated 

control cells. The cells exhibited substantial alterations and cell adherence was strongly affected by 

the formation of cell clusters. Other cells presented irregular cytoplasm, vacuolization with the pres-

ence of basophilic material, and naked nuclei. Conversely, the treatment of cells with encapsulated 

usnic acid (5 μg/mL) induced practically no morphological alterations in the cells.

18.5.3 CYTOTOXICITY OF USNIC ACID LOADED MICROSPHERES

The cytotoxicity of usnic acid from C. substellata pure and encapsulated into PLGA microspheres on 

HEp-2 cells was also evaluated using the MTT method (Ribeiro-Costa et al., 2004). IC50 values of 

12.6 and 14.4 μg/mL were found for usnic acid and usnic acid loaded microspheres, respectively. No 

cytotoxicity was found for unloaded microspheres, and practically 100% of cell viability was observed 

even for a large amount of microspheres (15 μg/mL of usnic acid) placed in contact with the cells.

18.5.4 UPTAKE OF USNIC ACID LOADED LIPOSOMES BY MACROPHAGES

The uptake of usnic acid loaded liposomes by J774 macrophages was evaluated through fl uo-

rescence spectroscopy to exploit the intrinsic fl uorescence of usnic acid (Lira et al., 2009). A 

time- dependent increase in the fl uorescence intensity of usnic acid was observed in cells treated 

with usnic acid loaded liposomes or pure usnic acid. An enhancement in the intracellular uptake 
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FIGURE 18.6 Cytotoxicity of usnic acid (1.5 mg/mL) on NCI-H292 cells: (■) free usnic acid in 0.4% 

DMSO, (•) usnic acid loaded nanocapsules, and (▲) unloaded nanocapsules. The cell viability was verifi ed by 

the MTT method at 37°C in a 5% CO2 atmosphere for 72 h. The values are the mean ± SD of three sets of 

experiments (n = 12). (From Santos, N. P., et al. 2005. Journal of Drug Delivery Science and Technology 15: 

355–361. With permission.)
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of usnic acid loaded liposomes was evidenced by the highest detected fl uorescence emission 

(21.6 × 104 ± 28.3 × 102 counts/s) at 10 h, representing about 100% uptake of usnic acid loaded lipo-

somes in comparison with the pure drug. The uptake of pure and encapsulated usnic acid by J774 

macrophages was statistically different (p < 0.05) throughout the kinetic process (Figure 18.7). 

Moreover, the liposomal formulation insured that the usnic acid remained inside the macrophages 

longer (92% at 30 h, corresponding to 19.8 × 104 ± 10.2 × 102 counts/s; p < 0.05). An increase in the 

interaction of cells incubated with free usnic acid was detected, attaining a maximum of 46% 

(9.5 × 104 ± 11.4 × 102 counts/s) at 8 h. However, after 10 h of incubation there was a decrease in the 

uptake of usnic acid molecules by macrophages, and the uptake reached only 24% at 30 h. 

Furthermore, even after 48 h of incubation the uptake of usnic acid loaded liposomes was 2.4 times 

greater (12.6 × 104 ± 27.5 × 102 counts/s) than that detected for pure usnic acid. The in vitro uptake 

studies thus revealed that usnic acid was poorly taken up by J774 macrophages. In contrast, J774 

cells substantially took up usnic acid encapsulated into liposomes.

There is clear evidence of the advantage of encapsulating usnic acid into liposomes and nanocap-

sules in order to improve its cytotoxicity as a result of the greater cellular uptake of colloidal nanocar-

riers, which is attributable to their smaller size (<200 nm). It is interesting that the encapsulation of 

usnic acid into microspheres (7.02 ± 2.72 μm) was also effi cient for improving its cytotoxicity. Taken 

together, the earlier reports on the antiproliferative effect of usnic acid give rise to considerable 

expectations regarding the use of usnic acid as an anticancer drug. Usnic acid in 10% aqueous solu-

tions of 2-hydroxypropyl-β-cyclodextrin presented an IC50 value of 4.7 μg/mL on K-562 cells 

(Kristmundsdóttir et al., 2002). More recently, Kristmundsdóttir et al. (2005) found IC50 values of 

2.9, 4.3, and 8.2 μg/mL for usnic acid in T-47D breast cancer cells, Panc-1 pancreas cancer cells, and 

PC-3 prostate cancer cells, respectively. It was suggested that the antiproliferative activity of usnic 

acid is to a certain extent more cytostatic than cytotoxic, because no damage to plasmatic membrane 

of cells was confi rmed (Ingólfsdóttir, 2002). Although a number of studies on the cytotoxicity of 

usnic acid have already been undertaken on different cell lines, its exact mechanism of action still has 

to be elucidated. The acidic character and high hydrophobicity of usnic acid could account for its 

lower incorporation into cells and lower cytotoxicity compared with standard anticancer drugs.
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FIGURE 18.7 Uptake kinetics of usnic acid loaded liposomes (black) and pure usnic acid (grey) by J774 

macrophages derived from fl uorescence intensity measurements. The macrophages were incubated in a 

medium containing 15 μg/mL of pure usnic acid (0.2% DMSO) or a liposomal dosage form (1.5 mg/mL). 

Cellular uptakes are given as mean ± SD of three sets of experiments (n = 18). (Modifi ed from Lira, M. C. B., 

2009. Journal of Liposome Research 19: 49–58. With permission.)
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18.6  ANTIMYCOBACTERIAL AND ANTITUMOR ACTIVITIES 
OF NANOENCAPSULATED USNIC ACID

18.6.1 ANTIMYCOBACTERIAL ACTIVITY OF USNIC ACID LOADED LIPOSOMES

The antimycobacterial activity of usnic acid was evaluated on M. tuberculosis H37Rv, a commonly 

used virulent laboratory strain, through determination of the MIC and the minimal bactericidal con-

centration. MIC values of 6.5 and 5.8 μg/mL for pure and encapsulated usnic acid, respectively, were 

found against M. tuberculosis H37Rv (Lira et al., 2009). The bactericidal activity of usnic acid loaded 

liposomes was 16 μg/mL, whereas the minimal bactericidal concentration of pure usnic acid was 

twice as high (32 μg/mL). The results clearly showed that liposomal encapsulation of usnic acid pro-

vided an enhancement of its antimycobacterial activity on M. tuberculosis H37Rv. The MIC of encap-

sulated usnic acid on M. tuberculosis was about 5 times lower than that obtained for pure usnic acid 

(32 μg/mL) on M. aurum, a nonpathogenic species of mycobacterium (Ingólfsdóttir et al., 1998).

18.6.2 ANTITUMOR ACTIVITY OF USNIC ACID LOADED NANOCAPSULES

The antitumor activity of usnic acid loaded nanocapsules was assessed in male Swiss mice bearing 

Sarcoma 180 (Santos et al., 2006). The animals were treated with an usnic acid suspension (0.5% 

Tween 80) or usnic acid loaded nanocapsules with daily intraperitoneal (i.p.) doses of 15 mg/kg for 

7 days. All of the animals survived to the end of the treatment, and no clinical or behavioral abnor-

malities were observed for either treatment. After treatment of the animals with usnic acid loaded 

nanocapsules, a marked decrease in tumor mass was observed (0.281 ± 0.013 g) compared to the 

drug suspension (0.995 ± 0.050 g). Conversely, untreated animals presented a progressive increase in 

tumor growth, achieving a weight of 1.07 ± 0.15 g on average at 7 days after inoculation with tumor 

cells. The treatment with usnic acid loaded nanocapsules induced a 69.7 ± 6% tumor inhibition com-

pared with the control group. This tumor inhibition is clear confi rmation that nanoencapsulation 

improved the activity of usnic acid by 26.4% in contrast with its suspension form, which presented an 

antitumor activity of 43.3 ± 4% compared to the control group. Moreover, a delay in the development 

of the tumor and a reduction in its size, as well as increased infi ltration by lymphoid cells, granulation 

tissue, and fi brosis surrounding the tumor, were detected with the usnic acid treatment.

The histopathological analyses of the tumor and liver of the animals treated with free and 

encapsulated usnic acid showed the presence of both typical and atypical cells in constant mitosis 

after treatment with usnic acid (Santos et al., 2006). However, more extensive necrotic areas with 

uncharacterized pyknotic nuclear cells were observed on the tumor tissue of animals treated with 

usnic acid loaded nanocapsules. There were a few residual neoplastic cells inserted into a large 

central area of the necrosis in the tumor. Tumor histopathological studies thus confi rmed a great 

reduction in tumor size after treatment with usnic acid loaded nanocapsules in comparison with 

the pure drug. Moreover, histological observations indicated an increase in the number of lympho-

cytes surrounding the tumor tissue. These fi ndings suggest that the immune system was stimu-

lated, providing an increased host response to the tumor. It should be emphasized that these in vivo 

results corroborate the mechanism of the antitumor activity of usnic acid via necrosis without 

apoptosis involvement.

18.6.3 ANTITUMOR ACTIVITY OF USNIC ACID LOADED MICROSPHERES

The antitumor activity of usnic acid loaded microspheres was evaluated in male Swiss mice against 

a Sarcoma 180 tumor (Ribeiro-Costa et al., 2004). Chemotherapy was started 24 h after the inocula-

tion of tumor cells, and animals received daily i.p. injections of 15 mg/kg usnic acid suspension 

(0.5% Tween 80) or usnic acid loaded microspheres for 7 days. The treatment with usnic acid loaded 

microspheres caused a 63% tumor inhibition, wheras the tumor inhibition after treatment with usnic 
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acid suspension was only 42%. An improvement of 21% in the antitumor activity of usnic acid was 

achieved by its encapsulation into PLGA microspheres.

A comparison of the antitumor effects of the encapsulation of usnic acid into PLGA micro-

spheres and into PLGA nanocapsules (Santos et al., 2006), taking into account that the same experi-

mental protocols were adopted for both studies, indicates that nanoencapsulation seems to be more 

effective than microencapsulation for improving the antitumor activity of usnic acid. These fi ndings 

could be explained by the faster uptake of nanocapsules (<200 nm) than microspheres (7 μm) by the 

tumor cells, which can accumulate in the peritoneal cavity, which makes their uptake by the tumor 

cells more diffi cult. These results clearly reveal the effect of the particle size of nanocarrier systems 

on the bioavailability of usnic acid.

18.7  TOXICITY OF USNIC ACID ENCAPSULATED 
IN NANO- AND MICROCARRIERS

In addition to the evaluation of antitumor activity, histopathological, hematological, and biochemi-

cal analyses were carried out to ascertain the effect of nano- and microencapsulation on the toxicity 

of usnic acid. A histopathological evaluation showed morphological alterations in the liver of the 

animals undergoing either pure or encapsulated usnic acid treatments with daily i.p. doses of 15 mg/

kg/day for 7 days (Santos et al., 2006). Vacuolization of hepatocytes and an intensive lymphocyte 

infi ltration in portal spaces was found in the livers of the animals treated with usnic acid suspension 

in comparison with the controls. Conversely, the liver of animals treated with usnic acid loaded 

nanocapsules presented only morphologically uncharacterized hepatocytes and a mild lymphocyte 

infi ltration in the portal space. Moreover, a process of hepatocytic necrosis was also present. 

However, this hepatotoxicity was substantially reduced when the animals were treated with usnic 

acid loaded nanocapsules. The liver histopathological analysis thus showed that the nanoencapsula-

tion of usnic acid was able to reduce the hepatotoxicity compared to the usnic acid suspension. 

Concerning renal toxicity, no histological changes were noticed in the kidneys of any of the animals 

treated with either free or encapsulated usnic acid.

Similar results were obtained in the study of usnic acid loaded microspheres. A histopathological 

analysis of a tumor after treatment with free and microencapsulated usnic acid revealed extensive 

necrotic areas on the tumor tissue after treatment with the usnic acid suspension. The liver histo-

pathological analysis also showed extensive areas of necrosis after treatment with usnic acid, 

whereas only morphological uncharacterized hepatocytes were found after treatment with usnic 

acid loaded microspheres. This effect was considerably reduced after treatment with the microen-

capsulated dosage form of usnic acid. These results corroborated the advantages of using microen-

capsulation for reducing the toxic effect of usnic acid (Ribeiro-Costa et al., 2004).

The hematology profi le of treated and untreated Sarcoma 180 bearing animals showed no signifi -

cant alterations in red blood cell levels (from 5.42 to 6.57 × 10−6 cells/mL) in comparison with the 

negative control group (6.6 ± 0.7 × 10−6 cells/mL). However, the hematological fi ndings did not 

show any treatment-related effects and were not signifi cantly different from those of the positive 

control group. No signifi cant reduction in white blood cells levels occurred in the animals treated 

with either an usnic acid suspension or usnic acid loaded nanocapsules in comparison with the posi-

tive controls (Santos et al., 2006). As expected, lymphocyte levels were increased in tumor-bearing 

animals compared with healthy animals. Moreover, no signifi cant differences in lymphocytes and 

neutrophils were found between the treated groups and the untreated positive control group. These 

results suggested that usnic acid in suspension or nanoencapsulated caused no hematological toxic-

ity in the treated animals. Furthermore, free or encapsulated usnic acid has no immunological 

effects, because the same quantity of leukocytes was found in the untreated tumor-bearing animals. 

However, further investigations should be carried out to substantiate the argument that usnic acid 

has no effect on the immune response of the host.



Colloidal Nanocarrier Systems Containing Usnic Acid 427

A subchronic toxicity study was performed in healthy male Swiss mice receiving daily doses 

of 15 mg/kg/day for 15 days (Santos et al., 2006). The results showed that there were no statisti-

cally signifi cant differences in body weight between the control and treated animal groups. No 

signifi cant clinical signs were observed in the animals, and no deaths occurred during treat-

ment. The serum levels of blood urea nitrogen (BUN), creatinine (CRT), and transaminases (alanine 

aminotransferase and aspartate aminotransferase) of the control group were 140 mg/dL, 1.07 mg/dL, 

289.4 IU/L, and 241.5 IU/L, respectively. The serum levels of BUN, CRT, alanine aminotrans-

ferase, and aspartate aminotransferase of the animals treated with usnic acid suspension were 

156 mg/dL, 0.94 mg/dL, 552 IU/L, and 403.1 IU/L, respectively; but the encapsulated usnic acid 

produced values of 138 mg/dL, 0.82 mg/dl, 406 IU/L, and 322.5 IU/L, respectively. No altera-

tions in the serum levels of BUN and CRT were observed with the usnic acid treatment, strongly 

suggesting that the renal function of the animals was preserved with this treatment. Usnic acid 

therefore does not appear to cause any renal toxicity when administered as a long-term treat-

ment. The serum trans aminase activity in the treated groups was signifi cantly higher than in the 

control group. Serum transaminase activities were increased with the usnic acid treatment, indi-

cating liver cell injury. Moreover, histological observation of the liver of the animals treated 

with the usnic acid suspension and usnic acid loaded nanocapsules for 15 days revealed exten-

sive necrotic areas on the liver tissue after treatment with the usnic acid suspension (data not 

shown), although this abnormality was substantially reduced with the treatment using usnic acid 

loaded nanocapsules.

The hepatotoxicity of usnic acid was thus confi rmed in the subchronic toxicity study. High serum 

levels of transaminases suggest a chronic hepatic dysfunction caused by usnic acid. Nevertheless, 

the encapsulation of usnic acid was able to reduce its hepatotoxicity.

18.8 CONCLUSION

This review brings together the results obtained from research using the nanotechnology approach 

to reduce hepatotoxicity and ameliorate the antitumor and antimycobacterial activities of usnic acid. 

The results demonstrate the feasibility of usnic acid loaded liposomes with high encapsulation effi -

ciency. A controlled release profi le of usnic acid from liposomes was found, which might be 

explained by both the arrangement and interactions of the drug molecules with the phospholipid 

bilayer of liposomes. An enhancement of the intracellular uptake of liposomal usnic acid was evi-

denced, and its encapsulation insured that it remained inside the macrophages for longer than was 

the case with pure usnic acid. Furthermore, the results indicated a strong interaction between lipo-

somes and J774 macrophages, thereby facilitating usnic acid penetration into cells and considerably 

improving its activity against M. tuberculosis. Moreover, the encapsulation of usnic acid into PLGA 

nanocapsules led to an increase in the antitumor activity of the drug and improved its antibacterial 

activity (30%) against M. tuberculosis. These in vitro fi ndings are remarkable, and further in vivo 

studies should be carried out to confi rm the antitubercular activity of nanoencapsulated usnic acid. 

Finally, the encapsulation of usnic acid into microspheres may offer an effective strategy for the oral 

administration of usnic acid in the treatment of tuberculosis. In the light of these fi ndings and con-

sidering the advantages and the particular features of nanocarrier systems, we hypothesize that 

usnic acid encapsulated into liposomes or nanocapsules is feasible and has a potential application in 

the treatment of human pulmonary tuberculosis. However, further in vivo studies of the activity, 

bioavailability, and toxicity must be carried out using long-circulating and targeted nanocarriers 

containing usnic acid.
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ABBREVIATIONS

BUN Blood urea nitrogen

CRT Creatinine

DMSO Dimethyl sulfoxide

HPLC High performance liquid chromatography
1H NMR Proton nuclear magnetic resonance

IC50 Concentration of a drug needed to inhibit 50% of cell proliferation

i.p. Intraperitoneal

IR Infrared

MIC Minimal inhibitory concentration

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NMR Nuclear magnetic resonance

p53 Protein 53

PDI Polydispersity index

PEG Poly(ethylene glycol)

PLGA Poly(lactic-co-glycolic acid)

SEM Scanning electron microscopy

SYMBOLS

A Molecular area

C∞ Concentration of a drug released at an infi nite time (t∞)

Cmax Plasma maximal concentration of a drug

δ Chemical shifts

k1 Kinetic fi tting constant

k2 Kinetic rate constant

1/k2 Constant of time

4/k2 Elapsed time required to achieve a kinetic process

log P Partition coeffi cient

Mt Mass of the drug released at a determined time (t)
M∞ Mass of a drug released at an infi nite time (t∞)

m/z Mass/charge ratio

ν Antisymmetric and symmetric stretching

ΔΠ Surface pressure

pKa Dissociation constant

r2 Correlation coeffi cient

t1/2 Half-life

tmax Time corresponding to Cmax

ΔV Surface potential
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19 Dendrimers in Drug Delivery

Hu Yang

19.1 INTRODUCTION

The success of the synthesis of dendritic polymers was fi rst reported in the early 1980s (Newkome 

et al., 1985; Tomalia et al., 1985). Dendritic polymers are now commonly referred to as dendrimers, 

which have a highly branched, three-dimensional, nanoscale architecture with very low polydisper-

sity and high functionality, comprising a central core, internal branches, and a number of reactive 

surface groups (Figure 19.1). Further, the number of branches and surface groups exponentially 

increases along with the generation, thus allowing for high drug payload and multimodality. The 

emergence of dendrimers has greatly expanded the pool of carriers for drug delivery and led to the 

development of more effi cient drug delivery systems. Because of their unique structure and proper-

ties, dendrimer drug delivery is undergoing rapid development. This chapter not only traces the 

evolution of the fi eld of dendrimers in drug delivery but also refl ects the journey through the subject 

from inception to contemporary progress.

19.2 INCEPTION OF DENDRIMER DRUG DELIVERY

The inception of dendrimer drug delivery began with the demonstration of the encapsulation of 

guest molecules within the internal cavity of dendrimers. Although the use of dendrimers for drug 

encapsulation was not suggested in the work of Naylor et al. (1989), they found the void space of 

dendrimers to be capable of encapsulating smaller guest molecules such as 2,4-dichlorophenoxy-

acetic acid and acetylsalicylic acid. They studied the morphological changes of dendrimers having 

an NH3 initiator core and β-alanine branch units in the presence of guest molecules. Their simu-

lation and nuclear magnetic resonance results revealed that the structures of low generation den-

drimers (1–3) are open and domed shapes. In contrast, higher generations (4–7) have more dense 

spheroid-like topologies. In 1993 Frechet’s group reported that the water solubility of pyrene, a 
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hardly  water-soluble compound, was signifi cantly increased through encapsulation by dendritic poly-

ether macromolecules composed of 3.5-dihydroxybenzyl alcohol building blocks and carboxylate 

surface groups (Hawker et al., 1993). This amphiphilic dendrimer was named a unimolecular micelle 

because one single dendrimer molecule behaves like an assembly of amphiphilic molecules in an 

aqueous environment to encapsulate hydrophobic compounds (Figure 19.2). Unimolecular micelles 

are independent of concentration and temperature. Therefore, they overcome the thermodynamic 

instability present in polymeric and conventional micelles. Unimolecular micelles are able to solubi-

lize hydrophobic molecules even at very low concentrations. For example, the concentration of a satu-

rated pyrene solution in the presence of this dendrimer at a concentration of 2.13 × 10−4 mol/mL 

increased 120-fold to 9.47 × 10−5 mol/mL when compared to pure water. However, neither of the 

above systems allows for controlled drug delivery because both systems are dynamic processes and 

depend on the equilibrium conditions, thus making drug encapsulation and release uncontrollable.

It was not until the emergence of the elegant design of the dendritic box that the potential of 

dendrimers as vehicles for delivery of other molecules was truly demonstrated (Jansen et al., 1994). 

In this design, poly(propylene imine) (PPI) dendrimers are fi rst synthesized following the divergent 

method and utilized as a fl exible core. A subsequent coupling reaction is performed to introduce 

tert-butyloxycarbonyl-protected l-phenylalanine amino acid derivative to the dendrimer surface in 

the presence of guest molecules. The tert-butyloxycarbonyl-protected l-phenylalanine residues 

immobilized on the dendrimer surface are bulky and sterically crowed, thus forming a rigid shell at 

the outer layer. The authors named this core–shell structure a dendritic box because it has a rigid 

shell and a fl exible core with internal cavities available for guest molecules (Figure 19.3). They used 

an electron paramagnetic resonance probe, 3-carboxy-proxyl, for the demonstration of the principle 

and found that 3-carboxy-proxyl could be encapsulated into a 64-branched dendritic box rather than 

in an 8-branched dendritic box. Further, they confi rmed that extensive washing caused the complete 

removal of the electron paramagnetic resonance probe from the 64-branched dendritic box, indicat-

ing that the probe was locked into the dendritic box physically instead of through covalent bonds. 

Jansen et al. (1994) also showed that a variety of dye molecules could be encapsulated into the den-

dritic box, including Bengal Rose. Further, stable encapsulation was confi rmed because the release 

of any of the encapsulated guest molecules from the box was unmeasurably slow, even when the 

system was subjected to different solvents, heating, and prolonged dialysis. A later report from 

Jansen et al. (1995) elucidated that the number of guest molecules is determined by the shapes of the 

FIGURE 19.1 A schematic of a dendritic structure.
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guest and the cavity. They demonstrated that a shape-selective liberation can be achieved by 

 removing the shell in two steps: partial perforation of the shell to liberate small guest molecules 

followed by complete removal of the shell to liberate larger guest molecules. However, the release 

of drug molecules from the dendritic box in a physiological environment seems impossible because 

hydrolysis of the outer shell requires a strong acid (e.g., 12N HCl) under refl ux for hours. Therefore, 

dendritic boxes that can be opened enzymatically, photochemically, or with a milder condition are 

highly desirable. Although there have been few studies using dendritic boxes for biomedical appli-

cations, the unique optical properties of dye-encapsulated dendritic boxes may be used for imaging. 

Further surface modifi cations of dendritic boxes with bioactive entities are necessary in order to 

tailor dendritic boxes for specifi c biomedical applications. The rapid development of dendrimers in 

drug delivery has been witnessed over the past decade.

19.3 MULTIMODALITY OF DENDRIMERS IN DRUG DELIVERY

Dendrimers provide a unique platform for developing nanostructured drug delivery systems. 

Because the size, geometry, and nature of the internal cavity of dendrimers as well as the function-

ality and quantity of their surface groups are well controlled, dendrimers have great structural 

adaptability and can be tailored to develop a variety of drug delivery systems to improve therapeutic 

K+ –O
K+ –O

K+ –O

K+ –O

K+ –O

K+ –O

K+ –O

K+ –O

K+ –O

K+ –O

K+ –O
K+ –O

K+ –O

K+ –O

K+ –O

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+

O– K+
O– K+

OO

O

O

O

O

O

O

O

O

O

O

OO

O

O O
O

O
O

O

O

O

O

O
O

O

O O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O O O

O O

O

O
O

O

O

O

O

O

O

O
O

O

O

O O

O

O

O

O

O

O O

O

O

O

O

FIGURE 19.2 A water-soluble unimolecular dendritic polyether micelle. (From Hawker, C. J., Wooley, K. L., 

and Frechet, J. M. J. Journal of the Chemical Society, Perkin Transactions 1 1993, 12, 1287–1297. With 

permission.)



438 Colloids in Drug Delivery

effi cacy or to meet specifi c pharmaceutical and biomedical needs, which are otherwise rarely 

achieved with other means.

19.3.1 DRUG DELIVERY THROUGH NONCOVALENT INTERACTIONS

Nearly 40% of newly developed drugs cannot be marketed because of low solubility (Svenson and 

Chauhan, 2008). In addition to polymeric micelles and liposomes that are applied to enhance drug 

solubility, dendrimers are able to enhance the solubility of poorly water-soluble drugs through 

encapsulation within the void spaces of the dendrimer, such as dendritic boxes, and noncovalent 

interactions, such as hydrogen bonding, van der Waals interactions, or electrostatic attractions.

Polyamidoamine (PAMAM) dendrimers with poly(ethylene glycol) (PEG) immobilized on the 

surface (i.e., PEGylated PAMAM dendrimers) can be used to enhance the water solubility of anti-

cancer drugs, such as adriamycin and methotrexate (MTX). PEGylated dendrimers achieve 

enhanced drug-loading capacity, make the drug release rate slow, and decrease the hemolytic 

toxicity of dendrimers (Bhadra et al., 2003). By comparing unmodifi ed dendrimers, PEGylated 

dendrimers increased 5-fl uorouracil entrapment 12-fold (Figure 19.4; Bhadra et al., 2003). The 

encapsulation ability of PEGylated PAMAM dendrimers is determined by the PEG chain length 
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and dendrimer generation. For instance, up to 6.5 adriamycin molecules and up to 26 MTX 

 molecules could be encapsulated by 1 PEGylated dendrimer composed of a generation 4.0 (G4.0) 

PAMAM core and a layer of PEG with a molecular weight of 2000 Da (Kojima et al., 2000). Yang 

et al. (2004) found that a longer PEG length (molecular weight = 5000 Da) resulted in deceased 

encapsulation effi ciency that was presumably because longer chains may prevent drug uptake. 

Sarkar and Yang (2008) also demonstrated that the water solubility of anastrozole, which is used 

to treat postmenopausal women who are estrogen-receptor positive and need hormone-sensitive 

breast cancer treatment, could be enhanced by PEGylated dendrimers. They achieved an extended 

release of anastrozole for up to two days.

A poly(glycerol-succinic acid) dendrimer was recently synthesized, in which building blocks, 

such as glycerol and succinic acid, are natural metabolites (Morgan et al., 2006). This dendrimer 

was capable of encapsulating camptothecin (CPT), which is an anticancer drug with low water solu-

bility (Figure 19.5). The aqueous solubility of CPT was increased by approximately one order of 

magnitude. Further, in vitro studies revealed that the potency of CPT could be increased because the 

dendrimer enhances both the uptake and retention of these compounds within cancer cells (Morgan 

et al., 2006). Furosemide is used orally to treat hypertension and edematous states associated with 

cardiac, renal, and hepatic failure. The effectiveness of this drug is limited because of its poor water 

solubility. Devarakonda et al. (2007) demonstrated that low generation PAMAM dendrimers (<G4) 

could encapsulate furosemide in the dendrimer cavity. They discovered that the increase in solubil-

ity of the drug was attributed to the pH of the medium, dendrimer generation, and type and number 

of internal amine groups. Because furosemide is a weak acid, they found that ionic charge–charge 

interactions are a driving force because careful selection of the pH value ionizes both the dendrimer 
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and the drug. For example, neutral pH makes tertiary amines in the dendrimer cavity positively 

charged and carboxylate group of furosemide negatively charged. They further proved that the most 

effi cient drug encapsulation was achieved in slightly acidic conditions (pH 4.0–6.0), where partially 

ionized amide groups in the dendrimer cavities were able to attract positively charged furosemide 

[pH > dissociation constant (pKa)].

Cheng et al. (2008) compared the solubility enhancement of phenobarbital and primidone by 

PAMAM dendrimers. These two drug molecules share a very similar chemical structure, but primi-

done is more hydrophobic than phenobarbital (Figure 19.6). Further, primidone has a pKa of >13, 

whereas phenobarbital has a pKa between 7.2 and 7.4. Although primidone is more hydrophobic 

than phenobarbital and both have a similar size, they found that more phenobarbital molecules were 

entrapped compared to primidone by dendrimers in a basic solution (pH ~10). They reasoned that 

phenobarbital and primidone molecules display different forms in basic solutions: noncharged forms 

and negatively charged forms. In particular, primidone molecules exist in noncharged form. In con-

trast, phenobarbital molecules display negatively charged forms such that they can be attracted to 

the positively charged surface of the full generation PAMAM dendrimer. By excluding the negli-

gible infl uence of molecular size, they believed that it was strong electrostatic interactions that 

caused the signifi cant solubility enhancement of phenobarbital. They further validated the relation-

ship of the electrostatic interaction and encapsulation between PAMAM dendrimers and negatively 

charged drug molecules by comparing the solubility enhancement of sulfamethoxazole and 
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trimethoprim in the presence of PAMAM dendrimers. Sulfamethoxazole and trimethoprim are 

both folate antagonists with extremely low water solubility. Cheng et al. (2008) observed a sig-

nifi cant increase in the water solubility of sulfamethoxazole in the presence of PAMAM 

 dendrimers, which was attributed to the ionization of the acidic sulfamoyl group (−SO2NH−) in 

the sulfamethoxazole molecule (Figure 19.7). Nevertheless, the solubility of trimethoprim was not 

increased by PAMAM dendrimers because trimethoprim can only present a hydrophobic form.

Klajnert et al. (2008) built up a rigid maltose shell on the surface of PPI dendrimers and used 

1-anilinonaphthalene-8-sulfonic acid (ANS) as a fl uorescence probe to investigate the encapsulation 

performance of maltose-modifi ed PPI dendrimers. Maltose is a neutral molecule. ANS is negative 

charged such that it can bind to the primary amine groups of the unmodifi ed PPI dendrimers. After 

HN NH
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O O

Phenobarbital (pKa 7.2–7.4) 

NH

H
NO

O

Primidone (more hydrophobic, pKa >13) 

FIGURE 19.6  Structures of phenobarbital and primidone.
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FIGURE 19.7  Chemical structures of sulfamethoxazole and trimethoprim.
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modifi cation, the surface charges decreased because of the presence of maltose molecules on the 

surface as confi rmed by zeta potential and polyelectrolyte titration measurements. Although the 

surface of the PPI dendrimer has diminished ionic charges, ANS achieved approximately twofold 

higher fl uorescence intensity with maltose-modifi ed dendrimers. The enhanced encapsulation of 

ANS was attributed to the deeper incorporation of ANS into a more hydrophobic microenviron-

ment. Higher generation PPIs encapsulated more ANS drugs because of their extended dendritic 

structure.

Although most dendrimers have been synthesized to have a hydrophobic internal void space to 

encapsulate hydrophobic drugs, dendritic structures containing a hydrophilic interior have also been 

reported lately for encapsulation of hydrophilic drugs. Dhanikula and Hildgen (2006) synthesized 

polyester-co-polyether dendrimers consisting of a hydrophilic interior. The core was synthesized 

from butanetetracarboxylic acid and aspartic acid and the dendrons were synthesized from 

poly(ethylene oxide), dihydroxybenzoic acid or gallic acid, and PEG monomethacrylate (Figure 

19.8). They used rhodamine as a hydrophilic model compound and β-carotene as a hydrophobic 

model compound to evaluate the encapsulation effi ciency of this dendrimer. Dhanikula and Hildgen 

demonstrated that incorporation of poly(ethylene oxide) in the core allows for delivery of either 
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water-soluble or poorly water-soluble compounds. For instance, when the drug/dendrimer feed ratio 

was 1:4.5, a loading of 10.76% (w/w) was obtained for rhodamine and 5.86% (w/w) for β-carotene. 

They also found that more compounds could be taken up by the dendrimer with an increase in the 

drug/dendrimer feed ratio before a maximal drug/dendrimer feed ratio was reached. When the 

drug/dendrimer feed ratio was increased further, no increase in drug loading was observed for 

either of the two compounds. Neither rhodamine nor β-carotene has ionizable groups. Therefore, 

they believed that physical entrapment as well as hydrogen bonding caused more rhodamine mole-

cules to be encapsulated by this dendrimer than β-carotene. Encapsulation of β-carotene simply 

relied on physical entrapment.

Dendrimers were also found to be capable of encapsulating silver ions in the core and through 

surface electrostatic attraction to formulate novel antimicrobial agents. Reduction of silver ions to 

silver particles in the presence of dendrimers leads to the formation of silver–dendrimer nanocom-

posites. Silver–dendrimer complexes and nanocomposites display stronger antimicrobial activity 

than silver alone, which is highly desirable for wound healing (Balogh et al., 2001; Ghosh and 

Banthia, 2004). The reason for the enhanced antimicrobial activity is that dendrimers provide 

extremely high local concentrations. Further, the movement of silver is retarded and the silver 

adsorption at a wound site is minimized because of strong interactions with dendrimers such that 

the likelihood of silver toxicity is reduced.

Kolhatkar et al. (2008) prepared 7-ethyl-10-hydroxy-camptothecin (SN-38)–dendrimer com-

plexes for possible oral delivery. The formation of the complexes was presumably based on the ionic 

interaction between the phenolic OH of the drug and the surface amine groups on the PAMAM 

dendrimer (Figure 19.9). Neutralization of phenolic OH at acidic pH deceased the ionic interactions 

between the deprotonated phenolic OH and dendrimer, thus releasing complexed SN-38 from the 

dendrimer. Polycationic dendrimers have also been extensively studied for delivery of genes because 

they aid deoxyribonucleic acid in being effi ciently internalized following endocytosis and mem-

brane destabilization (Bielinska et al., 2000; Eichman et al., 2000; Haensler and Szoka, 1993; Liu 

and Frechet, 1999; Schatzlein et al., 2005). Genes are complexed with cationic dendrimers through 

electrostatic interactions. Further, secondary and tertiary amines within the inner core of  dendrimers 

act as a “proton sponge” to facilitate the escape of gene–dendrimer polyplexes from endosomes and 

lysosomes (Sonawane et al., 2003; Takahashi et al., 2005). Because of the unique characteristics of 

dendrimers in gene delivery, their use for gene delivery has been extensively studied and reviewed 

(Bielinska et al., 2000; Braun et al., 2005; Brazeau et al., 1998; Dufes et al., 2005; Eichman et al., 

2000; Huang et al., 2007; Kim et al., 2004, 2007; Liu and Frechet, 1999; Paleos et al., 2007; 

Schatzlein et al., 2005).

19.3.2 DRUG DELIVERY VIA COVALENT LINKAGE

Assembling therapeutic and bioactive molecules on the dendrimer surface through proper covalent 

linkage has become a common way to develop dendrimer-based drug delivery systems. A major 

advantage of drug delivery based on dendrimers is high drug payload that is enabled by dendrimers. 

A high drug payload will enhance therapeutic effectiveness, reduce dosing frequency, and improve 

patient compliance. The number of surface groups exponentially increases along with the increase 

in the dendrimer generation. For instance, ethylenediamine (EDA) core PAMAM dendrimer G0 has 

four terminal groups. By G10 there are an impressive 4096 terminal groups. However, the diameter 

of the EDA dendrimer increases only by 10-fold to 13.5 nm for G10 from 1.5 nm for G0. Low gen-

eration EDA core PAMAM dendrimers are commonly used as carriers to construct drug delivery 

systems as they provide a large quantity of surface groups for drug loading and display that have 

more favorable biological properties than high generation dendrimers. Since dendrimers containing 

various functional surface groups have been synthesized, the pool of drug molecules that can be 

covalently conjugated to the dendrimer has been greatly expanded. In addition, linker or spacer 

molecules can be utilized to covalently couple drug molecules to the dendrimer. The linkage 
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between the drug and the dendrimer carrier varies vastly, including amide bonds, hydrolytic ester 

bonds, acid-labile hydrazone, and enzyme-cleavable disulfi de bonds.

A wide range of small molecular weight drugs can be directly coupled to the surface sites of den-

drimers, thus creating a high drug payload on the dendrimer surface. Various functional groups of 

drugs such as hydroxyl (OH), carboxyl (COOH), primary amine (NH2), and thiol (SH) can be utilized 

to couple with dendrimer surface groups (Yang and Kao, 2006). Venlafaxine, a third generation anti-

depressant, can be directly conjugated to half-generation PAMAM dendrimers (i.e., G2.5) through 

dicyclohexyl-carbodiimide (DCC)/4-dimethylaminopyridine coupling chemistry (Yang and Lopina, 

2005). In this reaction, the hydroxyl group of venlafaxine reacted with one carboxylate group of G2.5 

PAMAM dendrimer to generate a hydrolytic ester bond. Nearly 100% of the dendrimer surface sites 

were conjugated with venlafaxine molecules. The hydrolysis study showed that venlafaxine conju-

gated with dendrimer was released over an extended period of time: only 50% of conjugated drug 

molecules were released within 18 h. Similarly, ibuprofen can be loaded onto the surface of hydroxyl-

terminated PAMAM dendrimers (i.e., G4-OH) through an ester linkage with the aid of DCC. A high 

drug payload (i.e., 59 ibuprofen molecules/dendrimer) was identifi ed by Kolhe et al. (2006). Carboxylate-

containing drugs can be directly conjugated to amine-terminated dendrimers. For example, N-succinyl-

Ala-Ala-Pro-Phe-p-nitroanilide can be conjugated to the G3 PAMAM dendrimer using the DCC/

hydroxybenzotriazole method (Yang and Lopina, 2006). Note that if the conjugated drug molecule 

has a nonpolar bulky group, the high drug payload may lead to a decrease in the water solubility of 
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dendrimer–drug conjugates. Amine-carrying compounds can be directly conjugated to amine- 

terminated or carboxylate-terminated dendrimers, depending on the coupling chemistry. For exam-

ple, carboxylate surface groups of half-generation PAMAM  dendrimers can be converted into active 

esters by fi rst using the N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide/N-hydroxysuccinimide 

(NHS) method. Then the N-terminus of Arg-Gly-Asp (RGD) can react with the NHS ester directly 

because this NHS-activated ester has high reactivity toward amine groups (Scheme 19.1a; Yang and 

Kao, 2007). Scheme 19.1b shows that the amine surface groups activated by differential scanning calo-

rimetry/triethylamine can also display high reactivity toward the N-terminus of RGD (Scheme 19.1b; 

Yang and Kao, 2007). The methods described by Yang and Kao are effi cient in creating high drug 

payload on the dendrimer surface and can be applied to couple dendrimers with other drug molecules 

containing same functional groups. MTX can be directly conjugated to amine- or hydroxyl-terminated 

dendrimers through amide or ester linkages following the activation by 1-[3-(dimethylamino) propyl-

3- ethylcarbodiimide hydrochloride (Quintana et al., 2002). The reaction conditions including the pH 

and reaction medium also affect the drug-loading effi ciency. For example, 97% incorporation of doxo-

rubicin to G4.0 PAMAM dendrimer was achieved when the molar ratio of doxorubicin to dendrimer 

was 3:1 in N-tris(hydroxymethyl) methyl-2-aminoethanesulfonic acid (pH 7.5; Papagiannaros et al., 

2005). Doxorubicin incorporation decreased when the coupling reaction proceeded at a lower pH (i.e., 

4.5) and higher molar ratio of doxorubicin to dendrimer (i.e., 6:1).

Drug molecules can also be conjugated to the dendrimer through various spacer molecules. 

Quinidine is an orally administered antiarrhythmic drug for the correction of abnormal heart 

rhythms. It contains a hydroxyl functional group, which is sterically hindered by adjacent quino-

line and peperidine groups. The embedded hydroxyl group makes quinidine hardly react with a 

traditional polymer molecule because of its limited functional groups, thus leading to poor drug-

loading effi ciency. To overcome steric hindrance and improve the loading effi ciency, a short gly-

cine spacer was added to extend the quinidine’s hidden hydroxyl group (Yang and Lopina, 2007). 

Paclitaxel (Taxol), a novel anticancer drug, was attached to a G5.0 PAMAM dendrimer using suc-

cinic anhydride as a spacer (Majoros et al., 2006). The linkage between Taxol and the spacer is 

an ester linkage such that the drug can be released through enzymatic hydrolysis. Majoros et al. 

used glycidol as a spacer to link MTX to the dendrimer via an ester linkage and to block the 

remaining amine groups to avoid unwanted nonspecifi c cellular uptake (Majoros et al., 2005). 

PEG serves as an important class of spacer. Its major function as a spacer is to link the targeting 

ligand to the dendrimer and give the conjugated ligand suffi cient spatial freedom to maintain its 

targeting ability. For example, folate, a widely used ligand to target many cancer cell lines, can be 

attached to the dendrimer via a PEG spacer (Singh et al., 2008). Its role as a spacer and other 

functions are now discussed.
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19.3.3 PEGYLATED DENDRIMERS

PEG is a U.S. Food and Drug Administration approved biocompatible polymer that has been widely 

used in pharmaceutical and biomedical applications. In addition to enhancing the drug-loading 

capacity of dendrimers, coupling PEG to the dendrimer modifi es the properties of dendrimers and 

provides many other functions:

 1. It serves as a spacer to provide spatial fl exibility for coupling the targeting ligand to the 

dendrimer and retains the binding ability of the conjugated targeting ligand, which other-

wise is diminished because of steric hindrance

 2. It overcomes the shortcomings commonly associated with nanostructured materials includ-

ing reticuloendothelial system uptake, drug leakage, immunogenicity, hemolytic toxicity, 

and cytotoxicity

 3. It provides the delivery system with improved water solubility

 4. It protects conjugated drugs from degradation

 5. It generates favorable pharmacokinetic (e.g., half-lives) and tissue distribution and elimi-

nates the undesirable potential accumulation of side effects of dendrimers

Transferrin is a brain-targeting ligand. Huang et al. (2007) used PEG as a spacer for conjugation of 

transferrin to a dendrimer. The constructed delivery system showed effi cacy in delivering therapeutic 

genes to the brain (Huang et al., 2007). Guillaudeu et al. (2008) synthesized a family of PEGylated 

ester dendrimers, composed of a pentaerythritol core and a bis-2,2-hydroxymethylpropanoic acid 

building block. After PEG was conjugated to the surface of this dendrimer, its blood circulation 

half-life was found to be 23.8 ± 2.5 h. This long circulation time is believed to lead to higher accu-

mulation of drug-bearing dendrimers that is attributable to the enhanced permeability and retention 

effect (Guillaudeu et al., 2008).

Yang and Lopina (2003) designed PAMAM dendrimer drug delivery systems in which PEG was 

used as spacer. Because half- and full-generation PAMAM dendrimers have carboxylic and primary 

amine groups on their surfaces, respectively, they explored various conjugation methods to link the 

drug to the dendrimer using carboxylate-containing penicillin V as a model drug (Yang and Lopina, 

2003). The linkage between penicillin V and PEG is the amide bond in Scheme 19.2, and the linkage 

between the drug and PEG is the ester bond in Scheme 19.3. The carboxylic acid group is essential 

for the antibacterial activity of penicillin V. The hydrolytic release of penicillin V from the PEGylated 

dendrimer was evaluated, and Yang and Lopina found that the modifi cation of penicillin through 

esterifi cation (Figure 19.10) did not alter the penicillin activity after hydrolysis. They also pointed out 

that penicillin V bound through an amide bond was not expected to be released from the carrier 

because the amide bond is stable in vivo. The synthesis strategy presented in Scheme 19.2 would pro-

vide a guide for preparing amide linkage between a carboxylic group containing drug and PEGylated 

dendrimers. This synthesis route would be useful when stable linkage between a drug and carrier is 

required and biological activity is less dependent or not dependent on the carboxylic group.

PEG conjugated on the dendrimer surface can provide a shielding layer to protect peptides bound 

to the dendrimer surface from enzymatic degradation. Yang and Lopina (2006) used N-succinyl-

Ala-Ala-Pro-Phe-p-nitroanilide as a model peptide drug and synthesized three types of dendritic 

peptides: peptide–PAMAM, in which peptide was directly conjugated the dendrimer without 

PEGylation;  peptide–PAMAM–PEG, in which both peptide and PEG were conjugated to the den-

drimer surface; and peptide–PEG–PAMAM, in which PEG was a spacer to link the peptide to the 

dendrimer. When the peptide was linked to the dendrimer via PEG, the enzymatic hydrolysis of the 

peptide was increased. However, when PEG and peptide were both conjugated to dendrimer surface 

sites, the enzymatic hydrolysis of the peptide was decreased. According to this fi nding, Yang and 

Lopina suspected that it was the PEG long arms that infl uenced the enzyme–substrate complex. 

PEG could protect the conjugated peptides from attack by the enzyme. Therefore, the enzymatic 



Dendrimers in Drug Delivery 447

stability of peptide–PAMAM–PEG was higher than that of any other types. In general, the enzy-

matic stability of dendritic peptides from high to low was peptide–PAMAM–PEG, peptide– 

PAMAM, free peptide, and peptide–PEG–PAMAM, respectively. Selectively increasing or 

decreasing the enzymatic stability of dendritic peptides is possible by varying the coupling sequence 

of peptide, PEG, and dendrimer. The stability of the dendritic peptides was evaluated only within a 

few minutes following the addition of enzyme to the solution, so the long-term stability (up to hours) 
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and how much peptides remained intact were not known. Because the enzyme concentration used 

in Yang and Lopina’s study (2006) was much higher than that found in a physiological environment, 

a high degree of peptide protection may have resulted. Further, if peptide–PAMAM–PEG is used 

for delivering a peptide drug safely to a target cell or inside a target cell, the protection by PEG 

chains will also suppress the effectiveness of the peptide drug. Such issues need to be addressed 

before it is applied for drug delivery.

Kono et al. (2008) developed PEGylated PAMAM dendrimers for the delivery of the anticancer 

drug adriamycin. They modifi ed every chain end of the dendrimer with glutamic acid (Glu). Both 

PEG and the drug were conjugated to each Glu residue on the dendrimer surface. The linkage 

between the drug and Glu was controlled to be either an amide bond or a hydrazone bond. They 

found that adriamycin was released slightly at pH 7.4 from the dendrimer–adriamycin conjugates 

that had either amide bonds or hydrazone bonds. In contrast, a signifi cant release of the drug from 

the hydrazone linkage based dendrimer drug delivery system was identifi ed at pH 5.5, but drug 

release from the dendrimer–adriamycin conjugates with amide linkage was still minimal. Kono 

et al. further demonstrated that these conjugates with hydrazone bonds exhibited higher cytotoxic 

effects than those with amide bonds because pH-labile hydrazone bonds allow the drug to be 

released quicker to take effect.

Incorporation of PEG into dendrimer drug delivery systems has proven to be a necessary 

 procedure to make dendrimer nanoparticles more biocompatible. As the main function of den-

drimer carriers to deliver therapeutic or bioactive molecules, the degree of PEGylation needs to be 

reduced to a minimal level such that more surface sites can be utilized for the creation of a high drug 
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payload or conjugation with many other molecules. To effi ciently utilize PEGylated dendrimers for 

drug delivery, Yang et al. (2008) quantitatively assessed the PEGylation effi cacy in improving the 

 cytocompatibility of low generation polycationic PAMAM dendrimers (i.e., G3.0 and G4.0). Both 

3PEG–G3.0 (i.e., the degree of PEGylation was 9%) and 8PEG–G3.0 (i.e., the degree of PEGylation 

was 25%) signifi cantly improved the cytocompatibility of G3.0 PAMAM dendrimers. Further, they 

found that the degree of enhanced cytocompatibility of G3.0 by 3PEGs–G3.0 was comparable to 

that of G3.0 by 8PEGs–G3.0. The cytocompatibility of G4.0 was also signifi cantly increased through 

PEGylation. Similarly, a low degree of PEGylation (16%, i.e., 10 PEGs per G4.0) could suffi ciently 

maintain the G4.0 cytocompatibility. Yang et al.’s study demonstrated that PEGylation could be 

correlated with cytocompatibility and drug payload to maximize the drug payload and keep the 

cytocompatibility of the drug carrier. Correlating the PEGylation, cytocompatibility, and drug pay-

load integratively provides a means to understand the structure–property relationships of PEGylated 

dendrimers and allows for quantitative optimization of PEGylated dendrimers for drug delivery. In 

addition, PEG helps to improve the gene transfection effi ciency of dendrimers, for example, PAMAM 

dendrimers, as demonstrated by Luo et al. (2002). They found that the increase in transfection 
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 effi ciency relies on the PEGylation as well as the size of the dendrimer and the ratio of PEGylated 

PAMAM to deoxyribonucleic acid.

19.3.4 TARGETED DELIVERY

A variety of ligands have been conjugated to the dendrimer to create targeted dendritic drug deliv-

ery systems. In most cases, ligands are conjugated to the dendrimer through a spacer of appropriate 

length as discussed in Section 19.3.2. The methods employed for coupling the ligand to the  dendrimer 

should not alter the binding ability of the ligand.

Folate receptors are overexpressed in several types of human cancer cells. Dendrimers conju-

gated with folic acid can specifi cally target tumor cells through folate receptors and signifi cantly 

enhance drug uptake by cells. Quintana et al. (2002) designed a targeted dendrimer drug delivery 

system carrying the anticancer drug MTX and targeting ligand folic acid. They found that targeted 

delivery improved the cytotoxic response of the cells to MTX 100-fold over the free drug. Turk et al. 

(2002) recently found that the folate receptor was also overexpressed on the surface of activated 

macrophages in infl ammatory tissue due to rheumatoid arthritis. Chandrasekar et al. (2007) devel-

oped a folate-mediated dendrimer drug delivery system to treat rheumatoid arthritis by coupling 

folate to a G3.5 PAMAM dendrimer via a PEG spacer and encapsulating indomethacin inside the 

dendrimer core. They found that the number of drug molecules that were encapsulated increased by 

10- to 20-fold for this new delivery system as compared to the unmodifi ed PAMAM dendrimer. The 

folate-coupled dendrimer delivery system had an increased half-life and residence time. As a result, 

indomethacin molecules in signifi cant amounts were delivered to the target site in their animal 

study. Prostate-specifi c membrane antigen (PSMA) is highly expressed by prostate cancers. 

Antibodies against PSMA such as J591 can bind the extracellular PSMA domain, leading to effi -

cient and selective internalization of dendrimers modifi ed with J591 (Figure 19.11; Patri et al., 2004). 

A galactosyl residue was utilized to target gene-carrying dendrimer to hepatocytes through binding 

of galactosyl to asialo-glycoprotein receptors on hepatocytes (Kim et al., 2007).

Epidermal growth factor receptors (EGFRs) are overexpressed in cancers of the head and neck, 

breast, and colon, among others (Thomas et al., 2008). Further, the EGFR and its mutant isoform 

EGFRvIII are also overexpressed in malignant gliomas (Mendelsohn, 2001). EGFs and anti-EGF 

antibodies such as cetuximab have been used as targeting ligands to target drug-bearing dendrimers 

to a variety of human carcinomas. Thomas et al. (2008) synthesized a PAMAM dendrimer coupled 

with multiple EGF molecules as a multivalent targeting agent. This new agent stimulated EGFRs 

and acted as a superagonist by stimulating cell growth to a greater degree than free EGF, which 

implied that the dendrimer–EGF conjugate could serve as a topical agent to enhance wound healing 

(Thomas et al., 2008). The superagonistic mechanism of the dendrimer–EGF conjugate remains to 

be elucidated. The authors proposed that the conjugate favors cross-linking of the receptor, resulting 

in a sustained EGFR-mediated signal transduction and increased cell growth. Wu et al. (2006) 
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 constructed a targeted delivery system by covalently coupling anti-EGF antibody cetuximab and 

cytotoxic MTX to a G5.0 PAMAM dendrimer. They attempted to deliver MTX specifi cally to 

EGFR-positive brain tumors. Although cetuximab retained its ability to bind EGFRs, the therapeu-

tic effi cacy of this new delivery system was not demonstrated, possibly because of the lack of con-

trolled release of the conjugated MTX. Efforts are required to optimize this delivery system.

Galactose recognizes the asialo-glycoprotein receptors that are expressed in a large number by 

hepatocytes. Galactose was utilized as a targeting ligand to target hepatocyte primaquine phos-

phate, a liver schizonticide, that was encapsulated by using PPI dendrimers coated with galactose 

that could be directly delivered to liver cells (Bhadra et al., 2005).

19.4 SUMMARY

Dendrimers provide a unique nanoscale platform to develop effective drug delivery systems. A wide 

range of drugs can be delivered by dendrimers through either covalent linkage or noncovalent inter-

actions. The presence of a number of end groups on the dendrimer surface enables high drug pay-

loads and assembly of multiple functional entities including targeting ligands for targeted drug 

delivery. Highly adaptable dendritic structures can be engineered to treat various diseases and 

develop personalized medicine. In addition to the extensive use of off-the-shelf dendrimers for drug 

delivery, new dendritic structures are also being developed to obtain additional structural properties 

to meet specifi c needs in drug delivery. Dendrimers are capable of evolving with the science of 

medicine to incorporate state-of-the-art functionalities as they are discovered in order to develop 

potent nanomedicines. Thus, dendrimer-based drug delivery systems are able to meet the strict 

regulatory requirements for clinical use.
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ABBREVIATIONS

ANS 1-Anilinonaphthalene-8-sulfonic acid

CPT Camptothecin

DCC Dicyclohexyl-carbodiimide

EDA Ethylenediamine

EGFR Epidermal growth factor receptor

G Generation

MTX Methotrexate

NHS N-Hydroxysuccinimide

PAMAM Polyamidoamine

PEG Poly(ethylene glycol)

pKa Dissociation constant

PPI Poly(propylene imine)

PSMA Prostate-specifi c membrane antigen

SN-38 7-Ethyl-10-hydroxy-camptothecin

GLOSSARY

Dendrimer: A highly branched, three-dimensional, nanoscale architecture with very low polydis-

persity and high functionality, comprising a central core, internal branches, and a number 

of reactive surface groups.
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Dendritic polymer: Commonly referred to as a dendrimer.

Electron paramagnetic resonance: A technique for studying chemical species that have unpaired 

electrons.

Endosome: A vesicular compartment involved in the sorting and transport to lysosomes of material 

taken up by endocytosis.

Liposome: Usually made of phospholipids for drug delivery.

Lysosomes: A cytoplasmic organelle containing enzymes that break down biological polymers.

Nuclear magnetic resonance: Used to study molecular structures.

PAMAM dendrimer: Commercially known as Starburst™ dendrimer, one of the most investigated 

dendrimers.

PEG: A polymer of ethylene oxide with a molecular mass below 20,000 g/mol that serves as an 

important polymer for biomedical applications.

PEGylation: Covalent attachment of PEG polymer chains to another molecule Poly(ethylene oxide): 

A polymer of ethylene oxide with a molecular mass above 20,000 g/mol that serves as an 

important polymer for biomedical applications.

Polymeric micelle: Formed by amphiphilic block copolymers.

Unimolecular micelle: A single molecule that functions similarly to a polymeric micelle but is 

much less dependent on concentration than a polymeric micelle.
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20.1 INTRODUCTION

Microparticles refer to particles with a diameter of 1–1000 μm. Within the broad category of 

microparticles, microspheres specifi cally refers to spherical microparticles and the subcategory of 

microcapsules applies to microparticles that have a core surrounded by a material that is distinctly 

different from that of the core. The core may be solid, liquid, or even gas.

20.1.1  BIODEGRADABLE MICROSPHERES AS ORAL SUSTAINED RELEASE DRUG DELIVERY SYSTEM

Biodegradable microparticulate carriers are of interest for oral delivery of drugs to

Improve bioavailability• 

Enhance drug absorption• 

Target a particular organ and reduce toxicity• 

Improve stomach gastric tolerance of a gastric irritant substance• 

Act as carriers for antigens• 

Conceptually, the phospholipid bilayer of the plasma membrane of the epithelial cells that normally 

line the intestine (enterocytes) is considered to be the major factor restricting the free movement of 

substances from the lumen to the bloodstream. The term persorption was suggested by Volkheimer to 

allow the passage of particles up to 100 μm in diameter (Volkheimer and Schultz, 1968), which subse-

quently reached the portal venous blood and thoracic lymph (dog). Although this subject is of consid-

erable controversy, new strategies have been developed similar to the “Trojan horse.” The active 

molecules to be delivered are hidden inside hydrophobic, biodegradable microspheres that can be 

taken up by endocytosis in intestinal cells. The extent and pathway of particle uptake is different in 

different parts of the intestine. The microfold (M) cells of Peyer’s patches (PP) represent a sort of lym-

phatic island within the intestinal mucosa and are possibly the major gateway through which particles 

can be adsorbed. Table 20.1 gives the various sites of particle uptake based on the particle size.

20.1.2 PREREQUISITES FOR IDEAL MICROPARTICULATE CARRIERS

The materials utilized for the preparation of a microparticulate system should fulfi ll the following 

prerequisites:

Longer duration of action• 

Control of content release• 
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Increase in therapeutic effi cacy• 

Protection of drug• 

Reduction of toxicity• 

Biocompatibility• 

Sterlizability• 

Relative stability• 

Water solubility or dispersibility• 

Targetability• 

20.1.3 MATERIALS USED FOR THE PREPARATION OF MICROPARTICULATE SYSTEMS

A number of different biodegradable and nonbiodegradable substances have been investigated for 

the preparation of microspheres. These materials include polymers of natural and synthetic origin 

and modifi ed natural substances:

 1. Natural polymers

  a. Carbohydrates: starch, agarose, chitosan (CS), gellan gum, and alginate

  b.  Chemically modifi ed carbohydrates: hydroxypropyl methyl cellulose (HPMC), hydroxy-

propyl ethyl cellulose, ethyl cellulose, polyacryl starch, and polyalkyl dextran

  c. Proteins: albumin, gelatin, and collagen

 2. Synthetic polymers

  a.  Biodegradable: poly(lactic acid) (PLA), polylactide G, poly(lactic-co-glycolic acid) 

(PLGA), polycaprolactone, and polyanhydrides

  b.  Nonbiodegradable: Eudragit L, Eudragit RS, Eudragit RL, poly(methyl methacrylate), 

and epoxy polymers

20.2 GENERAL METHOD OF PREPARATION

Several techniques are employed for the formulation of microspheres, which are discussed in the 

following sections. The technique is selected based on parameters such as the polymer, drug (protein, 

peptide, or nonprotein), duration of therapy, and intended use. Moreover, the method of preparation 

and its choice are equivocally determined by some formulation- and technology-related factors:

 1. Desired particle size range

 2. Process should not affect the active pharmaceutical ingredient

 3. Release profi le should be reproducible

 4. No generation of toxic material in the fi nal product

TABLE 20.1
 Proposed Mechanisms for Uptake of Particles

Site Size Range

Persorption 5–150 μm

PP 20 nm–10 μm

Follicle associated epithelium <750 nm

Enterocyte or endocyte (RES uptake) <220 nm

Paracellular uptake 100–200 nm

Intestinal macrophage 1 μm

Note: RES, reticuloendothelial system.
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There are several techniques for the preparation of microspheres:

 1. Emulsion techniques

  a. Single emulsion

  b. Double emulsion

 2. Polymerization techniques

  a. Bulk polymerization

  b. Suspension polymerization

  c. Emulsion polymerization

  d. Interfacial polymerization

 3. Phase separation coacervation techniques

 4. Spray drying and spray congealing

 5. Ionic gelation

 6. Solvent extraction or solvent evaporation

20.2.1 EMULSION TECHNIQUES

20.2.1.1 Single Emulsion Technique
The single emulsion technique is a two-step process that employs a natural polymer (i.e., protein and 

carbohydrate) as a carrier material. The fi rst step is dissolution or dispersion of natural polymers in 

aqueous media followed by dispersion in nonaqueous media. The second step is cross-linking of the 

dispersed globule, which is achieved by physical (heating) or chemical means. Cross-linking by 

physical means is achieved by dispersing the polymer solution or suspension in previously heated 

nonaqueous media, but it is not suitable for thermolabile drugs (i.e., protein, peptide, and others). 

The chemical method employs chemical cross-linking agents like formaldehyde, glutaraldehyde 

(GA), and diacid chloride. However, this technique has the disadvantage of excessive exposure of 

active ingredients to chemicals if added at the time of preparation (Figure 20.1).

Novel semiinterpenetrating polymer network hydrogel microspheres of CS and hydroxypropyl 

cellulose were prepared by the emulsion cross-linking method using GA as a cross-linker and chlo-

rothiazide as a drug, which is a diuretic and antihypertensive drug with limited water solubility. The 

in vitro release studies indicated the dependence of the release rate on the extent of cross-linking, 

drug loading, and amount of hydroxypropyl cellulose used to produce the microspheres; slow release 

was extended up to 12 h. The release data followed the non-Fickian trend (Rokhade et al., 2008).

Aqueous solution/suspension of polymer 

Stirring , sonication 

Chemical cross linking 

Centrifugation, washing and 
separation  

Cross linking Heat denaturation 

Dispersion in organic phase 
oil/chloroform 

Microspheres in organic
phase

Microspheres in organic
phase

Microspheres 

FIGURE 20.1 Schematic representation of microsphere preparation by the single emulsifi cation method.
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Drug-loaded magnetic microspheres were prepared by the emulsifi cation/cross-linking method by 

Saravanan et al. (2008) and characterized by drug loading, magnetite content, and size distribution 

using optical microscopy, scanning electron microscopy (SEM), Fourier transform infrared analysis, 

differential scanning calorimetry, and x-ray diffraction methods. Upon variation of the drug/polymer 

ratio, the microspheres showed different drug loading [9.1, 18.7, and 24.9% (w/w)] and magnetite 

contents of 27.8–28.9% (w/w) with an average size range of 25–30.6 μm. The microspheres were 

able to prolong the drug release over 24–30 days. Researchers attempted to deliver diclofenac sodium 

to a target site by intra-arterial injection of gelatin magnetic microspheres and subsequent localization 

using an external magnet. The targeting effi ciency and therapeutic effi cacy of the microspheres were 

studied in vivo in rabbits, and the targeting effi ciency was good with 77.7% of the drug recovered at 

the target site. The microspheres effectively reduced joint swelling in antigen-induced arthritic rabbits 

without producing gastric ulceration (Saravanan et al., 2008). Ketorolac tromethamine loaded micro-

spheres were prepared by an oil-in-water (O/W) emulsion solvent evaporation technique using differ-

ent polymers: polycaprolactone, poly-d,l-lactide (Resomer), and PLA. To achieve the release profi le 

of the drug for several days, blends of Resomer and PLA were prepared with polycaprolactone in 

different ratios. Higher encapsulation effi ciency (EE) was obtained with microspheres made with 

pure Resomer. Differential scanning calorimetric studies revealed drug–polymer interactions. Sinha 

and Trehan (2008) concluded that a careful selection of different polymers and their ratio can be used 

to achieve release of ketorolac trimethamine for long periods.

An O/W emulsion solvent evaporation method was used to encapsulate bupivacaine using 50:50 

PLGA. The particle size could be controlled by changing the stirring rate and polymer concentra-

tion. The EE was affected by the polymer concentration, and the burst effect of bupivacaine released 

from the particles was affected by the drug/polymer mass ratio. Bupivacaine microspheres (bupi-MS) 

were evaluated for a dissolution profi le and release model with microspheres of low loading (6.41%) 

and high loading (18.92%). It was observed that the drug release was affected by drug loading, espe-

cially the amount of drug crystals attached on the surface of bupi-MS. The drug release profi le of 

low drug loaded bupi-MS agreed with the Higuchi equation and that of high drug loaded bupi-MS 

agreed with the fi rst-order equation (Zhang et al., 2008).

The drawbacks of this method include the following:

Tedious procedure• 

Use of harsh cross-linking agents, which might possibly induce chemical reactions with • 

the active agent

Complete removal of unreacted cross-linking agent may be diffi cult in this process• 

20.2.1.2 Double Emulsifi cation Technique
This technique involves double or multiple emulsion formation [water-in-oil-in-water (W/O/W)]. It 

is the method of choice for water-soluble drugs, peptides, and vaccines. Both natural and synthetic 

polymers can be employed (Figure 20.2).

The aqueous drug solution is emulsifi ed under intense agitation in a lipophilic continuous phase 

that consists of a polymer solution in an organic solvent. This primary (1°) emulsion was added into 

the external aqueous phase containing a suitable emulsifying agent. Poly(vinyl alcohol) is the most 

acceptable emulsifi er. Poly(vinyl pyrrolidone) (PVP), gelatin, alginate, methylcellulose, polysor-

bate, and sodium lauryl sulfate can also be used.

The stability of 1° emulsions depends upon the droplet size. The fi ner the droplet size is, the more 

stable is the 1° emulsion. Primary emulsion stability is detrimental to drug loading. The more stable 

the 1° emulsions are, the more loading capacity, depending upon the internal water volume.

A suitable emulsifying agent is used because during evaporation of the solvent the droplet initially 

shrinks in size, which leads to coalescence and agglomeration from a secondary (2°) emulsion.

Solvent removal is carried out by solvent evaporation or solvent extraction. Solvent evaporation 

employs either a reduction in pressure or agitation of the emulsion. Solvent extraction involves the 
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addition of a large quantity of water into which organic solvents diffuse out; then fi ltration, washing, 

and drying are carried out to achieve microspheres.

The double emulsion solvent evaporation technique has been employed for a number of hydro-

philic drugs or peptides.

Insulin microspheres were prepared by the W/O/W double emulsion solvent evaporation tech-

nique and characterized. The integrity of the encapsulated insulin and the stability of the released 

insulin were assessed using a wide range of comprehensive analytical techniques. The purpose of 

this study was to investigate the effect of three zinc salts (i.e., zinc oxide, zinc carbonate, and zinc 

acetate) on the insulin EE, stability, and in vitro release kinetics from PLGA microspheres. The EE 

of the formulation prepared without the addition of a zinc salt was 69%, and the secondary structure 

of the encapsulated insulin in this formulation was found to be altered. Further, desamido-insulin 

and aggregates were observed during in vitro release. When insulin was encapsulated with a zinc 

salt, the EE increased signifi cantly, the secondary structure was unaltered, and no degradation or 

aggregation products were found. Zinc salts can be useful to increase the EE and stability of insulin 

in PLGA microspheres prepared by the W/O/W technique (Manoharan and Singh, 2008). Polymer-

based microparticles are increasingly becoming of interest for a variety of applications including 

drug delivery. The copolyester poly(glycol adipate-co-ω-pentadecalactone) was evaluated as a col-

loidal delivery system for encapsulated therapeutic proteins. α-Chymotrypsin, which is a prote-

olytic enzyme containing microparticles, was prepared via the double W/O/W emulsion solvent 

evaporation method. It was evaluated for EE and in vitro release. This research showed the potential 

of this polyester as a delivery system for enzymes via microparticles (Gaskell et al., 2008).

20.2.2 POLYMERIZATION TECHNIQUE

20.2.2.1 Bulk Polymerization
Bulk polymerization involves polymerization of monomers or mixture of monomers with or without 

a drug and with the aid of an initiator or catalyzing agents, which facilitate or accelerate the rate 

of the reaction. It involves the heating of a mixture of monomers or monomers and initiator with 

or without a drug. If the polymer is soluble in the monomer, a viscous solution is obtained. If 

insoluble, the polymer is precipitated out and is molded or fragmented into a microsphere. If the 

Dispersion in oil/ organic phase  
Vigorous homogenization 

Addition to aqueous solution of PVA 

Multiple emulsions  

Addition to large aqueous phase  
Denaturation/hardening 

Microspheres in solution   

Separation, washing, drying  

Aqueous solution of protein/polymer/drug  

First emulsion 

Microspheres 

FIGURE 20.2 Schematic representation of microsphere preparation by the double emulsifi cation method.
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drug is thermostable, it may be added during polymerization; if it is a thermolabile drug, the absorp-

tive method is employed. Bulk polymerization is an exothermic process, so it is not the method of 

choice for thermolabile drugs; but it has the advantage of producing pure polymer microspheres.

20.2.2.2 Suspension Polymerization and Emulsion Polymerization
Suspension polymerization is also called bead or pearl polymerization. This method involves the 

dispersion of monomers along with the drug and initiator in aqueous suspension media, which is the 

most commonly used dispersion media, but nonaqueous media may also be used. Polymers obtained 

by this method are spherical and typically between 0.01 and 0.5 cm in diameter.

Emulsion polymerization differs from suspension polymerization in that the initiator is insoluble 

in the monomer and soluble in water. It involves the dispersion of a water-insoluble monomer into 

water that contains a water-soluble initiator and emulsifying agent. The bulk of the monomer is 

present as dispersed monomer droplets stabilized by the emulsifi er and initiator. Emulsion polym-

erization is affected by the micelles that serve as the meeting place. It also does not suffer from the 

heat dissipation problem, and the particles produced by this method are 0.1 μm in size.

Both suspension and emulsion polymerization suffer from the disadvantage of the interaction of 

the polymer with the monomer and active drug.

20.2.2.3 Interfacial Polymerization
In interfacial polymerization, polymer fi lm formation proceeds via a reaction between two mono-

mers at the interface of two immiscible liquid phases. The formed polymer fi lm covers the dispersed 

phase that affects the microsphere formation. One monomer is dissolved in the continuous phase 

while the other is dispersed. The second monomer is emulsifi ed into the continuous phase, which is 

commonly water. The monomer diffuses out at the interface and polymerizes. Interfacial polymer-

ization is essentially applied to a very rapid reaction such as the reaction between acid chloride and 

amide. A monolithic matrix (microsphere) or reservoir (microsphere) type carrier formation occurs, 

which depends on the solubility of the formed polymer in the monomer droplet.

If the polymer is soluble in the droplet, it will lead to formation of a matrix-type carrier and vice 

versa. The degree of polymerization can be controlled by various factors such as the monomer reac-

tivity, monomer concentration, vesicle composition, and temperature of the system. By controlling 

the size of the dispersed phase, microspheres of the desired size can be achieved.

This method suffers from many disadvantages that are due to the process:

 1. Low drug entrapment due to higher fi lm permeability

 2. Higher drug degradation

 3. High unreacted monomer residue that is associated with toxicity

20.2.3 PHASE SEPARATION COACERVATION TECHNIQUE

Basically this technique was developed for a microreservoir-type carrier system (i.e., microcapsules 

instead of microspheres) if the drug is hydrophilic. However, the same technique is used for a 

matrix-type carrier system if the drug is hydrophobic in nature. Microsphere or microcapsule for-

mation involves coacervate formation. Coacervation is affected by decreasing the solubility of the 

polymer in an organic solvent. Various methods are used to decrease the solubility of polymers. The 

selection of the method is based on the polymers and processing conditions. The methods are salt 

addition, nonsolvent addition, incompatible polymer addition, and change in pH (Figure 20.3).

For the preparation of microspheres, a hydrophobic polymer is dissolved in a polymer solution 

and the fi nal mixture is subjected to coacervate formation. Microparticles in the desired range can 

be achieved by continuous stirring.

Aspirin-impregnated microspheres of CS/poly(acrylic acid) copolymer were prepared by the 

coacervation phase separation method, which was induced by the addition of a nonsolvent (NaOH 
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2.0 M solution) in order to evaluate the release characteristics as a function of the pH, simulating the 

fl uids in the gastrointestinal tract (GIT). The microspheres were cross-linked with GA, reduced with 

sodium cyanoborohydride, and grafted with poly(acrylic acid). The impregnation of aspirin into CS/

poly(acrylic acid) copolymer microspheres was achieved by the dissolution of the drug in water/

ethanol (2:1), which was adsorbed by the microspheres for 24 h at 25°C. The effi ciency of aspirin 

impregnation was high (~94%). The approach employed in the production of aspirin-impregnated 

microspheres using CS/poly(acrylic acid) can be a suitable drug-release control system (Nascimento 

et al., 2001). A coacervation phase separation technique was used to encapsulate nitrofurantoin with 

Eudragit RS 100 polymer using variable proportions of polyisobutylene (0–3%) as a protective col-

loid. The in vitro release experiments were carried out over the entire pH range of the GIT, the data 

obtained from the dissolution profi les were compared in the light of different kinetic models, and 

the regression coeffi cients were compared. The in vivo studies were performed on human female 

volunteers. A linear correlation was obtained from in vitro and in vivo studies (Bedi et al., 1999).

20.2.4 SPRAY DRYING AND SPRAY CONGEALING

Spray drying and spray congealing are similar processes but differ in the solidifi cation of the poly-

meric material. Spray drying involves the dispersion of a drug into the polymer solution. A solvent 

is chosen in which the polymer is soluble but the drug is insoluble. The drug is dispersed with the 

help of a high-speed homogenizer, and then the dispersion is atomized in hot air. The solvent evapo-

rates immediately from the atomized droplet, which leads to microparticle formation in a size range 

of 1–100 μm. Cyclone separators are used to separate the microparticle from the hot air.

The spray congealing method employs the dispersion of a drug into a melt instead of a polymer 

solution. Microsphere formation is achieved by spraying the hot dispersion into a cool air stream. 

Some materials are solid at room temperature but meltable at reasonable temperatures, such as 

waxes, alcohol, and polymers, which are used in the spray congealing technique. The spray congealing 

method was utilized to encapsulate thiamine mononitrate using a mixture of mono- and diglycerol 

of stearic acid.

Ketoprofen microspheres based on a Eudragit (R) blend were prepared by the spray drying 

method and evaluated for the infl uence of the spray drying parameters on the morphology, dimen-

sions, and physical stability of the microspheres. The parameters did not infl uence the particle pro-

perties signifi cantly (Rassu et al., 2008). Rifampin microspheres were prepared by spray drying using 

either PLA or PLGA polymers in different drug/polymer ratios [90:10–5:95 (w/w)]. The in vitro 

release characteristics, particle size distribution, and cytotoxicity (in an alveolar macrophage cell 

Aqueous/organic polymer solution 

Drug dispersed/dissolved in polymer solution 

Polymer rich granule 

Microspheres 

Separation and drying 

Microspheres in aqueous/organic polymer
solution

FIGURE 20.3 Schematic representation of microsphere preparation by the phase separation coacervation 

method.
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line) and pharmacokinetics in rats after pulmonary instillation were evaluated (Coowanitwong 

et al., 2008). PLGA particles showed a steeper change with increasing polymer content (100–20% 

drug release over 6 h) than PLA particles (88–42% drug release over 6 h). Microspheres with high 

polymer content showed a lower relative bioavailability (30%).

The potential of waxes for controlling the in vitro release of Verapamil HCl was investigated in 

the preparation of microparticles with the ultrasonic spray congealing technique. Microcrystalline 

wax, stearyl alcohol, and mixtures of the two were used. A surfactant (soya lecithin) was also added 

to the formulations. The drug release mechanism from these devices was evaluated using statistical 

moment analysis. Microparticles with a spherical shape showed good EE and zero-order release for 

8 h, without modifying the solid-state properties of the drug. Therefore, waxy microparticles pre-

pared by the ultrasonic spray congealing technique are promising solvent-free devices for control-

ling the release of Verapamil HCl (Passerini et al., 2003).

20.2.5 IONIC GELATION METHOD

Microspheres made of gel-type polymers, such as alginates, are produced by dissolving the polymer 

in an aqueous solution, suspending the active ingredient in the mixture, and extruding through a 

precision device, producing microdroplets that fall into a hardening bath that is slowly stirred. The 

hardening bath usually contains a calcium chloride solution, whereby the divalent calcium ions 

cross-link the polymer and form gelled microspheres. The surface of the microspheres can be fur-

ther modifi ed by coating them with polycationic polymers, like polylysine or CS after fabrication. 

The advantages of this process are that it is simple and mild and reversible physical cross-linking by 

an electrostatic interaction instead of chemical cross-linking is applied to avoid the possible toxicity 

of the reagents and other undesirable effects.

20.2.6 SOLVENT EXTRACTION OR SOLVENT EVAPORATION METHOD

Solvent extraction methods involve removal of organic solvents by extraction of water-miscible 

organic solvents such as isopropanol, resulting in hardening of the microspheres. Figure 20.4 sum-

marizes the solvent extraction methods carried out in external aqueous media. This technique is 

also termed as “in water drying.” This technique is basically used for the encapsulation of water-

insoluble drugs, and it was reviewed in detail with a polylactide polymer (Jalil and Nixon, 1989, 

Homogenization 
or sonication 

Water in oil emulsion 

Solvent extraction
Solvent evaporation

Microparticle suspension 
(external aqueous phase) 

Aqueous phase
distilled water

suspending agent

Organic phase
organic solvent
polymer drug

FIGURE 20.4 Schematic representation of microsphere preparation by the solvent extraction or solvent 

 evaporation method.
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1990). A solution of a wall-forming polymer was prepared in a water-immiscible organic solvent 

into which the drug was directly dissolved or with the help of a cosolvent or dispersed.

The drug–polymer solution was poured in a controlled fashion into an aqueous solution contain-

ing an emulsifying agent under strong agitation. The emulsifying agent prevents the coalescence of 

globules. This method has been employed for encapsulation of a few water-insoluble peptides, such 

as salmon calcitonin (Mehta et al., 1994) and cyclosporine. Water-soluble peptides are not suitable 

candidates for this technique because, during the emulsifi cation of the drug–polymer solution into 

the external aqueous phase, the water-soluble drug comes out into the aqueous phase, resulting in 

no drug entrapment in the microsphere.

20.3 DRUG LOADING IN MICROPARTICULATE SYSTEM

The active components are loaded over the microspheres principally using two methods.

In situ•  loading (i.e., during preparation of the microspheres)

Loading in the preformed microspheres• 

The active component can be loaded by means of physical entrapment, chemical linkage, and 

surface adsorption; but maximum loading is observed during preparation of microspheres. It may be 

affected by process variables such as the method of preparation, presence of additives (e.g., cross-

linking agent and surfactant stabilizers), and agitation intensity. The percentage of incorporation is 

relatively less in preformed microspheres, but the major advantage is the absence of the effects of 

the process variables.

20.4 CHARACTERIZATION OF MICROPARTICULATE SYSTEM

Microspheres are characterized by the particle size and shape, electron spectroscopy for chemical 

analysis, density determination, isoelectric point, surface carboxylic acid residues, surface amino 

acid residues, EE, release studies, and angle of contact (Table 20.2).

Microspheres have different microstructures, depending on their method of preparation and the 

conditions during preparation. These microstructures determine the release property and stability 

of the carrier (Malmsten, 2002).

20.4.1 PARTICLE SIZE AND SHAPE

Microspheres obtained from the emulsion technique were studied microscopically for their size and size 

distribution using a calibrated ocular eyepiece. The effects of the drug concentration, citric acid concen-

tration, and permeation enhancer on the average particle size were studied (Budhian et al., 2007).

The shape and surface morphology of the microspheres is determined by light microscopy, SEM, 

confocal laser scanning microscopy, and transmission electron microscopy (TEM). The particle 

size distribution is measured by laser light scattering and a multisize Coulter counter.

20.4.2 ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS

The chemical analysis of the microspheres is determined with the help of electron spectroscopy to 

determine the degradation of the surface.

20.4.3 DENSITY DETERMINATION

The density of the microspheres is determined by a pycnometer or hydrometer.
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20.4.4 ISOELECTRIC POINT

The isoelectric point of the different categories of microspheres is determined by 

microelectrophoresis.

20.4.5 SURFACE CARBOXYLIC ACID RESIDUES

The surface carboxylic acid residues are measured by a scintillation counter using radioactive 

glycine.

20.4.6 SURFACE AMINO ACID RESIDUES

The surface amino acid residues are measured with a scintillation counter using a radioactive 
14C-acetic acid conjugate.

20.4.7 ENTRAPMENT EFFICIENCY

The total drug present in the microspheres was determined by a method reported by Thanoo et al. 

(1992). The effects of the drug concentration, citric acid concentration, and permeation enhancer on 

drug loading were studied.

The entrapment effi ciency can be determined following the lysation of washed microspheres. 

The lysate is then subjected to a determination of the constituents as a monograph requirement. 

Drug-loaded microspheres are sonicated for 1 h at different pH values to lyse the particles. The 

TABLE 20.2
 Characterization of Microparticulate Systems

Characterization Parameters Analytical Methods/Instrumentation

Chemical Characterization

Drug concentration Different for different drugs

Surface degradation of biodegradable microsphere Electron spectroscopy for chemical analysis, attenuated 

total refl ectance Fourier transform infrared spectroscopy

Surface carboxylic acid and amino acid residue Liquid scintillation counter

PH pH meter

Osmolarity Osmometer

Physical Characterization

Microsphere shape and surface morphology TEM, freeze–fracture electron microscopy

Microsphere size and size distribution TEM, freeze–fracture electron microscopy, laser light 

scattering, gel permeation chromatography, gel exclusion

Surface charge Free-fl ow electrophoresis

Electrical surface potential and surface pH Zetasizer and pH sensitive probe

Density determination Multivolume pycnometer

Isoelectric point Microelectrophoresis

Capture effi ciency Minicolumn centrifugation, gel exclusion, protamine 

aggregation, radiolabeling

Drug release Diffusion cell or dialysis bag

Biological Characterization

Sterility Aerobic or anaerobic cultures

Pyrogenicity Limulus amebocyte lysate test

Animal toxicity Monitoring survival test, histology, and pathology
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extent of drug loading is determined by measuring the absorbance of the solution after fi ltration and 

calculation of the concentration of the drug from the calibration curve:

 

Actual content
Entrapment .

Theoretical content
=

 
(20.1)

20.4.8 RELEASE STUDIES

Release studies of microspheres were carried out in phosphate buffer at different pH values, using a 

rotating paddle apparatus or a dialysis method. The sample is agitated at 50 rpm in the paddle appa-

ratus. Sample are taken at specifi c time intervals and replaced by the same amount of saline. In the 

dialysis methods the microspheres are kept in bags. Samples of dialysate are taken at regular time 

intervals and the same amount is replaced with buffer (Seo et al., 2003).

20.5 DRUG RELEASE KINETICS

The release profi le from the microspheres is a cumulative effect of the nature of the polymer used 

in the preparation as well as the nature of the drug. The kind of drug, its polymorphic form, crystal-

linity, particle size, solubility, and amount in the pharmaceutical dosage form can infl uence the 

release kinetics. Thus, a water-soluble drug incorporated in the matrix is mainly released by diffu-

sion, whereas the self-erosion of the matrix for a low water-soluble drug is the principle release 

mechanism. The release of a drug from both biodegradable and nonbiodegradable microspheres is 

infl uenced by the structure or micromorphology of the carrier. Numerous theoretically possible 

mechanisms may be considered for the release of drugs from microparticulates:

Liberation due to polymer erosion or degradation• 

Self-diffusion through the pores• 

Release from the surface of the polymer• 

Pulse delivery initiated by the application of an oscillating or sonic fi eld• 

Several theories and kinetic models have been proposed to describe the drug release kinetics 

from modifi ed release dosage forms (Costa and Lobo, 2001). These represent the drug release pro-

fi les as a function of time that is related to the amount of drug dissolved from the pharmaceutical 

dosage system.

20.5.1 MATHEMATICAL MODELS

20.5.1.1 Zero-Order Kinetics
Drug dissolution from a pharmaceutical dosage form that does not disaggregate and release the drug 

slowly (assuming that the area does not change and no equilibrium conditions are obtained) can be 

represented by the following equation:
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where ft represents the fraction of the drug dissolved in time t, W0 is the initial amount of drug in 

the dosage form, Wt is the amount of drug in the dosage form at time t, and K0 is the apparent dis-

solution rate constant or the zero-order release rate constant. In this way, a graph of the drug  dissolved 

fraction versus time will be linear if the previously established conditions were fulfi lled. This model 

is an ideal method of drug release in order to achieve a pharmacologically prolonged action.
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20.5.1.2 First-Order Kinetics
The equation of the model can be given as follows:
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where Qt is the amount of drug released in time t, Q0 is the initial amount of drug in solution, and 

K1 is the fi rst-order release rate constant. In this way, the graph of the decimal logarithm of the 

released amount of the drug versus time will be linear. The dosage forms following this release 

kinetics pattern, such as those containing a water-soluble drug in porous matrices, release the drug 

in a way that is proportional to the amount of drug remaining in the interior, so that the amount of 

drug released by a unit of time is diminished.

20.5.1.3 Higuchi Model
This model is applicable to the system where water-soluble drugs are dispersing matrices, for exam-

ple, transdermal systems and matrix tablets, with water-soluble drugs. Initially, the model was pro-

posed to describe the desolation of the drug in suspension from ointment bases. Drug release is 

described as a diffusion process based on Fick’s law of the square root of the time dependence:

 Drug released (%) = KHt1/2, (20.4)

where KH is Higuchi’s dissolution constant. Thus, a plot of the percentage of drug release versus the 

square root of the time will follow a linear relationship.

20.6 APPLICATION OF MICROSPHERES

Microspheres have a number of applications that are detailed later in this chapter (Table 20.3). 

Various microspheres employed for the delivery of drugs include semisolids, viscous liquids, and 

solids and inserts. Acyclovir-loaded CS microparticles showed increased drug bioavailability in the 

TABLE 20.3
Applications of Microspheres for the Different Fates

Drug Polymer Application References

Methyl prednisolone Hyaluronic acid Ocular Kyyronen et al., 1992

Acyclovir CS Ocular Genta et al., 1997

Insulin Starch Nasal Farraj et al., 1990

Gentamicin Starch Nasal Farraj et al., 1990

Human growth hormone Starch Nasal Illum et al., 1999

Ribofl avin Adhesive micromatrix system GI Akiyma et al., 1998

Furosemide Adhesive micromatrix system GI Akiyama and Nagahara, 1999

Amoxicillin Adhesive micromatrix system GI Akiyama et al., 1994

Vancomycin Eudragit S 100 Colon Geary and Schlameus, 1993

Insulin Eudragit S 100 Colon Illum, 1999

Nerve growth hormone HYAFF Vaginal Ghezzo et al., 1992

Insulin HYAFF Vaginal Illum, 1999

Salmon calcitonin HYAFF Vaginal Richardson and Armstrong, 1999

Indomethacin Alginate/sodium CMC/HPMC Oral Mathiowitz et al., 1997

Glipizide Alginate/sodium CMC/HPMC Oral Mathiowitz et al., 1997

Note: HYAFF, a new family of biomaterials obtained by esterifi cation of hyaluronic acid with different alcohols.
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eye compared to the drug administered alone. Biocompatibles have been developed in a range of 

products based on microspheres, targeting areas such as the treatment of cancer. One such product, 

Bead Block™ (Terumo Medical Corporation, Somerset, NJ), is already on the market as an embo-

lization therapy for solid tumors. This is injected into selected vessels to block the blood fl ow feeding 

the cancer, causing it to shrink over time.

The company is moving ahead to develop microspheres that not only block blood vessels supply-

ing tumors but also deliver a payload of chemotherapeutic drugs. A pivotal trial of biocompatible 

drug-eluting microspheres to deliver the drug doxorubicin was started in 2003.

20.6.1 NASAL DRUG DELIVERY

The nasal cavity is a highly vascularized, large subepithelial layer for effi cient absorption of drugs. 

The blood is drained directly from the nose into the systemic circulation, so it avoids the fi rst pass 

effect. The nasal route is used both for local therapies and, more recently, for the systemic adminis-

tration of drugs, as well as for the delivery of peptides and vaccines. In lieu of the above advantages, 

nasal delivery of drugs has certain limitations such as the mucociliary clearance of therapeutic 

agents from the site of deposition, resulting in a short residence time for absorption. Thus, the 

microspheres increase the residence time of formulations in the nasal cavity, thereby improving the 

absorption of drugs. The excellent absorption-enhancing properties of microspheres are now being 

used extensively for both low molecular weight drugs as well as macromolecular drugs like pro-

teins. The nasal cavity as a site for systemic drug delivery has been investigated extensively; many 

nasal formulations have already reached commercial status including leutinizing hormone releasing 

hormone and calcitonin (Illum, 1999; Illum et al., 1987). CS and starch are the two most widely 

employed polymers for nasal drug delivery. Other microspheres used for nasal administration of 

peptides and proteins include cross-linked dextran microspheres, which are water insoluble and 

water absorbable.

Isoniazid–alginate CS was prepared by the complex coacervation method in an emulsion system. 

Because the encapsulation of isoniazid tends to be limited by its hydrophilic characteristics, this 

study proposes its microencapsulation by adsorption. The particles were prepared in three steps: (1) 

preparation of a W/O emulsion, (2) phase separation, and (3) adsorption of the drug. The adsorption 

observed is probably of a chemical nature; that is, there is an ionic interaction between the drug and 

the surface of the particles (Lucinda-Silva and Evangelista, 2003).

A microparticulate delivery system based on a thiolated CS conjugate for the nasal application of 

peptides was developed. All of the microparticulate systems were prepared via the emulsifi cation 

solvent evaporation technique (Krauland et al., 2006).

CS hydrochloride or CS glutamate microspheres with the model drug carbamazepine for nasal 

administration were produced using a spray drying technique and characterized in terms of mor-

phology (SEM), drug content, particle size (laser diffraction method), and thermal behavior (dif-

ferential scanning calorimetry). In vitro drug release studies were performed in phosphate buffer 

(pH 7.0). In vivo tests were carried out in sheep using microparticles containing CS glutamate, 

which were chosen on the basis of the results of in vitro studies. The results were compared to those 

obtained after the nasal administration of carbamazepine (raw material) alone (Gavini et al., 2006).

20.6.2 OCULAR DRUG DELIVERY

There are stringent requirements that the drug delivery for the ocular route should be sterile, iso-

tonic, and nonirritant. There are no available marketable sterile ophthalmic products based on these 

systems. Biodegradable polymers are the polymers of choice for retinal drug delivery. Lactic acid 

and glycolic acids are biodegradable, and they are produced and eliminated by the body. These 

polymers decompose into carbon dioxide and water. They are commercially available from either a 

synthetic or natural origin. PLA and poly(glycolic acid) (PLG) can both be polymerized with good 
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control of the molecular weight and molecular weight distribution. In addition, a composite collagen 

hydrogel containing protein-encapsulated alginate microspheres was developed for ocular applica-

tions using bovine serum albumin. Sustained release of bovine serum albumin was achieved during 

an 11-day period in neutral phosphate buffer. The composite hydrogel supported human corneal 

epithelial cell growth and had adequate mechanical strength and excellent optical clarity for possi-

ble use as a therapeutic lens for drug delivery or use as a corneal substitute for transplantation into 

patients who have corneal diseases (Liu et al., 2008). The in vitro mucoadhesion of microparticles 

was tested on a mucous layer under shear stress mimicking the human blink. The resulting micropar-

ticles were also formulated in two dosage forms (an aqueous suspension and dry tablet) to test the 

effect of the formulation on the retention capacity of microparticles on the preocular space of rabbits 

in vivo. The results suggested that the mucoadhesive microdiscs adhered better to the simulated 

ocular surface than the other types of microparticles. When a dry tablet embedded with mucoadhe-

sive microdiscs was administered in the cul-de-sac of the rabbit eye in vivo, these microdiscs exhib-

ited longer retention than the other formulations tested in this work. More than 40% and 17% of 

mucoadhesive microdiscs remained on the preocular surface at 10 and 30 min after administration, 

respectively. Fluorescence images from the eye surface showed that mucoadhesive microdiscs 

remained for at least 1 h in the lower fornix (Choy et al., 2008).

20.6.3 VAGINAL DRUG DELIVERY

The vaginal route is extensively used for the delivery of therapeutic and contraceptive agents to exert 

a local effect (e.g., antifungal, spermicidal) and for the systemic delivery of drugs (Richardson and 

Armstrong, 1999). This method of drug delivery is important because it does not have the shortcom-

ings of the oral drug delivery system (DDS) in a few respects. This route has also been explored for 

the delivery of therapeutic peptides, for example, calcitonin, and microbicidal agents to help prevent 

the transmission of human immunodefi ciency virus and other sexually transmitted diseases.

Absorption of peptides from the vagina can be increased by using absorption enhancers, for 

example, surfactants and bile salts. The adverse effects of absorption enhancers on the mucosal 

integrity can be bypassed by employing microspheres within the vaginal cavity.

Vaginal tablets were designed for the local controlled release of acrifl avine. The tablets were 

prepared using drug-loaded CS microspheres and additional excipients such as methylcellulose, 

sodium alginate, sodium carboxymethyl cellulose (CMC), or Carbopol 974. The microspheres were 

prepared by a spray drying method, using 1:1 and 1:2 drug/polymer weight ratios. They were char-

acterized in terms of the morphology, EE, and in vitro release behavior as well as the minimum 

inhibitory concentration, minimum bacterial concentration, and killing time (Gavini et al., 2002).

20.6.4 ORAL DRUG DELIVERY

20.6.4.1 Buccal
The oral cavity, in addition to being highly accessible, has a highly permeable mucosa with a rich 

blood supply that shows short recovery times after stress or damage. Furthermore, oral transmu-

cosal drug delivery bypasses the fi rst pass effect and avoids presystemic elimination in the GIT. 

These factors make the oromucosal cavity a very attractive and feasible site for systemic drug deliv-

ery (Harris and Robinson, 1992).

The composition of the oral epithelium varies according to the site in the oral cavity. The areas 

exposed to mechanical stress (the gingivae and hard palate) are keratinized similar to the epidermis. 

The mucosae of the soft palate and the sublingual and buccal regions, however, are not keratinized. 

The keratinized epithelia contain neutral lipids like ceramides and acylceramides, which have been 

associated with the barrier function. It is estimated that the permeability of the buccal mucosa is 

4–4000 times greater than that of the skin. In general, the permeabilities of the oral mucosa decrease 

in the order of sublingual is greater than buccal and buccal is greater than palatal. The daily salivary 
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volume secreted in humans is between 0.5 and 2 L, which is suffi cient to hydrate oral mucosal dos-

age forms. This water-rich environment of the oral cavity is the main reason behind the selection of 

hydrophilic polymeric matrices as vehicles for oral transmucosal DDSs.

CS microparticles for the buccal cavity were prepared by a spray drying technique using the drug 

chlorhexidine. Their morphological characteristics were studied by SEM, and the in vitro release 

behavior was investigated in pH 7.0 United States Pharmacopoea buffer. The antimicrobial activity 

of the microparticles was investigated as the minimum inhibitory concentration, minimum bacterial 

concentration, and killing time (Giunchedi et al., 2002).

Lipid microspheres (LMs) have been recently been used as intravenous carriers for drugs, which 

are suffi ciently soluble in oil. LMs were prepared by transferring the drug to the interfacial surface 

of the oil and aqueous phases to produce a less irritating intravenous formulation. A probe-type 

sonicator was used to disperse the drug into the oil phase together with lecithin and Tween 80. A 

high-pressure homogenization process was used to prepare the LMs and localize the drug at the 

surfactant layer. The LM loaded with drug consisted of 0.02% drug (Lixin et al., 2006).

20.6.4.2 Gastrointestinal
The development of peroral controlled release DDSs has been hindered by the inability to restrain and 

localize the DDSs in selected regions of the GIT. Microspheres form an important approach to 

decrease the gastrointestinal (GI) transit of drugs. Drug properties especially amenable to formula-

tions include a relatively short biological half-life of about 2–8 h, a specifi c window for the absorp-

tion of the drug by an active, saturable absorption process, and small absorption rate constants (Longer 

et al., 1985). The GI epithelium consists of a single layer of simple, columnar epithelium lying above 

a collection of cells called the lamina propria and supported by a layer of smooth muscle known as 

the muscularis mucosae. The cells are held together by tight junctions or the zona occludens. A spe-

cial type of GI epithelium (PP) of the gut-associated lymphoid tissue is also present. The PP is lined 

by a specialized epithelium, the follicle-associated epithelium, containing M cells, which have the 

ability to phagocytize antigens in the intestine. Polymeric microspheres can also be phagocytized by 

these M cells and hence can be used for vaccination purposes (Carino et al., 1999).

20.6.4.3 Colon
Colon drug delivery has been used for molecules aimed at local treatment of colonic diseases and 

for delivery of molecules susceptible to enzymatic degradation such as peptides. The mucosal sur-

face of the colon resembles that of the small intestine at birth, but it changes with age, causing the 

loss of villi and leaving a fl at mucosa with deep crypt cells. Therefore, the absorptive capacity of the 

colon is much less as compared to the small intestine. The mucus layer not only provides a stable pH 

environment but also acts as a diffusion barrier for the absorption of drugs. There is more mucus 

production in the elderly because the number of mucous secreting goblet cells increases with age. 

The colonic mucosal environment is also affected by the colonic microfl ora as they degrade the 

mucins. Microspheres can be used during the early stages of colonic cancer (when systemic preven-

tion of possible metastasis in the blood is still not necessary) for enhancing the absorption of peptide 

drugs and vaccines; for the localized action of steroids and drugs with a high hepatic clearance, for 

example, budesonide; and for immunosuppressive agents such as cyclosporine. Colon-specifi c 

microspheres can be used for the protection of peptide drugs from the enzyme-rich part of the GIT 

and to release the biologically active drug at the desired site for its maximum absorption.

Calcium pectinate microspheres were prepared by a modifi ed emulsifi cation method using cal-

cium chloride as a cross-linker and the drug methotrexate. It was concluded that calcium pectinate 

microspheres can be used to effectively localize the release of the drug in the physiological environ-

ment of the colon (Chaurasia et al., 2008).

Colon-specifi c microspheres of 5-fl uorouracil for the treatment of colon cancer were prepa-

red and evaluated. Core microspheres of alginate were prepared by the modifi ed emulsifi cation 

method in liquid paraffi n and by cross-linking with calcium chloride (Rahman et al., 2006). 
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Aminated gelatin microspheres were prepared. The in vitro release of the microspheres was evaluated 

using fl uorescein-labeled insulin (rhodamine isothiocyanate–insulin) and fl uorescein isothiocyanate–

dextran with a molecular weight of 4.4 kDa as a model drug (Wang et al., 2006).

20.6.5 MISCELLANEOUS APPLICATIONS

20.6.5.1 Vesicular Delivery
The mucosal layers in the urinary bladder are different from both the small and large intestine with 

regards to their structure and thickness. The vesical mucus contains oligosaccharides–glycosamin-

oglycans that carry a large number of sulfate groups and thus a high negative charge density. Despite 

these differences, there are certain similarities between the mucus layers in the urinary bladder and 

intestine because they both contain sugar chains that are completely or partly attached to proteins 

(Bogataj et al., 1999). Therefore, it is expected that polymers, which show good mucoadhesive 

strength on the intestinal mucosa, will exhibit some mucoadhesiveness on the vesical mucosa. 

Various polymers were evaluated for mucoadhesion strength, swelling, and drug release from 

microspheres applied to the urinary bladder. It was reported that the microspheres containing CMC 

as a mucoadhesive agent and Eudragit RL as a matrix polymer provided the longest release time 

from microspheres and showed high mucoadhesion strength.

Rifampicin–PLA microspheres were prepared for lung targeting by a modifi ed emulsion solvent 

diffusion method. The drug content, particle size distribution, and in vitro release properties of the 

prepared microspheres were evaluated. In vivo experiments on rabbits showed remarkable accumu-

lation of microspheres in the lung (Zhang et al., 2000).

PLG microparticles were prepared with the drugs isoniazid and rifampicin in order to improve 

the compliance of tuberculous chemotherapy. Antitubercular drugs encapsulated in PLG polymers 

and injected subcutaneously resulted in a sustained release (up to 6 weeks) of drugs in various 

organs of mice. Further, Mycobacterium tuberculosis H37Rv-infected animals given a single dose 

of PLG microparticles exhibited a better or equivalent clearance of colony forming units in various 

organs compared to those given a daily administration of free drugs (Dutt and Khuller, 2000).

20.6.5.2 Taste Masking
There are number of drugs with an unpleasant and bitter taste, for example, cefuroxim, quinine, 

chloramphenicol, roxithromycin, and famotidine. The bitter and unpleasant taste of many effective 

drugs interrupts the development of oral formulations and their clinical application. Along with the 

continuous betterment of standards of living, medicines with a bitter or unpleasant taste are no lon-

ger acceptable. It is challenging to mask the unpleasantness of drugs that enhances the acceptability 

of the product, especially in pediatric and geriatric patients.

Various methods have been described for taste masking (Shou and Chen, 2002; Zhang and Hou, 

2003). The simplest one is the addition of fl avors and sweeteners to mask the distaste sensation or 

avoid the direct contact of the bitter drug with the taste buds. This can be achieved by coating or 

granulation (Gao et al., 2006; Hiroyuki et al., 2003; Ishikawa et al., 1999; Kayumba et al., 2007; 

Lieberman et al., 1989). However, in many cases fl avors and sweeteners are overcome by the bitter 

taste, so this method is not effective enough to mask the taste. Other approaches are capsule dosage 

forms, complex formations with cyclodextrin (Duchene et al., 1999; Loftsson and Masson 2001), 

coating with a water-insoluble, pH-dependent water-soluble system (Yajima et al., 1996), or chemical 

modifi cation. However, these methods require attention because the bioavailability must not change.

During the direct compression of chewing, the coating or granulation of the drug may be 

destroyed. A new microsphere and microencapsulation approach has been developed to mask the 

taste. It avoids the direct contact of the drugs with the taste buds (Gouin, 2004; Hashimoto et al., 

2002; Nii and Ishil, 2005; Robson et al., 1999, 2000a, 2000b; Sjoqvist et al., 1993). Numerous stud-

ies have reported that microparticles remain as such during compression (Raghavendra et al., 2008; 

Soppimath et al., 2001; Sveinsson et al., 1993).
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In the last few decades the popularity of the microsphere and microencapsulation method for 

taste masking has been increased because of its dual advantages of taste masking and enhanced 

stability of particles. Gao et al. (2006) developed roxithromycin polymeric microspheres for taste 

masking. Stearic-acid-coated cefuroxime axetil microspheres were developed for taste masking 

using the spray drying method. Stearic-acid-coated cefuroxime axetil was formulated as a suspen-

sion (ZinnatTM; Gooch et al., 1993; Powell et al., 1991; Shalit et al., 1994).

Pediatric, geriatric, and bedridden patients may face diffi culty in swallowing tablets or capsules. 

Orally disintegrating tablets (ODTs) are a good candidate for such patients. Taste masking may not 

be achieved by ODTs. A microspheric ODT can be used to overcome the problem. Famotidine, an 

H2 receptor antagonist, is used to treat peptic ulcers. ODTs of Famotidine are already available on 

the market (Pepcid RPD®). A Famotidine microspheric ODT for taste masking was prepared by the 

spray drying method. Eudragid® polymer was investigated in such a preparation because it dissolves 

at pH 1–3 in the stomach and remains intact in the buccal cavity at pH 5.8–7.4 with good taste mask-

ing (Jianchen et al., 2008).

20.6.5.3 Mucosal Immunization
The majority of pathogens initially infect their hosts through mucosal surfaces. Induction of mucosal 

immunity is therefore likely to make an important contribution to protective immunity. Moreover, 

mucosal administration of vaccines avoids the use of needles and is thus an attractive approach for 

development of new generation vaccines. Current research in vaccine development has focused on 

treatments requiring a single administration, because the major disadvantage of many currently 

available vaccines is that repeated administrations are required. The ability to provide controlled 

release of antigens through microspheres has provided the impetus for research in the area of 

mucosal immunization. Several studies have indicated that active monocytes such as macrophages 

and T cells play an important role in the pathogenesis of chronic human infl ammatory bowel dis-

ease, although the etiology remains unclear. Manipulation of these cells appears essential for the 

treatment of patients with infl ammatory bowel disease. Considerable attention has been paid recently 

to the use of polymer microspheres for the sustained release of various drugs and the targeting of 

therapeutic agents to their site of action. It was reported that biodegradable poly-d,l-lactic acid 

microspheres can be effi ciently taken up by macrophages and M cells. The effect of a new DDS 

targeting M cells and macrophages with poly-d,l-lactic acid microspheres and gelatin microspheres 

was evaluated on colitis models. In the fi rst experiment colitis was induced in mice by 5% dextran 

sodium sulfate, and microspheres containing dexamethasone (Decadrone, DX; DX microspheres) 

were orally administered to these mice. Serum levels of DX did not reach a detectable level after 

administration of DX microspheres.

20.6.5.4 Protein and Peptide Drug Delivery
Protein and peptide drugs offer formidable challenges for peroral delivery because of their relatively 

large size, enzymatic degradation, and very low permeability across the absorptive epithelial cells. 

Microspheres provide an interesting noninvasive patient compliant approach to improve the absorp-

tion of these drugs. The luminal enzymatic degradation of proteins and peptides can be effectively 

minimized by direct contact with the absorptive mucosa and avoiding exposition to body fl uids and 

enzymes. Specifi c enzyme inhibitors can be attached to the surface of microspheres (Bernkop-

Schnurch and Dundalek, 1996).

20.6.5.5 Microspheres for Parenteral Delivery
Oral administration of drugs is a widely accepted route of drug delivery. However, there are certain 

disadvantages and the bioavailability of the drug often varies as a result of GI absorption, the fi rst 

pass effect, and the hostile environment of the GIT. Long-term parenteral drug delivery can be 

achieved with the use of biodegradable microspheres, which is a better means of controlling the 

release of drugs over a long time. Parenteral controlled release formulations using biodegradable 
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microspheres can overcome the problems that arise from the highly unstable liposomes and 

 nanoparticles and can control the release of drugs over a predetermined time span, usually on the 

order of days to weeks to months. Lupron Depot®, Nutropin Depot®, and Zoladex® are the U.S. Food 

and Drug Administration approved parenteral products, which are biodegradable microspheres 

(Sinha et al., 2003).

20.6.5.6 Microspheres for the Bone Marrow Targeting
Certain microparticles have been examined for site-specifi c imaging of bone marrow such as radio-

labeled albumin microspheres and microaggregates (10–30 μm) and fi ne (1–13 μm) PVP particles. 

The body distribution of particles after intravenous injection mainly depends on the surface proper-

ties of the particles. After injection of these particles into the bloodstream, certain blood compo-

nents (opsonins) are rapidly absorbed. This absorption of opsonins leads to rapid phagocytic or 

endocytic uptake into cells of the reticuloendothelial cells, especially into the liver (60–90%), spleen 

(2–20%), bone marrow (0.1–1%), and varying amounts into the lungs. Thus, with these systems a 

high proportion of the dose reaches the liver and spleen within a few minutes after intravenous 

administration and only a small fraction of these particles reaches the bone marrow. Coating the 

particulates with certain polymers has made it possible to effectively bypass the liver and spleen 

uptake and obtain a deposition of the microspheres primarily in the bone marrow. Such carrier 

systems are used in radiodiagnosis and in the treatment of various diseases of the bone marrow. 

Certain synthetic substances have been shown to exhibit “bone marrow homing” activity. One such 

substance is polaxamer 407, a nonionic block copolymer containing a central block of hydrophobic 

polyoxypropylene fl anked by blocks of hydrophilic polyoxyethylene (POE).

Coating the model microspheres with polaxamer 407 effectively hindered liver and spleen 

uptake, and the microspheres were primarily deposited in the bone marrow. Such a carrier system 

will have applications in radiodiagnosis and for treatment of various bone marrow diseases (Illum 

and Davis, 1987).

20.6.5.7 Microspheres for Tumor Targeting
Chemotherapy in cancer treatment is associated with serious side effects. As a result, there is great 

interest in research aimed at bringing down the level of systemic cytotoxicity. With advances in mate-

rial science, magnetic drug targeting has emerged as one of the viable ways of attaining this. The 

important applications of microparticles are their possible use as a carrier for antitumor drugs. These 

microspheres have endocytic activity that favors accumulation of the administered microparticles. 

Nowadays, stealth microparticles are commonly used for better extravasations. Stealth microspheres 

are prepared by coating them with polymers such as POE and dialkyl POE and other ingredients like 

phospholipids. Some of the antitumor drugs that are reportedly either entrapped or adsorbed onto 

microparticle surfaces are doxorubicin, methoxantrone, aclacinomycin A, and acyclovir.

The targeting and retention of antitumor agents in the tumor area can be improved by forming a 

DDS that involves the hemodynamics of the tumor. These include balloon occluded arterial infusion 

therapy, which is administered with gasoconstrictive agents like noradrenalin or angiotensin II.

Magnetic microspheres are an alternative pathway to deliver anticancer drugs. They are a site-

specifi c DDS that is prepared by using albumin and magnetite. Signifi cant improvement in response 

can be incorporated and obtained with the magnetic albumin microsphere delivery system compared 

with conventional DDSs. In the presence of a suitable magnetic fi eld, the microspheres are internal-

ized by the endothelial cells of the target tissue in healthy as well as tumor-bearing animals.

Paclitaxel-loaded polymeric microspheres were prepared, which were surface conjugated with 

antibodies to vascular endothelial growth factor receptor 2, for systemic targeting to angiogenic 

sites in prostate tumors. It was concluded that anti-vascular endothelial growth factor receptor 2 

microspheres containing paclitaxel may offer an effective way of administering a controlled release 

formulation of the drug to target prostate tumors (Lu et al., 2008).
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PVP–poly(vinyl alcohol) magnetic hydrogel microspheres were designed to deliver pingyang-

mycin (Bleomycin A5) to rabbit auricular VX2 tumors in the presence of a 0.5-T permanent 

magnet both during and 24 h after perfusion. A total of 22 New Zealand white rabbits ranging in 

age from 13 to 16 weeks and weighing 2.5–3.0 kg (2.46 ± 0.2) were successfully implanted with 

200–300 mm2 tumors in one study. The microspheres in conjunction with the magnet delivered 

pingyangmycin to the tumor and hence may be of use in the future for magnetic drug targeting 

(Adriane et al., 2006).

In the fi ght against cancer, new DDSs are attractive to improve the drug targeting of tumors, 

maximize drug potency, and minimize systemic toxicity. Hong et al. (2006) studied a new DDS 

comprising microspheres, with unique properties allowing delivery of large amounts of drugs to 

tumors for a prolonged time, thereby decreasing plasma levels. Liver tumors, unlike the nontumorous 

liver, draw most of their blood supply from the hepatic artery. Exploiting this property, drug-eluting 

microspheres and beads loaded with doxorubicin were delivered intra-arterially in an animal model 

of liver cancer (Vx-2).

ABBREVIATIONS

bupi-MS Bupivacaine microspheres

CMC Carboxymethyl cellulose

CS Chitosan

DDS Drug delivery system

DX Dexamethasone

EE Encapsulation effi ciency

GA Glutaraldehyde

GI Gastrointestinal

GIT Gastrointestinal tract

HPMC Hydroxypropyl methyl cellulose

LM Lipid microsphere

M Microfold

ODT Orally disintegrating tablet

O/W Oil-in-water

PLA Poly(lactic acid)

PLG Poly(glycolic acid)

PLGA Poly(lactic-co-glycolic acid)

POE Polyoxyethylene

PP Peyer’s patches

PVP Poly(vinyl pyrrolidone)

SEM Scanning electron microscopy

TEM Transmission electron microscopy

W/O/W Water-in-oil-in-water

SYMBOLS

1° Primary

2° Secondary

ft Fraction of the drug dissolved in time t
K1 First-order release rate constant

KH Higuchi’s dissolution constant

K0 Apparent dissolution rate constant

Q0 Initial amount of drug in solution

Qt Amount of drug released in time t
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W0 Initial amount of the drug in the dosage form

Wt Amount of the drug in the dosage form at time t
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21.1 INTRODUCTION

An aerosol is a mixed phase colloidal system that arises when solid particles or liquid droplets are 

dispersed in a gas. The colloidal particle size range is between 1.0 nm and 1.0 μm; however, some 

particles, for example, fi bers, are larger than this range. Colloid technology is rapidly becoming 

more rational in terms of applications in different areas such as modern food technology, pharma-

ceutical and cosmetic preparations, and paints. Colloidal medicinal aerosols are used to improve 

human health, and aerosol therapy by inhalation has been used for many years. A wide variety of 

medicinal colloids are administered to the lungs by oral inhalation for the treatment of diverse dis-

ease states, especially for the management of asthma and obstructive airway diseases. Direct deliv-

ery of drugs into the pulmonary regions of the lung enables lower doses with equivalent therapeutic 

action compared to oral or parenteral routes because of the large surface area (~100 m2) of the lungs. 

The advantages of aerosol formulations over other dosage forms (i.e., parenteral and other liquid 

dosage forms) are that they are noninvasive, easy to use, less expensive, painless, and user friendly. 

The inhaled route allows the delivery of small doses of drug directly to the alveoli, attaining a high 

concentration of drug in the local area and minimizing systemic side effects. This results in a high 

therapeutic ratio of drugs compared with that of systemic delivery administered by either oral or 

parenteral routes. This chapter demonstrates aerosol delivery of various medicinal colloids for the 

optimal management of various disease states.

21.2 HISTORICAL PERSPECTIVES

The concept of colloids was introduced in the late 19th century. Michael Faraday fi rst prepared col-

loidal gold in 1856 and Thomas Graham invented the term colloid (derived from the Greek kola, 

meaning “glue”) in 1861 to demonstrate a colloidal system that exhibited a slow rate of diffusion 

through a porous membrane. Today colloid science, which are systems involving small particles of 

one substance suspended in another, is the basis of a variety of scientifi c and technological advances 

including food preparation, cosmetics, paints, ceramics, detergents, biological cells, and pharmaceu-

tical and medicinal products. Numerous colloidal preparations are currently used in drug delivery 

systems, including hydrogels, microspheres, microemulsions, liposomes, micelles, and nanoparticles 

for sustained release, and target delivery of medical products. However, this chapter will focus on the 

pulmonary delivery of colloidal medicines as aerosols for the management of various diseases.

Aerosol delivery of medicinal agents can be traced to Ayurvedic medicine over 4000 years ago 

(Gandevia, 1975; Grossman, 1994). Early medicinal aerosols were basically vapors from volatile 

aromatic substances such as menthol, thymol, and eucalyptus and smoke produced from burning the 

leaves of the medicinal plants Atropa belladona and Datura stramonium to treat diseases of the 

throat and chest (Muthu, 1922). Initially, D. stramonium was substituted with D. ferox to treat 

asthma. Later a mixture of Datura with tobacco was introduced and smoked in a pipe, which was 

known as Potter’s asthma cigarettes; this cigarette smoke may be considered as a colloidal dry pow-

der aerosol system (O’Callaghan et al., 2002). After a long time aerosol delivery was used in the 

treatment of tuberculosis (Muthu, 1922). In the 1820s delivery of liquid droplets as aerosols was 

developed and the use of nebulizers in aerosol delivery was established (Gandevia, 1975). In 1900, 

nebulizers were applied to generate a mist from D. stramonium and the improved version of this 

device (known as a squeeze-bulb nebulizer) was used to deliver adrenaline (Solis-Cohen, 1990). 

However, nebulizers are not portable, are limited to the treatment of hospitalized patients, and are 

not very convenient because of the requirement of a compressed gas. Nebulizers were advertised for 

many ailments like the delivery of aerosolized drugs for the treatment of pharyngitis, bronchitis, 

pain, asthma, tuberculosis, and sleeplessness. The inhalation of medicinal products by humans has 

been used professionally since the late 1950s. In 1955, the most important development of delivering 

colloids, where drugs were formulated as a solid dispersion or solution of an antiasthma drug in a 

liquefi ed propellant, was the portable pressurized metered dose inhaler (pMDI; Theil, 1996). Since 



Colloids in Aerosol Drug Delivery Systems 481

1956, pMDIs have become the most generally used devices to deliver asthma drugs (Freedman, 

1956). MDIs have increased the popularity of medicinal aerosols because of their improved porta-

bility and usability, although these devices have some drawbacks including the need for coordina-

tion between actuation and inhalation and the use of chlorofl uorocarbons (CFCs), which are 

environmentally unfriendly. Aerosol delivery of colloidal powder became the choice for drug deliv-

ery after the introduction of the dry powder inhaler (DPI) in 1967 (Altounyan, 1967). During the 

1980s and 1990s aerosol drug formulations became more complicated as research demonstrated the 

value of prompt delivery of drugs deep into lungs for diseases like asthma. The fi rst marketed DPI 

product was sodium chromoglycate that was delivered in micronized powder form from a device 

known as a Spinhaler. This dry powder aerosol is free from CFCs and independent of breathing 

coordination, and application of DPIs for treatment of various diseases is now progressing.

21.3 LUNG AS A ROUTE FOR AEROSOL DELIVERY

The lung is the main organ for the fi ltration of air and the site of gas exchange. Delivery of drugs to 

the respiratory tract by DPIs has become an effective therapeutic method for treating a wide range 

of pulmonary disorders, including asthma, bronchitis, and cystic fi brosis (CF). The large surface 

area (100 m2) of the respiratory tract offers rapid absorption of drugs (Byron and Patton, 1994; 

Timsina et al., 1994); the extremely thin (0.1–0.2 μm) absorptive mucosal membrane and good 

blood supply have demonstrated the potential of the pulmonary route for noninvasive administra-

tion of medicinal agents. Respiratory delivery also offers effective therapy with minimum adverse 

effects by using small doses of drugs through inhalation and allows substantially greater bioavail-

ability of polypeptides (Byron and Patton, 1994). The periphery of the lung gives rapid access to the 

circulation for systemic delivery. Local action of drugs is achieved by identifying the target receptor 

of cells. A large quantity of β-adrenoceptors are available in the periphery of the lungs, and cholin-

ergic receptors are situated in the central airway of the lungs. Thus, the lung is the most important 

route for delivering colloidal solutions of antiasthmatic drugs. The common bacteria Pseudomonas 
aeruginosa live on the sticky mucus in the lungs of patients with CF, and therefore ciliated airways 

are a target for dry powder antibiotics. Moreover, infective microorganisms in the alveolar region 

and the periphery of the lungs is the target for appropriate drug-aerosol therapy.

21.4 MECHANISM OF DRUG DEPOSITION FROM AEROSOLS

To achieve a desired therapeutic effect from aerosols, an adequate amount of drug must reach the 

alveolar sacs of the respiratory airways. The dynamic behavior of aerosol particles is governed by the 

laws of aerosol kinetics (Newman and Clarke, 1983). The dominant mechanisms of depositing aerosol 

particles into the respiratory tract include inertial impaction, sedimentation (gravitational deposition), 

Brownian diffusion, interception, and electrostatic precipitation (Gonda, 1990). Inertial impaction and 

sedimentation are the most important mechanisms for large particle deposition. The relative contribu-

tion of the mechanisms of drug deposition is likely to depend on the characteristics of the inhaled 

particles, the breathing pattern, and the complex physiology of the respiratory tract. Diffusion is the 

most important mechanism for depositing smaller particles in the peripheral region of the lung (Yu and 

Chien, 1997). A brief description of each mechanism of deposition is given below.

21.4.1 INERTIAL IMPACTION

This is considered to be the main deposition mechanism at the tracheal bifurcation or successive 

branching points of the airways. The airfl ow changes its direction at the branching of the airways of 

the respiratory tract. The aerosol particles continue to move in their original direction and impact 

any obstacle in the way. The deposition of aerosol particles by impaction increases with increasing 
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air velocity, frequency of breathing, and particle size (Carpenter and Kimmel, 1999). Large particles 

(>5 μm) with high velocity are mainly deposited by impaction (Gonda, 1992).

21.4.2 SEDIMENTATION

Deposition of aerosols by sedimentation occurs when the gravitational force exerted on a particle 

overcomes the force of the air resistance. Particles of smaller size (0.5–3.0 μm), which have a ten-

dency to escape from deposition by inertial impaction, may be deposited by sedimentation. 

Deposition of small particles by sedimentation mainly occurs in the smaller airways and alveolar 

regions, and increased sedimentation is observed during breath holding or slow steady breathing 

(Gonda, 1992).

21.4.3 DIFFUSION

Deposition of aerosolized particles smaller than 0.5 μm occurs by diffusion that is attributable to 

Brownian movement. Deposition of aerosols by diffusion is independent of the density of particles 

but increases with decreasing size. Generally, the deposition of particles larger than 1.0 μm is domi-

nated by inertial impaction and particles smaller than 0.1 μm are deposited by diffusion. 

Sedimentation and diffusion are both important for particle sizes ranging between 0.1 and 1.0 μm 

(Brain and Blancard, 1993).

21.4.4 INTERCEPTION

Although particle deposition by interception is not common, the deposition of elongated particles 

(particles large in one dimension but with small aerodynamic diameters) is believed to occur by this 

mechanism. Deposition of particles in the respiratory airways by interception is important when the 

dimensions of the anatomic spaces of airways become comparable to the dimensions of the particles 

(Gonda, 1992).

21.5 PULMONARY DELIVERY TECHNOLOGY

21.5.1 DRUG FORMULATION AND DELIVERY DEVICES

Aerosol methods for the delivery of drugs into the lower airway of the lungs are formulated as col-

loidal liquid solutions, suspensions, emulsions, or micronized dry powders, which are aerosolized 

via some commonly used delivery devices that are now described.

21.5.1.1 Nebulizers
Nebulizers deliver colloidal drug solutions or suspension formulations, and they are frequently used 

for those drugs that cannot be formulated into other devices such as pMDIs or DPIs. Nebulizers are 

one of the oldest forms of pulmonary drug delivery devices that deliver a large volume of drugs that 

are inhaled during normal breathing through a mouthpiece or facemask. Therefore, these devices 

are useful for patients (young, geriatric, and arthritic patients) who experience diffi culties with 

pMDIs. At present, two categories of nebulizers include air jet and ultrasonic nebulizers that are 

available on the market. Air jet nebulizers can generate both smaller particles (2–5 μm) and coarse 

aerosols and deliver medication quickly. Most jet nebulizers operate by forcing pressurized gas (air 

or oxygen) through a nozzle or jet at high velocity so that the liquid formulation is atomized. In 

contrast, ultrasonic nebulizers do not require compressed gas. The solution formulation is atomized 

by an energy source, a piezoelectric crystal transducer, that vibrates at high frequency; these devices 

generate slightly larger aerosols. However, the overall effi ciency of the piezoelectric-driven ultra-

sonic nebulizers is more or less similar to that of air jet nebulizers. Patients with severe obstructive 
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lung conditions prefer to use nebulizer therapy. Nebulizers are suitable for drugs with high doses 

and little patient coordination or skill; however, treatment using a nebulizer is time consuming and 

less effi cient. Nebulizers include AeroDose® (Aerogen), AeroEclipse® (Trudel Medical International), 

Halolite® (Medic-Aid Limited), and Respimat® (Boeringer Ingheim), which are currently available 

to deliver various types of drugs as aerosols.

21.5.1.2 Pressurized Metered Dose Inhalers
The most commonly used delivery devices are pMDIs. In pMDIs (Figure 21.1), the drug is either 

dissolved (with or without the aid of a cosolvent) or suspended as micronized particles in liquefi ed 

propellants (or a mixture of propellants) with other excipients and presented in a pressurized canis-

ter fi tted with a metering valve; on actuation, a predetermined amount of drug is released as a spray. 

The propellants originally used in pMDI formulations were liquefi ed gases of CFCs, which are not 

environmentally friendly. To overcome the problem with CFCs, hydrofl uoroalkanes that have no 

effects on the ozone layers are now used in the formulation of pMDIs. Both CFCs and hydrofl uoro-

alkanes are gases at room temperature and pressure; however, they are liquefi ed by applying high 

pressure or by lowering the temperature for use in pMDIs.

Presently there are a number of pMDIs available on the market for the management of asthma such 

as Ventolin® (albuterol, GlaxoSmithKline), Symbicort® (budesonide and formoterol, AstraZeneca), 

Flovent® (fl uticasone, GlaxoSmithKline), and Azmacort® (triamcenolone acetate, Aventis Pharma). 

There are some breath actuated and microprocessor controlled devices (Autohaler®, Respimat®) that 

insure the patient receives the drug at the correct dose during inspiration, and in slow inhalation there 

is an indicator light to inform the patient whether the dose has been inhaled. pMDIs have some 

 disadvantages such as oropharyngeal deposition of drugs that is due to the high velocity of the propel-

lants. The particles aerosolized from the MDIs have a high velocity, which exceeds the patients’ 

inspiratory force; therefore, a large number of particles deposit onto the oropharyngeal areas or the 

back of the throat. Thus, coordination between valve actuation and inhalation is required and essential 

to deposit aerosols in the lower airways of the lungs. The inability of many patients to coordinate 

aerosol actuation and inspiration is a common problem; even after extensive training, many patients 

cannot operate MDIs appropriately. Several inhalation aids like spacers have been developed to over-

come this complexity (Bisgaard, 1998; Ikeda et al., 1999). A spacer fi tted into the mouthpiece of the 

MDIs causes a delay between actuation and inhalation, thereby reducing the need for coordination 

between actuation and inspiration. However, a large  portion of the drug, which would deposit into the 

Aerosol container 

Suspension or solution  
of active ingredient with propellant 

Valve

Mouthpiece

Actuation Spraying of large droplets 

Evaporation of
propellants

Individual particles or
agglumerates

FIGURE 21.1 A schematic of a pMDI representing the formulation and particle delivery mechanism. 

(Modifi ed from Dalby, R. N., S. L. Tiano, and A. J. Hickey, 2007. In A. J. Hickey (Ed.), Inhalation Aerosols 
(Physical and Biological Basis for Therapy), 2nd edition, pp. 417–444. New York: Marcel Dekker. With 

permission.)
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upper airway of the lungs from the conventional devices, is retained in the spacer device, resulting in 

reducing systemic drug absorption and bioavailability.

21.5.1.3 DPI System
DPIs contain a powder formulation of micronized drugs with improved fl ow properties and dose 

uniformity (French et al., 1996; Timsina et al., 1994). There are two types of DPI formulations: loose 

agglomerates of micronized drug particles having controlled fl ow properties, and carrier-based inter-

active mixtures (Figure 21.2) that consist of micronized (<5 μm) drug particles mixed with larger 

carrier particles (i.e., lactose; Hersey, 1975). Applications of other carriers such as mannitol and tre-

halose (Mao and Blair, 2004; Stahl et al., 2002) have also been reported. It is important to note that 

both of these formulations need to have good fl ow properties to insure delivery of a uniform dosage 

and accurate dose metering of the drug. The redispersion of drug particles depends on the interpar-

ticulate forces within the powder formulation and the patient’s inspiration. Powder deagglomeration 

and aerosolization from these formulations are achieved by the patient’s inspiratory airfl ow, which 

must be suffi cient to create an aerosol containing drug particles for lung deposition. Advantages of 

DPIs over other inhaler systems (i.e., pMDIs) are the independence of breathing coordination with 

dose actuation, the absence of propellants, and the low innate initial velocity of particles (reducing 

inertial impaction at the back of the throat). In DPIs, drugs are kept in the solid state and thus exhibit 

high physicochemical stability. Aerosol delivery of drugs like proteins and peptides, which are highly 

unstable in liquid formulation, would be superior to other delivery techniques. Delivery of colloidal 

dry powder drugs to the deep lung by DPIs has become an effective therapeutic method for treating a 

wide range of pulmonary disorders, including asthma, chronic obstructive pulmonary disease (COPD), 

bronchitis, and CF. Presently, there are more than 20 different types of DPI devices available on the 

market and more than 25 are in development (Islam and Gladki, 2008).

There are a wide range of DPIs, which are single or multiple dose, breath activated, and power 

driven; however, the development of novel devices with new designs continues because the design 

of the device affects the DPI performance (Coates et al., 2004). Based on the design, DPI devices 

are classifi ed into three broad categories: fi rst-, second-, and third-generation DPIs. The fi rst-generation 

DPIs were breath activated single unit doses (capsules) such as the Spinhaler® and Rotahaler®, and 

the drug delivery issues were related to the particle size and deagglomeration of drug carrier agglom-

erates or drug carrier mixtures delivered by the patient’s inspiratory fl ow. The second generation of 

DPIs used better technology, for example, multidose DPIs (Pulmicort®, which measures the dose 

from a powder reservoir) or multiunit doses (Diskus®, which disperses individual doses that are 

Drug dispersion and 
aerosolization from devices

Delivery 
devices 

Drug 
formulation

FIGURE 21.2 A schematic of the pulmonary delivery of a drug in a powder formulation. The formulation 

consists of micronized drugs adhered on the surface of large carrier particles. Drug particles detach from the 

surface of large carriers and deposit into the patient airways by inhalation. (Modifi ed from Telko, M. J. and 

A. J. Hickey, 2005.  Respiratory Care 50 (9): 1209–1227.)
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premetered into blisters, disks, dimples, tubes, and strips). The multiunit dose devices are likely to 

insure the reproducibility of the powder formulation compared to that of the multidose reservoir. 

Third-generation DPIs, known as active devices, employ compressed gas or motor-driven impellers 

(Crowder et al., 2001) or use electronic vibration (Brown et al., 2004) to disperse the drug from the 

formulation. These devices are more sophisticated and user friendly. Because of the presence of an 

energy source, active devices enable respiratory force independent dosing precision and reproduc-

ible aerosol production. The fi rst approved active device for aerosol delivery of insulin as a DPI 

formulation was Exubera® (Pfi zer); however, the production was discontinued in early 2008 because 

this large and clumsy device failed to achieve acceptance by physicians and patients.

21.5.2 FACTORS AFFECTING DRUG DEPOSITION

Particle deposition in the pulmonary regions is dependent on the particle properties including the 

diameter, shape, and surface properties; the anatomical properties of the airways (healthy vs. 

unhealthy patients); and patient characteristics, including the breathing patterns and inspiratory 

force of the patient, which differ among geriatric, young, and normal adult patients. However, the 

major factors affecting drug deposition are as follows.

21.5.2.1 Particle Size and Shape
The deposition of the inhaled drug in the lung determines the therapeutic outcome of the formulation 

(Dolovich, 1992) and depends on the characteristics of the inhaled particles, such as the drug particle 

diameter, shape, electrical charge, density, and hygroscopicity; the physiology of the respiratory tract; 

and the breathing patterns that infl uence the frequency, tidal volume, and fl ow (Byron, 1986; Hickey 

and Martonen, 1993; Suarez and Hickey, 2000). The drug particle for pulmonary delivery should be 

below 5.0 μm for successful deposition of the drug deep into the lungs. Particles of 1.0 μm or less are 

exhaled with very little being deposited. According to Byron (1986), the maximum pulmonary depo-

sition of particles with 1.5–2.5 and 2.5–4 μm diameters occurred with and without breath holding, 

respectively. However, rapid breathing showed maximum deposition of particles between 1.5 and 

2 μm in the tracheobronchial region with breath holding and particles between 2 and 3 μm deposited 

in the pulmonary region without breath holding (Byron, 1986). Therefore, slow inhalation is desirable 

to obtain maximum deposition of aerosol particles in the lower airways of the lung.

The specifi c shape of carriers in controlling the drug dispersion from the DPI formulation is not 

fully understood. The interactive forces between the drugs and carrier surfaces, and therefore the 

fl ow properties of the DPI formulation, may be affected by the shapes of the carriers and drugs 

(Crowder et al., 2001; Mullins et al., 1992). There was increased dispersion of salbutamol sulfate 

when elongated particles of lactose carriers were used (Zeng et al., 2000a, 2000b). The authors sug-

gested that the elongated particles may exhibit a much smaller aerodynamic diameter than spherical 

particles of similar mass or volume. These would detach and deagglomerate more drug particles 

from the carrier surfaces and thereby increase the fi ne particle fraction.

21.5.2.2 Patient’s Inspiratory Flow and Device Resistance
To insure effective drug delivery into the lower airways of the lungs, the inspiratory fl ow rate must 

be suffi cient to produce adequate turbulent airfl ow in any device so that an adequate aerosol cloud 

of the aerosolized fi ne particles is produced. Therefore, a balance among the design of an inhaler 

device, the drug formulation, and the inspiratory fl ow rate of the patient is required (Steckel and 

Mueller, 1997). The main limitation with existing devices, particularly DPIs, is that delivery of the 

drug is often dependent upon the inspiratory fl ow rates for deagglomeration of drug carrier agglom-

erates (Islam et al., 2004; Louey and Stewart, 2002; Lucas et al., 1998; Zeng et al., 1998) and effec-

tive delivery of the drug powder (Ganderton and Kassem, 1992; Hickey and Concessio, 1997). For 

example, some DPIs require inspiratory fl ow of ≥30 L/min to effectively deagglomerate the powder 

(de Boer et al., 1996). Low-resistance passive DPIs are generally less dependent on the fl ow rate than 
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high-resistance devices. Inspiratory fl ow rate played the most important role in determining the 

dispersion of salbutamol sulfate aerosolized from a Rotahaler® (Srichana et al., 1998). A fl ow rate 

of 60 L/min was reported to be advantageous for effective delivery of drugs from the Turbuhaler® 

(de Boer et al., 1996), and patients could achieve suffi cient inspiratory effort to deagglomerate and 

aerosolize the dose (Li and Edwards, 1997). An increased inspiratory fl ow rate may help increase 

the deposition of particles in the upper airways. A slow inhalation rate increases the number of 

particles that reach the peripheral region of the respiratory tract by impaction. Newman et al. (1981) 

found that a slow inhalation rate (25 L/min) with breath holding showed maximal deposition of 

terbutaline sulfate compared to a faster rate (80 L/min) of inhalation.

21.6 AEROSOL DELIVERY OF VARIOUS THERAPEUTICS

21.6.1 CURRENT INHALED THERAPEUTICS

Currently, aerosol drug delivery of colloidal solutions, suspensions, or powders is used for a limited 

number of therapeutic compounds such as β-adrenoceptor agonists, muscarinic agonists, corticos-

teroids, and mast cell stabilizers. Certain combinations of drugs have been formulated recently to 

have synergistic therapeutic benefi t. Corticosteroids and long acting β-adrenoceptor agonist colloi-

dal formulations are available as both pMDIs and DPIs (Dhillon and Keating, 2006). Zanamavir, an 

antiviral agent, has been introduced to the market as an aerosol product for the treatment of infl u-

enza (Cass et al., 1999). Aerosol delivery of recombinant human deoxyribonuclease and tobramycin 

is available as nebulizers for the management of CF (Cass et al., 1999; Kuhn, 2002).

21.6.2 DRUGS ADMINISTERED AS AEROSOLS

Aerosol delivery offers the greatest potential to deliver drugs into the lower airway of the lungs for 

a wide range of molecules for the treatment of systemic diseases. A list of various drugs adminis-

tered via the pulmonary route is provided in Table 21.1.

Aerosol delivery of macromolecules is a potential noninvasive way of administering drugs to 

avoid frequent injections. Lung delivery of insulin has already been established; however, insulin-

loaded chitosan nanoparticles (Grenha et al., 2005), nanoparticles of calcitonin (Kawashima et al., 

2000), and nanospheres of elcatonin coated with chitosan (Yamamoto et al., 2005) have been dem-

onstrated for successful deep lung delivery. Aerosol delivery of leuprolide has been investigated as 

both MDI and DPI formulations for the management of prostate cancer (Anon, 2008; Shahiwala and 

Misra, 2005). Dry powders of other proteins such as parathyroid hormone for osteoporosis (Codrons 

et al., 2003, 2004), glucagon (Endo et al., 2005), human growth hormone for dwarfi sm (Bosquillon 

et al., 2004), and vasoactive intestinal peptide for pulmonary diseases like asthma (Ohmori et al., 

2006) have been successfully investigated.

Aerosol delivery of genes directly targets the regions of interest by avoiding problems associated 

with intravenous delivery. Successful gene delivery into the lungs for CF has been demonstrated 

recently (Brown et al., 2004; Lentz et al., 2006). Lung delivery of liposomally encapsulated adeno-

viral vectors containing genes (Laube, 2005; Li et al., 2005), genes complexed with cationic lipids 

(lipoplex), and polymers (polyplex; Kichler et al., 2001; Wightman et al., 2001); a cationic lipid 

coupled with plasmid deoxyribonucleic acid (DNA; Deshpande et al., 2002); and protein 53 and 

cytokine (interleukin 12) have been reported to give therapeutic responses (Densmore, 2006; 

Gautam et al., 2000; Lungwitz et al., 2005). Based on the mentioned research, there is a potential 

future of pulmonary gene therapy for various types of clinical applications.

Pulmonary delivery of vaccines is an interesting area of drug delivery, and inhalation of measles 

vaccine is both safe and effective (Wong-Chew et al., 2006). Nebulized measles vaccine in a human 

model produced better immunity with reduced side effects compared to that of a subcutaneous 

injection (Dilraj et al., 2000). DPI formulations of measles vaccine (LiCalsi et al., 2001), mucosal 
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TABLE 21.1
 Drugs Administered as Aerosols for the Treatment of Various Diseases

Indication Drug Substances Colloidal Delivery Method References

Asthma β-Adrenergic agonists, anticholinergics Powder Atabai et al., 2002; Windom et al., 1990

Corticosteroids Powder, suspension Cochrane et al., 2000; Newman, 2003

Bronchospasm Troventol Suspension Lulla and Malhotra, 2007

COPD Tiotropium Powder Bechtold-Peters et al., 2002; Keam and Keating, 2004

Fluticasone Powder, suspension Shapiro et al. 2000; Vanacker Nele et al. 2002

Salmeterol Powder Bennett et al., 2006; Vanacker Nele et al., 2002

CF Amiloride Suspension Chougule et al., 2006; Thomas et al., 1991

Tobramycin Powder Le Conte et al., 1993; Newhouse et al., 2003

Deoxyribonuclease Powder Hodson, 1995; Milla, 1998

Colistin sulfomethate Powder Westerman et al., 2007

Cancer Doxorubicin Powder Haynes et al., 2003; Tian et al., 2004

Diabetes Insulin Powder, suspension Clark and Foulds, 1999; Katz et al., 2001; Laube, 2001

Osteoporosis Calcitonin Powder Kawashima et al., 2000; Yamamoto et al., 2005

Sexual dysfunction Apomorphine, phosphodiesterase type 5 inhibitors Powder Cheatham et al., 2006; Staniforth et al., 2006

Vaccines Malarial vaccine Powder Edwards et al., 2005

Measles vaccine Powder LiCalsi et al., 2001

Infl uenza vaccine Powder Brito et al., 2007; Smith et al., 2003

Zanamivir Powder Calfee and Hayden, 1998; Cass et al., 2000

Diptheria toxoid Powder Amidi et al., 2007

Endometriosis, pubertus praecox, prostate 

carcinoma

Leuprolide Powder, suspension Anon, 2008; Shahiwala and Misra, 2005

Hormone replacement therapy Testosterone Suspension Davison et al., 2005

Immunosuppressor CsA Powder, suspension Matilainen et al., 2006; Waldrep et al., 1998

Thrombosis and emphysema Heparin Powder Qi et al., 2004; Yang et al., 2004
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vaccination for infl uenza virus (Edwards et al., 2005), malarial vaccine (Smith et al., 2003), and 

small interference ribonucleic acid (Brito et al., 2007) were recently investigated with signifi cant 

success. Aerosol delivery of human immunodefi ciency virus therapeutic to the infected patients had 

reduced toxicity and improved patient compliance in a recent study (Cipolla, 2007). Therefore, it 

seems that pulmonary delivery of various genes will continue to progress and in future the world 

will see suitable vaccines against many pulmonary pathogens like Mycobacterium tuberculosis, 
respiratory syncytial virus, and severe acute respiratory syndrome.

The inhaled antibiotic rifampicin, rifampicin-loaded poly(lactide-co-glycolide) microparticles 

(Sethuraman and Hickey, 2002), colistin sulfate (Le Brun et al., 2002; Westerman et al., 2004), 

mucoactive agent nacystelyn (Vanderbist et al., 2001), colistin (Westerman et al., 2007), gentamicin 

(Crowther Labiris et al., 1999), azithromycin (Hickey et al., 2006), and tobramycin (Geller et al., 

2007) were found to be effective against CF. Deep lung delivery of amphotericin B desoxycholate, 

liposomal amphotericin B, amphotericin B lipid complex, and amphotericin B colloidal dispersion 

via nebulizers was demonstrated as being valuable in the prophylactic treatment of pulmonary 

aspergillosis (Ruijgrok et al., 2005). The DPI delivery of antibiotic ofl oxacin (Hwang et al., 2008) 

and levofl oxacin (Valle et al., 2008) was effective against tuberculosis, and pulmonary administered 

ofl oxacin improved the treatment effi cacy compared to intravenous or oral routes. Inhaled itracon-

azole, an antifungal drug, showed improved bioavailability in a mouse model (Valle et al., 2008).

Aerosolized chemotherapeutic agents for the direct local treatment of lung tumors are advanta-

geous over other drug delivery systems. Pulmonary delivery of aerosolized 9-nitrocamptothecin 

and cisplatin in patients with lung cancer was safe and showed a promising antitumor effect 

(Gagnadoux et al., 2008; Smyth et al., 2008). Other anticancer agents including doxorubicin (Azarmi 

et al., 2006; Johnston et al., 1995), paclitaxel (Hershey et al., 1999), celecoxib and docetaxel (Fulzele 

et al., 2006; Haynes et al., 2005), gemcitabine (Koshkina and Kleinerman, 2005), and liposomal 

camptothecin (Knight et al., 2006) demonstrated reduced toxicity with pulmonary delivery. These 

researchers indicated the potential of inhalation delivery of anticancer drugs in the treatment of lung 

cancer; however, further detailed investigations are warranted.

Aerosol delivery of other drugs such as apomorphine for sexual dysfunction (Staniforth et al., 

2006), morphine and fentanyl for pain management (Mather et al., 1998), cannabinoids for psycho-

active effect (Hung et al., 2001), and ergotamine for migraine headaches (Armer et al., 2007; Pavkov 

et al., 2005) has been investigated. Furthermore, aerosol delivery of the radiopharmaceutical 

 technetium-99 m (99mTc) with phosphate buffer for lung ventilation imaging purposes is widely used 

(Ballinger et al., 1993). Inhalation of radiolabeled sulfur colloid aerosol (99mTc sulfur colloid, 0.2 μm) 

for studying particle uptake by airway surface macrophages has been reported (Alexis et al., 2006).

These fi ndings show the wider application of aerosol delivery of colloidal drugs, with the poten-

tial to deliver drugs into the deep lungs for a wide range of molecules in the treatment of systemic 

diseases.

21.7 ADVANCED TECHNOLOGIES IN AEROSOL DELIVERY

21.7.1 POWDER TECHNOLOGY

A lack of the desired effi ciency in traditional methods of powder production led to the development 

of alternative techniques that produce powders with the desired physicochemical properties, includ-

ing specifi c size, density, and morphology, and adhesional properties (Hickey and Concessio, 1997). 

To produce various particles with improved aerosol delivery, a number of alternative techniques were 

demonstrated, such as specialized spray drying, ultrasound-assisted crystallization, supercritical fl uid 

technology, and the in situ method (Shekunov et al., 2002; York et al., 1999). Particles with low den-

sity but large size increased the dispersion of spray-dried porous insulin (Edwards et al., 1997, 1998) 

and supercritically produced salmeterol xinafoate (Beach et al., 1999; Shekunov et al., 2002, 2003), 

and tetracycline microparticles produced by the supercritical fl uid expansion depressurization method 
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(Li et al., 2008) showed promising drug delivery. The authors suggested that supercritically produced 

particles showed less tendency to form agglomerates or formed very loose agglomerates that were 

easy to aerosolize effi ciently with less energy, resulting in increasing drug dispersion. The underlying 

principle was described as enhanced performance through particle engineering (Shekunov et al., 

2003). Moreover, recent particle engineering has developed highly porous particles with large geo-

metric diameters but small aerodynamic diameters, which improves powder dispersion and can 

improve the effi cacy of DPIs (Edwards et al., 1997, 1998). A recent report on the dispersion of amor-

phous itraconazole nanoparticles produced by the ultrarapid freezing technique showed improved 

bioavailability in mice (Yang et al., 2008). A brief description on currently available particle technol-

ogy for the development of suitable particles for deep lung delivery is reviewed by Chow et al. (2007). 

A number of novel powder production technologies, such as porous particles (Edwards et al., 1997), 

pulmospheres (Bot et al., 2000; Duddu et al., 2002), nanoparticles (Kawashima et al., 1998), and 

solid–lipid nanoparticles (SLNs; Pandey and Khuller, 2005) of antitubercular drugs and surface mod-

ifi ed particles (Morton, 2006) were demonstrated. However, the effi ciency of drug delivery still did 

not reach the target level. Ely et al. (2007) introduced the application of effervescent carrier particles 

containing ciprofl oxacin nanoparticles and demonstrated active release of the drug to the pulmonary 

region. Using the spray-drying technique, they produced effervescent carriers with the required size 

for lung delivery. They showed that the manufactured carrier particles released 56% ciprofl oxacin 

into solution compared with 32% when conventional carrier (lactose) particles were used. This out-

come has opened a new window for future research on the pulmonary delivery of a wide range of 

therapeutic agents to the deep lungs with improved release.

21.7.2 LIPOSOMES AND PROLONGED DRUG ACTION

To achieve prolonged drug action, novel liposome-loaded pharmaceuticals for aerosol delivery of 

drugs were developed (Jurima-Romet et al., 1990; Platz et al., 1995). Liposomally encapsulated 

proteins and peptides, for example, cyclosporin A (CsA; Matilainen et al., 2006), ricin toxin 

(Griffi ths et al., 1997), polymyxin B (Omri et al., 2002), interferon β (IFN-β; Platz et al., 1995), 

IFN-γ (Moshen and Armer, 2003), interleukin 2 (Heinzer et al., 1999), and glutathione (Jurima-

Romet et al., 1990) were successfully delivered as aerosols in order to improve treatment effi cacy 

with reduced toxicity. Aerosol delivery of liposomal encapsulated cannabinoid produced a pro-

longed psychoactive effect (Hung et al., 2001), and dapsone dry powder prolonged drug release 

(~16 h) at the site of action in the lungs for the treatment of Pneumocystis carinii pneumonia 

(Chougule et al., 2008). Dapsone was prepared by encapsulating liposomes using the thin fi lm 

evaporation technique, passing them through a high-pressure homogenizer with subsequent separa-

tion by ultracentrifugation, and fi nal spray drying of the powders. Prolonged retention of liposo-

mally encapsulated amiloride hydrochloride for CF (Chougule et al., 2006) and tacrolimus for 

refractory rejection of lungs after transplantation were observed (Chougule et al., 2007). In another 

study, the inhaled anti-infective drug ciprofl oxacin was encapsulated into liposomes and produced 

immediate and sustained release of the drug for treatment of respiratory tract infections (Cipolla 

and Blanchard, 2008). A suspension of tocopherol nanoparticles coupled with biodegradable poly-

mers for delayed release (Bonnet-Gonnet, 2008) and liposomal encapsulated cannabinoid for a pro-

longed psychoactive effect (Hung et al., 2001) were recently demonstrated. However, extensive 

research is needed in directing drug deposition to specifi c sites of the lung that contain the drug’s 

target receptors. Aerosol delivery of liposomal encapsulated retinoic acid to lung tissue via a nebu-

lizer prevented local irritation of lung tissue, prolonged therapeutic levels of drugs, and produced 

high drug concentrations at the tumor sites with reduced pulmonary toxicity (Gilbert et al., 2002). 

Furthermore, paraffi n wax coated disodium fl uorescein and pentamidine aerosols for lung delivery 

were reported (Pillai et al., 1998). The wax-coated aerosols generated from fl uorescein mixed with 

99mTc-labeled iron oxide colloid delivered to the canine lung produced a 3.4-fold increase in the 

absorption half-time of disodium fl uorescein compared with uncoated fl uorescein. This research 
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proved the wax-coated aerosols may provide a useful delayed release technique with a high drug 

load for future therapeutic purposes (Pillai et al., 1998). Therefore, we emphasize that inhalation is 

an effective route of drug delivery to obtain prolonged therapeutic benefi ts. The aforementioned 

discussion proves that inhalation of colloidal aerosols is useful in obtaining prolonged therapeutic 

actions for drugs. Delayed release therapeutics with polymer nanoparticles are discussed in the fol-

lowing section.

21.7.3 POLYMER AND NANOTECHNOLOGY

The introduction of polymers in the development of colloidal nanoparticles for aerosol delivery of 

drugs has become very popular, and colloidal particles of biodegradable polymers have been dem-

onstrated as a carrier to deliver various drugs into the lungs (Seeger et al., 2004). Fiegel et al. (2004) 

used biodegradable ether-anhydride polymers to develop microparticles for controlled release of 

drugs as a dry powder for inhalation. They investigated various ratios of sebacic acid and poly(ethylene 

glycol) (PEG, 0–30%) to produce polymer carriers with a controlled aerodynamic diameter within 

the respirable range, and 10% PEG containing particles showed signifi cantly enhanced in vitro 

deposition in the lower stages of a lung model following aerosolization from a Spinhaler® DPI. The 

authors emphasized that the addition of 10% PEG into the polymers appeared to reduce interparticle 

adhesion forces because of decreased surface roughness, resulting in increasing deposition (Fiegel 

et al., 2004). Nebulization to mice in the form of aqueous colloidal dispersions of amorphous CsA 

nanoparticles produced systemic concentrations of drugs below toxic limits (Tam et al., 2008). The 

use of a microemulsion containing colloidal nanoparticles of a drug (enhanced green fl uorescent 

protein N-terminal reporter plasmid DNA) was suitable for deep lung delivery by an MDI (Dickinson 

et al., 2001). Using a poly(ester amine) polymer carrier, aerosol delivery of murine thymoma viral 

oncogene homolog 1 (Akt1) small interference ribonucleic acid, which was delivered into K-ras 

through stochastic activation of a latent allele and urethane-induced lung cancer models, was found 

to be an effective and promising option for the treatment of lung cancer (Xu et al., 2008). Aerosolized 

liposomal cisplatin was also feasible and safe in patients with lung carcinoma (Wittgen et al., 2007). 

Elcatonin-loaded surface-modifi ed poly(lactic-co-glycolic acid) nanospheres coated with chitosan 

improved the pulmonary delivery of the drug (Tozuka and Takeuchi, 2008). SLNs incorporated 

with insulin, which were recently developed by the reverse micelle-double emulsion method, were 

used as a carrier to deliver insulin via a nebulizer into the rat lung and produced a prolonged hypo-

glycemic effect with no cytotoxicity; this suggested the potential safety of SLNs for lung delivery at 

the cellular level (Liu et al., 2008). They also demonstrated that inhaled insulin-SLN produced 

pharmacological bioavailability of 24.33% and a relative bioavailability of 22.33%, and the results 

were almost fourfold higher than the control (subcutaneous injection).

An aerosolized colloidal suspension of tocopherol nanoparticles coupled with biodegradable 

polymers for delayed release of drugs was demonstrated by Bonnet-Gonnet (2008). Pandey and 

Khuller (2005) developed solid–lipid particles of chemotherapeutics (i.e., rifampicin, isoniazid, and 

pyrazinamide) nebulized into guinea pigs infected with Mycobacterium tuberculosis. They com-

pared the same drug against tuberculosis following oral administration. No tubercule bacilli were 

detected in the lungs or spleen of infected animals after 7 doses of nebulized drugs for 7 days, 

whereas similar therapeutic benefi ts were obtained after oral administration of 46 daily doses. This 

fi nding justifi es that nebulized solid–lipid based antitubercular drugs improve drug bioavailability 

with reduced dosing frequency.

Thus, pulmonary delivery of drugs with nanomaterials provides a noninvasive means to provide 

not only local lung effects but also systemic bioavailability. According to McCallion et al. (1996), 

the drug-loaded nanoparticles in a colloidal dispersion tend to reach the respirable percentage of 

aerosolized drugs more easily when compared to the conventional micron-sized drug particles in 

nebulizers. It has been suggested that nanoparticle colloidal dispersions may increase the drug 

absorption rate by encouraging more consistent drug distribution throughout the alveoli. More 
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experiments need to be performed in regard to the biological safety of the use of nanomaterials in 

pulmonary delivery. Therefore, it is anticipated that nanotechnology is an essential technique that is 

applicable to drug delivery systems. In the near future, various diseases, in addition to pulmonary 

diseases, may be treated effi ciently using aerosolized inhalable pharmaceutical agents loaded with 

nanoparticles. However, polymeric microparticles must be studied in much more depth before they 

will be suitable candidates for pulmonary formulations. The selection of polymers for designing 

nanoparticles and the control of the particle size and surface properties is important for developing 

effi cient lung delivery of various drugs for systemic circulation.

21.7.4 TARGETED DRUG DELIVERY

Inhalation of therapeutics for targeted delivery has not been established yet. Dames and coworkers 

(2007) developed targeted delivery of colloidal iron oxide nanoparticles (supermagnetic iron oxide) 

coupled with a target directed magnetic gradient fi eld to deliver drugs into target areas of the lungs 

for treating lung diseases. The authors initially carried out a computer-aided simulation prior to use 

with a mice model to investigate targeted aerosol delivery of nanoparticles to treat a local lung 

infection or tumor. Delivery of some drugs targeting specifi c receptors was demonstrated in Section 

21.7.3. However, further investigation needs to be carried out in this area of research.

21.7.5 DENDRIMERS IN AEROSOL DELIVERY

Colloidal dendrimers are now being used in advanced drug delivery systems and delivery of cat-

ionic polyethylenimine and polyamidoamine dendrimers complexed with DNA into the lungs for 

the treatment of chronic lung diseases. Polyethylenimine–DNA complexes showed higher levels of 

luciferase gene expression in the lung compared to that of the DNA–polyamidoamine dendrimer 

complex (Rudolph et al., 2000). Positively charged dendrimers complexed with enoxaparin (a low 

molecular weight heparin) delivered into the lungs of anesthetized rats produced effective results in 

preventing deep vein thrombosis (Bai et al., 2007). The authors demonstrated that this complex 

enhanced the pulmonary absorption of the drug by reducing the negative surface charge density of 

the drug molecule. This research has opened a new avenue in pulmonary drug delivery.

21.7.6 DEVELOPMENT OF NEW DEVICES FOR PULMONARY DRUG DELIVERY

In recent developments in device technology, research on new inhaler devices to mimic aspects of 

traditional devices while improving drug delivery, ease of use, and drug formulation is continuing. 

The use of spacers (Bisgaard, 1998) and other add-on devices (Matida et al., 2004) to improve the 

performance of existing devices has been reported. Research has focused on new methods of pro-

ducing pharmaceutical aerosols such as passing a colloidal solution formulation through a series of 

nozzles to generate a soft mist aerosol as a bolus dose (Iacono et al., 2000; Schuster et al., 1997). 

Numerous new DPI devices (breath actuated or applied energy system) with extended technology 

(accurate dose reproducibility with product stability) have been patented recently or are in the appli-

cation process (Islam and Gladki, 2008).

Based on these investigations performed in the area of drug delivery, it is obvious that deep lung 

delivery of colloidal drugs in either nanoparticles or polymer conjugates delivered via nebulizers, 

pMDIs, or DPIs for both systemic and local effects is a promising route of drug aerosol delivery for 

the treatment of lung diseases as well as systemic disorders.

21.8 FUTURE DIRECTIONS

Pulmonary delivery of various drugs by aerosolization has been used for centuries to treat respiratory 

tract diseases. Current aerosol therapy is expanding with the advancement of science and technol-

ogy, especially in the development of nanoparticles to target systemic disorders for the delivery of 
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proteins and peptides, gene therapy, pain management, nanotherapeutics, cancer therapy, and vac-

cines. In addition to current therapeutics for asthma or COPD, other drugs are in clinical develop-

ment, such as mucolytics, antituberculars, and antibiotics, as well as drugs for sexual dysfunction 

and otitis media, fentanyl for cancer pain, tobramycin, opioids for pain, IFNs, α-1 antitrypsin, and 

human growth hormone for lung delivery. For the treatment of specifi c diseases (lung and systemic) 

with costly medicines, it is desirable to provide medicinal colloidal drugs for aerosol delivery to the 

targeted area in the human respiratory system. Therefore, pulmonary drug delivery of colloidal 

drugs would extend the new era of drug delivery research with increased patient compliance and 

reduced total cost of chronic human diseases. With advanced research, it is anticipated that the 

world will know more about colloidal drug delivery technology as well as the potential applications 

of deep lung delivery of those drugs. Pulmonary delivery of large molecules for chronic diseases is 

advancing rapidly and may become successful in the near future. Therefore, deep lung delivery of 

drugs needs to be focused not only on lung diseases but also on conditions in which rapid onset is 

desirable such as cancer pain, allergic reactions, brain disorders, and cardiovascular disorders. In 

the near future researchers will develop more novel therapeutics, effi cient delivery devices, and bet-

ter formulations to deliver drugs into the deep lungs for various types of diseases. The future of drug 

administration by inhalation will expand immensely and colloid science can play a signifi cant role 

in advancing the aerosol delivery of drugs for a wide range of diseases. However, it is imperative to 

establish a strong collaboration among funding agencies, pharmaceutical manufacturers, and aca-

demia to reach the goal in deep lung delivery of drug aerosols.

21.9 CONCLUSIONS

Pulmonary administration of medicaments is expanding with the increasing rate of different dis-

eases. There is a promising future for aerosol delivery of colloidal drugs for the treatment of sys-

temic disorders. In the future, minute amounts of potent drugs such as products from biotechnology 

will require smart devices that effi ciently deliver drugs into the deep lungs. The current trend in 

pulmonary drug delivery and the potential benefi ts of this route will enable the continued develop-

ment of reliable aerosol technology with enhanced deposition of drugs into the deep lungs and better 

patient compliance. Therefore, research in colloid science may contribute to the effective aerosol 

delivery of various drugs to combat various life threatening diseases in the future.
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ABBREVIATIONS

CFC Chlorofl uorocarbon

CF Cystic fi brosis

COPD Chronic obstructive pulmonary disease

CsA Cyclosporin A

DNA Deoxyribonucleic acid

DPI Dry powder inhaler

IFN Interferon

MDI Metered dose inhaler

PEG Poly(ethylene glycol)

pMDI Pressurized metered dose inhaler

SLN Solid–lipid nanoparticle

99mTc Technetium-99m
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22 Respiratory Aerosol Dynamics 
with Applications to 
Pharmaceutical Drug Delivery

Jinxiang Xi, P. Worth Longest, and Paula J. Anderson

22.1 INTRODUCTION

The inhalation of medical aerosols is becoming increasingly popular for the treatment of different 

respiratory airway diseases. In addition, there is a great interest to utilize the inhalation pathway for 

systemic therapy because of its large surface area that is available for absorption. Therefore, deter-

mining the required regional and local distribution of inhaled therapeutic aerosols within the respi-

ratory system is a key issue for effective aerosol drug designs. Regional estimates of aerosol 

deposition allow for area-averaged predictions of tissue-level doses within prescribed areas of the 

respiratory tract. However, these regional estimates ignore true particle localization within the con-

sidered areas. Local deposition patterns provide a much more accurate view of the potential for 

component absorption, response, and tissue damage, which are cellular-level processes.

The deposition of inhaled pharmaceutical aerosols throughout the respiratory tract has been 

considered in a number of experimental and numerical studies. Many in vivo studies have been 

conducted in both healthy subjects (Cheng et al., 1996; Heyder et al., 1986; Hofmann et al., 2001; 

Jaques and Kim, 2000; Kim and Jaques, 2004; Morawska et al., 1999, 2005; Stahlhofen et al., 

1989) and patients with certain respiratory diseases such as cystic fi brosis and asthma (Laube 

et al., 1998, 2000; Newman, 1988). Stahlhofen et al. (1989) summarized earlier studies regarding 
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the in vivo deposition in extrathoracic airways, including the reviews of Chan and Lippmann (1980) 

and Yu et al. (1981). For most of the studies, particles were administered to the subjects via a 

mouthpiece. Stahlhofen et al. (1989) proposed a best-fi t correlation for fi ltering effi ciency based on 

available data using an impaction parameter that is similar to the Stokes number. Because of inter-

subject variability and differences in experimental procedures, considerable scatter was observed 

among the in vivo experiments and the suggested empirical correlation of Stahlhofen et al. (1989). 

Cheng et al. (1996) measured the nasal and oral deposition of ultrafi ne aerosols ranging from 4 to 

150 nm in 10 normal adult male subjects using magnetic resonance imaging (MRI) scans, and they 

reported signifi cant intersubject variability in deposition rates. Deposition in the nasal cavity was 

shown to be a function of the surface area, minimum cross-sectional area, and shape complexity 

of the nose. Correlations for both nasal and oral deposition were developed as a function of geo-

metric parameters and particle diffusion.

Studies that have considered fl ow fi eld and particle deposition in human airway replicas include 

Heenan et al. (2003), Johnstone et al. (2004), Zhang et al. (2006, 2004), Cheng et al. (1997a, 1993), 

Hanna and Scherer (1986), Kelly et al. (2000), and Zhao and Lieber (1994). Heenan et al. (2003) 

studied the fl ow fi eld in the central sagittal plane of an idealized mouth–throat (MT) model using 

endoscopic particle image velocimetry. Johnstone et al. (2004) measured the fl ow fi eld using hot-

wire anemometry and fl ow visualization techniques within an extrathoracic model identical to that 

adopted by Heenan et al. (2003). Both the hot-wire measurements and complementary fl ow visual-

ization displayed the complex nature inside the extrathoracic airway with regions of highly local-

ized turbulence intensity distal to the oropharynx. Zhang et al. (2004) measured micron aerosol 

depositions in a highly idealized MT geometry and two standard United States Pharmacopeia (USP; 

2005) throats for particle sizes ranging from 2.5 to 6.0 μm. A comparison of measurements with the 

in vivo average curve indicated that current USP throats are not adequate in representing realistic 

extrathoracic airway geometries, whereas the proposed idealized MT model could largely repro-

duce the in vitro average curve and therefore is a promising alternative to the USP MT. A design 

optimization of the proposed idealized MT was later performed by Zhang et al. (2006). The results 

showed that different key dimensions are required for different fl ow rates in order to adequately 

reproduce the in vivo extrathoracic depositions. Cheng et al. (1993) reported deposition measure-

ments for 1.73- and 1.21-nm radon progeny particles in airway models that were based on MRI and 

cadavers. A detailed geometric description was provided by Cheng et al. (1997b) for a realistic oral 

airway cast with a half-mouth opening. Using deposition results for silver aerosols measured in the 

realistic model, Cheng et al. (1997b) proposed an empirical correlation of the mass transfer Sherwood 

number as a function of the Reynolds and Schmidt numbers. However, this correlation was based on 

deposition measurements for a narrow particle range (3.7–5 nm). Application of this correlation to 

particles outside of this range has not been verifi ed.

In addition to in vivo and in vitro experiments, a number of numerical studies have investigated 

aerosol depositions employing either a Eulerian–Lagrangian (Balashazy et al., 2003; Hofmann 

et al., 2003; Moskal and Gradon, 2002; Robinson et al., 2006) or a Eulerian–Eulerian (Ingham, 

1975, 1991; Lee and Lee, 2002; Martonen et al., 1996; Shi et al., 2004; Zhang et al., 2005) model 

for particle transport and deposition. The Lagrangian transport model tracks individual particles 

within the Eulerian fl ow fi eld and can account for a variety of forces on the particle including iner-

tia, diffusion, gravity effects, and near-wall interactions (Longest et al., 2004). The Eulerian trans-

port model typically assumes that particle inertia can be ignored and particles are treated as a 

dilute chemical species in a multicomponent mixture model (Crowe et al., 1998). Hofmann et al. 

(2003) employed a Lagrangian particle tracking model for dilute aerosols ranging from 1 to 500 nm 

in a model of the third to fourth airway junction. The primary deposition mechanism was report-

edly dominated by molecular or Brownian diffusion for particles less than 20 nm and by convec-

tive diffusion for particles greater than 20 nm. Shi et al. (2004) considered the deposition of 

ultrafi ne particles ranging from 1 to 150 nm in the upper respiratory tract. This study showed rea-

sonable agreement with the regional in vitro deposition data of Kim and Fisher (1994) and reported 
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deposition enhancement factors (DEFs) on the order of 10 near carinal ridges. Zhang and 

Kleinstreuer (2003) developed a circular model of the oral airway geometry specifi ed by Cheng 

et al. (1997b) for local species heat and mass transfer. Their computational geometry is character-

ized by a 180° bend and circular cross sections, which are comparable to the hydraulic diameters 

specifi ed by Cheng et al. (1997b). Zhang et al. (2005) used the same circular oral airway model and 

an ideal model of respiratory generations 0–3 to compare micro- and nanosized particle deposition 

on a local basis. They found DEFs, defi ned as the ratio of the local to average deposition concentra-

tions, that ranged from 40 to 2400 for microparticles and 2 to 11 for nanoparticles. Scherer et al. 

(1994) investigated human olfaction by testing hypotheses about the relative roles of airfl ow, odor-

ant uptake, and mucus solubility in nasal function.

Several studies have considered the effects of realistic and simplifi ed geometries on airfl ow fi elds 

and particle deposition in respiratory dynamics systems. Nowak et al. (2003) used computational 

modeling to evaluate particle deposition in a symmetric Weibel A model of the tracheobronchial 

(TB) region compared to a realistic model from medical computed tomography (CT) data. Their 

results showed signifi cant differences in fl ow fi elds and total particle deposition characteristics 

between the two models. Recent studies by van Ertbruggen et al. (2005) and Li et al. (2007) sug-

gested that idealized symmetrical bifurcations are not suffi cient to simulate deposition in human 

lungs and that more anatomically accurate models may be required. In addition, Lin et al. (2007) 

implemented a CT-based intrathoracic airway model and highlighted enhanced local turbulence 

entering the TB region as a result of the laryngeal jet. Considering the oral airway, Li et al. (1996) 

compared particle deposition in a 90° bend model and a more realistic geometry reconstructed from 

a human oral cast extending from the mouth to the larynx. The 90° bend was used to represent the 

USP throat geometry that is often implemented to test pharmaceutical aerosols. They found that 

quantitative differences between the fl ows in these two models are signifi cant with respect to the 

ability of the air stream to break apart particle agglomerates. Furthermore, much lower micron 

aerosol deposition was measured by Zhang et al. (2004) with the 90° bend than reported for in vivo 

experimental data. They suggested that the USP 90° bend might be inadequate to mimic realistic 

extrathoracic geometries. A series of studies by our group have systemically considered the effect 

of the airway geometry on regional and local depositions for both nano- and microaerosols in the 

upper respiratory airway (Xi and Longest, 2007, 2008a, 2008b; Xi et al., 2008). Geometric simpli-

fi cations were shown to have a signifi cant impact on particle deposition as a function of the particle 

diameter and on local deposition in terms of a DEF.

This chapter will provide an overview of recent developments in respiratory aerosol dynamics 

with applications to inhaled pharmaceutical aerosols. We fi rst describe a computational technique 

that translates radiological medical images into three-dimensional (3-D) airway geometries with 

high-quality computational meshes. Fluid-particle transport models and related efforts to enhance 

the prediction accuracy are addressed in Section 22.3. Section 22.4 presents several innovative 

applications that take advantage of specifi c aerosol properties to improve delivery outcomes, which 

include large porous particles, soft mist and smart inhalers, and magnetic targeting. The effects of 

respiratory physiology, such as geometric realism and breathing maneuvers, on drug delivery effi -

ciency will be examined in Section 22.5, with a brief summary following in Section 22.6.

22.2 MODELING OF RESPIRATORY PHYSIOLOGY

Radiological imaging technologies, which include x-rays, CT scans, MRI scans, and ultrasound, 

have been extensively used as a noninvasive diagnostic method. A 3-D volumetric reconstruction 

based on these medical images provides an excellent way for displaying anatomy and represents an 

innovative tool in many biomedical and biomechanical research fi elds including vascular cardiol-

ogy, orthopedics, neurology, and respiratory therapy.

For inhalation toxicology and pharmaceutical research, imaged-based modeling represents a sig-

nifi cant improvement compared to conventional cadaver casting, which is subject to distortion that is 
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attributable to the shrinkage of mucous membranes or insertion of casting materials. Pritchard and 

McRobbie (2004) compared a cadaver cast with their MRI oropharyngeal airway model averaged over 

20 subjects (10 males, 10 females) and showed signifi cant geometric disparities. The most prominent 

difference was the greater volume of the cadaver casts, which was 92.7 cm3 for the cast versus 46.7 cm3 

(SD = 12.7) for imaging. Generally, a physical model produced from anatomical images results in 

about a 5% difference in the airway volume and some loss of fi ne morphological details. Therefore, 

this approach may adequately approximate internal geometries (McRobbie et al., 2003).

We use one example to illustrate the computational method for developing a surface model of 

the respiratory tract based on medical images such as CT or MRI data. Figure 22.1a–e illustrates 

the procedure of translating from CT scans into a high-quality computational mesh of the nasal–

laryngeal airway. To construct the 3-D airway model, CT scans of a healthy nonsmoking 53-year-

old male were used, which were obtained with a multirow-detector helical CT scanner (GE medical 

systems, Discovery LS) and the following acquisition parameters: 0.7-mm effective slice spacing, 

0.65-mm overlap, 1.2-mm pitch, and 512 × 512 pixel resolution. The multislice CT images were then 

imported into MIMICS (Materialise, Ann Arbor, MI) and segmented according to the contrast 

between osseous structures and intra-airway air to convert the raw image data into a set of cross-

sectional contours that defi ne the solid geometry (Figure 22.1a–c). Based on these contours, a 

surface geometry was constructed in Gambit 2.3 (Ansys, Inc.; Figure 22.1d). The surface geometry 

was then imported into Ansys ICEM 10 (Ansys, Inc.) as an IGES fi le for meshing. Because of the 
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ICEM  

MRI/CT imaging (a) (b) (c)Solid body Defining polylines

Computational mesh (e)
Surface geometry(d)
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Y
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FIGURE 22.1  Procedure for 3-D rendering of CT or MRI images. (a) From the CT scans of an adult healthy 

subject, (b) a solid model of the airway was isolated using MIMICS. (c) Using the defi ning polylines, a surface 

geometry of interest, (d) which is the nasal–oral–laryngeal airway, was constructed in Gambit. (e) Using 

Ansys ICEM 10, the computational mesh was generated and consisted of unstructured tetrahedral control 

volumes with a very fi ne near-wall grid of prism elements.



Respiratory Aerosol Dynamics with Applications to Pharmaceutical Drug Delivery 505

high complexity of the model geometry, an unstructured tetrahedral mesh was created with high-

resolution pentahedral elements in the near-wall region (Figure 22.1e). The main geometric features 

retained in this example include the nasal passages, nasopharynx (NP), pharynx, and throat. In 

particular, anatomical details such as the uvula, epiglottal fold, and laryngeal sinus are retained. 

The resulting model is intended to faithfully represent the anatomy of the extrathoracic airway with 

only minor surface smoothing.

Existing physical casts can also be digitally reproduced using this procedure (Xi et al., 2008). 

This is desirable if a direct comparison between model prediction and experimental deposition data 

in cast are needed for a model validation purposes. Figure 22.2 displays a hollow TB cast imple-

mented by Cohen et al. (1990) and the reconstructed surface geometry of the TB cast. The cast was 

fi rst scanned by a multirow-detector helical CT scanner. The multislice CT images were then pro-

cessed as described above and were translated into an almost identical digital model. The airway 

surface was divided into various sections consistent with the TB cast so that a direct comparison 

between simulations and measurements could be made in each subdivided segment. Figure 22.3 

exemplifi es one physical model including the nose, mouth, pharynx, larynx, and TB airways through 

bifurcation generation G6. This model can be either manufactured into a solid cast by prototyping 

techniques for in vitro studies or meshed with high-quality computational elements for numerical 

analysis (Longest and Vinchurkar, 2007a).

The limitations of using radiological data include diffi culties in reproducing physiological condi-

tions and image artifacts from motion. The radiation dose and cost also limit the use of this approach. 

Another effect that needs to be taken into account is the typical supine position of the subjects dur-

ing data acquisition, which is different from normal breathing while awake. Images are also taken 

at the end of a full inspiration that may not refl ect the variation in airway geometry occurring during 

a breathing cycle. Physiologically accurate airway models are a necessary fi rst step for reliable 

analysis of environmental toxicant health effects or therapeutic aerosol dosing. The ultimate goal is 

patient-specifi c modeling with a user-friendly interface, which one day might be utilized by medical 

practitioners without extensive computational training.

TB cast (a) (b) Reconstructed surface 

CT scans  

Glottis

Left 

Right   
MIMICS
Gambit
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Y 

FIGURE 22.2  The development of a TB airway model from a replica cast: (a) the hollow cast utilized by 

Cohen et al. (1990) showing the divisions of subbranch segments, and (b) a surface geometry was constructed 

based on CT scans of the cast.
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22.3 AEROSOL TRANSPORT MODELS AND ENHANCEMENTS

Airfl ow in the human respiratory tract can be laminar, transitional, or fully turbulent, depending on 

the breathing activity. There are different scales of turbulence models for simulating turbulent fl ows: 

direct numerical simulation, large eddy simulation, Reynolds stress model, and Reynolds-averaged 

Navier–Stokes models. Selection of an appropriate model for the fl ow of interest mainly depends on 

the desired accuracy and the available computational resources. Direct numerical simulation is the 

most accurate approach and resolves turbulent eddies at all scales, but it also requires the most com-

putational power. Large eddy simulation resolves large-scale energy-containing eddies. Reynolds 

stress modeling captures the anisotropic turbulence, which is signifi cant near the wall. Even though 

the lower-order Reynolds-averaged Navier–Stokes models cannot account for turbulence anisotropy, 

these models are still expected to adequately capture the main features of the fl ow, provided a very 

fi ne mesh is applied in the near-wall boundary region (Xi et al., 2008). The low Reynolds number k-ω 

model has been implemented in many respiratory simulations based on its ability to accurately pre-

dict pressure drop, velocity profi les, and shear stress for transitional and turbulent fl ows (Ghalichi 

et al., 1998; Wilcox, 1998). This model was demonstrated to accurately predict particle deposition 

profi les for transitional and turbulent fl ows in models of the oral airway (Xi and Longest, 2007, 

2008a), nasal passages (Xi and Longest, 2008c), and multipath bifurcations (Longest and Vinchurkar, 

2007b; Xi and Longest, 2008b). Moreover, the low Reynolds number k-ω model provided an accurate 

solution for laminar fl ow as the turbulent viscosity approaches zero (Wilcox, 1998). Transport equa-

tions governing the turbulent kinetic energy (k) and the specifi c dissipation rate (ω) are provided by 

Wilcox (1998) and were previously reported by Longest and Xi (2007).

Numerical studies of fi ne and ultrafi ne aerosol deposition typically employ either a Eulerian–

Eulerian model or a Eulerian–Lagrangian model. The Eulerian–Eulerian particle transport model 

treats both the continuous and discrete phases as interpenetrating fi elds. The primary advantage of 
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FIGURE 22.3 A medical image based surface model of the upper respiratory tract including the nose, 

mouth, pharynx, larynx, and upper TB region as viewed from the (a) front and (b) back. The surface model 

extends up to respiratory generation G6 along some paths.
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this model is that it can easily simulate large particle counts and low deposition rates. However, 

signifi cant modifi cations are necessary to address inertial (Fernandez de la Mora and Rosner, 1981; 

Friedlander, 2000) and electrostatic effects (Wang et al., 2002). In contrast, the Lagrangian trans-

port model tracks individual particles within the Eulerian fl ow fi eld based on Newton’s second law 

of motion. Accordingly, a variety of forces such as inertia, diffusivity, electrostatic effects, and near-

wall terms can be accounted for directly (Longest et al., 2004). A major drawback is that the 

Lagrangian model requires a large number of particles to resolve deposition profi les and therefore 

can be very computationally expensive.

In this review, a standard chemical species model and a well-tested discrete Lagrangian tracking 

model were implemented as tools to simulate the dynamics of pharmaceutical colloids. For the 

chemical species model, the mass transport relation governing the convective–diffusive motion of 

ultrafi ne aerosols can be written as
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In the above equation, c represents the mass fraction of nanoparticles, D̃ is the molecular or Brownian 

diffusion coeffi cient, and ScT is the turbulent Schmidt number taken as 0.9. Assuming dilute con-

centrations of spherical particles, the Stokes–Einstein equation is used to determine the diffusion 

coeffi cients
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where kB = 1.38 × 10−16 cm2g/s is the Boltzmann constant, dp is the particle diameter, and Cc is the 

Cunningham correction factor. The Cunningham correction factor is computed using the expression 

of Allen and Raabe (1985):
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where λ is the mean free path of air, assumed to be 65 nm. To approximate the particle deposition 

on the wall, the boundary condition for the Eulerian transport model is assumed to be cwall = 0.

One-way coupled trajectories of monodisperse pharmaceutical particles ranging in diameter (dp) 

from 1 nm to approximately 10 μm or more can be calculated on a Lagrangian basis by integrating 

an appropriate form of the particle transport equation. The appropriate equations for spherical par-

ticle motion under these conditions can be expressed as
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where vi and ui are the components of the particle and local fl uid velocity, respectively, and τp (i.e., 

ρp dp
2/18μ) is the characteristic time required for a particle to respond to changes in the fl ow fi eld. 
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The drag factor f, which represents the ratio of the drag coeffi cient CD to Stokes drag, is based on 

the expression of Morsi and Alexander (1972). From past simulation experience, we have docu-

mented that Fluent’s Brownian motion (BM) model does not suffi ciently account for nanoparticle 

depositions (Longest and Xi, 2007). Therefore, the effect of BM on particle trajectories is included 

as a separate force per unit mass term at each time step based on the approach of Li and Ahmadi 

(1992) and has been implemented as a user-defi ned module. The infl uence of nonuniform fl uctua-

tions in the near-wall region is also considered by implementing an anisotropic turbulence model 

proposed by Matida et al. (2004), which is described as

 v v
2 /3 and 1 exp( 0.002 ).nu f x k f y+′ = = − −

 
(22.5)

In this equation, ξ is a random number generated from a Gaussian probability density function and fv 
is a damping function component normal to the wall for y+ values of less than approximately 40.

Another enhancement to the Lagrangian tracking is the near-wall treatment of fl uid velocity. 

Evaluation of the particle trajectory equation requires that the fl uid velocity ui be determined at the 

particle location for each time step. On a computational grid, determining the fl uid velocity at the 

particle location requires spatial interpolation from control-volume centers or nodal values. Based on 

studies of deposition in the oral airway model using Fluent 6, interpolated fl uid velocities in the wall 

adjacent to the control volumes maintained the value of the control-volume center and did not approach 

zero at the wall. Longest and Xi (2007) showed that a near-wall interpolation (NWI) algorithm pro-

vided an effective approach to accurately predict the deposition of nanoparticles in the respiratory 

tract. A user-defi ned routine was developed that linearly interpolates the fl uid velocity in near-wall 

control volumes from nodal values. Velocity values at the wall were taken to be zero. Therefore, imple-

mentation of this user-defi ned NWI routine provided a linear estimate of the fl uid velocity at the par-

ticle location that goes to zero at the wall boundaries. Similarly, the turbulent kinetic energy values 

used in Equation 22.5 were also linearly interpolated to approach zero at the wall.

The benefi ts of applying these two user-defi ned modules (BM and NWI) are exhibited via 

the improved agreement with the available in vitro data of Cheng et al. (1997a, 1993), as shown 

in Figure 22.4. Results for the Fluent BM model underpredict the deposition of 1-nm aerosols 

by a factor of approximately 3 and overpredict the deposition of 100-nm particles by 1 order of 
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FIGURE 22.4 A comparison of different models in predicting the deposition rates in an oral airway geo-

metry for particles ranging from 1 to 120 nm and a tracheal fl ow rate of 15 L/min. The Lagrangian model with 

user-defi ned BM and NWI routines provides the best match to the available in vitro deposition data of Cheng 

et al. (1993, 1997a).
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 magnitude. Implementing the user-defi ned BM routine signifi cantly improves the agreement 

between the numerical and experimental results for 1 nm, providing a deposition trend similar to 

that of Eulerian results. The best agreement with the Eulerian results is observed for the user-

defi ned BM and NWI Lagrangian model, which predicted the expected exponential decrease in 

deposition as particle size is increased. Very similar patterns of local deposition were also 

obtained between the Eulerian and user-enhanced Lagrangian (BM and NWI) simulations. 

Therefore, the Lagrangian transport model with appropriate user-defi ned routines appears to pro-

vide an effective approach in simulating the transport and deposition of nanoscale aerosols in the 

human respiratory tract.

22.4 AEROSOL CHARACTERISTICS AND APPLICATIONS IN DRUG DELIVERY

Factors that determine respiratory dynamics include aerosol characteristics, respiratory geometry 

and physiology, and breathing conditions. Pharmaceutical aerosols can be categorized according to 

different aspects such as size, hygroscopicity, and magnetoelectric characteristics. In light of  aerosol 

size, there are ultrafi ne (<100 nm), fi ne (100 nm to 1 μm), and coarse (>1 μm) regimes, which have 

distinct deposition mechanisms. In addition, aerosols with different hygroscopic characteristics 

exhibit different affi nities for moisture, leading to varying degrees of size growth when passing 

through the humid respiratory tract. If charged or magnetized, the behavior of inhaled drugs may 

be guided in a desired manner by superimposing an appropriative electrical or magnetic fi eld. This 

section briefl y reviews some innovative applications that take advantage of these aerosol character-

istics to help the noninvasive direction of drugs to specifi c locations within the lung.

22.4.1 PULMONARY DRUG DELIVERY WITH LARGE POROUS PARTICLES

Large porous particles have recently attracted attention for pulmonary deposition. Characterized by 

geometric diameters larger than 5 μm and mass densities around 0.1 g/cm3 or less, porous particles have 

two major advantages over conventional aerosols (Edwards et al., 1997, 1998; Edwards and Dunbar, 

2002). First, increased particle size results in decreased tendency to aggregate, leading to more effi cient 

aerosolization and a higher respirable fraction of inhaled therapeutics. Second, large particles can 

escape alveolar macrophage clearance, resulting in prolonged bioavailability. Edwards et al. (1997) 

showed experimentally that the systemic bioavailability of testosterone in porous form with a diameter 

of 20 μm is approximately 10 times that of conventional therapeutic particles. This attribute can be 

particularly useful for controlled release inhalation therapies. This ingenious approach to pulmonary 

delivery arises from a basic aerosol concept, the aerodynamic diameter, which is defi ned as

 
a

a

,d d
ρ= ρ

 

(22.6)

where ρ is the particle mass density, d is the geometric diameter, and ρa = 1 g/cm3. To better under-

stand this concept, consider a spherical particle falling freely under gravity through air, with a 

 settling velocity expressed as
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The above equation shows that a spherical particle of any mass density will settle with a velocity 

that depends only on its aerodynamic diameter da. In other words, as long as the combination  ( √ 
__

 ρd  )  
remains the same, particles settle in an identical manner regardless of shape, mass density, or 
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 geometric size. Moreover, the mechanism of inertial impaction also depends uniquely on da. Inhaled 

particles must be within a very narrow range of the aerodynamic diameter (i.e., 1–3 μm) to pass 

through the mouth and throat region and deposit in the lungs. To formulate particles with a large 

geometric size while keeping da at <3 μm, the mass density should be reduced, which is accom-

plished by making the particles porous.

To determine whether da can adequately quantify a particle’s propensity for deposition, we con-

ducted a parametric study by systemically varying the particle mass densities and geometric sizes. 

Particles were released into a human extrathoracic airway model as shown in Figure 22.5. Local 

deposition and release positions of particles that deposited in specifi c lung regions were recorded 

and compared between particles with identical da but different mass densities. For all cases consid-

ered, as long as the aerodynamic diameter remains the same, the deposition patterns appear identi-

cal for particles with different sizes and densities. Furthermore, particles depositing at a designated 

site can be traced back to very similar initial released positions for particles with the same aerody-

namic diameter but different densities.

22.4.2 SMART INHALER DEVICES

Based on observations that regional deposition can usually be traced back to a specifi c release posi-

tion at the inlet, Kleinstreuer et al. (2008) put forward an innovative delivery methodology referred 

to as a smart inhaler system. This system adjusts the air stream, aerosol properties, and aerosol 

(a) dg = 3 μm, Qin = 30 L/min

ρρ = 1.0 g/cm3, da = 3 μm

(b) dg = 10 μm, Qin = 30 L/min

ρρ = 0.09 g/cm3, da = 3 μm ρρ = 0.25 g/cm3, da = 5 μm ρρ = 1.0 g/cm3, da = 10 μm

ρρ = 2.78 g/cm3, da = 5 μm ρρ = 10 g/cm3, da = 10 μm
Oral cavity 
Larynx 
Trachea 

FIGURE 22.5 The released positions (i.e., at the mouth inlet) of particles that deposit in designated regions 

of the upper respiratory airway for identical geometric diameter (dg) but varying mass densities: (a) dg = 3 μm 

and (b) dg = 10 μm. Particles of the same aerodynamic diameter (da) exhibit similar behavior.
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release positions within the mouthpiece, which guide the released aerosols to the targeted airway 

region. A performance comparison between a conventional pressurized metered dose inhaler 

(pMDI) and this technique in an idealized extrathoracic airway shows signifi cant improvement for 

the new approach. Specifi cally, with controlled inlets, the delivery effi ciency to the specifi ed bron-

chioles beyond the third generation can increase from approximately 10% to 60–80% (Kleinstreuer 

et al. 2008). This smart delivery concept provides a potential way for targeting therapeutic agents to 

diseased lung tissue, which may improve therapeutic effi ciency and minimize unwanted side effects. 

However, the target-specifi c release positions are expected to vary between different individuals or 

even one individual within one breathing cycle. Furthermore, particle dispersions due to turbulent 

vortices and secondary fl ows may also make these release positions vary irregularly (Xi et al., 

2008). Kleinstreuer et al. (2008) suggested that this dispersion effect can be avoided by using aero-

sols with mildly attractive properties via surfactant coating.

22.4.3 MAGNETIC TARGETING

It is straightforward that the behavior of inhaled ferromagnetic agents could be changed by impos-

ing an appropriate magnetic force. Dames et al. (2007) recently demonstrated that it is practical for 

aerosols to be magnetically targeted in vivo. By adding superparamagnetic iron oxide nanoparticles 

(SPIONs) to colloids, deposition in one lung of a mouse can be greatly enhanced over the other in 

the presence of a strong magnetic fi eld. The SPIONs are approximately 80 nm in size and biologi-

cally inert and have been used for years as contrast agents in MRI. It is interesting to note that it is 

not a single SPION, which has a low magnetic moment, but rather the SPION assembly that alters 

the drug droplet trajectories. Dames et al. (2007) showed theoretically that, even with an optimized 

magnetic design, the magnetic force acting on a single SPION would not be suffi cient to effectively 

guide its trajectory. In contrast, when multiple SPIONs are assembled into an aerosol droplet, which 

increases the magnetic moment, the assembly becomes guidable within a medically compatible 

magnetic fi eld. In Dames et al.’s (2007) experiment an aqueous suspension containing SPIONs was 

nebulized by means of tracheal intubation with the magnetic tip directed toward the right mouse 

lung and 1 mm away from the tissue. An eightfold higher dose was measured in the right lung while 

the dose in the left lung was unaltered. The total lung deposition was tripled under the action of the 

magnetic fi eld compared with the control experiment without a magnetic fi eld.

A potential problem with this method is that the strength of the magnetic fi eld decays quickly 

with the distance away from the magnetic source, such that a distance of 5 mm resulted in 90% 

reduction in the magnetic fl ux. This may reduce the clinical feasibility in humans, because of their 

relatively large thoracic cavity. It is currently not known if a magnetic fi eld strong enough to guide 

the SPION-packaged aerosols in human lungs can be achieved in a safe environment.

22.5 EFFECTS OF RESPIRATORY PHYSIOLOGY ON DRUG DELIVERY

22.5.1 STANDARD INDUCTION PORT VERSUS REALISTIC MOUTH–THROAT GEOMETRY

Aerosol deposition in the MT region is a critical factor that determines the penetration of inhaled 

particles into the lungs. For pharmaceutical aerosols, large particles may be fi ltered out at the MT 

region and may not effi ciently enter deep lung regions. In addition, a signifi cant fraction of smaller 

particles may also be lost in the MT region because of the aerosol generation technique that is 

employed (DeHaan and Finlay, 2004; Longest et al., 2007; Stein and Gabrio, 2000). Hence, a better 

understanding of aerosol deposition in the MT region is needed to improve dosimetry predictions of 

pulmonary drug delivery.

In addition to the particle size and breathing conditions, the aerosol generation environment or 

aerosol source may also signifi cantly infl uence the physical transport mechanisms that contribute 

to respiratory deposition. Ambient respiratory aerosols can be considered to exist in a still 
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 environment prior to inhalation and lack initial momentum. These aerosols may include environ-

mental pollutants, some nebulized droplets, and particles from very low inertia dry powder inhaler 

systems. In contrast, spray aerosols are introduced into the MT region through a jet that creates 

signifi cant momentum and enhanced turbulent effects. Pharmaceutical spray aerosols often arise 

from liquid-based generation systems such as pMDIs, capillary aerosol generation (CAG), and 

other microjet systems.

For pMDI spray systems, several researcher groups compared the deposition in USP induction 

ports (IPs) with deposition in more realistic cast models of the MT geometry (Cheng et al., 2001; 

Lewis et al., 2006; Stein and Gabrio, 2000; Zhang et al., 2007). These studies typically indicated 

that pMDI spray deposition in the MT model is greater than the deposition in the USP IP by a factor 

of approximately 1.5–2.0 (Cheng et al., 2001; Stein and Gabrio 2000; Zhang et al., 2007). Stein and 

Gabrio (2000) reported a shift in primary deposition from just the fi rst several centimeters of the IP 

to both the mouth and back of the throat with the MT geometry.

This section evaluates the effects of spray momentum on the deposition of respiratory aerosols 

in an IP and a realistic MT model. The IP implemented in this study was specifi ed by the 2005 USP 

as the current best-practice standard for sampling pharmaceutical aerosols into a particle sizing 

apparatus. CAG was selected as a representative spray aerosol system and the transport and deposi-

tion of capillary-generated aerosols were compared with ambient particles of the same size. Two 

hypotheses will be assessed in this study: (1) the spray system will induce signifi cantly more deposi-

tion than an equivalent size distribution of ambient particles, and (2) deposition will increase in the 

more realistic MT model. By evaluating these hypotheses quantitatively, this study will summarize 

the fi ndings of Longest et al. (2008) and provide a more accurate prediction of lung delivery for 

capillary-generated aerosols.

The CAG delivered a solution of 0.6% (w/v) albuterol sulfate (Nephron Pharmaceuticals Corp., 

Orlando, FL) in water at a mass fl ow rate of 25 mg/s for 2 s. The tip of the capillary was 57 μm in 

diameter, which induced a sonic exit velocity, high pressure, and signifi cant turbulence. The aque-

ous mixture exiting the capillary tip was composed of supersaturated water vapor and liquid drop-

lets. Figure 22.6 shows the velocity profi le for the transient CAG fl ow after 2 s of capillary activation 

in the USP IP and MT geometries. Considering the IP, there was a signifi cant jet velocity near the 
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FIGURE 22.6 Contours of the velocity magnitude and velocity vectors at the middle plane and selected 

cross sections for transient CAG spray conditions after 2 s in the (a) IP and (b) MT geometries.
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capillary tip (Figure 22.6a). Within the horizontal portion of the IP model, the turbulent jet velocity 

decays rapidly because of enhanced turbulent viscosity and interaction with the wall surface. As 

with the IP model, the jet rapidly dissipated in the MT geometry. However, a signifi cant interaction 

appeared to be likely between the high momentum jet and the surface of the tongue, which was not 

present in the IP model.

The in vitro deposition of drug mass with transient CAG fl ow conditions after 2 s is presented 

in Figure 22.7 for the IP and realistic MT geometries. For all experiments, a minimum of fi ve 

replicates are performed. The measured fraction of albuterol deposited in the IP model is 15.3% 

with a standard deviation of 0.9%. Considering computational fl uid dynamics (CFD) predictions, 

the deposition rate of nonevaporating particles and evaporating droplets are 14.7% and 13.8%, 

respectively, resulting in respective errors of 3.9% and 9.8%. For the MT geometry, the in vitro 

deposition fraction of albuterol is 19.4% with a standard deviation of 1.7%. The comparable CFD 

model results for the particle and droplet approximations are 20.8% and 20.7%, respectively, 

resulting in respective errors of 6.7% and 6.3%. As a result, a higher portion of the spray aerosols 

deposit in the realistic MT geometry than the IP model. In addition, the CFD model with either 

the particle or droplet approximation matches the experimental result to within an error of 10%. 

Specifi cally, little difference is observed between the particle and droplet models in both the IP 

and MT geometries.

The numerically predicted deposition pattern of the drug mass for a specifi c CAG aerosol distri-

bution (mass median diameter = 3.32 μm with 12.8% at ≤1 μm and 10.2% at ≥10 μm) is shown in 

Figure 22.8 in comparison with experimental total deposition values. Considering the total deposi-

tion of ambient particles, the deposited mass fraction increases from a value of 4.24% for the IP 

geometry to 12.2% for the MT, resulting in a difference ratio of 2.9 (Figure 22.8a and b). For the 

spray aerosol case, the difference ratio between the IP and MT models is 1.4 (Figure 22.8c and d). 

As a result, the difference in total deposited drug mass between the IP and MT geometries is signifi -

cantly reduced for the spray system (~40%) in comparison with ambient aerosols (~200%). The 

spray aerosol increases the deposited mass of drug by a factor of 3.5 in the IP model (Figure 22.8a 

and c). In comparison, the spray aerosol only increases deposition in the MT by a factor of 1.7 
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FIGURE 22.7  A comparison of deposited drug mass for the CAG spray system between in vitro experiments 

and CFD model predictions in the IP and MT geometries.
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(Figure 22.8b and c). As a result, the spray increases the overall deposition more signifi cantly in the 

IP model (~250%) than in the MT geometry (~70%).

Two observations are noteworthy: (1) deposition was expected to increase for respiratory spray 

aerosols as a result of spray momentum effects, and (2) enhanced deposition was expected in the MT 

geometry because of the elevated impaction on the tongue and in the pharyngeal and laryngeal 

regions. When interpreting previously reported deposition data in an IP model, a higher value is 

expected in a more realistic MT model. Furthermore, the fi nding that the spray inertia has a larger 

effect on the CAG aerosol deposition in the IP compared with the MT geometry has implications for 

pharmaceutical aerosol testing and the optimization of spray devices. For the IP model, a reduction 

in spray momentum can reduce deposition from 14.7% to 4.2%, which is a factor of 3.5 (Figure 

22.8). However, this same decrease in deposition is not possible in the more realistic MT geometry. 
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FIGURE 22.8 A comparison of sectional drug mass deposition in the IP and MT geometries for (a, b) steady 

fl ow and (c, d) CAG spray aerosols.
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For the MT model, a reduction in spray momentum can only reduce total deposition from 20.8% to 

12.2%, which is a factor of 1.7. Therefore, efforts to reduce oral airway deposition that appear highly 

effective in the IP model may not be as signifi cant in a more realistic MT geometry. This observa-

tion highlights the need to evaluate more realistic MT geometries when considered deposition in the 

oral airway region as a criterion for device performance.

22.5.2 GEOMETRIC EFFECT OF THE ORAL AIRWAY

Respiratory aerosol dynamics in the upper airway has been considered in a number of in vitro and 

numerical studies with casts and models of varying physical realism. However, the effect of geomet-

ric simplifi cations on aerosol regional and local deposition remains unknown for the oral airway and 

throughout the respiratory tract. In an attempt to quantify this effect, four oral airway models with 

varying geometric complexities were developed as test samples. The most realistic model considered 

was reconstructed from CT data in conjunction with measurement of a dental impression with a half-

mouth opening (Cheng et al., 1997b). This model was intended to be physiologically accurate with 

only minor surface smoothing simplifi cations (Figure 22.9a). The other three models were generated 

from successive simplifi cations of the realistic geometry (Figure 22.9b–d). However, geometric 

parameters such as the airway curvature and equivalent hydraulic diameter are consistent for all 

models. For further details of these models, refer to Xi and Longest (2008a).

The main geometric features retained in the realistic model include the tooth–cheek chambers, 

a triangular-shaped glottis, and a dorsal-angled upper trachea. The presence of the NP was also 

considered. The soft palate (uvula) closes off the NP from the oral cavity during swallowing. For 

oral inhalation, the soft palate cannot be completely closed off, thereby keeping the oral and 

nasal cavities connected. A comparison of the realistic model results with and without the NP 

as shown in Figure 22.9a and b will allow an evaluation of this feature with respect to nanoparticle 

deposition.

As a simplifi cation, cross-sectional segments of the realistic model without the NP were recon-

structed with ellipses of the consistent hydraulic diameter and fl ow area (Figure 22.9c). The result-

ing elliptical model is similar to the realistic model in many respects (Figure 22.9c vs. 22.9b). The 

axial curvatures of both the realistic and elliptical models are identical. The cross-sectional planes 

in the elliptic model were constructed to approximate the effective fl ow area at the same locations 

in the realistic model. The elliptical model consists of a much simpler oral cavity, eliminating the 

two small tooth–cheek chambers evident in the realistic geometry. This model assumes an oval 

cross-sectional glottic aperture with a large length/width ratio in contrast to the triangular shape 

employed for the realistic geometry (Figure 22.9b).

Further geometric simplifi cations were made to generate the circular model (Figure 22.9d). In 

this model, all cross-sectional shapes are circular with the equivalent hydraulic diameters that were 

implemented in the realistic and elliptical models. In contrast to the slanted upper trachea, a vertical 

smooth tube was adopted in the circular model, as illustrated in Figure 22.9d. Detailed dimensions 

for the models that were considered, including hydraulic diameters, perimeters, and cross-sectional 

areas, can be found in Xi and Longest (2007).

The computational fl uid-particle dynamics model used in this study was tested for both submi-

cron and micron aerosols by comparing them with the available in vitro deposition data of Cheng 

et al. (1993, 1997a, 1999). Because the oral cavity in this study was based on an oral cast in which 

the in vitro deposition data were obtained, a direct comparison between simulations and measure-

ments was possible. Particles ranging from 1 to 200 nm and 1 to 31 μm were tested under sedentary 

and light activity conditions. A good match was achieved between the numerically determined 

deposition results and experimental data in terms of both the magnitude and trend for nanometer 

and micron aerosols (Xi and Longest, 2007, 2008a). In general, the deposition rate decreases with 

increasing size for nanoparticles (i.e., diffusion regime) and increases with increasing size for 

micron particles (i.e., inertia regime). In light of breathing activities, less ultrafi ne particles deposit 
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for higher fl ow rates because of decreased particle residence times. In contrast, the higher inhalation 

fl ow rate (Qin) enhances micron particle deposition because of higher inertia. As expected, we also 

found that the degree of agreement with the experiments is correlated with airway model realism. 

That is, the realistic model gives the best match and the circular approximation provides the worst.

Further insight regarding the effects of geometric realism can be gained by examining the local 

deposition pattern and deposition density of the four models under consideration. Figure 22.9 illus-

trated the DEF values for light activity conditions (Qin = 30 L/min) and 5-nm aerosols. The realis-

tic geometry with the NP included a 10% nasal–oral fl ow partition. The DEF parameter denotes 

local deposition relative to the regionally averaged deposition effi ciency. The maximum DEF val-

ues (DEFmax) for nanoparticles are the same order of magnitude for all models at 5.3–9.4, with the 

most complicated geometry having the highest DEF value. This is in contrast with the highly con-

centrated local deposition of micron aerosols greater than 1 μm where DEFmax values vary signifi -

cantly as a function of the geometric complexity (Xi and Longest, 2007). The overall pattern of 

deposition enhancement appears to be very similar for the four models. Each model displays hot 
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FIGURE 22.9  DEFs for 5-nm aerosols under light activity conditions (Qin = 30 L/min) for (a) realistic with 

NP, (b) realistic without NP, (c) elliptical, and (d) circular models. (Adapted from Xi, J. and Longest, P. W. 

2008a. ASME Journal of Biomechanical Engineering 130: article 011008. With permission.)
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spots in deposition on the lateral walls of the glottis where convective diffusion is high because of 

the laryngeal jet effect. Another hot spot with a less elevated DEF value is also observed for each 

model on the dorsal side of the throat. In addition to the laryngeal region, there are enhanced local 

depositions at the inlet of each model that are attributable to the specifi cation of a constant particle 

concentration at these locations. However, these elevated contours do not result in the reported 

maximum DEF values and do not signifi cantly contribute to total deposition.

A further examination of the local deposition in the four models reveals some discernable differ-

ences related to geometric simplifi cations (Figure 22.9). The primary difference is the intensity of 

the hot spots observed on the lateral walls of the larynx. These hot spots are more pronounced for 

the two realistic models, especially at the sidewalls of the larynx immediately upstream of the glot-

tis. This discrepancy may result from the more dramatic contraction from the upper larynx toward 

the triangular-shaped glottis (Figure 22.9a and b) and the resultant higher near-wall gradient in 

particle concentrations in the realistic model geometries. Another difference among the models is 

the location of elevated DEF contours in the circular model in comparison to deposition patterns in 

the other three geometries with sloped tracheas. For the circular model, there are signifi cant hot 

spots on the dorsal and ventral walls of the larynx, in addition to the lateral walls. In contrast, the 

other three models exhibit reduced deposition on the dorsal and ventral surfaces. A possible reason 

for this difference is the orientation of the upper trachea. Xi and Longest (2007) showed signifi cant 

differences in the secondary fl ows associated with the trachea angle, resulting in only one pair of 

vortices in the realistic and elliptical models versus two pairs of vortices in the circular model. This 

observation indicates the necessity of retaining the angled trachea, which is physiologically realis-

tic, when a local deposition is of interest.

Local depositions of nanoparticles for sizes other than 5 nm and for different breathing condi-

tions were also simulated but not shown. Generally, we found that, for larger nanoparticles, the hot 

spot region distal to the larynx shrinks and becomes more concentrated whereas deposition becomes 

more uniform in other areas because of decreased particle diffusivities. For 100-nm aerosols, hot 

spots are reduced to regions only surrounding the glottis. Further, particles are more evenly distrib-

uted for heavier activity conditions.

Based on the deposition results for silver nanoparticles ranging from 3.7 to 5 nm in an oral air-

way cast, Cheng et al. (1997b) proposed an empirical correlation of the mass transfer Sherwood 

number (Sh) as a function of the Reynolds and Schmidt numbers. When compared with the numeri-

cal predictions in this study (Figure 22.10), good agreement with the correlation is obtained for 

5-nm particles, but increasing deviations occur for particles with diameters larger or smaller than 

5 nm. Furthermore, the deviations are linear, shifting from the right to left as the particle size 

increases. Considering that the correlation of Cheng et al. (1997b) was based on measurements for 

a narrow range of particles (3.7–5 nm), this regular shifting indicates that certain diameter-related 

infl uences were not fully included, such as the shift from molecular to convective diffusion and 

Schmidt number effects. To better account for particle diameters, a new correlation with the form 

Sh = a Reb Scc was developed using the Levenberg–Marquardt nonlinear least-square fi tting algo-

rithm (Gill and Murray, 1978). The best-fi t correlation was found to be

 
0.661 0.339

0.1654 300 7500, 2.8 1050,Sh Re Sc Re Sc= < < < <
 

(22.8)

where R2 = 0.927 (Figure 22.10b), indicating a greater dependence of the Sherwood number on con-

vective diffusion (Re exponent of 0.661) than on Brownian diffusion (Sc exponent of 0.339). It is inter-

esting that a value of 1 is obtained from the summation of the exponents of these two independent 

nondimensional parameters. In regard to the geometry effect, no signifi cant difference in the Sherwood 

number is discernable among the four models based on the small scatter in Figure 22.10a and b.

Based on the analogy between heat and mass transfer, Zhang and Kleinstreuer (2003) developed 

a similar Sherwood number correlation that implements the parameter ReSc for a circular oral 



518 Colloids in Drug Delivery

 airway model. Applying this parameter to the multiple airway data of trelation Sh = 0.871(ReSc)0.391 

with R2 = 0.86. This correlation is very similar to the result suggested by Zhang and Kleinstreuer 

(2003) for their circular airway model. However, the group ReSc may not adequately account for the 

relative impact of convective diffusion due to secondary motion as suggested by the larger scatter 

(R2 = 0.86) in comparison to the correlation based on Re0.661Sc0.339. Therefore, the new proposed 

correlation in terms of Re0.661Sc0.339 is recommended for the mass transfer calculation of ultrafi ne 

particles. This correlation, however, should only be applicable for adult subjects, considering that 

both the replica casts of Cheng et al. (1993, 1997b) and our computer models are based on adult 

subjects.

Considering inertial regime particles, localized DEF values have high sensitivity to geometric 

complexity. As shown in Figure 22.11, the maximum DEF factor observed for the realistic model 

(DEFmax = 3864) is 1 order of magnitude greater than the maximum values observed for the remain-

ing models (e.g., DEFmax = 123 for the circular model shown in Figure 22.11b). This is in contrast 

with the similarity in DEF values among the four models for submicron (i.e., diffusion regime) 

particles, where the DFEmax ranges from 5.3 to 9.4. For micron particle localizations, enhanced 

deposition sites or hot spots could be observed in the throat, the sidewalls of the trachea immedi-

ately downstream of the throat, as well as the sidewalls of the oropharynx. These features are most 

pronounced for the realistic model (Figure 22.11a).

In summary, geometric realism signifi cantly infl uenced the local deposition patterns for both 

nanometer and micron particles. Geometric factors that signifi cantly contributed to the enhanced 

particle localization in the realistic model include a triangular-shaped glottis and a dorsal-sloped 

trachea, and these should be retained in future in vitro and numerical studies.

22.5.3 BREATHING MANEUVERS IN DIRECT NOSE–BRAIN DRUG DELIVERY

The nasal route has recently been considered as a means of delivering topical and systemically 

 acting drugs. The targeted site usually depends on the desired therapeutic outcomes, as listed in 
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FIGURE 22.10  The variation of the Sherwood number (Sh) as a function of the Reynolds (Re) and Schmidt 

(Sc) numbers in the four airway models considered (a) in comparison to the empirical correlation of Cheng 

et al. (1997b). (b) An improved correlation is proposed that captures an expanded dependence of Sh on 

Re and Sc.
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Table 22.1. Direct nasal–brain drug delivery has the advantages of bypassing the blood–brain bar-

rier, rapid therapeutic onset, and appeal for the treatment of neurological disorders such as Parkinson 

or Alzheimer disease. The unique relationship between the nasal and cranial cavity makes this 

intranasal delivery to the brain feasible. However, because of the convoluted nasal passages, only a 

minor portion of medications can reach the olfactory region (OR) if administrated at the nasal inlets 

(Figure 22.12). Intranasal intubation may be viable in view of the high cost and potential side effects 

of neurological medications. This section discusses one such delivery system and the infl uence of 

different breathing maneuvers on drug dosimetry.

The delivery system that we considered was a nebulization catheter with a diameter of 1 mm and 

an exiting velocity of 15 m/s. The catheter was positioned right beneath the targeted OR. Different 

breathing maneuvers were exercised during the drug administration: inhalation, breath hold, and 

exhalation. The left panel of Figure 22.13 shows the fl uid trajectories of the nebulizer jet air and 

respiratory airfl ow under each scenario. Both 150-nm and 1-μm monodisperse droplets were con-

sidered. It is interesting that the inhalation maneuver gives rise to the optimal dosage as evidenced 

by the defi ned hot spots in the OR (Figure 22.13). Breath hold or exhalation, which were initially 

considered advantageous, resulted in unfocused depositions throughout the nasal turbinate region 

for both droplet sizes that we considered.

TABLE 22.1
Targeted Nasal Sites and Desired Therapeutic Outcomes

Desired Outcome Targeted Site Example

Locally acting drugs Middle meatus Chronic sinusitis

Systemic delivery (rapid onset) Turbinate and lateral/septal walls Migraine Heart attack

Direct nose–brain (avoids 

blood–brain barrier)

OR Neurological disorders: Parkinson 

and Alzheimer diseases

(a) 
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dp = 6 μm

(b) 

DEFmax = 123 

Dorsal view 
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dp = 6 μm

FIGURE 22.11  DEFs for 6-μm aerosols under light activity conditions with both side and dorsal views in (a) 

realistic and (b) circular geometries. A very high particle localization characterized by a value of DEFmax = 3864 

occurs on the posterior wall of the larynx for the realistic model. (Adapted from Xi, J. and Longest, P. W. 2007. 

Annals of Biomedical Engineering 35: 560–581. With permission.)
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FIGURE 22.12  (a) The olfactory region (OR) is the only site where the nervous system is in direct contact 

with the surrounding environment. (b) The nasal cavity includes the vestibule, nasal valve region, OR, septum 

wall (SW), middle meatus (MM), as well as the upper (UP) and lower (LP) passages that include the superior 

(SM) and inferior (IM) meatus, respectively.
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FIGURE 22.13 Fluid trajectories and aerosol deposition patterns under different breathing maneuvers: 

(a) inhalation, (b) breath hold, and (c) exhalation. Drug administration via an intranasal tube during inhalation 

gives an optimal dosage to the OR.
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22.6 SUMMARY

Potential applications of numerical modeling in pharmaceutical drug delivery, including evaluating 

the effects of aerosol properties and respiratory physiology, were discussed in this chapter. Efforts 

in simulating human breathing signifi cantly improved our understanding of the complex factors 

infl uencing aerosol delivery in the treatment of respiratory diseases. Specifi cally, compared with in 
vitro and in vivo studies, CFD predictions have the advantage of providing detailed information on 

airfl ow and aerosol deposition, like hot spots, which infl uence uptake and response.

The results of this study demonstrated that hot spot formations are highly sensitive to airway 

anatomical details that control fl ow characteristics, such as reversals, secondary motion, and turbu-

lence intensity. Particle localization in terms of the DEF indicated that the realistic oral airway 

model has a highly elevated deposition hot spot near the throat with a value that is 1–2 orders of 

magnitude larger than observed for simplifi ed models. The occurrence of particle accumulations 

and hot spot formations in which localized deposition concentrations greatly exceeded average 

 levels has been widely reported throughout the respiratory tract based on in vitro experiments 

(Martonen, 1986; Oldham et al., 2000; Schlesinger and Lippmann, 1978) and CFD studies (Balashazy 

and Hofmann, 1993a, 1993b; Balashazy et al., 2003; Zhang and Kleinstreuer, 2002; Zhang et al., 

2005; Zhang and Martonen, 1997). Ultimately, a cellular-level dose is a function of a cellular-level 

particle deposition and accumulation during the clearance process. Cellular-level deposition results 

are necessary to accurately model subsequent mass transport and accumulation. Moreover, cellular-

level deposition values are critical in cases of rapidly absorbed components and for fast-acting relief 

medications. The results of this study delineate a signifi cant difference in the occurrence of particle 

localization, hot spot formation, and cellular-level deposition in airway models of varying physical 

realism. As a result, models that are intended to predict cellular-level dose and response for rapidly 

absorbed components should preserve a high degree of geometric detail.

Even though CFD is a powerful tool, numerical respiratory analysis in the current stage is still 

limited by many factors. For example, most studies in the current literature focus on healthy 

adults for a limited number of individuals. Diffi culties associated with applying moving boundar-

ies require investigators to adopt a rigid airway surface. Furthermore, investigators often spend a 

majority of time trying to preserve realism and neglect intersubject and intrasubject variability. 

Effi cient delivery of therapeutic agents needs to take into account multiple aspects such as the 

patient’s age, the diseases treated, wall surface compliance, transient vocal fold movement, and 

mucus clearance. Therefore, future studies on respiratory dynamics should be oriented toward 

(1) improving realism and (2) including a broader population group. Our knowledge of aerosol 

behavior is currently lacking in subpopulations such as pediatrics, geriatrics, and patients with 

respiratory diseases. Due to physiological development, aging, or disease states, the airway geom-

etries in these subpopulations are signifi cantly different from a healthy adult. Concentrating on 

these specifi c subpopulations will help to clarify intergroup and intersubject variability and will 

allow for the design of more effi cient pharmaceutical formulations and drug delivery protocols.

ABBREVIATIONS

BM Brownian motion

CAG Capillary aerosol generation

CFD Computational fl uid dynamics

CT Computed tomography

DEF Deposition enhancement factor

IP Induction port

MRI Magnetic resonance imaging

MT Mouth–throat

NP Nasopharynx
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NWI Near-wall interpolation

OR Olfactory region

pMDI Pressurized metered dose inhaler

SPION Superparamagnetic iron oxide nanoparticle

3-D Three-dimensional

TB Tracheobronchial

USP United States Pharmacopeia

SYMBOLS

c Mass fraction concentration

Cc Cunningham correction factor defi ned by Equation 22.3

dp Particle diameter

D̃ Brownian diffusion coeffi cient

k Turbulence kinetic energy

kB Boltzmann constant (1.38 × 10−16 cm2g/s)

Kc Mass transfer coeffi cient

λ Mean free path of air

m. Mass fl ow rate

μ Dynamic viscosity

v Kinetic molecular viscosity (μ/ρ)

vT Kinetic eddy viscosity (α × k/ω)

ω Pseudovorticity, dissipation per unit turbulence kinetic energy

p Time-averaged pressure

P Perimeter of airway cross section normal to the axial direction

Q Flow rate

Qin Inhalation fl ow rate

ρ Fluid density

r Radial coordinate

Re Reynolds number (udh/v)

Sc Schmidt number (v/D)

Sh Sherwood number (Kcdh/D)

St Stokes number (ρpdp
2CcU/18μD)

T Temperature

τi,j Shear stress tensor

xi Position vector in tensor notation

y+ Dimensionless distance from the wall (uτy/v)
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23 Colloidal Carriers for Drug 
Delivery in Dental Tissue 
Engineering

Nader Kalaji, Nida Sheibat-Othman, and Hatem Fessi

23.1 INTRODUCTION

The functional life of the tooth is determined by the vitality of the dentin–pulp complex. The impor-

tance of maintaining the vitality of the dental pulp after pathological changes in the hard tissue of 

a tooth caused by mechanical trauma or chronic irritation (carious lesions) is thus well accepted. The 

pulp maintains tissue homeostasis after tooth development and underpins the defense reactions taking 

place in response to injury and the reparative events leading to tissue regeneration (Smith, 2003).
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Typically, pulp capping is applied to protect the exposed pulp (to avoid bacterial invasion of the 

pulp from the external environment) to allow it to recover and preserve its vitality and its functional 

and biologic activity (Olsson et al., 2006). The better understanding of the molecules involved in 

pathological processes such as growth factors and extracellular matrix molecules offers signifi cant 

benefi ts in tissue engineering (TE). Growth factors are a group of molecules responsible for signal-

ing a variety of cellular processes and various aspects of tissue regeneration. Controlled tissue repair 

and regeneration is stimulated by the application of recombinant growth factors in pulp capping 

(Lovschall et al., 2001; Tziafas et al., 2000) by forming a mineralized barrier (reparative dental 

bridge). This new therapy in TE is called vital pulp therapy (Iohara et al., 2004; Nakashima, 2005; 

Tziafas et al., 2000).

The application of growth factors in TE necessitates the use of a delivery system. Most growth 

factors have a relatively low half-life. For instance, the half-life of transforming growth factor β1 

(TGF-β1) is of the order of few minutes in its free form during which it is capable of signaling 

regenerative events. Therefore, it is important to protect growth factors against denaturation during 

the treatment. The direct application of growth factors would give unsatisfactory results because the 

applied dose would be very high at the beginning of the treatment and might have some side effects. 

The drug might also diffuse to nontarget sites. The subsequent enzymatic digestion or deactivation 

of the growth factor leads to a rapid decrease of the available dose that becomes insuffi cient for the 

treatment and fails to induce the intended effects on target cells and tissues. Controlled release pro-

vides a sustained effect where a protected bioactive factor is released to act for a longer time. The 

use of a delivery system also allows the incorporation of a reduced amount of the growth factors that 

is crucial because of their high price. A supplementary advantage of drug delivery is the possibility 

of transporting the bioactive factors to the desired medium.

These benefi ts are conditioned by the use of biocompatible carriers for drug delivery and an 

adequate encapsulation technique that preserves the protein bioactivity during the preparation and 

release. Notable efforts are made to provide longer-term release of growth factors in TE and to 

ensure appropriate concentrations of therapeutic molecules. A wide range of drug delivery carri-

ers has been applied to accommodate different molecules to regenerate dental tissues by this new 

pulp therapy.

This chapter reviews the biocompatible carriers used for drug delivery in dental TE with 

a specifi c emphasis on colloidal carriers. A brief presentation of the teeth structure is proposed 

 followed by a description of the different types of growth factors involved in teeth development 

and healing. Then, the different materials used in dental TE are summarized as well as a promis-

ing drug delivery system: microspheres produced by the water-in-oil-in-water (W/O/W) method. 

Finally, the main applications of scaffolds or capsules loaded with growth factors in dental TE are 

reviewed.

23.2 TEETH STRUCTURE

Enamel (cf. Figure 23.1) is the hardest part of the tooth and the highest mineralized tissue of the 

body (approximately 96% mineral with the remainder water plus organic material). It protects the 

exposed part of the tooth, called the crown. It is as hard as steel with a Knoop hardness number of 

343 (Summitt et al., 2001). Therefore, materials used to replace enamel are strong glass-, ceramic-, 

or metal-based substitutes (e.g., amalgam and composites).

Dentin is the tissue underneath the enamel that forms the main mass of the tooth (composed of 

70% mineral, 20% organic material, and 10% water). It supports the tooth enamel and absorbs the 

pressure of eating because it is less mineralized and less brittle than the enamel. It consists of a 

number of microfi bers, called dentinal tubules, imbedded in a dense homogeneous matrix of col-

lagenous proteins (unlike enamel that does not contain collagen). The formation of dentin, known 

as dentinogenesis, is initiated by odontoblasts.
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Cementum is an anatomic part that covers the dentin outside the root (under the gum line) and is 

attached to the jawbone with a few elastic collagen fi bers. It is as hard as bone but not as hard as the 

tooth enamel and dentin (composed of approximately 45% inorganic material, 33% organic mate-

rial, and 22% water). Cementum is typically thinner and more permeable than enamel. Therefore, it 

is subject to abrasion upon root exposure to the oral environment. It is formed by cementoblasts.

Dental pulp is the most internal structure of a tooth, surrounded by the dentin. It is found in the 

soft center of the tooth inside the pulp chamber and the root canal. It is a living soft tissue containing 

nerves and blood vessels that nourish the tooth.

The tooth is therefore composed of distinct yet connected tissues. For tooth treatment, multidi-

rectional engineering perspectives are to be achieved using composite materials that satisfy the 

numerous functionality requirements. The anatomy of the tooth also reveals the importance of pre-

serving the dental pulp during the treatment because of its crucial functions such as dentin forma-

tion by the odontoblasts (as well as formation of reparative dentin), nutrition of the surrounding 

tissues, and sensing (trauma, pressure, and temperature).

23.3 GROWTH FACTORS

Growth factors are peptide molecules that have a central role in the regulation of a variety of cellular 

processes. They act as signaling molecules between cells to stimulate and inhibit growth and prolif-

eration and modulate the differentiation state.

The interaction and binding between growth factors and specifi c receptors on the cell surface 

lead to a chain of intracellular signals as a result of signal transduction to the cell nucleus. The effect 

of growth factors on gene expression in the cell nucleus infl uences the cell behavior and activity, 

thus affecting intra- and extracellular events. Therefore, growth factors may regulate the genes con-

trolling cell proliferation, differentiation, or products of the cell secretion. Because of their high 

potential, they are employed in very low concentrations (Smith, 2003).

Enamel

Dentin

Pulp

Cementum

Gingiva

Bone

FIGURE 23.1 Structure of the human tooth. (From Summitt, J.B., Robbins, W., and Schwartz, R.S. 2001. 

Fundamentals of Operative Dentistry, A Contemporary Approach, 2nd ed. Quintessence Publishing, Chicago. 

With permission.)
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23.3.1 FAMILIES OF GROWTH FACTORS

Different families of growth factors exist. A noncomprehensive list of growth factors is provided 

in Table 23.1. There are at least 100 members in the TGF-β family and 22 members in the fi bro-

blast growth factor (FGF) family. Growth factors can be found in a variety of cells. For example, 

the principal sources for TGF-β are activated T-helper cells and natural killer cells and sources 

for platelet-derived growth factors (PDGFs) are platelets, endothelial cells, and placenta. Some 

growth factors act upon specifi c types of cells while others are versatile and act upon a variety of 

cells. Most of the signaling molecules involved in tooth development belong to the TGF-β and 

FGF families.

23.3.2 GROWTH FACTORS INVOLVED IN TOOTH DEVELOPMENT

The early development of teeth resembles (morphologically and molecularly) other organs such as 

hair, nails, feathers, and glands. Teeth develop from the ectoderm via sequential and reciprocal 

interactions between epithelial and mesenchymal tissues during which the ectoderm undergoes 

distinct bud, cap, bell, and differentiation stages.

At the molecular level, these interactions are mediated by signaling molecules mainly belonging 

to the TGF-β, FGF, Hedgehog, and Wnt families (Miletich and Sharpe, 2003). In addition to FGF 

and members of the bone morphogenetic protein (BMP)/TGF-β family, nerve growth factor (NGF) 

was found, by immunohistochemistry or in situ hybridization, to be expressed in the developing 

tooth germ (Lesot et al., 2001; Miletich and Sharpe, 2003; Unda et al., 2001). In addition, insulin-

like growth factor 1 might promote proliferation of many cell types particularly in bone growth. It 

stimulated cytological (but not functional) odontoblast differentiation and might have a primary role 

in the growth and differentiation of pulp cells (Lesot et al., 2001; Lovschall et al., 2001).

In vitro experiments have shown that members of the TGF-β family can induce polarization 

and stimulate matrix secretion by preodontoblasts (Lesot et al., 2001; Smith et al., 2001a; Unda 

et al., 2001). The combined use of FGF1 and TGF-β1 promoted cytological and functional dif-

ferentiation of odontoblasts, whereas FGF2 combined with TGF-β1 only stimulated cytological 

differentiation (Unda et al., 2001). None of these factors alone induced the terminal differentia-

tion of odontoblasts.

BMP constitutes a subfamily of TGF-β consisting of about 20 members (note that BMP1 does 

not belong to the TGF-β family of proteins). Members of the BMP family are implicated throughout 

embryonic tooth development, initiation, morphogenesis, cytodifferentiation, and matrix secretion. 

They were used to stimulate differentiation of the bovine and human adult pulp cells into odonto-

blasts in monolayer cultures and in three-dimensional pellet cultures (Iohara et al., 2004). In addi-

tion, they were utilized to stimulate differentiation of odontoblasts in organ cultures of mouse dental 

papillae cells and induction of reparative and regenerative dentin formation (Lesot et al., 2001; 

Nakashima, 1994a).

23.3.3 ROLE OF GROWTH FACTORS DURING DENTAL REPAIR

Many growth factors and extracellular matrix proteins normally expressed during primary dentino-

genesis are assumed to play a role in dental repair and dentin regeneration (Iohara et al., 2004; 

Tziafas et al., 2000; Unda et al., 2001). Injured endothelial cells are also known to release signaling 

molecules that participate in initiating the infl ammatory reaction and the healing process. These 

molecules also appear to be involved in the recruitment of odontoblast-like cells at the injury site.

Among these molecules, growth factors are assumed to play a role in signaling the biological 

events responsible for the processes of reactionary and reparative dentinogenesis (cf. Figure 23.2; 

Smith, 2003). In reparative dentinogenesis, recruitment of progenitor or stem cells leads to differen-

tiation of a new generation of odontoblast-like cells to replace the dead cells due to the injury. 
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TABLE 23.1
Families of Growth Factors

Superfamily Family Some Known Functions

TGF-β TGF-β exists in three isoforms: TGF-β1, TGF-β2, and 

TGF-β3

Proliferation, differentiation of most cells: tissue regeneration, embryonic 

development, regulation of the immune system

Inhibins (inhibin/activin) Regulation of the menstrual cycle

BMP Osteogenic activity; induces cartilage and bone formation

PDGF PDGF Regulation of cell growth and division; angiogenesis (growth of blood vessels); 

migration and proliferation of endothelial and mesenchymal stem cells

VEGFs Vasculogenesis (formation of the embryonic circulatory system) and angiogenesis

CTGFs Skeletogenesis; wound healing; mediates profi brotic action of TGF-β
EGF EGF Growth, proliferation, and differentiation of epithelial cells, cancer cells

TGFα Epithelial development, neural cell proliferation

Other large peptide growth factor families FGF1–FGF23: aFGF (FGF-1) and bFGF (FGF-2) Mesoderm induction and patterning; cell growth, migration, and differentiation; 

angiogenesis, wound healing, and embryonic development

IGFs Regulation of most cells: bone and cartilage metabolism; muscle; nerve cells

NGF Differentiation and survival of particular nerve cells

TNF-α and TNF-β, classifi ed either as proinfl ammatory 

cytokines or sometimes as growth factors

Regulation of immune cells

Source: Smith, A.J. 2003. Vitality of the dentin–pulp complex in health and disease: Growth factors as key mediators. J Dent Educ 6: 678–689; Issa, M.J.P., Tiossi, R., Pitol, D.L., and 

Mello, S.A.S. 2006. TGF-β and new bone formation. Int J Morphol 2: 399–405.

Note: VEGFs—Vascular EGFs; CTGFs—connective tissue growth factors; aFGF or FGF-1—acidic FGF; IGFs—insulin-like growth factors; TNF-α and TNF-β—tumor necrosis factors α and β.
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Induction of cytodifferentiation of odontoblast-like cells from these progenitor cells is determined 

by the signaling role of growth factors.

Signaling can proceed with different growth factors because many growth factors are versatile 

and can act on different cells. However, in tooth healing, only a few growth factors are effi cient. 

Even though a number of growth factors stimulate reparative responses in pulp capping, the repara-

tive dentin matrix secreted can be of variable structure ranging from a tubular matrix to osteoden-

tin-like matrices (About and Mitsiadis, 2001; Tran-Hung et al., 2007).

The growth factors TGF-β, FGF, and BMP were applied on exposed pulps in vitro (Six et al., 

2002; Sloan and Smith, 1999) or in vivo (Lesot et al., 2001; Nakashima, 1994b; Unda et al., 

2001); they demonstrated the potential of signaling reparative dentinogenic events. Transdentinal 

or direct application of TGF-1, FGF, and BMP-7 to the odontoblasts of unexposed pulps in cul-

tured tooth slices demonstrated the ability of these growth factors to signal reactionary dentino-

genesis (Sloan and Smith, 1999; Sloan et al., 2000). Application of soluble isolated dentin matrix 

extracts, containing endogenous growth factors, in unexposed or exposed cavity preparations 

 confi rmed these fi ndings (Smith, 2001a, 2001b). Smith (2001b) and Lucchini et al. (2002) found 

that TGFs were able to reproduce the normal gradients of odontoblast differentiation and mor-

phology of the tissues in dental papilla isolated from tooth germs. Unda et al. (2001) showed that 

the addition of FGF-β1 to preodontoblasts induces their terminal differentiation by synergistically 

acting with TGF-β.

23.4 MATERIALS USED IN DENTIN REGENERATION

Efforts are being made to create TE scaffolds that mimic the chemical composition, physical 

structure, and biological function of the native extracellular matrix for cell proliferation and dif-

ferentiation. Porous structures are being researched for cellular adaptation and suffi cient nutrient 

permeation for which control of the pore size, porosity, and interconnectivity is fundamental. 

Solid scaffolds, with a pore size of 50–300 μm and a porosity of about 90%, are used in applica-

tions where mechanical strength is important and necessary, especially in bone regeneration. 

Hydrogel scaffolds can also be used if the pore size allows cell and tissue penetration. Gradual 

degradation of the scaffold to nontoxic products within a predefi ned time could be researched in 

some applications.

Stem cell

Recruitment, proliferation
migration 

signalization

Up-regulation

Matrix secretion
Pulp injury

Differentiation to
odontoblaste-like

cells

signalization

FIGURE 23.2 Schematic representation of reparative dentinogenesis.
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The activity of these biomaterials or scaffolds can be improved by the synchronous incorporation 

of bioactive molecules. The scaffold might contain a drug that can be incorporated by different 

methods:

 1. Imbibing or coating the scaffold with the drug (followed by drying or lyophilization)

 2. Incorporating the drug in collagen or agarose beads

 3. Encapsulating the drug in colloidal microspheres that are then incorporated directly into a 

hydrogel scaffold or fi rst in a gel that is then introduced in a solid scaffold

Distinct release profi les are obtained in each case. Controlled delivery of growth factors is 

researched since it has been demonstrated to promote pulp cell activation for tissue regeneration.

The scaffolds can also contain stem cells to undergo differentiation and regenerate the tissue. 

The triad notion is therefore used in TE that implies the use of extracellular matrix scaffolds, 

responding progenitor or stem cells, and indicative morphogenetic signals (using growth factors) in 

order to converge to the formation of regenerative tissues suitable for rapidly established functionality 

after intervention (Kuo et al., 2007).

Consequently, in addition to the requirements of biocompatibility and appropriate shape, esthet-

ics, porosity, mechanical properties, and potential biodegradability, the materials used to prepare 

the scaffold should ensure the ability to incorporate cells and growth factors. Note that the incorpo-

ration of cells is not indispensable because the dental pulp contains progenitor cells, which can 

proliferate and differentiate into dentin-forming odontoblasts, a process that can be stimulated by 

the use of growth factors (Nakashima, 1994a).

This chapter focuses on the colloidal materials used as delivery systems in dental TE (dentin 

regeneration or pulp healing), so the materials used as scaffolds and the incorporation of cells will 

not be discussed. The different natural and synthetic (organic or inorganic) materials used (with dif-

ferent shapes and patterns) to deliver growth factors in vivo or in vitro are summarized below. 

A good review of controlled drug delivery systems in TE is given by Biondi et al. (2008).

23.4.1 CEMENTS

Before the emergence of the idea of TE, including the application of growth factors and cells in pulp 

therapy, capping by cements was practiced. These cements might be benefi cial when applied to an 

exposed pulp and allow the pulp to recover and maintain its vitality and function. They can be bio-

active themselves.

The most widely used capping agent to keep teeth alive since the early 1940s is calcium hydr-

oxide [Ca(OH)2] because of its low-grade irritation of the traumatized pulp tissue. It was used for the 

fi rst time by Hermann in 1930 (Ingle and Bakland, 2002). However, the use of Ca(OH)2 is not with-

out disadvantages including its gradual degradation, tunnel defects in dentinal bridges, and inap-

propriate sealing properties (Hasheminia et al., 2008). Its high pH might create superfi cial 

obliteration zones. It has also been reported that Ca(OH)2 has a high toxic effect on cells in tissue 

culture and provokes some pulp tissue destruction (Asgary et al., 2008).

Mineral trioxide aggregate (MTA) was successfully introduced in 1995 for pulp capping (Hasheminia 

et al., 2008), and it is approved by the U.S. Food and Drug Administration (FDA) for use in pulpal 

therapy. MTA has superior biocompatibility and sealing ability and is less cytotoxic compared to the 

conventional root-end fi lling materials. It prevents microleakage, resists bacterial leakage, and pro-

motes regeneration of the original tissues allowing continued pulp vitality in teeth. When compared to 

Ca(OH)2, it has shown less infl ammation and more predicable results after pulp capping (Asgary et al., 

2008) and provided a superior seal when compared to amalgam. MTA’s disadvantages are its delayed 

setting time, poor handling characteristics, and off-white color, as well as its higher price.

Numerous efforts continue to be made to develop new materials that can induce reparative 

dentinal bridge formation with less undesirable effects. The application of adhesive systems as 
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pulp  capping materials is suggested for their suitable physical and mechanical properties (de 

Souza Costa et al., 2000).

23.4.2 AGAROSE BEADS

Agarose is a gelatinous porous medium that is obtained from agar (a natural polymer of the sugar 

galactose), and is used in many applications such as gel electrophoresis. It consists of linear polysac-

charide chains cross-linked to provide a porous structure and mechanical stability. The degree of 

cross-linking defi nes the amount of water adsorbable by the agarose beads (they may contain up to 

80% water).

The pores between crosslinked chains are typically large enough to allow proteins with molecu-

lar weights up to 1 MDa to penetrate, whereas small molecules move freely through the network. 

Therefore, agarose beads can be used as solid elastic protein carriers.

23.4.3 COLLAGEN SPONGE

Collagen is a protein-based natural polymer. It is the main protein of connective tissue in animals 

and possesses great tensile strength (present in skin, cartilage, tendons, and ligaments). A collagen 

sponge is a collagen-based porous biodegradable device used for cell culture. In TE, cells can pen-

etrate into the sponge and proliferate three-dimensionally. The properties of the collagen sponge are 

determined by its cross-linking, degradation, porosity, and sterilization. The collagen sponge is the 

most intensively tested drug delivery carrier in animal and clinical studies (as wound dressing mate-

rials, matrices for bone and cartilage repair, surgical tampons, and implants for drug delivery; 

Chvapil, 1976). It is the only FDA-approved carrier for many proteins (such as BMP; Chen et al., 

2005). However, because of its xenogeneic origin, it might have some disadvantages.

23.4.4 HYDROGELS

Hydrogels are networks of hydrophilic polymer chains that are cross-linked. They are water insolu-

ble but can absorb an important amount of water (up to 99%). Natural (such as agarose, methyl cel-

lulose, and hylaronan) and synthetic polymers [poly(vinyl alcohol) (PVA), sodium polyacrylate, and 

acrylate polymers] can be used to form a hydrogel via chemical or physical cross-linking. Cross-

linking avoids dissolution of the hydrophilic polymer chains and determines the mechanical proper-

ties of the hydrogel and its fl exibility. A hydrogel can be used as a scaffold to repair tissues if the 

macropores are large enough to contain human cells. However, the main use of biodegradable 

hydrogels is as peptide and protein delivery matrices because of their biocompatibility and the pos-

sibility of manipulating the permeability of the solutes. It is important to note that the release of 

drugs from hydrogels is relatively faster and less controlled than microspheres.

Drug-loaded hydrogels are prepared by incorporating the drug either before or after cross-linking. 

Encapsulating the protein before cross-linking usually gives higher encapsulation effi ciencies and 

lower release rates. Chemical cross-linking ensures high mechanical strength but, because of the 

chemical reaction, the protein might denaturate. For this reason, physical cross-linking is proposed 

in some works. In physical cross-linking, there is no need for a cross-linking agent and only physical 

interactions take place. For instance, the dextran-co-gelatin hydrogel is based on physical interac-

tions (Chen et al., 2005).

The most widely investigated system to form hydrogels is poly(ethylene glycol) (PEG) because of 

the ability to confer signifi cant functionalities of the native extracellular matrix and the possibility of 

controlling their chemical and mechanical properties. Gelatin (a protein produced by partial hydrolysis 

of collagen extracted from skin and bones of animals) is also commonly applied to form hydrogels 

because of its bioadhesive properties, which allow the maintaining of the drug delivery system at the 

target and to its biodegradability. Gelatin can also adsorb different growth factors and has considerable 
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desorption when biodegraded. For instance, acidic proteins can be adsorbed to basic gelatin with 

isoelectric points (Chen et al., 2005). Dextran and alginate hydrogels are also commonly used.

23.4.5 BIODEGRADABLE POLYMERS

Natural and synthetic polymers can be used to produce scaffolds, hydrogels, and microspheres. 

Natural polymers such as bovine serum albumin (BSA), human serum albumin, collagen, gelatin, 

hemoglobin, carboxymethyl cellulose, and alginic acid are expensive and their purity and reproduc-

ibility are not assured (Jain, 2000). Biodegradable synthetic polymers, such as poly(p-dioxanone), 

polylactones, polyanhydrides, polyurethanes, polyphosphazenes, and polyesters, and thermoplastic 

aliphatic polyesters, such as polylactide [also called poly(lactic acid) or PLA], polyglycolide [also 

called poly(glycolic acid) or PGA], and their copolymer poly(lactide-co-glycolide) (PLGA), have a 

lower cost and more reproducible properties with the possibility of controlling their mechanical 

properties, degradation kinetics, and physical structures to suit various applications. Some common 

biodegradable polymers used in scaffold or microsphere preparation are discussed below and clas-

sifi ed as natural or synthetic polymers.

23.4.5.1 Biodegradable Natural Polymers
Dextrans are the most abundant and naturally occurring (by certain bacteria) biodegradable glucose 

polymers. They are hydrophilic, relatively inert, and nontoxic. Dextran-derived materials are 

 considered to be compatible matrices for protein and bioactive drugs because of their hydrophilic 

properties and ability to control drug dissolution and permeability (Chen et al., 2007). They have 

also been used as plasma volume expanders over the last 50 years.

Chitosan {poly[-(1,4)-2-amino-2-deoxy-d-glucopiranose]} is a natural hydrophilic cationic poly-

saccharide biopolymer obtained by the hydrolysis of chitin, and it can be found in arthropod exo-

skeletons or shellfi sh (the second most abundant polysaccharide after cellulose). The solubility of 

the polymer and its rheological properties are determined by the degree of hydrolysis (deacetyla-

tion). It is biodegradable, nontoxic, and biocompatible but is not bioactive itself. In the pharmaceuti-

cal industry, chitosan microspheres are promising in oral and mucosal administrations (Niu et al., 

2009). They are also introduced in scaffolds to make the material stronger and antiwash-out.

Hyaluronic acid, or hyaluronan, is a natural polysaccharide that is abundant in cartilage, vitreous, 

and skin. It is a versatile, biocompatible, and bioresorbable material, which is enzymatically degraded. 

It is known to contribute to cell proliferation and migration especially in skin tissue repair.

23.4.5.2 Biodegradable Synthetic Polymers
PLA and PGA are biodegradable, thermoplastic, aliphatic polyesters. They can be used to form fi bers 

and fi lms. The glass transition temperature of PLA is between 60°C and 65°C. Because of the methyl 

group in PLA, it is hydrophobic and has slow degradation (>24 months; Gunatillake and Adhikari, 

2003). PGA has a glass transition temperature between 35°C and 40°C. It is crystalline and insoluble 

in most organic solvents. It is insoluble in water which increases its degradation time (6–12 months). 

By integrating different ratios of PLA and PGA in the PLGA copolymer and by controlling the copo-

lymer molecular weight, distinct release and degradation profi les can be obtained to satisfy various 

applications in TE and to accommodate different growth factors (Moioli et al., 2006). The use of 

PLGA is approved by the FDA. These copolymers have been used to prepare various drug-loaded 

devices (vaccines, peptides, proteins, and micromolecules) because of their excellent biocompatibil-

ity and biodegradability. PLA, PGA, and their copolymers have been used to form both scaffolds and 

microspheres. A good review of PLGA-based drug delivery systems is given by Jain (2000).

One of the main disadvantages of PLGA is the need for an organic solvent to dissolve the poly-

mer to prepare the scaffold or the microspheres. In addition, the degradation of PLGA leads to a 

reduction in the pH, which might affect protein integrity during the release. Even if degradation of 

PLGA-based scaffolds might be of benefi t in some applications, it is annoying in others because this 
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affects the mechanical strength of the scaffold. Note however that PLGA-based scaffolds support 

cellular viability, attachment, and proliferation during in vitro culture.

Polycaprolactone (PCL) is a biodegradable polyester with a low glass transition temperature of 

about −60°C. It is approved by the FDA as a drug delivery device in the human body. It degrades 

slower than PLA (approximate degradation time is >24 months; Gunatillake and Adhikari, 2003) 

because of its higher resistance to hydrolysis. PCL-based scaffolds were found to support the viabil-

ity, proliferation, and differentiation of cells. Because of their lower degradation rate, PCL matrices 

maintain a mechanically stable three-dimensional architecture during in vitro culture (Weert et al., 

2000). Li et al. (2005) used PCL to form a nanofi brous scaffold that was seeded with bone marrow 

derived human mesenchymal stem cells to mimic the architecture of natural tissue. The ultrafi ne 

nanofi bers provided improved mechanical strength and more extensive substrate for cellular attach-

ment as compared to larger fi bers.

23.5 PREPARATION OF MICROSPHERES

The main objectives of encapsulating the drug in microspheres consist of the protection against 

degradation and controlling the release rate. Microspheres employed as drug delivery devices are 

known to improve the bioavailability of the drugs and to give controlled release, which allows a 

reduction of the side effects of the drugs because of the controlled dose. They can be designated to 

ensure drug targeting to specifi c tissues or for self-regulated therapeutic action. Therefore, many 

pharmaceutical delivery systems are based on the use of microspheres.

In many applications microspheres are fi rst prepared and sterilized and then loaded with the 

growth factor and lyophilized (e.g., for BMP, Woo et al., 2001; for TGF, Zhang et al., 2007). This 

avoids the degradation of the growth factor during the synthesis of microspheres or during steriliza-

tion. The growth factor in this case is incorporated by adsorption on the polymer matrix.

The formulation and sterilization conditions can be adapted to minimize the denaturation of the 

growth factor during the preparation. In situ encapsulation of the growth factor leads to better pro-

tection of the drug from environmental invasion and ensuring a controlled release profi le. The use 

of organic solvents in the formulation must be chosen wisely. Weert et al. (2000) presented the main 

parameters that might lead to the denaturation of proteins during encapsulation that happen to be 

principally the interfaces between the drug and the organic solvent, which lead to aggregation of the 

protein, added to the effects of heat and loss of hydration that affect the protein stability. They out-

line that even when the recovery of native protein is high, the presence of low amounts of degraded 

protein may be harmful and cause side effects.

The sterilization should also be optimized to maintain the bioactivity of the drug and the micro-

sphere architecture to preserve the predefi ned release kinetics. Different sterilization techniques 

can be used: ultraviolet (UV) light, ethylene oxide gas, radiofrequency glow discharge, and γ irra-

diation. UV light sterilization induced surface damage of basic FGF (bFGF)-encapsulated PLGA 

microspheres and reduced the rate of growth factor release (Moioli et al., 2006).

Drug release from such matrices takes place by diffusion through the polymer matrix (through 

the pores of the microspheres and through the polymer) and by erosion of the polymer material in 

case of simultaneous degradation of the microsphere. The release medium is supposed to penetrate 

inside the matrix during the release. Weakly adsorbed drugs might be desorbed rapidly from the 

surface of the matrix which causes a burst effect.

Different objectives have to be kept in mind during the preparation of microspheres or 

capsules:

The stability of the drug during the preparation and the release (avoid the protein denatur-• 

ation) needs to be ensured.

The colloidal stability of the microspheres or capsules (avoid aggregation of particles) • 

must be ensured.
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The encapsulation effi ciency has to be maximized and the loading should be appropriate • 

to the application.

The choice of the method of encapsulation is determined by the solubility of the drug and • 

the duration of the treatment (determined by the release profi le).

The polymers selected for pharmaceutical applications should be biocompatible and drug • 

compatible and should possess the desired mechanical properties and biodegradation 

kinetics (related to the molecular weight of the polymer).

Various encapsulation methods are practiced to produce pharmaceutical carriers, such as the single-

emulsion process, double-emulsion process, phase separation (coacervation), and spray drying. The 

oil-in-water (O/W) and W/O/W techniques are usually used for the production of nano- and micro-

spheres. The O/W technique is best adapted to encapsulate water-insoluble drugs such as steroids and 

the W/O/W technique is adapted for water-soluble drugs such as peptides, proteins, and vaccines. 

Solvent evaporation and extraction methods are applied for solvent evacuation from the microspheres.

Because of their hydrophilic nature, growth factors are usually encapsulated by the W/O/W 

method. This fabrication procedure for microspheres allows better protection of the growth factor 

against denaturation because it reduces the contact of the organic solvent.

In the W/O/W technique, the polymer is dissolved in an organic solvent (immiscible in water, such 

as dichloromethane) that consists of the organic phase. The growth factor is dissolved in distilled water 

(internal aqueous phase). Both phases are emulsifi ed to produce a stable W/O emulsion. This emulsion 

is then introduced under stirring in an aqueous phase (external aqueous phase) containing a colloidal 

stabilizing agent (e.g., PVA). This forms the W/O/W emulsion. Afterward, the solvent is extracted from 

the particles and is evaporated. This leads to the solidifi cation of the polymer, thus protecting the internal 

aqueous phase and the growth factor forming the solid nano- or microspheres. These microspheres are 

usually collected on a fi lter, rinsed and dried, or lyophilized. Figure 23.3 shows micrographs of micro-

spheres produced by a W/O/W double emulsion obtained by a scanning electron microscope. Spherical 

microspheres obtained by this method have a smooth surface. The porosity of the internal structure is 

directly related to the ratio of the internal aqueous phase to the oil phase (Deloge et al., 2009).

23.6  IN VITRO AND IN VIVO DELIVERY OF GROWTH FACTORS 
IN DENTAL TISSUE ENGINEERING

This section reviews the main applications of growth factor delivery systems in dental TE. These 

carriers can be classifi ed into three categories. First, the scaffolds can be impregnated with growth 

50 μm10 μm

FIGURE 23.3 Scanning electron microscope micrographs of microparticles produced with the W/O/W 

double emulsion: (left) the exterior structure and (right) the interior structure.
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factors and applied on the tissue. Second, agarose beads or collagen can be soaked into a drug solu-

tion and then placed on the tissue. Third, colloidal microspheres are used to encapsulate the growth 

factor (either in situ or just impregnated after microsphere preparation). These microspheres are then 

applied directly for tissue regeneration or incorporated into a scaffold that usually contains a gel to 

retain the microspheres. Note that, the use of colloidal microspheres presents several advantages 

related to the good characterization of their physicochemical properties and controlled release rate.

A recent review of drug delivery scaffolds used in dental, oral, and craniofacial TE is provided 

by Moioli et al. (2007).

23.6.1 DRUG- OR CELL-LOADED SCAFFOLDS

The scaffold can be impregnated with a drug solution and then dried or lyophilized and used as a 

drug carrier. For instance, derivatized hyaluronic acid has been tested as a delivery scaffold for 

BMP-2 (Kim and Valentini, 2001). The release profi le of BMP-2 from derived hyaluronic acid scaf-

folds was slower (32% of total encapsulated BMP-2 released in 28 days) than in both collagen gels 

(14 days) and PLA scaffolds. The released BMP-2 conserved its bioactive form in all the delivery 

systems that were studied. Tziafas et al. (1998) used Millipore fi lters as implants impregnated with 

bFGF and TGF-β1 to evaluate the effects of the growth factors on dog dental pulp cells in vivo. A 

deposition of a tubular matrix surrounding the implants and highly elongated odontoblast-like cells 

was observed after 3 weeks of implantation of the Millipore fi lters.

The incorporation of growth factors is not systematic in all scaffolds because they might be bioac-

tive themselves or contain stem cells, which allows cell regeneration. Kuo et al. (2007) developed a 

gelatin–chrondroitin–hyaluronan tricopolymer to form scaffolds containing swine dental bud cells 

for tooth regeneration. The dental bud cells survived and regenerated tooth structures in the swine 

jaw, including dental pulp, odontoblasts, dentin, cementum, and periodontal ligaments, but the regen-

erated teeth were smaller than normal. The authors suggest adapting the scaffold size for a better 

control of the morphology of the regenerated tooth. Duailibi et al. (2008) found that using PGA/

PLLA and PLGA scaffolds seeded with cultured 4-day postnatal rat tooth bud cells can form orga-

nized and bioengineered dental tissues containing dentin, enamel, pulp, and periodontal tissues. Xu 

et al. (2008) developed solid and porous calcium phosphate cement composite scaffolds by incorpo-

rating chitosan and mannitol in the scaffold. Because of its rapid dissolution, mannitol provides initial 

macropores and the subsequent degradation of chitosan offers the possibility of increasing the scaf-

fold porosity to integrate cell ingrowth. Chitosan also adds mechanical strength to the scaffold. These 

scaffolds can act as carriers for osteogenic cell and growth factor delivery for bone TE.

23.6.2 DRUG-LOADED AGAROSE BEADS OR COLLAGEN

One of the early delivery systems of growth factors consisted of using agarose beads that were 

soaked into a drug solution and then placed on the tissue. Sloan and Smith (1999) used agarose 

beads for the delivery of TGF-β. They noted that the presence of empty agarose beads did not induce 

tissue changes. Local stimulation of the extracellular matrix by TGF-β isoforms was demonstrated. 

TGF-β1 and TGF-β3 stimulated dentinogenic effects in odontoblasts in vitro when applied in 

 agarose beads. Sloan and Smith used agarose beads for the delivery of BMP-7. They showed that the 

use of agarose beads enhances predentine growth. The use of BMP-7 stimulated secretion of extra-

cellular matrix in vitro but with a lower rate than TGF-β1 at similar concentrations.

Similarly to agarose beads, growth factors can be applied after impregnation in collagen that 

does not operate as scaffolds during the release study. For instance, Six et al. (2002) studied the 

ability of BMP-7 to induce dentinogenesis in the dental pulp of rat upper fi rst molars and studied the 

effect of the dose on the treatment. A collagen carrier was applied with and without BMP-7. The 

results were compared to those obtained with direct pulp capping by Ca(OH)2. They concluded that 

BMP-7 has the potential to provide an alternative to conventional endodontic treatments. Bergenholtz 
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et al. (2006) used an absorbable collagen sponge as a carrier for recombinant human BMP-2 to 

evaluate its benefi ts in bone healing. Evidence for the enhancing effect of bone formation by recom-

binant human BMP/absorbable collagen sponge carrier could not be found.

23.6.3 DRUG-LOADED MICROSPHERES

Only micron-sized spheres are used in dental TE, as revealed by the literature investigated in this 

work. In the early applications using microspheres for drug delivery in TE, blank microspheres 

were fi rst produced and sterilized and then loaded with the drug and lyophilized. By enhanced 

optimization of the preparation conditions (choice of solvent, temperature, and sterilization method), 

the encapsulation of drugs during capsule formation (in situ encapsulation) can now be done while 

ensuring the protection of the protein against denaturation. The W/O/W encapsulation technique 

has mainly been used to prepare such microspheres because of the hydrophilic nature of most 

growth factors.

23.6.3.1 Drug-Loaded Microspheres Alone
The release rate from the microspheres reviewed in this section was evaluated by applying pure 

microspheres in the release medium (either in vitro or in vivo). Note that the same microspheres 

could be integrated in hydrogels or scaffolds, but the release rate would be altered and has to be 

preevaluated.

The fi rst generation of drug-loaded microspheres formed by in situ encapsulation was bigger in 

size. Capsules with a diameter of few millimeters were developed by Isobe et al. (1996) to encapsu-

late BMP by W/O/W using dichloromethane to dissolve PLGA and an aqueous gelatin solution for 

particle stabilization. They concluded that the use of biodegradable polymers was a promising 

method to induce cartilage and bone formation (70% of BMP was released from the capsules in 

5 days). Similar capsules were produced by Weber et al. (2002) who gave them the name foam-

spheres (because of their big size). They compared the release results to a gelatin-based hydrogel 

and found that the slow release of BMP from foamspheres led to the formation of larger amounts of 

bone than the hydrogels with their faster release of BMP.

Péan et al. (1998) studied the formation of PLGA microspheres by a W/O/W emulsion solvent 

evaporation/extraction method to encapsulate NGF and tried to optimize the formulation parame-

ters in order to control the release rate and reduce the intensity of the burst effect. A mixture of 

dichloromethane and acetone was used as an organic solution to dissolve the polymer, and PVA was 

used as a colloidal particle stabilizer. The use of salt and the type of PLGA affected the morphology 

of the microspheres, which provides a means to control the release rate. However, employing a salt 

had a negative effect on the protein stability.

Lu et al. (2000) encapsulated TGF-B1 (and BSA) in PLGA/PEG by a W/O/W double-emulsion 

solvent extraction technique (using dichloromethane as a PLGA solvent and PVA to stabilize the 

produced microspheres). They found that increasing the PEG ratio in the polymer and decreasing 

the pH resulted in decreased protein release rate.

Cleland et al. (2001) used PLGA microspheres to encapsulate epidermal growth factor (EGF) for 

the treatment of ischemia. The microspheres were produced by a spray freeze-drying technique to 

yield a powder, using ethyl acetate as a polymer solvent. Then disks were produced using these micro-

spheres. A lower release rate was obtained using the disks (40 days) than the microspheres (21 days) 

that was attributable to the lower surface area to volume of the disks compared to the microspheres. 

The release profi le from the disks was characterized by two subsequent phases of release, indicating an 

important requirement of PLGA hydrolysis to generate suffi cient pores for diffusion of EGF.

Moioli et al. (2006) encapsulated TGF-β3 in PLGA microspheres by a W/O/W double-emulsion 

solvent extraction technique using dichloromethane to dissolve PLGA and PVA as a colloidal stabi-

lizer of the microspheres. The authors outlined that UV light sterilization reduces the release of 

TGF-β3, which was explained either by direct degradation of TGF-β3 because of the light or 
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 degradation of the polymer surface that causes a decrease in the amount of encapsulated TGF-β3. 

TGF-β3 was released during about 42 days, and a burst effect was observed.

Niu et al. (2009) recently created chitosan microspheres to encapsulate BSA and oligopeptide. 

The microspheres were produced according to an emulsion-ion cross-linking method using acetic 

acid as a solvent and Span 80 and triphosphate for stabilization. The microspheres were collected 

after precipitation and washed with petroleum ether and isopropyl alcohol. The encapsulation effi -

ciency was higher than 80% for both proteins. They found that the released oligopeptide conserved 

its biological activity. BSA had a faster release rate than oligopeptide (6–8 days for both proteins).

23.6.3.2 Drug-Loaded Microspheres within Implants or Cements
The incorporation of growth factors in implants or cements gives the possibility for these implants 

to become bioactive in order to stimulate tissue healing. The use of microspheres ensures a con-

trolled release of the growth factors and its protection against denaturation whereas the implant 

assures the maintenance of the desired mechanical properties and impermeability.

Woo et al. (2001) compared immediate and sustained release of BMP from implants of sodium 

carboxymethyl cellulose (an anionic water-soluble polymer derived from cellulose) containing 

PLGA microspheres. Blank microspheres were formed by a W/O/W double-emulsion method fol-

lowed by solvent evaporation and extraction. The microspheres were then collected, rinsed, dried, 

sterilized, and loaded with BMP to evaluate the induced local bone growth. Release of BMP 

decreased quickly from the immediate release system after 7 days and the released quantity was 

insuffi cient to maintain the osteoinductive effects of BMP in vivo. However, both systems resulted 

in faster and more complete bone healing in the animal model.

For the encapsulation of TGF-β1, Zhang et al. (2007) prefabricated blank microspheres by a 

W/O/W double-emulsion solvent evaporation technique and then impregnated the microspheres with 

TGF-β1. The produced microspheres were incorporated in calcium phosphate cements and used in 

pulp capping. The PLGA–calcium phosphate composite enhanced tertiary dentin formation that was 

further enhanced by the addition of TGF-β1. The introduction of biodegradable microspheres in the 

cements creates new pores after their degradation that gives the possibility for new tissue ingrowth 

and replacement, given that the degradation rate of calcium phosphate cements is very low.

23.6.3.3 Drug-Loaded Microspheres within Scaffolds
The combination of microspheres and scaffolds comes from the necessity to ensure distinct 

 functionalities during the same treatment (mechanical properties, permeability, release rate, and 

protection of the drug). Employing scaffolds is necessary to ensure the desired mechanical proper-

ties and porosity for cell development. Drug-loaded microspheres are incorporated into scaffolds to 

enhance tissue regeneration as a result of the controlled release.

Kim et al. (2003) developed a porous chitosan scaffold containing microspheres loaded with 

TGF-β1 for cartilage TE. Acetic acid was used to dissolve the chitosan, to which TGF-β1 was 

added. Microspheres were formed by adding this solution to a hydrogenated caster oil solution. 

Tripolyphosphate was then used to stabilize the produced microspheres. The microspheres were 

subsequently washed with isopropyl alcohol and water prior to lyophilization. Then they were dis-

persed in 90% aqueous ethanol and incorporated into the previously formed chitosan scaffolds (by 

freeze-drying), after which the scaffolds were lyophilized. The chondrocytes rapidly propagated on 

the chitosan scaffolds, which presents a potential to be used as implants to treat cartilage defects.

DeFail et al. (2006) encapsulated TGF in PLGA microspheres by a double-emulsion technique 

for applications in TE of articular cartilage (using dichloromethane to dissolve PLGA and PVA as a 

colloidal stabilizer). The produced microspheres were then incorporated into a PEG–hydrogel scaf-

fold. TGF-β1-loaded PLGA microspheres showed a high burst release whereas hydrogels containing 

microspheres showed a delayed burst release. This shows that the combination of microspheres and 

scaffolds affects the release rate and has to be optimized before in vivo applications.
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Chen et al. (2005, 2007) proposed the use of hybrid hydrogel scaffolds containing microspheres 

as new BMP carriers. They developed dextran-co-gelatin hydrogel microspheres by radical cross-

linking and low-dose γ irradiation. BMP was either incorporated in the microspheres before their 

preparation (in a dextran–glycidyl methacrylate solution before the addition of the gelatin) or after 

their formation. They found that this matrix could prolong the release of BMP and promote the 

proliferation and osteoblastic differentiation of periodontal ligament cells better than using BMP 

aqueous solution.

Liu et al. (2007) fabricated biodegradable chitosan–gelatin microspheres containing bFGF that 

were then incorporated into a porous chitosan–gelatin scaffold to improve skin regeneration effi -

cacy and to promote vascularization. The chitosan–gelatin microspheres were prepared by the W/O 

emulsion method using olive oil and acetone. The microspheres were washed with acetone and 

isopropyl alcohol, collected by centrifugation, and air dried. They were then impregnated with a 

bFGF solution and incorporated into a chitosan–gelatin scaffold. The scaffold pore sizes varied 

from 95 to 160 μm, which is appropriate for TE. The scaffolds incorporating the bFGF-loaded 

microspheres signifi cantly increased the cell proliferation when compared to empty chitosan–gela-

tin scaffolds.

Kikuchi et al. (2007) used collagen sponges as a scaffold and gelatin hydrogel microspheres as a 

carrier for FGF2. Microspheres were prepared from a gelatin solution through cross-linking of gela-

tin using glutaraldehyde. After dropwise addition in olive oil, acetone was added and the micro-

spheres were collected by centrifugation and added into a Tween 80 solution. They were then 

impregnated with FGF2 (not in situ encapsulation). These FGF2-loaded microspheres were incor-

porated into a collagen sponge scaffold and used for the formation of dentin in exposed rat molar 

pulps. These results were compared to FGF2-loaded collagen scaffolds that did not contain gelatin 

hydrogel microspheres. They noted that, during the early phase of pulp healing, pulp cell prolifera-

tion and invasion of vessels into dentin defects above the exposed pulp were induced in both groups; 

but in the later phase, the induction of dentin formation was distinctly different between the two 

types of FGF2 release. A controlled release profi le was obtained when the FGF2 was incorporated 

in the gelatin hydrogel microspheres and induced the formation of dentin-like particles with dentin 

defects above exposed pulp. A noncontrolled release was obtained with the collagen sponge scaffold 

that induced excessive reparative dentin formation in the residual dental pulp (although dentin 

defects were not noted).

23.7 CONCLUSIONS

This chapter presented a review of the biocompatible carriers used in dental TE with emphasis on 

colloidal carriers (biodegradable polymer-based microspheres, gels such as hydrogels and alginate 

gels, gelatinous carriers). Dental TE is practiced in conservative dentistry to restore the original 

tooth (structure, function, and esthetics) while preserving pulp health.

The use of microsphere colloids as delivery systems for growth factors was found to be promis-

ing in pulp healing and dentin regeneration. These colloids improve the stability of growth factors 

and provide sustained release that ensures continuous dosing. They proved reproducible delivery of 

growth factors because of the possibility to produce microspheres with specifi c physicochemical 

and colloidal properties in large volumes (Kalaji et al., 2009).

The ultimate objective of dental TE is to completely regenerate in the jaw a previously lost or 

missing tooth with similar physical properties and functions that would provide a remedy for all 

problems encountered with false teeth and implants. The term regenerative TE has recently been 

used to designate this branch of dental TE involving the triad (three key elements): responding pro-

genitor or stem cells, indicative morphogenetic signals (growth factors), and extracellular matrix 

scaffolds (Kuo et al., 2007).

A variety of dental tissues have to be regenerated to form the whole tooth. This necessitates a 

rigorous study of the scaffold structure, the incorporation of the stem cells, and the growth factors 
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(Duailibi et al., 2008). The scaffolds have to contain hybrid functional microspheres with distinct 

release rates of a variety of growth factors, which are necessary to maintain the different tissue 

ingrowths, and the molecules necessary to overcome changes in the release medium (such as 

buffers).

ABBREVIATIONS

bFGF Basic FGF

BMP Bone morphogenetic protein

BSA Bovine serum albumin

Ca(OH)2 Calcium hydroxide

EGF Epidermal growth factor

FDA Food and Drug Administration

FGF Fibroblast growth factor

MTA Mineral trioxide aggregate

NGF Nerve growth factor

O/W Oil-in-water

PCL Polycaprolactone

PDGF Platelet-derived growth factor

PEG Poly(ethylene glycol)

PGA Poly(glycolic acid)

PLA Poly(lactic acid)

PLGA Poly(lactide-co-glycolide)

PVA Poly(vinyl alcohol)

TE Tissue engineering

TGF-α Transforming growth factor α
TGF-β  Transforming growth factor β
UV Ultraviolet

W/O/W Water-in-oil-in-water

REFERENCES

About, I. and Mitsiadis, T.A. 2001. Molecular aspects of tooth pathogenesis and repair: In vivo and in vitro 

models. Adv Dent Res 15: 59–62.

Asgary, S., Eghbal, M.J., Parirokh, M., Ghanavati, F., and Rahimi, H. 2008. A comparative study of histologic 

response to different pulp capping materials and a novel endodontic cement. Oral Surg Oral Med Oral 
Pathol Oral Radiol Endodont 106: 609–614.

Bergenholtz, G., Wikesjo, M.E., Sorensen, R.G., Xiropaidis, A.V., and Wozney, J.M. 2006. Observations on 

healing following endodontic surgery in nonhuman primates (Macaca fascicularis): Effects of rhBMP-2. 

Oral Surg Oral Med Oral Pathol Oral Radiol Endodont 101: 116–125.

Biondi, M., Ungaro, F., Quaglia, F., and Netti, P.A. 2008. Controlled drug delivery in tissue engineering. Adv 
Drug Deliv Rev 60: 229–242.

Chen, F.M., Wu, Z.F., Wu, H., Zhang, Y.J., Xin, S.N., and Jin, Y. 2005. Preparation and biological characteris-

tics of recombinant human bone morphogenetic protein-2-loaded dextran-co-gelatin hydrogel micro-

spheres, in vitro and in vivo studies. Pharmacology 75: 133–144.

Chen, F.M., Zhao, Y.M., Sun, H.H., Jin, T., Wang, Q.T., Zhou, W., Wu, Z.F., and Jin, Y. 2007. Novel glycidyl 

methacrylated dextran (Dex-GMA)/gelatin hydrogel scaffolds containing microspheres loaded with bone 

morphogenetic proteins: Formulation and characteristics. J Control Release 118: 65–77.

Chvapil, M. 1976. Collagen sponge: Theory and practice of medical applications. J Biomed Mater Res 11: 

721–741.

Cleland, J.L., Duenasa, E.T., Park, A., Daugherty, A., Kahn, J., Kowalski, J., and Cuthbertson, A. 2001. 

Development of poly-(d,l-lactide-co-glycolide) microsphere formulations containing recombinant 

human vascular endothelial growth factor to promote local angiogenesis. J Control Release 72: 13–24.



Colloidal Carriers for Drug Delivery in Dental Tissue Engineering 543

De Souza Costa, C.A., Hebling, J., and Hanks, C.T. 2000. Current status of pulp capping with dentin adhesive 

systems: A review. Dent Mater 16: 188–197.

DeFail, A.J., Chu, C.R., Izzo, N., and Marra, K.G. 2006. Controlled release of bioactive TGF-β1 from micro-

spheres embedded within biodegradable hydrogels. Biomaterials 27: 1579–1585.

Deloge, A., Kalaji, N., Sheibat-Othman, N., Lin, V.S., Farge, P., and Fessi, H. 2009. Investigation of the prepa-

ration conditions on the morphology and release kinetics of biodegradable particles: A mathematical 

approach. J Nanosci Nanotechnol 8: 1–8.

Duailibi, S.E., Duailibi, M.T., Zhang, W., Asrican, R., Vacanti, J.P., and Yelick, P.C. 2008. Bioengineered dental 

tissues grown in the rat jaw. J Dent Res 87: 745–750.

Gunatillake, P. and Adhikari, R. 2003. Biodegradable synthetic polymers for tissue engineering. Eur Cells 
Mater 5: 1–16.

Hasheminia, S.M., Feizi, G., Razavi, S.M., Feiziandfard, M., Gutknecht, N., and Mir, M. 2008. A comparative 

study of three treatment methods of direct pulp capping in canine teeth of cats: A histologic evaluation. 

Lasers Med Sci [online only] DOI: 10.1007/s10103-008-0584-9.

Ingle, J.I. and Bakland, L.K. 2002. Endodontics, 5th ed. Marcel Decker, London.

Iohara, K., Nakashima, M., Ito, M., Ishikawa, M., Nakasima, A., and Akamine, A. 2004. Dentin regeneration 

by dental pulp stem cell therapy with recombinant human bone morphogenetic protein 2. J Dent Res 83: 

590–595.

Isobe, M., Yamazaki, Y., Oida, S., Ishihara, K., Nakabayashi, N., and Amagasa, T. 1996. Bone morphogenetic 

protein encapsulated with a biodegradable and biocompatible polymer. J Biomed Mater Res 32: 433–438.

Issa, M.J.P., Tiossi, R., Pitol, D.L., and Mello, S.A.S. 2006. TGF-β and new bone formation. Int J Morphol 24: 

399–405.

Jain, R.A. 2000. The manufacturing techniques of various drug loaded biodegradable poly(lactide-co-glycolide) 

(PLGA) devices. Biomaterials 21: 2475–2490.

Kalaji, N., Sheibat-Othman, N., Saadaoui, H., Elaissari, H., and Fessi, H. 2009. Colloidal and physicochemical 

characterization of protein-containing poly(lactide-co-glycolide) (PLGA) microspheres before and after 

drying. e-Polymers 2009: article 010.

Kikuchi, N., Kitamura, C., Morotomi, T., Inuyama, Y., Ishimatsu, H., Tabata, Y., Nishihara, T., and Terashita, M. 

2007. Formation of dentin-like particles in dentin defects above exposed pulp by controlled release of 

fi broblast growth factor 2 from gelatin hydrogels. J Endodont 33: 1198–1202.

Kim, H.D. and Valentini, R.F. 2001. Retention and activity of BMP-2 in hyaluronic acid-based scaffolds in 
vitro. J Biomed Mater Res Part B: Appl Biomater 59: 573–584.

Kim, S.E., Park, J.H., Cho, Y.W., Chung, H., Jeong, S.Y., Lee, E.B., and Kwon, I.C. 2003. Porous chitosan scaf-

fold containing microspheres loaded with transforming growth factor-β: Implications for cartilage tissue 

engineering. J Control Release 91: 365–374.

Kuo, T.F., Huang, A.T., Chang, H., Lin, F.H., Chen, S.T., Chen, R.S., Chou, C.H., Lin, H.C., Chiang, H., and 

Chen, M.H. 2007. Regeneration of dentin–pulp complex with cementum and periodontal ligament 

 formation using dental bud cells in gelatin–chondroitin–hyaluronan tri-copolymer scaffold in swine. 

J Biomed Mater Res 86A: 1062–1068.

Lesot, H., Lisi, S., Peterkova, R., Peterka, M., Mitolo, V., and Ruch, J.V. 2001. Epigenetic signals during odon-

toblast differentiation. Adv Dent Res 15: 8–13.

Li, W.J., Tuli, R., Huang, X., Laquerriere, P., and Tuan, R.S. 2005. Multilineage differentiation of human 

 mesenchymal stem cells in a three-dimensional nanofi brous scaffold. Biomaterials 26: 5158–5166.

Liu, H., Fan, H., Cui, Y., Chen, Y., Yao, K., and Goh, J.C.H. 2007. Effects of the controlled-released basic 

 fi broblast growth factor from chitosan–gelatin microspheres on human fi broblasts cultured on a chito-

san–gelatin scaffold. Biomacromolecules 8: 1446–1455.

Lovschall, H., Fejerskov, O., and Flyvbjerg, A. 2001. Pulp-capping with recombinant human insulin-like 

growth factor I (rhIGF-l) in rat molars. Adv Dent Res 15: 108–112.

Lu, L., Stamatas, G.N., and Mikos, A.G. 2000. Controlled release of transforming growth factor β1 from 

 biodegradable polymer microparticles. J Biomed Mater Res 50: 440–451.

Lucchini, M., Romeas, A., Couble, M.L., Bleicher, F., Magloire, H., and Farges, J.C. 2002. TGFβ1 signaling 

and stimulation of osteoadherin in human odontoblasts in vitro. Connect Tissue Res 43: 345–353.

Miletich, I. and Sharpe, P.T. 2003. Normal and abnormal dental development. Hum Mol Genet 12: R69–R73.

Moioli, E.K., Clark, P.A., Xin, X., Lal, S., and Mao, J.J. 2007. Matrices and scaffolds for drug delivery in 

 dental, oral and craniofacial tissue engineering. Adv Drug Deliv Rev 59: 308–324.

Moioli, E.K., Hong, L., Guardado, J., Clark, P.A., and Mao, J.J. 2006. Sustained release of TGFβ3 from PLGA 

microspheres and its effect on early osteogenic differentiation of human mesenchymal stem cells. Tissue 
Eng 12: 537–546.



544 Colloids in Drug Delivery

Nakashima, M. 1994a. Induction of dentin formation on canine amputated pulp by recombinant human bone 

morphogenetic proteins (BMP)-2 and -4. J Dent Res 73: 1515–1522.

Nakashima, M. 1994b. Induction of dentine in amputated pulp of dogs by recombinant human bone morphoge-

netic proteins-2 and -4 with collagen matrix. Arch Oral Biol 39: 1085–1089.

Nakashima, M. 2005. Bone morphogenetic proteins in dentin regeneration for potential use in endodontic 

therapy. Cytokine Growth Factor Rev 16: 369–376.

Niu, X., Feng, Q., Wang, M., Guo, X., and Zheng, Q. 2009. Preparation and characterization of chitosan micro-

spheres for controlled release of synthetic oligopeptide derived from BMP-2. J Microencapsul 26: 

297–305.

Olsson, H., Petersson, K., and Rohlin, M. 2006. Formation of a hard tissue barrier after pulp cappings in 

humans. A systematic review. Int Endodont J 39: 429–442.

Péan, J.M., Venier-Julienne, M.C., Boury, F., Menei, P., Denizot, B., and Benoit, J.P. 1998. NGF release from 

poly(d,l-lactide-co-glycolide) microspheres. Effect of some formulation parameters on encapsulated 

NGF stability. J Control Release 56: 175–187.

Six, N., Lasfargues, J.J., and Goldberg, M. 2002. Differential repair responses in the coronal and radicular areas 

of the exposed rat molar pulp induced by recombinant human bone morphogenetic protein 7 (osteogenic 

protein 1). Arch Oral Biol 47: 177–187.

Sloan, A.J., Rutherford, R.B., and Smith, A.J. 2000. Stimulation of the rat dentine–pulp complex by bone mor-

phogenetic protein-7 in vitro. Arch Oral Biol 45: 173–177.

Sloan, A.J. and Smith, A.J. 1999. Stimulation of the dentine–pulp complex of rat incisor teeth by transforming 

growth factor-β isoforms 1–3 in vitro. Arch Oral Biol 44: 149–156.

Smith, A.J. 2003. Vitality of the dentin–pulp complex in health and disease: Growth factors as key mediators. 

J Dent Ed 67: 678–689.

Smith, A.J., Murray, P.E., Sloan, A.J., Matthews, J.B., and Zhao, S. 2001a. Trans-dentinal stimulation of ter-

tiary dentinogenesis. Adv Dent Res 15: 51–54.

Smith, A.J., Tobias, R.S., and Murray, P.E. 2001b. Transdentinal stimulation of reactionary dentinogenesis in 

ferrets by dentine matrix components. J Dent 29: 341–346.

Summitt, J.B., Robbins, W., and Schwartz, R.S. 2001. Fundamentals of Operative Dentistry, A Contemporary 
Approach, 2nd ed. Quintessence Publishing, Chicago.

Tran-Hung, L., Laurent, P., Camps, J., and About, I. 2007. Quantifi cation of angiogenic growth factors released 

by human dental cells after injury. Arch Oral Biol 52: 9–13.

Tziafas, D., Alvanoub, A., Papadimitriou, S., Gasic, J., and Komnenou, A. 1998. Effects of recombinant basic 

fi broblast growth factor, insulin-like growth factor-II and transforming growth factor-β1 on dog dental 

pulp cells in vivo. Arch Oral Biol 43: 431–444.

Tziafas, D., Smith, A.J., and Lesot, H. 2000. Designing new treatment strategies in vital pulp therapy. J Dent 
28: 77–92.

Unda, F.J., Martin, A., Hernandez, C., Perez-Nanclares, G., Hilario, E., and Arechaga, J. 2001. FGFs-1 and -2, 

and TGFβ1 as inductive signals modulating in vitro odontoblast differentiation. Adv Dent Res 15: 

34–38.

Weber, F.E., Eyrich, G., Gratz, K.W., Maly, F.E., and Sailer, H.F. 2002. Slow and continuous application of 

human recombinant bone morphogenetic protein via biodegradable poly(lactide-co-glycolide) foam-

spheres. Int J Oral Maxillofac Surg 31: 60–65.

Weert, M., Hennink, W.E., and Jiskoot, W. 2000. Protein instability in poly(lactic-co-glycolic acid) micropar-

ticles. Pharm Res 17: 1159–1167.

Woo, B.H., Fink, B.F., Page, R., Schrier, J.A., Jo, Y.W., Jiang, G., DeLuca, M., Vasconez, H.C., and DeLuca1, P. 

2001. Enhancement of bone growth by sustained delivery of recombinant human bone morphogenetic 

protein-2 in a polymeric matrix. Pharm Res 18: 1747–1753.

Xu, H.K., Weir, M.D., and Simon, C.G. 2008. Injectable and strong nano-apatite scaffolds for cell/growth fac-

tor delivery and bone regeneration. Dent Mater 24: 1212–1222.

Zhang, W., Walboomers, X.F., and Jansen, J.A. 2007. The formation of tertiary dentin after pulp capping with 

a calcium phosphate cement, loaded with PLGA microparticles containing TGF-β 1. J Biomed Mater Res 

85A: 439–444.



545

24 Classifi cation and Application 
of Colloidal Drug Delivery 
Systems
Passive or Active Tumor Targeting

H. Yesim Karasulu, Burcak Karaca, and Ercüment Karasulu

24.1 INTRODUCTION

Cancer represents one of the most important health problems of the developing world. There are 

25,000,000 cancer patients all over the world, and thousands of new cases were diagnosed each year 

in the last century. The development of cytotoxic treatments was revolutionary for the treatment of 

cancer. Cytotoxic treatments have let us achieve cures for certain type of neoplasms (germ cell 

tumors, lymphomas, etc.). In addition, application of cytotoxic agents in the adjuvant setting has 

provided an obvious overall survival advantage compared to that obtained with surgical treatment 

alone (Alison, 2002; Jemal et al., 2008).

Cancer is actually a group of diseases characterized by the ability of cells to grow in an autono-

mous manner and the invasion and spread of the cells from the primary site to other sites in the body 

(metastasis). Carcinogens are well known agents that cause general deoxyribonucleic acid (DNA) 

damage in the cell. Thus, cancer may be accepted as a genetic disease at the cellular level and altera-

tions in DNA are the cornerstone of the disease mechanism. The accumulation of damage to DNA 

over time explains the multistep process of cancer development. Thus, as we live longer, there will 
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be enough time for accumulation of changes in our DNA that may lead to cancer. That certainly is 

the reason why we are faced with many more cancer patients today compared to the past (Hanahan 

and Weinberg, 2000). Because DNA is the cornerstone of disease in cancer, most of the conven-

tional cytotoxic drugs are designed to work on DNA either by causing DNA damage that will result 

in apoptosis or by blocking DNA synthesis.

24.1.1 PRINCIPLES OF CONVENTIONAL CYTOTOXIC AGENTS IN CANCER TREATMENT

The earliest therapeutic strategy to treat cancer was to remove as much cancerous tissue as possible 

out of the body (Chabner and Longo, 2001). However, it is obvious that surgery is limited to certain 

types of cancers at certain stages. As our understanding of cancer increased, treatment modalities 

focused at the cellular level of the disease gained importance. Thus, the development of cytotoxic 

treatment for cancer had signifi cant importance in providing longer survival for cancer patients in 

recent years (Helfand, 1990; Unger, 1996).

The main goals of cytotoxic agents are to prevent proliferation (cytostatic effect) and to cause 

apoptosis (cytotoxic effect) in cancer cells. The aim for all agents is to achieve an effective treatment 

result with minimum side effects. This is indicated as the “therapeutic index” (Figure 24.1). It rep-

resents the value of the difference between the minimum effective dose and the maximum tolerated 

dose (MTD). A larger value of this difference means the agent is better. Many conventional cyto-

toxic treatments are applied at MTDs.

Conventional cytotoxic agents are chemicals that target DNA, ribonucleic acid, and some pro-

teins in the cancer cell to inhibit proliferation and to cause apoptosis in rapidly dividing cancer cells; 

thus, they have broad specifi city. More limitations were noticed as these cytotoxic agents were used 

more frequently for cancer treatment in the last years, mainly in patients with the advanced stage of 

the disease, where the adverse effects of this broad treatment may preclude its potential side effects 

(Bonadonna, 1990; Brigger et al., 2002).

The development of cytotoxic agents faces many challenges, such as the narrow therapeutic 

index of some drugs. Another major problem encountered in cancer treatment is that the cytotoxic 

agents are nonselective between normal and cancer cells. This nonselectivity results in a wide 
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FIGURE 24.1 The therapeutic index profi le for cytotoxic agents.
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 spectrum of side effects and limits the dose of the chemotherapeutic agents (Bonadonna, 1990; 

Helfand, 1990). The occurrence or development of drug resistance may also limit the effi cacy of this 

treatment. Therefore, there is an urgent need for developing new cytotoxic agents that combine 

safety, effi cacy, and convenience. We now have a new aspect for cancer treatment because of the 

plethora of potential targets in human cancer cells that may be utilized for the development of novel 

targeted treatment with lesser side effects. The new trend in daily cancer practice is to provide effi -

cacious treatment with diminished side effects that can be achieved by targeted therapies (Azarmi 

et al., 2006; Couvreur et al., 2006; Jones and Leroux, 1999).

24.1.2 CONVENTIONAL CHEMOTHERAPY

Despite the emerging and explosive increase in the understanding of the molecular basis of cancer, 

the current treatment of malignancy is still based on broad specifi c anticancer agents. Although the 

ultimate goal of cytotoxic treatment is to kill rapidly proliferating cancer cells, it causes a number 

of side effects, such as alopecia, ulcers, and low blood counts. Often applied MTDs of conventional 

cytotoxic agents induce toxicity in sensitive tissues and require a time pause for drug application in 

order to give normal cells a chance to recover. Conventional cytotoxic treatments have had some 

very important results in cancer treatment and caused extended life expectancy for many patients. 

However, there is an unquestionable demand for safer and more effective anticancer drugs that spe-

cifi cally target cancer cells and overcome resistance pathways (Bonadonna, 1990; Chabner and 

Longo, 2001).

Conventional cytotoxic agents are mainly divided into two subgroups according to their action 

in the cell cycle. The fi rst group is cell-cycle independent and alkylating agents; antitumor antibi-

otics are examples of this group. The second group is cell-cycle dependent drugs that are gener-

ally younger than the other group and are mostly effective on dividing cells. This group includes 

antimetabolites, antitubulin agents, and topoisomerase inhibitors (Pecorino, 2005; Reddy and 

Kaelin, 2002).

24.1.3 DRUG RESISTANCE: AN IMPORTANT LIMITATION FOR CYTOTOXIC TREATMENT

Cancer is a genetic disease at the molecular level. Although it is believed that cancer arises from one 

stem cell, because the cells in cancerous tissue go on to rapidly divide and form a mass, there are a 

number of molecular changes within each cell cycle that result in a heterogeneous population. 

Moreover, when conventional cytotoxic agents are applied to these heterogeneous cell groups, they 

develop different kinds of genetic mutations and some of them become resistant to the treatment 

(Gottesman, 2002; Jemal et al., 2008; Pecorino, 2005; Ueda et al., 1987). This is the most important 

challenge of conventional cytotoxic treatment.

Cancer cells may become resistant by an effl ux system for the drug, by decreasing the intake of 

the drug, by increasing the number of molecules that play a pivotal role in cell proliferation or anti-

apoptotic systems within the cell, or by alternating drug metabolism and DNA repair processes 

(Gottesman, 2002). One of the most investigated reasons for drug resistance mechanisms is the 

effl ux system within the cancer cell that causes the drug to be pumped out of the cell. This is due to 

the overexpression of P-glycoprotein that is encoded by a multidrug resistance 1 gene (Ueda et al., 

1987). The P-glycoprotein function through binding cytotoxic drugs; then adenosine triphosphate is 

hydrolyzed, a conformational change occurs within the protein, and fi nally the drug is released from 

the cancer cell. This resistance mechanism can widely apply to cancer cells exposed to many of the 

conventional cytotoxic agents. It is one of the most challenging problems of cytotoxic treatment, and 

new pharmaceutical drug forms are urgently needed to overcome this problem.

After the process of carcinogenesis begin within a cell, overexpression of some pivotal molecules 

that may play a role in cell proliferation or antiapoptotic systems occurs. These molecules are 
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accepted as ideal targets for new anticancer drugs focused on blocking their function. Drug resis-

tance is generally classifi ed in two forms:

 1. Biochemical or absolute resistance: This represents a situation in which the cancer cell 

cannot be killed at any dose of the drug.

 2. Relative resistance: The cancer cell may be killed with higher doses of the drug.

Absolute resistance is a very important issue regarding why most cancer types are not cured by 

cytotoxic treatment. However, relative resistance may be solved by some new pharmaceutical forms 

of drugs. Thus, modern oncology is looking for newly developed targeted drugs that may overcome 

the resistance mechanisms and have diminished side effects while maintaining the therapeutic 

index (Pecorino, 2005; Reddy and Kaelin, 2002; Unger, 1996).

24.2 AN INTRODUCTION TO COLLOIDAL DRUG DELIVERY SYSTEMS

The use of colloidal drug delivery systems (CDDSs) for cancer treatment has been increased in 

recent years. These carrier systems are able to increase the therapeutic effi cacy of some conven-

tional cytotoxic drugs by changing the pharmacokinetics and biodistribution of the drugs. This 

leads to decreased drug toxicity and increased effi cacy of the drug (Allen and Cullis, 2004; Gao 

et al., 2007; Vasir and Labhasetwar, 2005).

The word colloid comes from the Greek language etymologically, which means “glue.” This term 

was fi rst used in 1861. However, it is not easy to give a general defi nition for colloids. Within phar-

maceuticals, they attract attention as “drug carriers” because of their potential in delivering any type 

of drug. Hydrophilic, lipophilic, small, or large molecules may be loaded easily to colloidal systems 

and administered through parenteral or nonparenteral methods. These systems have been used to 

solve many biomedical and pharmaceutical problems. They also provide some stability issues for 

drug molecules and are very effective in drug targeting (Bonacucina et al., 2008; Danielsson and 

Lindman, 1981; Peppas-Brannon and Blanchette, 2004; Shinoda and Friberg, 1975).

All of these systems carry an important feature related to their small size: they have a high sur-

face area compared with their volume, resulting in a rise to adsorption. A chemical alteration in the 

surface properties of one component may effect the interactions between the constituents of the 

system and change the performance of the resulting system. A physical modifi cation of the inter-

phase can enhance the performance. Another important property of the system is the particle shape. 

The shape is related to the surface and determines the presence of attractive forces within dispersive 

and dispersant phases, which also affect different physical features such as fl ow and osmotic pres-

sure (Bonacucina et al., 2008; Gao et al., 2007; Peppas-Brannon and Blanchette, 2004; Shinoda and 

Friberg, 1975).

One way of classifying colloids is to group them according to thermodynamic classifi cation:

Lyophilic or hydrophilic when water is the dispersion medium used• 

Lyophobic or hydrophobic• 

This distinction is based on whether their nature may be subdivided as solvent-loving or solvent-

fearing substances. Lyophilic colloids show an affi nity for the solvent that is higher than the mutual 

affi nity between particles and little or no particle aggregation. These dispersions form spontane-

ously from macroscopic phases and are thermodynamically stable with respect to both enlargement 

of particles through their aggregation and disintegration to individual molecules. Some examples of 

lyophilic colloids are block copolymer micelles and microemulsions. However, lyophobic colloids 

are thermodynamically unstable and tend to aggregate because of the lack of solvation and high 

interfacial free energy such as emulsions, suspensions, and aerosols (Danielsson and Lindman, 

1981; Pecorino, 2005).
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Although signifi cant progress has been made in drug targeting, there are still some problems 

to overcome. Systemic toxicity and damage to healthy cells as well as drug resistance are the chal-

lenges of cytotoxic treatment (Martino and Kaler, 1990; Mehta et al., 1990; Vasir et al., 2005). 

Therefore, pharmaceutical science is working for solutions either by inventing new targeted thera-

pies or by fi nding new solutions for conventional drugs. Further efforts are needed to enlarge our 

understanding of molecular targets and to discover new ones (Kayser et al., 2005; Krauel et al., 

2007; Wang et al., 2004).

The benefi ts and drawbacks of using a CDDS may be classifi ed into two broad categories: formu-

lation (physicochemical) and biopharmaceutical aspects (Table 24.1).

CDDSs are used as intravenously injected carriers for drug delivery to specifi c organs or targeted 

sites within the human body (Kurihara et al., 1996; Yamaguchi et al., 1984). In colloidal systems the 

size of the particle is very important in the distribution of the drug in the human body (Rabinow, 

2004). Generally, a large particle is easily removed by the liver and spleen. The stability of a small 

particle is higher than the a large particle in drug delivery devices. Reducing the size of colloidal 

particle carriers in the range of 100 to 400 nm enhances the stability of these systems and creates 

the chance of escaping from the vascular system via cavities in the lining of blood vessels (Claudia 

and Rainer, 2002; Hultin et al., 1995; Rahimnejad et al., 2006). Therefore, the larger colloidal par-

ticles given by an intravenous (i.v.) route are rapidly taken up by the mononuclear phagocyte system 

(MPS; Yamaguchi et al., 1984) whereas small particles (<400 nm) can signifi cantly extravasate into 

tumors because of the enhanced permeability of the tumor vasculature (Hultin et al., 1995). A 

smaller particle size (<200 nm) CDDS could allow for more favorable biodisposition. Moreover, the 

poly(ethylene glycol) (PEG) modifi cation (PEGylation) of these systems provides longer circulation 

times and enhanced accumulation at the tumor site (Butsele et al., 2007). Figure 24.2 was obtained 

from an examination in various tumor models in mice, clearly indicating that the size of the long-

circulating liposome was an important factor for extravasation (Maruyama et al., 1999). Because of 

the increased circulation time of the liposomes containing distearoyl phosphatidylcholine and PEG 

and the leaky structure of the microvasculature in the solid tumor tissue, those liposomes have been 

shown to accumulate preferentially in tumor tissue. Thus, under physiological tumor conditions, 

only small liposomes ranging from 100 to 200 nm in diameter with a prolonged circulation half-life 

encounter more opportunities to extravasate through discontinuous capillaries, as well as to escape 

the gaps between adjacent endothelial cells and openings at the vessel termini during tumor angio-

genesis. It is conceivable that long-circulating liposomes could also take advantage of the enhanced 

permeability and retention (EPR) effect for effi cient targeting binding in the tumor.

CDDSs can be also divided into three convenient classes: “hard,” “soft,” and “macromolecular” 

colloidal carriers (Table 24.2; Boyd, 2005).

TABLE 24.1
Some Benefi ts and Drawbacks of CDDSs

Formulation Aspect Biopharmaceutical Aspect

Benefi ts Injectability Controlled or sustained release

Increased dissolution rate Improved bioavailability

Solubilization of poorly soluble drugs Protection for active agent

High surface area Targeting

Increased drug stability Extravascular or transdermal transport

Drawbacks Low drug loading Complicates pharmacokinetic analysis

Low colloidal stability Excipients may infl uence the drug 

pharmacokinetics

Needs excipients Complex manufacture and quality control
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Even though CDDSs are quite complex, their use in the pharmaceutical fi eld is growing day by 

day. Emulsions, microemulsions, and micelles are used to modify drug solubility; and nanoparti-

cles, nanosuspensions, liposomes, microspheres, and micellar systems have provided new options 

for delivering drugs either perorally or parenterally. Recent developments in CDDSs are addressing 

many biomedical and pharmaceutical problems. It is assumed that nanotechnology will serve to 

develop these systems even further in order to achieve an ideal “cytotoxic drug” (Bromberg and 

Ron, 1998; Cho et al., 2007; Primo et al., 2008).
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FIGURE 24.2 The effect of liposome size on the extravasation of PEG liposome into tumor tissue. Liposomes 

were injected into tumor-bearing mice via the tail vein and biodistribution was estimated at 6 h after injection. 

Tumor-bearing mice were prepared by subcutaneously inoculating tumor cells (~1 × 107) and tested when the 

tumor mass volume reached about 1000–1500 mm3. (From Maruyama, K., et al. 1999. Advanced Drug 
Delivery Review, 40, 89–102. With permission.)

TABLE 24.2
Classifi cation of CDDSs

Colloidal Carriers

Hard Soft Macromolecular

Solid drug nanoparticles Micelles Dendrimers

Solid lipid nanoparticles Submicron emulsions and 

microemulsions

Protein conjugates

Polymeric nanoparticles Liposomes Polymeric micelles

Physical Form

Crystalline materials formed by precipitation Self-assemble into structural 

form; core is essentially liquid

Molecular materials approaching 

colloidal dimensions

Drug Release

Drug primarily released by erosion or 

degradation mechanism

Drug released by diffusion or 

partition control

Often a prodrug requiring 

cleavage of drug from the carrier

Source: From Boyd, B. B. 2005. Drug Delivery Report, Autumn/Winter: 63–69. With permission.



Classifi cation and Application of Colloidal Drug Delivery Systems 551

24.3 DRUG TARGETING

One of the major problems facing cancer therapy is to achieve good specifi city of antineoplastic 

agents for their intended site of action in the body. As a result of their toxicity toward healthy tissues, 

many anticancer drugs are often administered at doses that are subtherapeutic. Therefore, the effec-

tive cancer therapy is to selectively destroy cancer cells while sparing normal tissues. Drug target-

ing has evolved as the most desirable but elusive goal for drug delivery. By altering the 

pharmacokinetics and biodistribution of drugs and restricting their action to the targeted tissue, 

increased drug effi cacy with concomitant reduction of their toxic effects can be achieved. The 

encapsulation of the chemotherapy agents within colloidal systems usually improves drug effi ciency 

and leads to a decrease of the toxicity because the carrier exits the blood circulation in tissues where 

capillary junctions have been disrupted and are not tightly bound, for example, tumor growth areas. 

A number of drugs have now been successfully encapsulated in liposomes, microparticles, nanopar-

ticles, and particularly lipidic–colloidal systems such as emulsions and microemulsions; in most 

cases, it appears to improve therapeutic effi cacy and largely decreases toxicity (Au et al., 2001, 

2002; Azevedo et al., 2005; Formariz et al., 2006; Hwang et al., 2004; Junping et al., 2003; Kawakami 

et al., 2005; Shiokawa et al., 2005; Thorpe, 2004).

24.3.1 ANATOMICAL BARRIERS OF TUMOR TISSUE

CDDSs are generally eliminated by the MPS. The MPS is composed of cells (macrophages and 

monocytes) that remove senescent cells from the blood circulation and provide phagocyte cells to 

infl ammatory sites following their recruitment by cytokines or complement proteins. The principal 

phagocyte cells are found in the liver (Kuppfer cells), spleen, and bone marrow. CDDSs can be 

removed from blood circulation by various routes such as transcytosis, which constitutes a transport 

process across the endothelial cells as observed, for example, for the blood–brain barrier or via 

intracellular transfer. When the CDDSs are small (<100 nm), a possible transfer passage through 

fenestrates in the endothelium of the liver and through the permeable vascular endothelium in lymph 

nodes has been described (Lu et al., 2005; Vonarbourg et al., 2006).

The size of the CDDSs as well as their surface characteristics are the key for the biological 

fate of these systems, because these parameters can prevent their uptake by MPS macrophages. A 

high curvature and hydrophilic surface are needed to reduce opsonization reactions and subse-

quent clearance by macrophages (Azevedo et al., 2005; Brigger et al., 2002; Butsele et al., 2007; 

Maruyama et al., 1999).

In vivo target-specifi c drug delivery is not simple. Colloid-based delivery systems are one of the 

most promising approaches that overcome the limitation. The unique vascular structural changes 

associated with the pathophysiology of a tumor may provide opportunities for the use of CDDSs. 

The abnormal tumor vasculature breaks all of the rules of normal blood vessel construction. In 

 general, tumor vessels are inherently leaky, because of the wide interendothelial junctions, large 

number of fenestrates, and transendothelial channels formed by vesicles and discontinuous or absent 

basement membranes. However, the blood vessels in most normal tissues are nonfenestrated capil-

laries. These blood vessels are composed of a single layer of endothelial cells with tight junctions. 

The extravasation of intravenously administered macromolecules or CDDSs such as liposomes is 

restricted to sites where the endothelial barrier has open fenestration because normal tissues have 

tight endothelial junctions. The endothelial barrier may prevent liposomes from traversing intact 

vessels (Au et al., 2001, 2002; Cho et al., 2007; Thorpe, 2004). An illustration of the anatomical 

barriers of tumor tissue and extravasations of liposomes from the blood are is provided in Figure 

24.3. Generally, the capillary permeability of the endothelial barrier in newly vascularized tumors is 

signifi cantly greater than that of normal tissues. The extravasation of circulating molecules from 

blood vessels to the tumor region is a function of both local blood fl ow and microvascular permea-

bility. Thus, the amount of tissue accumulation of a drug is directly proportional to the area under 
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the curve (AUC) of the plasma clearance. In this regard, a low AUC value attributable to rapid 

uptake of immunoliposomes (ILPs) by the MPS leads to a low level of tumor accumulation, even if 

the tumor vasculature is leakier than the normal tissue. In addition, because of little or no lymphatic 

drainage in tumor tissues, accumulated macromolecules are retained in the tumor interstitium for a 

prolonged period of time. Such a phenomenon, termed the EPR effect, occurs universally among 

tumors (Maruyama et al., 1999).

24.3.2 APPROACHES TO DRUG TARGETING

Chemotherapeutic and radiotherapeutic options are designed to kill cells in cancer treatment, so the 

specifi city of drug action gains paramount importance. These strategies are based on the basic prin-

ciple of preferentially killing cancer cells without having any signifi cant toxic effect on normal cells 

(Azarmi et al., 2006; Boyd, 2005; Peppas-Brannon and Blanchette, 2004). Recently, ILPs, in which 

brain-specifi c targetors were covalently conjugated to PEG-modifi ed liposomes (PEGylated lipo-

somes) as a drug carrier via the tips of its functional PEG strands, proved to be successful in brain 

drug delivery. Its advantages over the drug–targetor direct combination technique were the larger 

drug loading capacity, disguise of the limiting characteristics of drugs with the physical nature 

of the liposome, and reduction of drug degradation in vivo. The surface modifi cation of PEG enabled 

the liposomes to escape the arrest of the MPS so as to prolong its half-life in plasma and increase 

the AUC (Lu et al., 2005).

A vast array of methods, which can be further classifi ed into three key approaches (passive, 

active, and physical), have been explored for targeting drugs by means of designing innovative col-

loidal systems (Table 24.3). Some of the methods like catheterization, direct injection, prodrugs, or 

chemical delivery systems have the inherent capability to deliver drugs or their appropriate modifi -

cations to the specifi c site of action. However, others require the design of a suitable carrier system 

to be able to deliver the drug to its target site. Following is a description of such approaches to drug 

targeting (Azarmi et al., 2006, 2008; Byrne et al., 2008; Fonsatti et al., 2003; Peppas-Brannon and 

Blanchette, 2004; Sasatsu et al., 2008; Vasir et al., 2005).

24.3.2.1 Passive Targeting Approaches
Passive targeting refers to the accumulation of a drug or drug-carrier system at a particular site 

because of physicochemical or pharmacological factors. Drug or drug-carrier systems can be 
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FIGURE 24.3 A pictorial presentation of the anatomical barriers of solid tumor tissue and extravasation of 

liposomes through capillaries from blood circulation. (From Maruyama, K., et al. 1999. Advanced Drug 
Delivery Review, 40, 89–102. With permission.)
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 passively targeted, making use of the pathophysiological and anatomical opportunities (Au et al., 

2001, 2002; Butsele et al., 2007).

The EPR effect has been predominantly used for passive targeting of drugs with molecular 

weights of more than 40 kDa and for low molecular weight drugs presented in drug carriers such as 

polymeric drug conjugates, liposomes, polymeric nanoparticles, and micellar systems to solid 

tumors. To take advantage of this pathophysiological opportunity, the targeted drug or drug carriers 

should have long circulation times and should not lose therapeutic activity while in circulation. 

Other factors that infl uence EPR include the size of tumors, degree of tumor vascularization, and 

angiogenesis. Thus, the stage of the disease is critical for drug targeting using the EPR effect (Vasir 

and Labhasetwar, 2005).

Sasatsu et al. (2008) performed an interesting study for passive tumor targeting. A novel probe, 

poly(d,l-lactic acid) (PLA)-pyrene, was prepared by reductive amination of PLA-aldehyde and 

aminopyrene. Methoxy-PEG amine-block-PLA copolymer (PLA-b-MeO-PEG) nanoparticles 

loaded with PLA-pyrene were formulated and examined on retention of PLA-pyrene in the nanopar-

ticles and biodisposition in normal and sarcoma-180 solid tumor bearing mice. The biodispo sition 

profi les of the probe in the plasma and major organs are provided in Figure 24.4. After i.v. injection 

in normal rats, the plasma level of PLA-pyrene was very high for the initial 8 h and accumulated 

gradually into organs, especially the spleen and liver. After i.v. injection in tumor-bearing mice, 

PLA-pyrene had similar biodistribution profi les and was accumulated well in the tumor,  suggesting 

that PLA-b-MeO-PEG nanoparticles should be delivered effi ciently to solid tumors. PLA-pyrene 

might be a useful probe of the nanoparticles themselves. In addition, Sasatsu et al. demonstrated that 

PLA-b-MeO-PEG nanoparticles should be a useful drug carrier for passive tumor targeting.

24.3.2.2 Active Targeting Approaches
Passive targeting approaches are limited in their scope, so tremendous effort has been directed 

toward the development of active approaches for drug targeting. Active targeting employs a specifi c 

modifi cation of a drug or drug-carrier nanosystem with “active” agents having selective affi nity for 

recognizing and interacting with a specifi c cell, tissue, or organ in the body. Direct coupling of 

drugs to a targeting ligand restricts the coupling capacity to a few drug molecules. In contrast, cou-

pling of drug-carrier nanosystems to ligands allows the import of thousands of drug molecules by 

means of one receptor-targeted ligand (Byrne et al., 2008; Fonsatti et al., 2003; Thorpe, 2004).

TABLE 24.3
Drug Targeting Approaches

Passive Targeting Active Targeting Physical Targeting

1. Pathophysiological factors 1. Biochemical targets 1. Ultrasound targeting

Infl ammation or infection• Organs• Low ultrasound energies• 

EPR effect• Cellular• 2. Magnetic targeting

2. Physicochemical factors Organelles• Magnetic fi eld• 

Size• Intracellular

Molecular weight• 2. Physical or external stimuli

3. Anatomical opportunities Ultrasound• 

Catheterization • Magnetic fi eld• 

Direct injection• 3. Pretargeting or sandwich targeting

4. Chemical approaches 4. Promoter or transcriptional targeting

Prodrugs• 

Chemical delivery systems• 
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Active targeting involves the use of peripherally conjugated targeting moieties for enhanced 

delivery of nanoparticle systems. The targeting moieties are important to the mechanism of cellular 

uptake. Long circulation times will allow for effective transport of the nanoparticles to the tumor 

site through the EPR effect, and the targeting molecule can increase endocytosis of the nanoparti-

cles. If the nanoparticle attaches to vascular endothelial cells via a noninternalizing epitope, high 

local concentrations of the drug will be available on the outer surface of the target cell. Although 

this has a higher effi ciency than the free drug released into circulation, only a fraction of the released 

drug will be delivered to the target cell (Byrne et al., 2008; Vasir and Labhasetwar, 2005).

In active targeting by ILPs, two anatomical compartments are considerable for targeting sites. 

One is located in a readily accessible site in the intravascular compartment, and another is a much 

less accessible target site located in the extravascular compartment. However, the active targeting 

with ILPs was determined by two kinetically competing processes, such as binding to the target 

site and uptake by the MPS. To overcome these contradictions, Maruyama et al. (1999) designed a 

new type of long-circulating ILP, which was PEG-ILP attached antibodies at the distal end of the 

PEG chain, the so-called pendant-type ILP [transferrin (TF)-PEG-ILP]. TF was used for targeting 

to the solid tumor tissue. TF-PEG-ILP was internalized into tumor cells with receptor-mediated 

endocytosis, after extravasation into tumor tissue (Figure 24.5). Active targeting to tumor tissue 

with the pendant-type ILP is particularly important for many highly toxic anticancer drugs utilized 

in cancer chemotherapy.
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FIGURE 24.4 Biodistribution profi les of the probe in plasma and organs after i.v. injection of PLA-pyrene-

loaded nanoparticles to normal mice at a dose of 20 mg/kg. The results are expressed as mean ± SE (n = 4). 

(From Sasatsu, M., Onishi, H., and Machida, Y. 2008. International Journal of Pharmaceutics, 358, 271–277. 

With permission.)
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24.3.2.3 Physical Targeting Approaches
This is a new targeting strategy that makes use of an external stimulus to target the release of the 

drug at a specifi c site in the body. The magnetic targeting approach involves i.v. injection of a thera-

peutic agent that is bound or encapsulated in a magnetic drug carrier, which can then be directed 

and preferentially localized in the tumor tissue upon application of an external localized magnetic 

fi eld. Such drug carriers include magnetic liposomes, microspheres, nanospheres, and a colloidal 

iron oxide solution (magnetic ferrofl uids). When using the ultrasound technique, the low ultrasound 

energies required for this kind of targeting increase the intracellular uptake of the drug, whereas 

energies greater than the cavitation threshold can severely damage the cell membranes. Ultrasound 

waves focused at the tumor tissue can be used to trigger the release of anticancer agents from poly-

meric micelles and thus allow effective intracellular uptake of the encapsulated drug (Vasir and 

Labhasetwar, 2005).

24.3.3 DELIVERY OF SPECIFIC ANTICANCER AGENTS AS COLLOIDAL DRUG DELIVERY SYSTEM

Anticancer drugs can be associated with CDDSs such as polymeric micelles, microemulsions, 

nanoparticles, and liposomes. Numerous studies were performed on body distribution after using 

the systemic route of colloidal systems. Over the last few decades, CDDSs and especially nanopar-

ticles have received much attention. Nanoparticles can be administered via different routes such as 

parenteral, oral, intraocular, transdermal, or pulmonary inhalation (Azarmi et al., 2006, 2008; 

Brigger et al., 2002; Cho et al., 2007; Primo et al., 2008; Vonarbourg et al., 2006). An interesting 

nanoparticle formulation was prepared by Azarmi et al. (2006). In their study doxorubicin (DOX)-

loaded nanoparticles were incorporated into inhalable carrier particles. The cytotoxic effects of free 

DOX, carrier particles containing blank nanoparticles, or DOX-loaded nanoparticles on H460 and 

A549 lung cancer cells were assessed using a colorimetric 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-

2H-tetrazolium-5-carbox-anilide cell viability assay. The DOX nanoparticles showed higher cyto-

toxicity at the highest tested concentration compared with the blank nanoparticles and the free DOX 

in both cell lines. This study supports the nanoparticle approach of treatment in lung cancer in dry 

powder aerosol form.

A prime example of targeting membrane type-1 matrix metalloproteinase (MT1-MMP) involves 

Fab222-1D8′ fragments of antihuman MT1-MMP monoclonal antibody conjugated to DOX ILPs, 
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FIGURE 24.5 The time course of blood residence and liver uptake of TF conjugating pendant-type immu-

noliposomes in B16 tumor-bearing mice. (From Maruyama, K., et al. 1999. Advanced Drug Delivery Review, 

40, 89–102. With permission.)



556 Colloids in Drug Delivery

which are targeted to tumor-bearing mice inoculated with HT1080 cells (Hatakeyama et al., 2007). 

The Fab′ fragments of an antibody against MT1-MMP were modifi ed at the distal end of PEG of 

DOX-encapsulating liposomes (DXR), producing DXR-sterically stabilized ILPs {DXR-SIL [anti-

MT1-MMP (Fab′)]}. These ILPs were administered into the tumor-bearing mice. After 12 days, the 

nontargeted liposome (DXR-SIL) treatment showed a decreased tumor volume in only one out of 

six mice and three of six mice died, presumably from the side effect of DOX-fi lled nontargeted 

liposomes. However, in the targeted liposomes, tumor volume decreased by a factor of 2 by day 12, 

only one mouse experienced notable body weight changes, and no deaths occurred. To measure 

DOX distribution in the tumor, [14C]-DOX was administered and the radioactivities in the blood and 

tumor were tested after 48 h. The blood concentrations of [14C]-DOX for targeted and nontargeted 

liposomes were comparable, indicating that the targeting moiety did not alter tumor accumulation. 

However, there was more effi cient internalization of the targeted nanoparticles compared to the 

nontargeted nanoparticles, as demonstrated in Figure 24.6.

Another successful example of a CDDS is microemulsions, and several anticancer drugs can be 

successfully encapsulated into microemulsions (Hwang et al., 2004; Junping et al., 2003; Karasulu, 

2008; Karasulu et al., 2004, 2007; Shiokawa et al., 2005; Terek et al., 2006). An interesting study 

was performed by Hwang et al. (2004). The primary aim of this study was to develop a parenteral 

formulation of all-trans-retinoic acid (ATRA) by overcoming its solubility limitation by utilizing a 

phospholipid-based microemulsion system as a carrier. The pharmacokinetic profi le of ATRA on 

human cancer HL-60 and MCF-7 cell lines were also similar (Table 24.4) between free ATRA and 

a microemulsion formulation of ATRA, suggesting that the anticancer activity was not impaired by 

loading in a microemulsion. This study demonstrated that phospholipid-based microemulsions may 

provide an alternative parenteral formulation of ATRA, which has signifi cant antitumoral activity 

for many types of cancer. Other important research was carried out with injectable microemulsions 
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Endothelial 
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Cellular uptake 
to tumor cell 
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FIGURE 24.6 A schematic diagram demonstrating a possible mechanism for the accumulation of targeted 

{DXR-SIL [anti-MT1-MMP(Fab′)]} and nontargeted (DXR-SIL) nanoparticles. Tumor accumulation of the 

targeted nanoparticle is comparable to the nontargeted nanoparticle and can be explained by the EPR effect. 

However, after the nanoparticles accumulate in the tissue, the targeted nanoparticle is more effi ciently inter-

nalized via receptor-induced endocytosis. (From Hatakeyama, H., et al. 2007. International Journal of 
Pharmaceutics, 342, 194–200. With permission.)
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of vincristine (M-VCR); its pharmacokinetics, acute toxicity, and antitumor effects were evaluated 

in C57BL/6 mice bearing mouse murine histocytoma M5076 tumors (Junping et al., 2003). The 

plasma AUC of M-VCR was signifi cantly greater than that of free VCR (F-VCR; Table 24.5). M-VCR 

had lower acute toxicity and greater potential antitumor effects than F-VCR in C57BL/6 mice with 

M5076 tumors. M-VCR is as a useful tumor-targeting microemulsion drug delivery system.

In addition to these data, Shiokawa and coworkers (2005) reported a novel microemulsion for-

mulation for a tumor-targeted drug carrier of the lipophilic antitumor antibiotic aclacinomycin A. 

Their fi ndings suggested that a folate-linked microemulsion is feasible for tumor-targeted aclacino-

mycin A delivery. The study showed that folate modifi cation with a suffi ciently long PEG chain on 

emulsions is an effective way of targeting the emulsion to tumor cells.

Much effort has been made to achieve lymphatic targeting of drugs using colloidal carriers. 

Nishioka and Yoshino’s (2001) study described the recent advance of the targeted delivery of drugs 

to the lymph node. To evaluate the lymphatic targeting ability, the performance of polyisobutylcy-

anoacrylate nanocapsules following intramuscular administration were compared with three 

 conventional colloidal formulations, including an egg phosphatidylcholine (EPC) emulsion, phos-

pholipid (PL) emulsion, and EPC liposome, and an oily solution of 12-(9-anthroxy) stearic acid 

(ASA). The ASA concentration–time profi les in the injection site, lymph nodes, and blood are shown 

in Figure 24.7. Clearly, polyisobutylcyanoacrylate nanocapsules are retained in the regional lymph 

nodes far longer than other colloidal carriers following intramuscular administration.

Thus, without question, targeting strategies involving CDDSs, which can alter a drug’s biodistri-

bution to avoid toxicity and maximize its effectiveness, can enhance the prospects that new antican-

cer drugs will reach the patients.

24.4 CONCLUSION

One of the major problems encountered in cancer treatment is that the cytotoxic agents are nonse-

lective between normal and cancer cells. This nonselectivity results in a wide spectrum of side 

effects and limits the dose of the chemotherapeutic agents. Modern oncology seeks solutions for 

this challenge to daily oncologic practice. Thus, effective drug delivery systems are appearing as a 

result of more accurate targeting of pathological tissues. Therefore, CDDSs offer opportunities 

to achieve drug targeting with newly discovered disease-specifi c targets. Advances in identifi cation 

TABLE 24.4
Noncompartmental Pharmacokinetic Parameters of ATRA 
after i.v. Administration of Sodium ATRA or ATRA 
Microemulsion, Equivalent to 4 mg/kg as ATRA, to rats (n = 5)

Parameters

Formulation

Sodium ATRA Microemulsion

T1/2 (h) 1.31 ± 0.50 1.20 ± 0.39

AUC (μg h/mL) 8.27 ± 2.27 9.86 ± 1.39

MRT (h) 1.89 ± 0.13 1.73 ± 0.13

Vss (mL/kg) 850.26 ± 145.91 651.18 ± 106.71a

CL (mL/h) 450.73 ± 178.47 376.84 ± 63.56

Source: From Hwang, S.R. et al. 2004. Inter national Journal of Pharmaceutics, 

276,  175–183. With permission.

Note: T1/2 (h); MRT—mean reaction time, Vss (mL/kg)—Apparent volume of distri-

bution at steady state, CL (mL/h)—Total clearance.
a p < 0.05, when compared with sodium ATRA.
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of tumor-specifi c targets and development of different drug delivery approaches for tumor target-

ing have opened an important avenue for the development of a successful targeted drug delivery 

modality for cancer therapy. Incorporation of CDDSs to conventional cytotoxic treatment might 

allow a reduction in doses and may thus diminish adverse effects while maintaining the therapeutic 

effect in cancer patients.

TABLE 24.5
Comparison of Pharmacokinetic Parameters of M-VCR and 
F-VCR Administered in C57BL76 Mice

F-VCRa M-VCRa

C0 (μg/mL) 1.11 ± 0.16 0.85 ± 0.12

K12 (L/h) 31.74 ± 4.24 0.30 ± 0.01

K21 (L/h) 6.78 ± 1.52 0.21 ± 0.08

Ke (L/h) 1.37 ± 0.28 0.07 ± 0.01

T1/2× (h) 0.02 ± 0.01 1.25 ± 0.31*

T1/2β (h) 2.96 ± 0.43 25.76 ± 3.88*

V1 (L/kg) 1.82 ± 0.37 2.35 ± 0.41

V2 (L/kg) 8.51 ± 2.32 3.52 ± 0.59

Vss (L/kg) 10.33 ± 3.45 5.88 ± 1.21

CL (L/h/kg) 3.28 ± 0.25 0.17 ± 0.09*

Source: From Junping, W., et al. 2003. International Journal of Pharmaceutics, 251, 

13–21. With permission.

Note: The VCR i.v. dose was 2 mg/kg. C0—initial concentration; Vss (mL/kg)— 

Apparent volume of distribution at steady state, CL (mL/h)—Total clearance.
* The results are given as mean ± SD (n = 3).
a p < 0.01, compared with those of F-VCR.
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ABBREVIATIONS

ASA 12-(9-Anthroxy) stearic acid

ATRA All-trans-retinoic acid

AUC Area under the curve

CDDS Colloidal drug delivery system

DOX Doxorubicin

DXR-SIL [anti-MT1-MMP(Fab′)] Doxorubicin–sterically stabilized immunoliposomes

EPC egg phosphatidylcholine

EPR Enhanced permeability and retention

F-VCR Free vincristine

ILP Immunoliposome

i.v. Intravenous

MPS Mononuclear phagocyte system

MT1-MMP Membrane type-1 matrix metalloproteinase

MTD Maximum tolerated dose

M-VCR Microemulsions of vincristine

PEG Poly(ethylene glycol)

PL phospholipid

PLA Poly(d,l-lactic acid)

TF Transferrin

TF-PEG-ILP Pendant-type immunoliposome
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25.1 INTRODUCTION

A new era dawned in the history of medical diagnosis after the discovery of the x-ray by Roentgen. 

Since the inception of x-ray technology for medical imaging, the invention of noninvasive method-
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biology, and drug discovery have been continuous. The noninvasive imaging of various organs, 

 tissues, or cells or various pathologies has been conducted with contrast agents. These contrast 

agents have become a mainstay in modern medicinal and biological research, and many reports now 

discuss the future scope and commercialization prospects. The sales of medical imaging contrast 

agents reached $1.41 billion in 2003 and are expected to rise to $2.58 billion by 2009 in the United 

States alone.

A contrast agent helps to establish the appropriate signal intensity from an area of interest, thus 

differentiating certain structures from surrounding tissues and highlighting the abnormalities, 

regardless of the imaging modality. It is diffi cult to detect and locate pathologies without a proper 

imaging agent. With the advent of contrast agents such as fl uorescent probes, it is now possible to 

selectively view specifi c biological events and processes in both living and nonviable systems with 

improved detection limits, imaging modalities, and engineered biomarker functionality.

The real success of medical imaging depends upon the selective and targeted delivery of these 

imaging agents or contrast agents to the organ or tissue of interest. The imaging agents themselves 

do not possess the ability to selectively accumulate in the region under investigation and often 

require a suitable carrier to achieve this task.

Various carriers ranging from simple emulsions to innovative nanoparticulate carriers have been 

explored for the delivery of imaging agents in the last decade. This chapter focuses on the potential 

and applications of various pharmaceutical nanocarriers and their advantages in the delivery of 

imaging agents used for various imaging modalities.

The appropriate signal intensity from an area of interest is aided by the use of a contrast agent, 

which differentiates certain structures from the surrounding tissues and highlights the abnor-

malities, whatever imaging modality is utilized. Nonenhanced imaging is seldom used except 

when relatively large tissue areas are involved in pathological process. It is diffi cult to detect and 

locate pathologies without a proper imaging agent. For a target to be diagnostically identifi ed, 

there must be a suffi cient amount of activity above the background activity of normal tissue; gen-

erally, this target to background ratio is 1.5. A contrast agent encapsulated in a nanocarrier is 

absorbed by tissues (i.e., macrophage-rich tissues). This adsorption process is dependent on the 

size of the nanocarriers. The small particles enter blood or lymphatic capillaries whereas the 

large ones are retained in the tissues. The two main routes of administration of contrast agents are 

systemic and via local circulation. The performance of the contrast agent can be optimized by 

varying its physicochemical properties or that of the contrast carrier so that the rate of its disap-

pearance from the injection site upon local administration can be determined. The major draw-

back of systemic administration is the increase of the exposure of nontarget organs to a potentially 

toxic contrast agent. A specifi c contrast agent concentration must be reached for successful imag-

ing, and it varies with different diagnostic moieties. For example, the tissue concentration is rela-

tively high in magnetic resonance imaging (MRI, 10e4 M). Nanocarriers have been used to 

overcome this for effi cient delivery of contrast agents to areas of interest (Torchilin, 1997b). The 

term nanocarriers is derived from the Greek word nano, meaning dwarf; their dimensions and 

tolerances are in the 0.1- to 100-nm range. Various colloidal nanocarriers such as liposomes; 

nanoemulsions; polymeric, lipid, and magnetic nanoparticles; dendrimers; quantum dots (QDs); 

and ferrofl uids have been suggested for the accumulation of contrast agent in the required zone. 

We will discuss all of them in detail along with a brief review of their applications as suggested 

in the literature. The desirable attributes of nanocarriers that are required for enhanced imaging 

are small size, stability, biocompatibility and biodegradability, large surface to volume ratio, site-

specifi c delivery, ease of production and clinical use, sensitivity, early detection, and possibility 

of long-circulating “stealth.” These attributes lower the cost of therapy and enhance the applica-

bility with standard commercially available imaging modalities.

The various imaging modalities used currently include γ scintigraphy, MR, computed tomogra-

phy (CT), and ultrasonography (US; Torchilin, 2005). Examples of the contrast agents used with 

different imaging modalities and their required sensitivities are summarized in Table 25.1.
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25.1.1 SCINTIGRAPHIC IMAGING

The radiopharmaceutical in scintigraphic imaging is labeled with a γ-irradiation (photon) emitting 

radionuclide. Photons with the appropriate energy (100 ± 500 keV) can penetrate tissues and can be 

detected outside the body (Boerman et al., 2000). The in vivo distribution of a γ-ray emitting radio-

pharmaceutical can be visualized using a γ camera. The advantages offered by scintigraphic imag-

ing over other higher resolution cross-sectional imaging modalities such as CT and MRI are rapid 

imaging and screening of the whole body for sites of abnormal uptake. It is a very sensitive method, 

and a relatively low dose of radionuclide is required because the γ label is highly penetrating. The 

amount of injected activity that reaches a particular location in the body can be quantifi ed noninva-

sively and requires the following:

 1. Correction of isotope decay

 2. Correction for the attenuation that occurs when the parts of the body absorb the emitted 

radiation before it can exit the body

 3. Subtraction of the amount of activity in the blood contained by a particular part or organ 

of the body

25.1.2 MAGNETIC RESONANCE IMAGING (MR/MRI)

MRI provides detailed images of the body in any plane. It is based on the principle of nuclear mag-

netic resonance, where measurements are made of the changes in magnetization of hydrogen pro-

tons in water molecules sitting in a magnetic fi eld after a pulse of radiofrequencies hits them. The 

protons in various tissues react differently, resulting in a picture of the anatomical structures. After 

turning off the radiofrequency, the protons relax to the ground state. The relaxation is achieved in 

two ways: longitudinal relaxation (T1) and spin–spin relaxation (T2). The values of T1 and T2 depend 

on the chemical and magnetic environment in which a particular nucleus is situated, and the struc-

tures and tissues within the body have different T1 and T2 values (Tilcock, 1999a). In MR images 

derived from changes in T1, regions that are associated with a contrast agent (nearby water mole-

cules) have increased signal intensity compared with regions not associated with a contrast agent. 

The inverse is true for T2-weighted images. Regions associated with a superparamagnetic center 

(such as an iron oxide particle) have reduced signal intensity in an MR image compared with areas 

without contrast agents. MRI provides much greater contrast between the different soft tissues of 

the body than CT, making it especially useful in neurological, musculoskeletal, cardiovascular, and 

oncological imaging. These images can be enhanced by adding contrast agents that sharpen the 

contrast by affecting the behavior of protons in their proximity.

The contrast agents used in scintigraphic imaging and their salient features are summarized in 

Table 25.2. Other radionucleotides are also used, such as redium 186, krypton 81 m, iodine 123, 

TABLE 25.1
Contrast Agents Used with Different Imaging Modalities

Imaging Modality Contrast Agent Sensitivity

γ Scintigraphy 111In, 99mTc, 67Ga 1 ng mL−1 to 100 mcg mL−1

MR Gd, Mn, iron oxide 1–10 mcg mL−1

CT Iodine, bromine, barium 1 mg mL−1

US Gas (air, argon, nitrogen) 1 mcg mL−1

PET 18F, 11C, 15O <1 pg mL−1

SPECT 111In chelates, 99mTc <1 pg mL−1
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xenon 133, iodine 131, and selenium 75 (Hardy and Wilson, 1981). MRI free transition metals, for 

example, copper(II) chloride, manganese(II) chloride, and ferric ammonium citrate, have also been 

reported (Pautler and Koretsky, 2002).

25.1.3 COMPUTED TOMOGRAPHY (CT)

CT is also known as computed axial tomography or body section roentgenography. It uses digital 

geometry processing to generate a three-dimensional (3-D) image of the inside of an object from a 

large series of two-dimensional (2-D) x-ray images taken around a single axis of rotation (Krause, 

1999). The contrast in CT depends on the differential attenuation of the x-ray beam by different tis-

sues or structures. The attenuation varies with the energy of the beam and the tissue mass attenua-

tion coeffi cient that depends on the average proton number Z of the tissue. With higher Z, the 

probability of interaction between the incident photon and the electron orbital of a particular atom 

within the tissue increases and therefore higher attenuation is achieved (Tilcock, 1999a). Synchrotron 

x-ray tomographic microscopy is a 3-D scanning technique that allows noninvasive high defi nition 

scans of objects with details as fi ne as 1000th of a millimeter, meaning it has 2000–3000 times the 

resolution of a traditional medical CT scan.

25.1.4 ULTRASONOGRAPHY (US)

US uses the principle of the ultrasound-based diagnostic imaging technique. It can visualize mus-

cles and internal organs and their size, structures, and possible pathologies or lesions, as well as 

blood fl ow. All acoustic energies with a frequency above human hearing (20,000 Hz or 20 Kz) are 

used. The typical operating range of a US diagnostic is 2–18 MHz. The frequency is chosen so that 

it is a trade-off between the spatial resolution of the image and the imaging depth: lower frequencies 

produce less resolution but image deeper into the body.

TABLE 25.2
Salient Features of Contrast Agents Used in Scintigraphic Imaging

Contrast Agent Features

Gallium 67 (67Ga) Excessive high-energy emission (397 and 300 keV)

78-h half-life

Indium 111 (111In) Energy emission (247 and 172 keV)

67-h half-life

Expensive as produced by cyclotron

Technetium 99m (99mTc) Most extensively (70%) used isotope

6-h half-life

Ideal radiation energy 140 keV

Inexpensive

Wide availability

Safe decay products

Gadolinium(III) High magnetic moment (m2 = 63 BM2)

Has the most unpaired electrons of any stable ion

Stability constant of Gd(III)-DTPA complex is high (log KGd = 22.4), 

water soluble, and nontoxic

Manganese(II) High magnetic moments

Five unpaired electrons

Iron(III) High magnetic moments

Five unpaired electrons
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25.1.5 POSITRON EMISSION TOMOGRAPHY (PET)

Positron emission tomography (PET) is a nuclear medicine imaging technique. It produces a 3-D 

image or map of functional processes in the body. Pairs of γ-rays are emitted indirectly by a 

 positron-emitting radionuclide (tracer), which is introduced into the body on a biologically active 

molecule. Computer analysis then reconstructs the images of the tracer concentration in 3-D space 

within the body. Modern scanners are capable of reconstruction with the help of a CT x-ray scan that 

is performed on the patient during the same session and in the same machine.

25.1.6 SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY (SPECT)

Single photon emission computed tomography (SPECT or SPET) is another nuclear medicine 

tomographic imaging technique that uses γ-rays. The principle is similar to conventional nuclear 

medicine planar imaging using a γ camera. However, it can provide true 3-D information. The 

information is presented as cross-sectional slices, which can be easily reformatted or manipu-

lated as required. SPECT imaging is performed initially by using a γ camera to acquire multiple 

2-D images (also called projections) from multiple angles. A computer is then used to recon-

struct the 3-D data set by applying a tomographic reconstruction algorithm to the multiple pro-

jections. This data set can then be manipulated to show thin slices along any chosen axis of the 

body, similar to those obtained from other tomographic techniques, such as MRI, CT, and PET. 

Because SPECT acquisition is very similar to planar γ-camera imaging, the same radiopharma-

ceuticals may be used.

A summary of different nanocarriers used as carriers for different contrast agents for various 

imaging modalities is provided in Table 25.3, and the requirements of nanocarriers to carry out 

effi cient imaging in various imaging modalities are listed in Table 25.4.

TABLE 25.3
Nanocarriers Used with Different Techniques

Imaging 
Technique Liposomes Dendrimers

Polymeric 
Nanoparticles

Lipid 
Nanoparticles Emulsions

Polymeric 
Micelles

γ Scintigraphy √ — √ √ — √
MR √ √ √ √ √ √
CT √ √ √ — √ √
US √ — — — √ —

PET √ — √ — — —

SPECT √ — — — — —

TABLE 25.4
Requirements from Nanocarriers

Imaging Technique Requirement from a Contrast Agent

γ Scintigraphy Optimum energy and half-life

MR Increase in relaxivity

CT Enhanced attenuation

US Enhanced echogenicity

PET Optimum half-life

SPECT Optimum energy and half-life
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25.2 LIPOSOMES

Liposomes are spherical, self-closed structures formed by one or several concentric liquid bilayers 

with an aqueous phase inside and between the lipid bilayers. The different types of liposomal vesi-

cles are as follows (Phillips, 1999):

 1. Multilamellar vesicles (MLVs): These range in size from 500 to 5000 nm and consist of 

several concentric bilayers.

 2. Small unilamellar vesicles: These are around 100 nm in size and formed by a single bilayer.

 3. Large unilamellar vesicles (LUVs): LUVs range in size from 200 to 800 nm.

 4. Long-circulating liposomes: These liposomes are modifi ed (usually surface-grafted with 

certain polymers) so that they can stay in the blood much longer (for hours) than nonmodi-

fi ed liposomes.

 5. Immunoliposomes: Immunoliposomes carry antibodies attached to their surfaces and are 

able to accumulate in the area within the body where an attached antibody recognizes and 

binds its antigen.

Liposomes have several attractive features that make them an ideal carrier for diagnostic agents: 

excellent biocompatibility, ability to entrap hydrophilic as well as hydrophobic molecules, ability to 

protect the encapsulated agent from chemical and enzymatic degradation, and amenability for sur-

face modifi cation that enables targeting to various tissues (Torchilin, 2005). There are numerous 

published reviews describing the encapsulation of different contrast agents into liposomes (Al-Jamal 

and Kostarelos, 2007; Boerman et al., 2000; Caride, 1985, 1990; Dagar et al., 2003; Goins, 2001; 

Hamoudeh et al., 2008; Krause, 1999; Laverman et al., 2003; Mitra et al., 2006; Mulder et al., 2006b; 

Oku et al., 1993; Osborne et al., 1979; Phillips, 1999; Storm and Crommelin, 1998; Torchilin, 1994a, 

1996, 1997a, 1997b, 2005, 2006, 2007).

Diagnostic agents are usually incorporated in the liposomes by the lipid fi lm hydration method or 

the reverse-phase evaporation method that yields MLVs. Upon sonication or extrusion under high 

 pressure the MLVs are converted into unilamellar vesicles (ULVs). The ULVs with sizes ranging from 

0.1 to 0.4 μm are known as LUVs, and they have an important role in targeting (Phillips, 1999).

25.2.1  LIPOSOMES AS CARRIERS FOR CONTRAST AGENTS USED IN γ SCINTIGRAPHY 
AND MAGNETIC RESONANCE

For effi cient contrast in γ scintigraphy the contrast agent needs to be associated with the liposome 

(Boerman et al., 1998; Phillips, 1999). The ideal requirements of the γ-imaging liposome label for 

clinical diagnostic applications (Phillips and Goins, 1995) include the following:

 1. Shelf stability of the preformed liposome

 2. High labeling effi ciency

 3. Convenient labeling at room temperature

 4. Use of readily available isotopes that have good physical imaging characteristics and half-life

 5. In vitro and in vivo stability

 6. Retention of the label at the site of initial uptake

 7. Universal applicability to all types of liposomes

There are different ways by which liposomes can be labeled by radioisotopes (Phillips, 1999):

 1. Labeling by encapsulation during manufacture

 2. Liposome surface labeling after manufacture

 3. Incorporation into the lipid bilayer after manufacture
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 4. Surface labeling of the preformed liposome incorporating a lipid chelator conjugate during 

manufacture

 5. Aqueous phase loading of the preformed liposomes or “after loading”

Technetium was encapsulated in MLVs and LUVs with labeling effi ciencies of 30% and 5%, respec-

tively (Caride, 1981; Espinola et al., 1979). The quantity of liposome-associated reporter metal can be 

enhanced by using membrane-anchored chelating polymers that are capable of carrying metal atoms, 

or the liposome surface may be modifi ed to enhance the signal intensity from the liposomal reporter 

metal by using different polymers (Torchilin, 1994a, 1994b). These polymers may be amphiphilic or 

water soluble. In MRI the metal atoms chelated into these groups are directly exposed to the water 

environment, resulting in the enhancement of the signal intensity of the paramagnetic ions that further 

leads to enhancement of the vesicle contrast properties. Association of amphiphilic poly(ethylene gly-

col) (PEG) with the liposomal surface causes an increased concentration of  PEG-associated water 

protons in the vicinity of chelated gadolinium (Gd) ions, leading to enhanced relaxivity. Coating with 

PEG makes the liposomes circulate a long time, which can be utilized for blood pool imaging 

(Torchilin, 2005). A liposomal drug delivery system that is responsive to pH stimuli can be used for 

the detection of pathological areas with decreased pH (Lokling et al., 2004a, 2004b, 2004c).

Various methods have been suggested in the literature to improve the labeling effi ciencies such 

as surface labeling (Barratt et al., 1984; Love et al., 1989b; Richardson et al., 1977, 1978), incorpora-

tion of lipid diethylenetriaminepentaacetic acid (DTPA; Ahkong and Tilcock, 1992; Goto et al., 

1989; Hnatowich et al., 1981; Tilcock et al., 1994a), and hexamethylpropyleneamine oxime (HMPAO) 

glutathione (Awasthi et al., 1998b; Boerman et al., 1997a, 1997b; Neirinckx et al., 1988; Ogihara-

Umeda et al., 1996; Oyen et al., 1996a; Phillips et al., 1992; Rudolph et al., 1991; Tilcock et al., 

1994b). An amphiphilic chelating polymer such as N,α-(DTPA-polylysyl)glutaryl phosphatidyl eth-

anolamine has been incorporated to increase the loading of the contrast agent inside liposomes 

(Torchilin, 2000). These polymers markedly increase the number of chelated Gd or In atoms 

attached to a single lipid anchor (Tilcock et al., 1989; Unger et al., 1990). A hydrophobic group, 

which can anchor the chelating moiety on the liposome surface during or after liposome prepara-

tion, can be incorporated by chemical derivatization of DTPA or other chelators (Kabalka et al., 

1991; Schwendener et al., 1989). Various chelators and anchors are listed in Table 25.5.

Administration of free metal ions can lead to toxicity in biological systems, so suitable ligands or 

chelates are used to bind the metal ions to form nontoxic complexes. These chelators inhibit the 

uptake of free metal ions in biological systems, thus preventing toxicity.

MRI utilizes liposomes encapsulated with ferrite particles called ferrosomes (mainly to decrease the 

toxicity but sacrifi cing the relaxivity) and manganese complexes called memsomes (Unger et al., 1991, 

1993, 1994a). Liposomes are also used as vesicles to carry membrane-bound paramagnetic complexes. 

PEGylated liposomes loaded with Gd-containing chelates have been used as long-circulating blood pool 

agents. MRI contrast agents have also been used to image the lymph nodes using liposomes containing 

Gd-DTPA. Liposomes containing Gd have been conjugated to antibodies and targeted to a specifi c 

organ system. Liposomes containing Gd-HPDO3A [1,4,7-tris(carboxymethyl)-10-(2′-hydroxypropyl)-

1,4,7,10-tetraazacycl ododecane] or MnDPDP [N,N′-dipyridoxylethylenediamine-N,N ′-diacetate-5,5′-
bis(phosphate)] have been proposed to image the liver or the hepatobiliary system.

Bertini et al. (2004) evaluated PEG-stabilized paramagnetic liposomes in murine B16-F10 

 melanomas. A threefold higher relaxivity compared to the conventional paramagnetic complexes 

gadolinium-tetraazacyclododecanetetraacetic acid (Gd-DOTA) and Gd-DTPA was observed for 

liposomes. They also showed prolonged and persistent signal enhancement without the application 

of molecular targeting. The tumor area was enhanced to an average of 33% after 2 h, 43% after 20 h, 

and 25% after 54 h (Figure 25.1) in striking contrast to the results with Gd-DTPA (maximum 

enhancement of 29% was achieved after 20 min, which rapidly disappeared; Figure 25.1).

An excellent review describing the use of metal ions in MRI applications was recently published 

(Delli Castelli et al., 2008). There are also several reviews describing the application of liposomes 
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TABLE 25.5
Different Modifi cations, Chelators, and Hydrophobic Anchors Used in the Preparation 
of Liposomes Loaded with Contrast Agent Used in Scintigraphic Imaging

Contrast Agent Modifi cation, Chelator, or Anchor Reference

111In PEGylated PLL-based PAP mAb 2C5 Erdogan et al. (2006b)

Avidin and [99mTc]-biotin liposomes Medina et al. (2004)

IDLPL Syrigos et al. (2003), Harrington et al. (2000a, 

2000b)

Acetylacetone chelate Beaumier and Hwang (1982)

PEG Boerman et al. (1998)

Bound inulin Essien and Hwang (1988)

Oxine Kassis and Taube (1987)

5% PEG-distearoyl PE with encapsulated 

glutathione and deferoxamine

Awasthi et al. (1998a)

Nitrilotriacetic acid Hwang et al. (1982)

Desferoxime Gabizon et al. (1990)

Ionophore (A23187) Mauk and Gamble (1979)

99mTc HMPAO Gaal et al. (2002)

PEG Boerman et al. (1998, 1995)

DTPA Espinola et al. (1979)

Stealth® liposomes HMPAO Oyen et al. (1996b)

DPPE-DTTA Tilcock et al. (1993)

HMPAO Goins et al. (1993)

Contains 5% PEG-DSPE with encapsulated 

glutathione and deferoxamine

Awasthi et al. (1998a)

Stearylamine-DTPA Hnatowich et al. (1981)

HYNIC derivative of DSPE Laverman et al. (1999)

HYNIC derivative of DSPE labeled with IgG Dams et al. (1999)

Gallium PEG Boerman et al. (1998)

Long circulation liposomes Boerman et al. (2000)

Deferoxamine (67 Ga-DF) Gabizon et al. (1988)

Stearylamine-DTPA Hnatowich et al. (1981)

Nitrilotriacetic acid Ogihara-Umeda and Kojima (1988)

PEG Woodle (1993)

DTPA-SA Schwendener et al. (1989)

Membrane-bound complexes of manganese 

(memsomes)

Unger et al. (1993)

Manganese(II) Gd-HPDO3A complex Terreno et al. (2008)

DTPA-PLL-NGPE Erdogan et al. (2008)

Gadolinium(III) DPPGOG Wang et al. (2008)

PE-DTPA conjugate De Cuyper et al. (2007)

DTPA bisoctadecylamide and GdAcAc Zielhuis et al. (2006)

Membrane-incorporated PAPs Erdogan et al. (2008, 2006a), Weissig et al. 

(2000)

PPLs Storrs et al. (1995)

Gd-DTPA-PE as an amphiphilic paramagnetic 

label

Immunoliposomes and PEGylated 

immunoliposomes

Torchilin (1994a)

Gd-BOPTA Schwendener et al. (1994)

continued
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in MR. Perez-Mayoral et al. (2008) explored the utility of pH-sensitive liposomes that use the pH 

dependence of their relaxivity or magnetization transfer rate constant (chemical exchange saturation 

transfer) for imaging. Specifi c reviews by Tilcock (1999a), Torchilin (1997b), and Unger et al. 

(1993) are also worth reading.

A summary of different types of liposomes and their modifi cations used in conjugation with 

MRI is provided in Table 25.6.

25.2.1.1 Factors Affecting Delivery of γ-Scintigraphic Agent Containing Liposomes
There are a number of points that must be considered while delivering the γ-scintigraphic agent to 

various targets in the body.

TABLE 25.5 (continued)
Different Modifi cations, Chelators, and Hydrophobic Anchors Used in the Preparation 
of Liposomes Loaded with Contrast Agent Used in Scintigraphic Imaging

Contrast Agent Modifi cation, Chelator, or Anchor Reference

Mannan (cholesterol-aminoethylcarbamylmethyl 

mannan)-coated liposomes

Kunimasa et al. (1992), Suga et al. (2001)

PEGlyated liposomes Bulte et al. (1999), Meincke et al. (2008), 

Plassat et al. (2007)

PE-DTPA conjugate De Cuyper et al. (2007), Soenen et al. (2007)

Iron oxide Distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(PEG)-2000] coated with liposome

Martina et al. (2005)

Note: PPL—Paramagnetic polymerized liposomes; PAP—polychelating amphiphilic polymer; IDLPL—DTPA-labeled 

PEGylated liposomes; DSPE: distearoylphosphatidyl-ethanolamine; HYNIC: 6-Hydrazinopyridine-3-carboxylic 

acid; HMPAO: hexamethylpropylene amine oxime; HPDO3A—10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclodo-

decane-1,4,7-triacetic acid; DTPA-PLL-NGPE: Diethylenetriaminepentaacetic acid-polylysyl-N-glutaryl-phosphatidyl 

 ethanolamine; BOPTA—benzoyloxypropionictetraacetate; DPPE-DTTA—dipalmitoylphosphatidylethanolamine-

diethylenetriamine tetraacetic acid; DPPGOG—phosphatidylglyceroglycerol; GdAcAc—gadoliniumac etylacetonate; 

SA: stearylamine.

(a) (b)

H

FIGURE 25.1  The T1-weighted images of a mouse (a) before and (b) 20 h after the injection of PEG-stabilized 

paramagnetic liposomes. (Adapted from Bertini, I., Bianchini, F., Calorini, L. et al. 2004. Magn Reson Med 

52: 669–672. With permission.)
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TABLE 25.6
Type of Liposome or Modifi cation Used in Imaging of Different Diseases Used in 
Conjugation with MRI

Type of Liposome or Modifi cation Imaging Application Reference

Gd-DTPA liposomes targeted to CD105 Tumor angiogenesis Zhang et al. (2009)

Gd-DTPA liposomes Liver and biliary tract imaging Najafi  et al. (1987)

Gd-DTPA liposomes Intravascular contrast agents Unger et al. (1988)

Mn-, Gd-, and Fe-DTPA-SA complex 

liposomes

Liver and upper abdomen Schwendener et al. (1989)

Gd-DTPA liposomes Hepatoma Unger et al. (1989)

Mn2+ liposomes Liver Bacic et al. (1990)

Gadolinium-, manganese-, and iron-DTPA-SA 

liposomes

Upper abdomen (Gd-DTPA-SA 

liposomes)

Schwendener et al. (1990)

Gd-DTPA liposomes Liver Kabalka et al. (1991), Unger et al. 

(1990)

Mannan-coated Gd-DTPA liposomes Liver Kunimasa et al. (1992)

Gd-DTPA liposomes Lymph nodes Trubetskoy et al. (1995)

Gd-DTPA-SA liposomes and Gd-BOPTA 

liposomes

Liver, spleen, vascular system Schwendener et al. (1994)

Gd-DTPA-PE liposomes Lymph nodes Trubetskoy et al. (1995)

Gd(BME-DTTA) liposomes Myocardium Chu et al. (1997)

NGPE-PE Gd-containing PEG-coated 

liposomes

Blood pool Torchilin et al. (2000)

NGPE-PE polylysine Gd-DTPA-containing 

PEG-coated liposomes

Blood pool Weissig et al. (2000)

Gd-DOTA liposomes Intragastric Faas et al. (2001)

Gd-DTPA-mannan-cholesterol-coated 

liposomes

Pulmonary perfusion Suga et al. (2001)

pH-sensitive DPPE/DSPG liposomal 

Gd-DTPA-BMA PEG-coated liposomes

Blood pool imaging Lokling et al. (2004a, 2004c)

Liposome loading with Gd via the membrane-

incorporated PAPs + PEG + anticancer 

mAb 2C5

Cancer Erdogan et al. (2006a)

Annexin V was linked to Gd-DTPA-coated 

liposomes

Myocardium Hiller et al. (2006)

Cationic liposomes containing the 

paramagnetic contrast agent Gd-DTPA

Brain Masotti et al. (2006)

Paramagnetic liposomes Atherosclerotic plaques Mulder et al. (2006a)

MAGfect, a novel liposome formulation 

containing a lipidic Gd contrast agent for 

MRI, Gd-DOTA-Chol 1

Labeling and visualization of cells Oliver et al. (2006)

Gd-DTPA-BSA lipids in PEGylated liposomes Apoptosis Van Tilborg et al. (2006)

2C5-modifi ed Gd-PAP-containing PEGylated 

liposomes

Tumor Erdogan et al. (2008)

Gd-DOTA-DSA liposomes Cellular and tumor imaging Kamaly et al. (2008)

Liposomes containing SPIO particles Tumor Pauser et al. (1997)

Maghemite liposomes Angiography Martina et al. (2005)

Iron oxide liposomes Cell labeling Meincke et al. (2008)

Note: DSPG—1,2-Distearoyl-sn-Glycero-3[Phospho-rac-(1-glycerol); PAP—polychelating amphiphilic polymer; BOPTA—

benzoyloxypropioni ctetraacetate; BSA—bis(stearylamide); DPPE—dipalmitoylphosphatidylethanolamine; 

DTTA—diethylenetria mine tetraacetic acid; Gd-DOTA-DSA—gadolinium 2-{4,7-bis-carboxymethyl-10-[(N,N-

distearylamidomethyl- N′-amidomethyl]-1,4,7,10 tetraazacyclododec-1-yl}acetic acid.
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25.2.1.1.1  Size and Surface of the Liposomes
Liposomes greater than 250 nm are removed rapidly from the circulation by the reticuloendothelial 

system (RES) and have poor accumulation at the site of action. Therefore, liposomes with a smaller 

size (around 180 nm) are preferred. The surface charge also has an effect on the accumulation of 

liposomes. Goins et al. (1994) observed that neutral liposomes accumulate in tumors more effec-

tively than negatively charged liposomes.

25.2.1.1.2 Composition of Liposomes
ULVs smaller than 100 nm and having a high percentage of cholesterol have a prolonged residence 

in the circulation. Modifi cation of the surface of liposomes with the addition of hydrophilic groups 

such as PEG also prolongs the circulation (Mori et al., 1991; Senior et al., 1991).

25.2.1.1.3 Circulation Half-Life
A shorter circulation half-life of around 4 h may be ideal for liposomes to allow them to accumulate 

in the infl amed region and to simultaneously provide enough background clearance to target infl am-

mation. Longer-circulating liposomes may be required for targeting chronic infl ammation (Awasthi 

et al., 1998a).

25.2.1.1.4 Active Background Removal
Avidin biotin affi nity mechanisms have been used to remove liposomes from blood circulation and 

to localize the liposomes at the site of diagnosis (Goins et al., 1998; Laverman et al., 2000b; Ogihara-

Umeda et al., 1993; Zavaleta et al., 2007).

25.2.1.1.5 Immunological Effects of Liposomes
In two studies, decreased circulation was persistent upon repeated injection of PEG surface- modifi ed 

technetium 99m (99mTc) liposomes (Dams et al., 1998, 2000a; Laverman et al., 2000a), an effect 

mediated by a serum factor. The liposomal formulation must be designed while taking this into 

consideration.

Imaging of tumors, infections, infl ammation, blood, lymph, and myocardial infarction (MI) are 

possible with liposomes containing the scintigraphic agent (Boerman et al., 1998, 2000; Bogdanov 

et al., 1995; Briele et al., 1990; Phillips, 1999; Thakur, 1977; Torchilin, 2007).

25.2.1.2  Scintigraphic or Metallic Contrast Agent Containing Liposomes 
for Liver and Spleen Imaging

The liver and spleen are the fi rst organs where unmodifi ed liposomes are accumulated for passive 

targeting. The tumors and metastases of these organs can be easily detected using liposomes loaded 

with appropriate contrast agents (Boerman et al., 2000; Phillips, 1999).

25.2.1.3  Scintigraphic or Metallic Contrast Agent Containing Liposomes 
for Tumor Detection

The mechanism by which the accumulation of liposomes occurs in tumors is the enhanced- 

permeation and retention (EPR) effect or the extravasation through leaky tumor capillaries. Various 

types of cancers have been detected using scintigraphic contrast agents that contain liposomes, for 

example, melanoma, sarcoma, lymphoma, human tumor xenograft in mice, lung cancer, Kaposi 

sarcoma, and lymphoma in acquired immunodefi ciency syndrome patients. VesCan (Vestar Inc.) 

indium 111 (111In)-labeled liposomes are already in clinical trials (Torchilin, 1997b). Richardson 

et al.’s (1978) study was the fi rst report of liposomes used for imaging studies, and Presant et al.’s 

(1990) study was the fi rst clinical report. In this study, tumors were detected in 22 of 24 partici-

pants using 111In-labeled liposomes. The utility of gallium-loaded small ULVs in the detection of 

tumors was also established (Ogihara et al., 1986a, 1986b). 99mTc-PEG liposomes were successful 

in determining the extent and severity of Crohn’s colitis (Brouwers et al., 2000a). The ability of 
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vasoactive intestinal peptide (VIP) containing 99Tc liposomes to detect breast cancer was also 

established by Dagar et al. (2001, 2003).

25.2.1.4  Scintigraphic or Metallic Contrast Agent Containing Liposomes 
for Detection of Infection and Infl ammation

The accumulation of liposomes at an infection and infl ammation site occurs via nonspecifi c leak-

age out of the vasculature that is attributable to the increased permeability of the capillaries within 

the infl amed tissue (Love et al., 1989a) and their uptake by phagocytic cells at the site. An LTB4 

receptor antagonist, 99Tcm-RP517, which contains the hydrazine nicotinamide (HYNIC) moiety 

for scintigraphic detection of infection and infl ammation in rabbits, was reported (Brouwers et al., 

2000b). Improved detection of infections by avidin-induced clearance of 99mTc-biotin-PEG lipo-

somes was also described (Laverman et al., 2000b). The utility of 99mTc-PEG liposomes and 99mTc-

HYNIC immunoglobulin G (IgG) was demonstrated in an experimental model of chronic 

osteomyelitis (Dams et al., 2000b). The review by Boerman et al. (2001) is excellent to acquire 

more knowledge on this subject.

25.2.1.5  Scintigraphic or Metallic Contrast Agent Containing Liposomes 
for Blood Pool and Lymph Imaging

The most commonly used contrast agent for this application is 99mTc. 99mTc-labeled red cells are 

commonly used for studying the motion of the heart and for the determination of the percentage of 

blood ejected from the heart. Blood pool imaging is particularly important for diagnosis of arthero-

sclerotic lesions, thrombi, and tumors. It is also used to detect sites of gastrointestinal bleeding. 

Because the association between 99mTc and red blood cells is not very strong, 99mTc tries to dissociate 

and the free 99mTc interferes with the detection of gastrointestinal bleeding. Therefore, 99mTc liposomes 

labeled with HMPAO glutathione are used because of the greater stability of HMPAO glutathione. 

Detection of lymph nodes is also possible using liposomes. The fi rst lymph node draining a tumor 

bed is known as the sentinel lymph node, and it has important diagnostic and therapeutic implica-

tions it is sometimes the fi rst and only metastasis from the cancer.

In a study by Philips et al. (2001), biotin-coated liposomes encapsulating a blue dye labeled with 
99mTc of 130-nm average size were administered subcutaneously followed by injection of avidin. As 

avidin progressed toward the lymphatic vessels, it caused aggregation of the biotin-coated lipo-

somes that were in the process of migrating through the lymphatic vessels (Figures 25.2 and 25.3).

0 min 30 min

24 h60 min

FIGURE 25.2  Scintigrams showing anterior views of the legs and lower abdomen of a rabbit at different 

time points after s.c. injection of 99mTc-labeled blue-biotin liposomes in both hind feet; this was followed by 

s.c. injection of avidin in only the left hind foot. Increased retention of 99mTc activity in the left popliteal node 

compared with the right popliteal node is clearly visualized at 60 min and 24 h. (Adapted from Phillips, W. T., 

Klipper, R., and Goins, B. 2001. J Nucl Med 42: 446–451. With permission.)
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25.2.1.6  Scintigraphic Contrast Agent Containing Liposomes for Detection 
of Myocardial Infarction

99mTc-encapsulated liposomes have been shown to detect MI (Caride and Zaret, 1977). The uptake of 

liposomes bearing positive, negative, or no net charge on their membrane and containing a radioactive 

tracer, [99mTc] DTPA, was studied in 12 intact dogs 24 h after the induction of MI and compared to the 

relative regional myocardial blood fl ow determined from radioactive microspheres. Positively charged 

and neutral liposomes are concentrated in infarcted regions against a fl ow gradient, whereas negative 

liposomes are passively distributed according to regional blood fl ow. Because positively charged and 

neutral liposomes concentrate in infarct areas and have the ability to incorporate pharmacologic agents 

in their aqueous or lipid phase, they may serve as vehicles for delivery of imaging agents or therapeutic 

agents to infarcted zones of low fl ow. Various other liposomal constructs, such as PEGylated liposomes 

and liposomes containing AM monoclonal antibody, dextran stearate (SA), and chelating agent DTPA-

phosphatidylethanolamine (PE), as well as an N-glutaryl-phosphatidyl ethanolamine (NGPE)-modifi ed 

chelating polymer DTPA-PLL-NGPE (Diethylenetriaminepentaacetic acid-polylysyl-N-glutaryl-

phosphatidyl ethanolamine) have also been shown to target MI (Torchilin, 1994b).

25.2.2 LIPOSOMES AS CARRIERS FOR CONTRAST AGENTS USED IN COMPUTED TOMOGRAPHY

Because the attenuation values of different tissues and organs are almost similar, a contrast agent is 

required for CT imaging. The contrast agents used in CT have a high atomic number, for example, 

barium, bismuth, strontium, lead, and iodine. Iodine was recently substituted with metal ions such 

as gadolinium, ytterbium, dysprosium, or xenon (Zwicker et al., 1993). These contrast agents were 

incorporated into liposomes to improve their pharmacokinetics. Table 25.7 summarizes the lipo-

somes and modifi ed liposomes used as carriers for contrast agents in CT.

25.2.3 LIPOSOMES AS CARRIERS FOR CONTRAST AGENTS USED IN ULTRASONOGRAPHY

The application of liposomes for ultrasonic imaging has been reviewed by many authors (Bloch et al., 

2004; Dagar et al., 2003; Dayton and Ferrara, 2002; Maruyama et al., 2007; Tilcock, 1999b). The 

(a)

(b)

FIGURE 25.3  (a) The posterior aspect of the hind legs of a rabbit showing exposed popliteal nodes at 

necropsy at 24 h. The feet of the rabbit are located superior to the picture. (b) Excised experimental (right side 

of image) and control (left side of image) popliteal nodes. The blue coloration of the popliteal node in the left 

foot (on right side of image) that received avidin can be readily observed. (Adapted from Phillips, W. T., 

Klipper, R., and Goins, B. 2001. J Nucl Med 42: 446–451. With permission.)
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contrast agents used for ultrasound imaging using liposomes are broadly classifi ed into two categories: 

gas-fi lled liposomes and inherently acoustically refl ective (echogenic) liposomes (Dagar et al., 2003).

25.2.3.1 Gas-Filled Liposomes
The commonly used gases in these types of liposomes are nitrogen and carbon dioxide (Unger et al., 

1992, 1994b). Carbon dioxide is generally used to prepare these kinds of liposomes by entrapping 

gas bubbles inside the liposomes or to form gas directly inside the liposomes as a consequence of a 

chemical reaction (Torchilin, 1995). The aqueous core in these gas-fi lled liposomes is entirely 

replaced by either a water-soluble or insoluble gas (Unger et al., 1994b). Examples of water-soluble 

gas are carbon dioxide (Kimura et al., 1998) and nitrogen. There are several ways to produce these 

TABLE 25.7
 Types of Liposomes as Carriers for Contrast Agents Used in CT

Type of Liposome Organ Detected Reference

Positively charged liposomes diatrizoic 

acid salts (renografi n)

Over 100 HU, spleen imaging Havron et al. (1981)

Brominated radioopaque liposomes Liver and spleen Caride et al. (1982)

Diatrizoate (Hypaque®, Renografi n®) Liver and spleen Ryan et al. (1983)

Diatrizoate liposomes Blood pool and 

reticuloendothelial structures

Seltzer et al. (1984a)

Iosefamate liposomes Liver and spleen Seltzer et al. (1984b)

Ethiodol liposomes Liver Jendrasiak et al. (1985)

Proliposomes with water-soluble contrast 

media

Spleen Payne and Whitehouse (1987)

Liposomes containing iodine-125-

labeled diatrizoate, 125-I-labeled iotrol

Liver and spleen Zalutsky et al. (1987)

Iopromide Hepatic Capellier et al. (1988), Musu et al. (1988)

Iopamidol-carrying liposomes Liver and spleen Krause et al. (1993), Musu et al. (1988), 

Sachse et al. (1993)

Iodine-containing liposomes Liver tumors Henze et al. (1989)

Iotrolan liposomes Liver and spleen Kofi  Adzamli et al. (1990)

Ioxaglate Liver and spleen Revel et al. (1990)

Iodine-125-iotrolan Liver and spleen White et al. (1990)

Iomeprol-containing liposomes Liver tumors Fouillet et al. (1995)

Iopromide-containing liposomes Liver Erdogan et al. (1998), Krause et al. (1996), 

Leike et al. (1996), Schmiedl et al. (1995)

Iotrolan Hepatosplenic Seltzer et al. (1995)

Iodixanol liposomes Liver Desser et al. (1999), Dick et al. (1996), 

Leander, (1996), Leander et al. (2001)

PEG-coated iopromide-carrying 

liposomes

Blood pool imaging Sachse et al. (1997)

Liposomes containing free and 

encapsulated iomeprol

Liver Petersein et al. (1999)

Iopromide-carrying liposomes Blood pool Schmiedl et al. (1999), Leike et al. (2001)

Iohexol Blood pool Burke et al. (2007), Kao et al. (2003)

Iodine Blood pool Mukundan et al. (2006), Zheng et al. 

(2006)

Iodine Small liver metastases Montet et al. (2007)

Note: HU—Hounsfi eld units.
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water-soluble gas-fi lled liposomes that have a precursor inside the liposome that is activated by vari-

ous means such as pH and temperature (Unger et al., 1999; Unger and Wu, 2001). They can also be 

prepared by a basic pressurization and depressurization technique. The disadvantages of gas-fi lled 

liposomes are that they are unstable and have a short half-life. Water-insoluble gases such as per-

fl uorates are entrapped in liposomes. They have a more stable and long-lasting effect because of 

their low solubility in water (Maresca et al., 1998). Examples of different perfl uorate gas-fi lled 

 liposomes are MRX-113® perfl uorobutane-fi lled liposomes (Unger et al., 1994b), MRX-408® perfl u-

orobutane-fi lled liposomes targeted to thrombi, and MRX-115® perfl uoropropane-fi lled liposomes 

(Fritz et al., 1997). These kinds of liposomes are prepared by shaking an aqueous solution com-

posed of lipid in the presence of a gas at a temperature below the gel state of the liquid crystalline 

state phase transition temperature of the lipid. The control of the size and stability of these gas-fi lled 

liposomes is diffi cult. When injected intravenously, these 4–5 μm particles become trapped in pul-

monary capillaries and cannot pass from the right to the left side of the heart. Because of the large 

particle size, the circulation half-life is limited to a few minutes. These problems have been over-

come by preparing liposomes that do not require the gas to be acoustically refl ective, which are 

inherently acoustically refl ective (echogenic) liposomes.

25.2.3.2 Echogenic Liposomes
These liposomes are inherently acoustically refl ective because of their multiple rigid bilayer 

 membranes that are formed by controlling the lipid composition and production method. These 

liposomes can also be made into immunoliposomes by conjugating a relevant antibody to them 

(Demos et al., 1997), for example, antifi brinogen antibody and anti-intracellular adhesion mole-

cule-1 antibody for targeting artherosclerotic plaques (Demos et al., 1998, 1999) and human hepa-

tocarcinoma-specifi c monoclonal antibody HAb18 for the detection of human hepatocellular 

carcinoma (Bian et al., 2004). A second generation of these liposomes has been prepared, which are 

acoustically refl ective VIP sterically stabilized liposomes (Onyuksel et al., 2000; Rubinstein et al., 

1999). They have a long-circulation half-life and because of the VIP they can be targeted to cancer 

and arthritis, where the vasculature is leaky and VIP receptors are overexpressed.

25.2.4  LIPOSOMES AS CARRIERS FOR CONTRAST AGENTS USED IN POSITRON 
EMISSION TOMOGRAPHY

There are only few examples in the literature where liposomes were applied for imaging with PET 

(Hamoudeh et al., 2008). Oku (1999) reviewed most of the work in this fi eld. Long-circulating 

liposomes encapsulating [2-18F]-2-fl uoro-2-deoxyglucose were administered to tumor-bearing 

mice, and a PET scan was performed. Small long-circulating liposomes (100 nm) tend to accumu-

late in tumor tissues of tumor-bearing mice compared with conventional liposomes. The effect of 

size on traffi cking of long-circulating liposomes was investigated. Large liposomes (>300 nm) 

accumulated in the liver and spleen in a time-dependent manner. In contrast, small ones (<200 nm) 

were transiently accumulated in the liver right after injection. The accumulation of liposomes 

decreased in a time-dependent manner, which suggested that the majority of small long-circulating 

liposomes remain in the bloodstream; however, a few extravasate once into the interstitial spaces 

in the liver and reenter the bloodstream. The traffi cking of so-called long-circulating liposomes, 

which are liposomes modifi ed with ganglioside GM1, palmityl glucuronide (PGlcUA), and PEG, 

in tumor-bearing mice was examined. The accumulation of all three kinds of long-circulating 

liposomes in the liver decreased in a time-dependent manner, and PGlcUA liposomes could effi -

ciently avoid liver trapping. Tumor accumulation of liposomes was obvious for PGlcUA liposomes 

and PEG liposomes immediately after injection, but not for GM1 liposomes. Finally, the traffi ck-

ing of differently charged liposomes was investigated in normal mice. The accumulation of posi-

tively charged liposomes containing 1,2-dimyristyloxypropyl-3-dimethyl-hydroxyethyl bromide 
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was different from that of neutral and negatively charged dicetyl phosphate liposomes. The agglu-

tinability and serum protein binding to positively charged liposomes were marked, suggesting that 

these factors affect the high accumulation of 1,2-dimyristoyloxypropyl-3-dimethyl-hydroxyethyl 

ammonium bromide liposomes in the liver. Noninvasive PET analysis of liposomal traffi cking 

is benefi cial for obtaining information about liposomal drug delivery, and long-circulating 

 liposomes might be useful for diagnostic tumor imaging by PET. Other studies include the imaging 

of the myocardium using coenzyme Q10 entrapped in liposomes (Ishiwata et al., 1985), tumor 

imaging (Cattel et al., 2003; Oku et al., 1995; Zijlstra et al., 2003), liver imaging (Oku, 1996; Oku 

et al., 1996a), blood pool imaging (Oku et al., 1996b), and infection imaging (Spyridonidis and 

Markou, 2005).

25.2.5  LIPOSOMES AS CARRIERS FOR CONTRAST AGENTS USED IN SINGLE PHOTON 
EMISSION COMPUTED TOMOGRAPHY

Liposomes are infrequently used for SPECT imaging (Goins and Phillips, 2001; Hamoudeh et al., 

2008). In a study by Khalifa et al. (1997), phospholipid liposomes were labeled with 74 MBq 111In 

and injected intravenously. The distribution of radioactive material in the brain was imaged using a 

dedicated neuro-SPECT imager. Images were taken 1 h postinjection and repeated at 24, 48, and 

72 h. In addition, whole-body images were obtained using a γ camera and blood was taken for radio-

activity determination. At 72 h postinjection, excellent tumor demarcation was seen in seven of 

eight patients. The obtained images correlated well with the corresponding CT images. Blood radio-

activity levels gradually declined over 72 h. Tumor uptake continued to rise throughout this time 

and, together with the steady fall in normal brain tissue, the tumor–brain contrast gradually increased 

(maximum 7:5). The images of the whole-body indicated that up to 50% of the injected dose was 

taken up by the liver. No toxicity was observed in injected liposomes. Although the total percentage 

of uptake was low (1.1%), the tumor/brain contrast ratios, together with the SPET images, suggest 

the potential for tumor-specifi c targeting. In a study by Chang et al. (2007), the biodistribution and 

pharmacokinetics of 188Re-N,N-bis(2-mercaptoethyl)-N′,N′- diethylethylenediamine (188Re-BMEDA)-

labeled PEGylated liposomes (RBLPLs) and unencapsulated 188Re-BMEDA were investigated in 

murine C26 colon tumor bearing mice after intravenous (i.v.) injection. Micro-SPECT and CT scans 

evaluated the distribution and tumor targeting potential of RBLPLs in mice. The results indicated 

the highest uptake of liposomes in tumors as well as a 7.1-fold higher tumor/muscle ratio of RBLPLs 

than that of 188Re-BMEDA. These results suggested the potential benefi t and advantage of 

 188Re-labeled nanoliposomes for imaging and treatment of malignant diseases. Similar results were 

obtained by Chen et al. (2007) in their studies on RBLPLs as imaging agents in a C26 colon carci-

noma ascites mouse model.

25.3 DENDRIMERS

Dendrimers are highly branched synthetic macromolecules with nanoscopic dimensions (2–10 nm) 

and tunable sizes consisting of a vast array of types, chemical structures, and functional groups 

(Bosman et al., 1999). Two types of dendrimers are commercially available: polypropyleneimine 

(PPI) polyamidoamine (PAMAM; Roberts et al., 1990) and PPI diaminobutane (DAB) dendrimers 

(Malik et al., 2000). Schering (Berlin, Germany) has also synthesized Gadomers that are a lysine-

based class of dendritic agents. Gadomer-17® consists of 24 N-monosubstituted Gd(III)–DO3A 

 moieties. There are two approaches for the synthesis of dendrimers: convergent and divergent. In the 

convergent approach, the dendritic wedges are synthesized fi rst and subsequently attached to a 

 multifunctional core; in the divergent approach, synthesis is started from a multifunctional core. 

The yield obtained by the convergent process is lower but the purity is higher than the divergent one 

(Langereis et al., 2007).
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25.3.1 DENDRIMERS AS CARRIERS FOR CONTRAST AGENTS USED IN MAGNETIC RESONANCE

These dendrimers are highly water soluble and possess a unique surface topology of primary 

amine groups. Because of the defi ned structure and large number of surface amino groups avail-

able with these dendrimers, they can be used as substrates to attach large numbers of chelating 

agents for creating a macromolecular MR contrast agent or attachment of an antibody molecule 

(Barth et al., 1994; Kobayashi et al., 1999, 2000; Singh et al., 1994; Wiener et al., 1994). The 

possibility of attaching a discrete number of MRI labels and targeting units at well-defi ned posi-

tions within the same macromolecular structure is a unique feature of dendrimers that provides 

an opportunity to improve both the sensitivity and specifi city of MRI (Langereis et al., 2007). 

There is abundant literature available for the applications of dendrimers as carriers for contrast 

agents in MRI. The topic has also been reviewed by the experts in the fi eld (Fischer and Vogtle, 

1999; Gajbhiye et al., 2007; Helms and Meijer, 2006; Jang and Kataoka, 2005; Kobayashi and 

Brechbiel, 2003, 2004, 2005; Langereis et al., 2007; Svenson and Tomalia, 2005; Venditto et al., 

2005). Most of the literature is focused on the applications of dendrimers in the delivery of the 

low molecular weight (MW) Gd(III) complexes Gd(III)-DTPA and Gd(III)-DOTA. DOTA is a 

marginally larger molecule and is noteworthy for forming highly kinetically and thermodynami-

cally stable metal complexes with lanthanides such as Gd(III) somewhat more than DTPA. 

However, DTPA generally has far more rapid complex formation rates that may or may not be an 

important factor in this application. When these chelates were formed with Gd(III), the differ-

ences in R1 relaxivity of both reagents were negligible (4.7 mM−1 s at 20 MHz and 25°C). By 

attaching these Gd complexes to dendrimers, the contrast is increased with a consequent reduc-

tion in the required dose (Langereis et al., 2007). The size of the dendrimer is dependent on its 

generation, the spacer used in the synthesis of the dendrimer, and the free groups on the den-

drimer and charge. These properties affect the pharmacokinetic properties of the dendrimer 

thus deciding the quality of the organ to be imaged by MRI; for example, a sixth-generation 

dendritic MRI contrast agent (MW = 139 kg mol−1) displayed an R1 of 34 mM−1 s−1 (0.6 T, 20°C), 

which was 6 times higher than the R1 of Gd(III)-DTPA (MW = 0.55 kg mol−1, R1 = 5.4 mM−1 s−1; 

Wiener et al., 1994). A series of Gd(III)-DTPA-functionalized PPI dendrimers was reported by 

Kobayashi et al. (2003). They demonstrated that the R1 increased almost linearly with the MW 

of the dendrimer without reaching a plateau value, eventually resulting in an R1 value of 

29 mM−1 s−1 (1.5 T, 20°C) for the fi fth generation of the dendritic contrast agent. However, 

Langereis et al. (2004) proved that the linker between the Gd(III)-DTPA complex and the den-

drimer has a large affect on the overall relaxivity. Recent in vitro studies have shown that amine-

terminated PPI and PAMAM dendrimers are cytotoxic, in particular the higher generations of 

protonated (cationic) dendrimers [half-maximal inhibitory concentration for DAB-dendr 

(NH2)64 <5 μg mL−1; Zinselmeyer et al., 2002]. However, PPI and PAMAM dendrimers func-

tionalized with carboxylate end groups at the periphery are neither cytotoxic nor hemolytic up 

to a concentration of 2 mg mL−1. This suggests that the overall toxicity of dendritic structures is 

strongly determined by the functionalities along the periphery. PAMAM dendrimers (up to the 

fi fth generation) unmodifi ed or modifi ed with chemically inert surface moieties do not appear to 

be toxic in mice (Roberts et al., 1996). Furthermore, peptide-functionalized polylysine dendrim-

ers were also found to be biocompatible (Sadler and Tam, 2002).

Several in vivo MRI studies have shown that the higher generations of dendritic MRI contrast 

agents, in contrast to low-MW Gd(III) chelates, remain in high concentrations in the bloodstream 

for longer periods of time. This results in improved visualization of vascular structures. Because 

high-MW contrast agents show little extravasation and intravascular retention, they are commonly 

referred to as blood pool agents whereas low-MW contrast agents are referred to as extravascular 

agents.

The pharmacokinetic parameters of various dendrimers prepared by Kobayashi and Brechbiel 

(2005) are summarized in Table 25.8.
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25.3.1.1 Contrast Agent Loaded Dendrimers in Detection of Kidney Function
Kobayashi and Brechbiel (2005) changed the dendrimer core from PAMAM to a less hydrophilic 

one and the results indicated greater liver accumulation of the contrast agent. Therefore, these 

 dendrimer-based macromolecules can also be used as liver contrast agents. After a thorough com-

parison of different generations of dendrimers that are suitable for imaging renal function, it was 

concluded that nanosized agents were nearly exclusively retained in the blood vessels or urinary tract 

with minimal perfusion into extravascular tissue. Thus, after fi ltering through the glomerulus, these 

agents were concentrated and the formation of a high-intensity band at the layer of the proximal 

tubules was observed. The absence or delayed formation of this high-intensity band correlated well 

to the renal tubular function in an acute tubular necrosis mice model generated by the injection of 

cisplatin or mechanical ischemia. In addition, the enhancement pattern was predictive of the patho-

genesis of acute or chronic renal failure such as heavy metals, ischemia, obstruction, and sepsis.

25.3.1.2 Dendrimers in the Detection of Sentinel Lymph Nodes and Lymphatics
In a study by Kobayashi et al. (2006), dendrimers carrying Gd-labeled contrast agents with diame-

ters of less than 1–12 nm were tested to determine the size that provides fast and effi cient delivery 

of the contrast agent to the lymph nodes in a mouse model bearing lymphatic metastases. A com-

parison was made of PAMAM-G2, PAMAM-G4, PAMAM-G6, PAMAM-G8, and DAB-G5 

Gd-dendrimer agents in particular and Gadomer-17 and Gd-DTPA. Of these, the G6 Gd-dendrimer 

showed the highest concentration in lymphatics and lymph nodes. The peak concentration was 

achieved at 24–36 min postinjection.

25.3.1.3 Contrast Agent Loaded Dendrimers in Blood Pool Imaging
The best dendrimers for blood pool imaging proved to be 11–13 nm in size. PEG conjugation along 

with this dendrimer size range further enhances the effi cacy of imaging. The coinjection of lysine 

with a G4-based dendrimer accelerates renal excretion of the contrast agent, thus reducing its toxic-

ity. The avidin chase system is similar (Kobayashi and Brechbiel, 2005).

25.3.1.4 Contrast Agent Loaded Dendrimers in Liver Imaging
The dendrimer core has to be hydrophobic for the dendrimer-loaded contrast agent to be used for liver 

imaging purposes. Hence, a DAB core is preferred over PAMAM (Kobayashi and Brechbiel, 2005).

TABLE 25.8
 Pharmacokinetic Characteristics of Contrast Agent-Loaded Dendrimers

Property of Dendrimer Important Finding

Gd-DTPA-terminated higher generation Increased relaxivities (both R1 and R2) 

compared to Gd-DTPA

PAMAM, 7–12 nm, G5 versus G1 Prolonged blood residence times, blood 

contrast agent

PAMAM, 3–6 nm Quickly excreted through the kidney, kidney 

contrast agent

PAMAM, 7–9 nm Slowly excreted via the kidney

PAMAM, 10–14 nm Minimal renal excretion

Hydrophobic variants, PPI DAB dendrimer Accumulated in the liver, liver contrast agents

Larger hydrophilic agents Lymphatic imaging

PAMAM, 3–5 nm Quickly distributed in soft tissues

PAMAM, 8–10 nm Minimal leakage from tumor vessels

PAMAM, 14–15 nm Quickly taken up by RES

Note: G; generation.
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25.3.1.5 Contrast Agent Loaded Dendrimers in Tumor Imaging
Effi cient tumor imaging is possible with dendrimers by attaching a large number of GD(III) atoms 

or tumor-specifi c ligands and antibodies (Sipkins et al., 1998) or ligands (Wiener et al., 1997) or by 

using an avidin biotin system (Kobayashi et al., 2001; Xu et al., 2007; Zhu et al., 2008).

25.3.2 DENDRIMERS AS CARRIERS FOR CONTRAST AGENTS USED IN COMPUTED TOMOGRAPHY

The use of dendrimers carrying contrast agents for use in CT is a relatively new concept, and there 

are only a few recent literature reports. In the fi rst study by Yordanov et al. (2002), water-soluble 

iodinated dendritic nanoparticles of G-4-3-[(N′,N′-dimethylaminoacetyl)amino]-α-ethyl-2,4,6-tri-

iodobenzenepropanoic acid (DMAA-IPA)37 were prepared and characterized. Another study by the 

same group (Yordanov et al., 2005) reported the synthesis and characterization of a new water-soluble 

triiodo amino acid, DMAA-IPA, and its Starburst PAMAM generation 4.0 dendrimer conjugate, 

G-4-(DMAA-IPA)37. In an interesting study by Fu et al. (2006), dendritic-iodinated contrast agents 

with PEG cores were synthesized for CT imaging. This study showed the synthetic feasibility, 

desired basic characteristics, and potential utility for CT contrast enhancement that is achieved with 

a new type of iodinated, large molecular PEG-core dendritic construct.

25.4 POLYMERIC NANOPARTICLES

These are solid colloidal particles ranging in size from 1 to 1000 nm and consisting of various 

biocompatible polymeric matrices to which a therapeutic moiety can be adsorbed, entrapped, or 

covalently attached (Lockman et al., 2002). Biodegradable and biocompatible synthetic polymers 

such as poly(d,l-lactide-co-glycolide) and polyalkylcyanoacrylates are generally preferred for 

obtaining nanoparticles. However, polysaccharides such as curdlan and macromolecules such as 

chitosan, albumin, and gelatin have been very well described in the literature for fabrication of 

nanoparticles (Covreur and Vauthier, 2006; Lockman et al., 2002). Because of their particulate 

nature, polymeric nanoparticles are rapidly cleared by cells of the mononuclear phagocyte system 

after i.v. injection. Moreover, similar to liposomes, the size, surface properties, composition, con-

centration, and hydrophilicity or hydrophobicity of nanoparticles play a major role in their in vivo 

performance.

25.4.1  POLYMERIC NANOPARTICLES AS CARRIERS FOR CONTRAST AGENTS USED 
IN γ SCINTIGRAPHY

The application of polymeric nanoparticles for delivery of γ-scintigraphic agents has not been 

exploited to its full potential thus far. In a study by Douglas and Davis (1986), poly(butyl 2-cyano-

acrylate) nanoparticles were radiolabeled with a 99mTc–dextran complex with a labeling effi ciency 

of 18%. The in vitro studies suggested that the radiolabeled nanoparticles degraded slowly and the 

release was unaffected by the presence of plasma protein, which indicates their utility in in vivo 

research. When injected intravenously in rabbits, more than 60% of the particles accumulated in 

the liver and spleen region whereas about 30% stayed in the blood (Douglas et al., 1987). 

Polycyanoacrylate nanoparticles radiolabeled with iodine (125I or 131I), indium, or technetium 

showed high labeling yields of >80%. The in vivo studies revealed that 60–75% of them accumu-

lated in the RES (Ghanem et al., 1993). The infl uence of the labeling procedure on the biodistribu-

tion of 99mTc-radiolabeled chitosan nanoparticles was determined by Banerjee et al. (2005). This 

was observed when Tc(IV) was reduced by sodium borohydride and not by stannous chloride dur-

ing the radiolabeling process, and the particles circulated a long time. Self-assembled nanoparti-

cles of amphiphilic chitosan derivatives radiolabeled with 131I accumulated in tumor tissues through 

the EPR effect (Cho et al., 2008).
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25.4.2  POLYMERIC NANOPARTICLES AS CARRIERS FOR CONTRAST AGENTS USED IN 
MAGNETIC RESONANCE

Polymer-coated magnetite nanoparticles were prepared by Zaitsev et al. (1999). They found that 

inclusion of the magnetite particle into a hydrophilic polymeric shell increased the stability of the 

dispersion. A core–shell morphology was the basis for the preparation of 120-nm diameter particles 

capable of imaging the heart and gastrointestinal tract (GIT) in a rat animal model. The shell con-

sisted of a hydrophobic polymer that modulates the access to the core (Reynolds et al., 2000). 

Diblock copolymers of bicyclo[2.2.1]hept-5-ene 2-carboxylic acid 2-cyanoethyl ester and bicy-

clo[2.2.1]hept-2-ene, consisting of both anchoring and steric stabilizing blocks, were prepared by 

Belfi eld and Li (2006) by ring-opening metathesis polymerization. Cyanoester groups were incor-

porated into the norbornene polymers to chelate and stabilize the iron oxide magnetic nanoparticles. 

These nanostructures were stable. Multifunctional polymeric nanoparticles consisting of a surface-

localized tumor vasculature targeting the F3 peptide and encapsulated photodynamic therapy and 

imaging agents were prepared by Reddy et al. (2006). Signifi cant contrast enhancement was achieved 

in rat 9L gliomas. An increase in the survival rate was also observed when the rats were treated with 

photodynamic therapy.

25.4.3  POLYMERIC NANOPARTICLES AS CARRIERS FOR CONTRAST AGENTS USED 
IN COMPUTED TOMOGRAPHY

Radiopaque-iodinated 30- to 350-nm polymeric nanoparticles were prepared by emulsion polymer-

ization of the monomer 2-methacryloyloxyethyl (2,3,5-triiodobenzoate) in the presence of sodium 

dodecyl sulfate as a surfactant and potassium persulfate as an initiator. In dog models, the CT scans 

revealed enhanced lymph node, liver, kidney, and spleen imaging (Galperin et al., 2007). Polymer-

coated bismuth sulfi de nanoparticles had a higher biological half-life (Rabin et al., 2006), and lower 

volumes were required for contrast imaging compared to the conventional agents.

25.4.4  POLYMERIC NANOPARTICLES AS CARRIERS FOR CONTRAST AGENTS USED 
IN POSITRON EMISSION TOMOGRAPHY

A core–shell structure containing nanoparticles was prepared with PEG in the outer shell and an 

inner hydrophilic shell bearing reactive functional groups and a central hydrophobic core (Fukukawa 

et al., 2008). PET imaging showed that increasing the PEG shell thickness of the nanoparticles 

increased blood circulation and decreased accumulation in excretory organs. Similar results were 

obtained by using poly(methyl methacrylate-co-methacryloxysuccinimide-graft-PEG) copolymers 

that form poly(methyl methacrylate)-core/PEG-shell nanoparticles upon hydrophobic collapse in 

water (Pressly et al., 2007).

25.5 LIPID NANOPARTICLES

Lipid nanoparticles, namely, solid lipid nanoparticles (SLNs) and nanostructured lipid carriers 

(NLCs), evolved to overcome the disadvantages of polymeric nanoparticles and to maintain the 

advantages of liposomes such as the solid physical state of the polymeric nanoparticles and biode-

gradability, biocompatibility, and ease of manufacture of lipid emulsions (Wissing et al., 2004). The 

lipid nanoparticles described here are SLNs. SLNs are colloidal particles of a lipid matrix that is 

solid at body temperature. They were fi rst introduced by Müller and Lucks (1993, published as a 

German patent) and produced by high-pressure homogenization and by Gasco (1993) by diluting a 

warm microemulsion. NLCs are composed of a binary mixture of a solid lipid and a spatially dif-

ferent liquid lipid as the carrier. The major advantage of NLCs is the increased drug load.
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25.5.1 LIPID NANOPARTICLES AS CARRIERS FOR CONTRAST AGENTS USED IN IMAGING

Magnetite was the fi rst imaging agent that was incorporated in an SLN (Müller et al., 1996). The 

 cytotoxicity of this magnetite-loaded SLN was compared with magnetite-loaded polylactide/glycolide 

particles to determine the toxicological acceptance as an i.v. formulation for MRI and as a potential 

carrier for drug targeting. The magnetite-loaded SLNs were the least cytotoxic with an effective con-

centration (50% effective dose) above 10% whereas the polymeric nanoparticles were in the range of 

0.15–0.38%. However, no in vivo studies were carried out to complement this observation.

In vivo studies incorporating iron oxide in SLNs (Peira et al., 2003) were carried out in rats. 

These iron oxide nanoparticles had relaxometric properties similar to Endorem®. In vivo MRI of the 

central nervous system with both SLN and Endorem showed that supermagnetic SLNs have slower 

blood clearance than Endorem. The retention in the central nervous system continued till the end of 

the experimental observation period of 135 min. These observations also boosted other fi ndings like 

blood–brain targeting by SLNs. Another in vivo study (Ballot et al., 2006) using a radiopharmaceu-

tical, 99mTc/188Re-labeled lipid nanocapsules, in rats revealed its long circulation time. These lipid 

nanocapsules showed a biodistribution close to those of classical PEG-coated particles and good 

stability of the 188Re/99mTc-SSS (name of the chelating complex) labeling. Radiolabeled SLNs intra-

venously injected in rats indicated that SLN formulations remain in the blood in contrast to many 

other colloidal drug carriers (Weyhers et al., 2006). The body distribution of circulating SLNs that 

rapidly release the marker is generally similar to the administered reference at later time points after 

the injection. Luminescent lipophilic CdSe/ZnS core–shell QDs were encapsulated into SLNs to 

prepare fl uorescent nanocomposite particles (Liu et al., 2008). The fl uorescence measurements 

showed that the encapsulated QDs maintain their high fl uorescence and narrow or symmetric emis-

sion spectra. Assembling many QDs in a single nanocomposite particle increases the fl uorescence 

signal and the signal/background ratio compared to individual QDs. In addition, the QD-loaded 

SLN was stable and slow to photobleach. These QDs were also biocompatible with fl uorescence 

stability and had good potential in biological imaging applications.

25.6 MAGNETIC NANOPARTICLES

Superparamagnetic nanoparticles consisting of an inorganic core of iron oxide (magnetite, Fe3O4), 

maghemite, or other insoluble ferrites coated or uncoated with polymers such as dextran, PEG, 

poly(ethylene oxide) (PEO), poloxamer, and polaxamines are used as contrast agents. These are 

classifi ed according to their size, which can affect their plasma half-life, and biodistribution into the 

following categories:

Superparamagnetic iron oxides (SPIOs) with sizes greater than 50 nm (coating included)• 

Ultrasmall SPIOs (USPIOs) or long-circulating dextran-coated iron oxide particles with • 

sizes less than 50 nm

The study by Weissleder et al. reported on highly lymphotropic superparamagnetic nanoparticles 

(Combidex®). They gain access to lymph nodes by means of interstitial–lymphatic fl uid transport. 

These were used in conjunction with high-resolution MRI.

Examples of marketed contrast agents are summarized in Table 25.9.

25.6.1  ULTRASMALL SUPERPARAMAGNETIC IRON OXIDE IN MAGNETIC RESONANCE 
IMAGING FOR LYMPH NODE METASTASES DETECTION

Highly lymphotropic superparamagnetic nanoparticles (Combidex size = 30 nm) can reveal small 

nodal metastases in humans that are otherwise undetectable with conventional MRI and only detect-

able via biopsy.
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TABLE 25.9
 Examples of Marketed Contrast Agents

Brand Name Generic Name Type Admin. Route Composition Coating Size Application Developer Remarks

Lumirem®, 

GastroMark®

Ferumoxsil SPIO Oral Iron oxide 

particles

Silicon 300 nm GIT imaging Advanced 

Magnetics, 

Cambridge, 

USA

In Europe 

Lumirem® is 

approved for 

rectal 

administration 

to delineate 

the lower 

intestinal 

system.

Endorem®, 

Feridex®

Ferumoxide SPIO  i.v. Magnetite 

nanoparticles

Dextran 150 nm Liver–spleen 

diseases

Advanced 

Magnetics, 

Cambridge, MA

—

Resovist® Ferrixan 

(ferucarbotran)

SPIO i.v. bolus Iron oxide 

particles

Carboxydextran — Liver lesions  Schering, Berlin, 

Germany

Phase III in 

U.S., for sale 

in Europe and 

Japan

Sinerem®, 

Combidex® 

Ferumoxtran USPIO i.v. Magnetite 

nanoparticles

Dextran 30 nm Brain tumor 

imaging, 

angiography, 

liver diseases, 

lymph nodes 

Advanced 

Magnetics, 

Cambridge, MA

Sinerem® is in 

phase III of 

clinical trials.

Gadomer-17 (Gd-DTPA)-17, 24 

cascade polymer 

SPIO i.v. Gadomer-17, 24 — — MR angiography 

and tumor 

differentiation 

Schering AG Dendrimer

Abdoscan® Ferristene SPIO Oral Fe2+/Fe3+ — 300 nm Bowel marking Amersham —

MION-46 Monocrystalline 

iron oxide 

nanoparticles

USPIO s.c., i.v., 

intra-arterial

Iron oxide 

particles

Dextran 20 nm Lymphography  —
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25.6.1.1 Mechanism of Action of Lymphotropic Superparamagnetic Iron Oxide
After systemic injection, the model lymphotropic superparamagnetic nanoparticles gain access to 

the interstitium through fenestrations and are drained through lymphatic vessels. Disturbances in 

lymph fl ow or nodal architecture caused by metastases lead to abnormal patterns of accumulation 

of lymphotropic superparamagnetic nanoparticles, which are detectable by MRI (Figure 25.4). 

Harisinghani et al. (2003) found that lymph node metastases can be accurately diagnosed by high-

resolution MRI with lymphotropic superparamagnetic nanoparticles but not by conventional MRI 

alone. Even very small metastases that are less than 2 mm in diameter can be identifi ed within 

normal-sized lymph nodes. Such microscopic tumor deposits are below the threshold of detection 

of any other imaging technique. (For comparison, the limit of PET detection of tumor deposits in 

the pelvis is often 6–10 mm. See Figure 25.5; Harisinghani et al., 2003.)

25.7 FERROFLUIDS

Ferrofl uids are colloidal solutions of iron oxide magnetic nanoparticles surrounded by a polymeric 

layer coated with affi nity molecules, such as antibodies, for capturing cells and other biological 

targets from blood or other fl uid and tissue samples. Ferrofl uid particles are so small (25–100 nm in 

radius) that their behavior in liquids is as a solution rather than a suspension. When the coated fer-

rofl uid particles are mixed with a sample containing cells or other analytes, they interact intimately 

and completely. These properties enabled the development of specialized reagents and systems with 

extremely high sensitivity and effi ciency (Sahoo and Labhasetwar, 2003).

Intravenous
injection

Efferent
lymphatics

Metastasis

Afferent
lymphatics

Iron
particles

Marginal
sinus

Lymphocytes

Metastasis

Macrophage

Blood
vessel

Lymph
vessel

After approximately 24 hours

FIGURE 25.4  The mechanism of action of a lymphotropic SPIO. (Adapted from Harisinghani, M. G., 

Barentsz, J., Hahn, P. F., et al. 2003. N Engl J Med 348: 2491–2499. With permission.)
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25.8 EMULSIONS

Different types of emulsions such as macroemulsions and microemulsions have been used for diag-

nostic imaging. Microemulsions are optically isotropic and thermodynamically stable mixtures of 

water, oil, and an amphiphile. The research groups of Lanza and Wickline are the most active 

groups in this fi eld (Mulder et al., 2006b). Most of the applications of macro- or microemulsions 

have been in the fi eld of perfl uorocarbon (PFC) delivery (Mattrey, 1994) used for MRI and gas 

bubbles for ultrasound. The area is very well protected by patents.

25.8.1  EMULSIONS AS CARRIERS FOR CONTRAST AGENTS USED IN MAGNETIC RESONANCE IMAGING

The emulsions of PFC are often targeted and investigated for molecular imaging. Important poten-

tial target pathologies include infl ammation, atherosclerosis, tumor-related angiogenesis, and 

thrombi. Detection and differentiation from normal tissue involves binding the ligands specifi c for 

the epitopes of interest onto the emulsion particles. The incorporation of a paramagnetic material, 

for example, a Gd complex, into the lipid monolayer of such targeted emulsion droplets provided 

contrast agents that are useful for both ultrasound and MRI modalities (Krafft et al., 2003). We 

discuss some specifi c examples below.

25.8.1.1  Emulsion-Encapsulated Perfl uorocarbon Nanoparticles in Magnetic 
Resonance Imaging for Fibrin Detection

Antifi brin antibody-tagged biotinylated emulsion-encapsulated Gd-DTPA PFC nanoparticles were 

checked for clotting effi cacy in vitro (Yu et al., 2000). There were numerous Gd-DTPA complexes 

on the surface of these emulsion-coated PFC nanoparticles. After binding to fi brin clots, scanning 

electron microscopy of the treated clots revealed dense accumulation of nanoparticles on the clot 

surfaces, as revealed in Figure 25.6.

 

FIGURE 25.5 (a) A conventional MRI obtained 24 h after the administration of lymphotropic superpara-

magnetic nanoparticles. (b) The homogeneous decrease in signal intensity due to the accumulation of lympho-

tropic superparamagnetic nanoparticles in a normal lymph node in the left iliac region (arrow). (c) A conventional 

MRI shows high signal intensity in a retroperitoneal node with micrometastases (arrow). (d) MRI with lympho-

tropic superparamagnetic nanoparticles demonstrates two hyperintense foci (arrows) within the node, corre-

sponding to 2-mm metastases. (Adapted from Harisinghani, M. G., Barentsz, J., Hahn, P. F. et al. 2003. N Engl 
J Med 348: 2491–2499. With permission.)
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A clot was pretreated with nonbiotinylated antifi brin antibody before the standard three-step 

treatment. As a result, a signifi cant fraction of the fi brin-binding sites was unavailable for binding 

to the targeted contrast agent. Therefore, the amount of paramagnetic nanoparticles was signifi -

cantly reduced compared to the treated clot.

A decrease in T1 and T2 (20–40%) relaxation times was also observed because of the abundance 

of Gd-DTPA complexes carried by each nanoparticle (Figure 25.7).

0.5 μm

(a) (b) (c)

FIGURE 25.6 Scanning electron micrographs of clots. (a) An untreated clot showing a dense network of 

fi brin strands. (b) A treated clot. The clot was treated following the standard three-step incubation protocol 

described in the text. Fibrin strands were covered with numerous paramagnetic nanoparticles. (c) A partially 

blocked clot. (Adapted from Yu, X., Song, S. K., Chen, J. et al. 2000. Magn Reson Med 44: 867–872. With 

permission.)

FIGURE 25.7  Scanning electron micrographs of clots showing T1-weighted spin-echo images (upper panels) 

of clots embedded in agarose gel on a petri dish. Each small grid in the scalar bar represents 1 mm. Untreated 

clots (left) showed no contrast with agarose gel, but treated (center) and partially blocked (right) clots showed 

excellent contrast. A direct comparison with the corresponding optical images (lower panels) indicates that 

MR images can also accurately delineate the morphology of the clots. (Adapted from Yu, X., Song, S. K., 

Chen, J. et al. 2000. Magn Reson Med 44: 867–872. With permission.)
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Clots as small as 0.5 mm were detected with enhanced resolution and reduced T1 and T2 with or 

without treatment with a targeted contrast agent, which proves their utility in imaging artheroscle-

rotic plaques (Figure 25.8; Yu et al., 2000).

25.8.1.2  Emulsion-Encapsulated Perfl uorocarbon Nanoparticles in Magnetic 
Resonance Imaging for Fibrin Detection In Vivo Studies

A similar emulsion was prepared that contained nanoparticles of Gd-DTPA-bis-oleate (Flacke 

et al., 2001). Nanoparticles were present as a thin layer over the clot surface; this was confi rmed by 

higher-resolution scans and scanning electron microscopy. In vivo contrast enhancement under 

open- circulation conditions was assessed in dogs. There was a signifi cant enhancement in the 

 contrast/noise ratio between the targeted clot (20 mol% Gd-DTPA nanoparticles) and blood in 

comparison to the targeted clot and the control clot. These results suggest that molecular imaging 

of fi brin-targeted paramagnetic nanoparticles provides sensitive detection and localization of 

fi brin. This in turn allows early direct identifi cation of vulnerable plaques, leading to early thera-

peutic decisions.

Other examples of emulsions utilized for MRI are provided in Table 25.10.

25.8.2 EMULSIONS AS CARRIERS FOR CONTRAST AGENTS USED IN COMPUTED TOMOGRAPHY

Emulsifi cation of the imaging agent considerably reduces its dose required for imaging compared to 

the conventional agent, for example, AG 60.99, an emulsion of poppy seed oil. This emulsion was 

(a)

(b)

FIGURE 25.8  (a) Thrombi in an external jugular vein targeted with fi brin-specifi c paramagnetic nanoparti-

cles demonstrating dramatic T1-weighted contrast enhancement in the gradient-echo image (arrow) on the left 

with the fl ow defi cit (arrow) of the thrombus in a corresponding phase-contrast image on the right (3-D phase-

contrast angiogram). (b) A control thrombus in the contralateral external jugular vein imaged as in (a). (a, left) 

Thrombi in the external jugular vein targeted with fi brin-specifi c paramagnetic nanoparticles demonstrating 

dramatic T1-weighted contrast enhancement in the gradient-echo image (arrow). (a, right) A corresponding 3-D 

phase-contrast angiogram with the fl ow defi cit (arrow) of the thrombus. (b, left) The control thrombus in the 

contralateral external jugular vein and (b, right) a corresponding 3-D phase-contrast angiogram. (Adapted from 

Flacke, S., Fischer, S., Scott, M. J., Fuhrhop, R. J., Allen, J. S., Mclean, M., Winter, P., et al. 2001. Circulation 

104: 1280–1285.)
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found to be specifi c for CT imaging of the liver and spleen. The emulsion opacifi ed the hepatic 

parenchyma well enough to enhance visualization of the bile ducts (Alfi di and Laval, 1976). Similar 

results were obtained when this emulsion was tested in monkeys (Vermess et al., 1977) as well as 

clinically (Vermess et al., 1981). An ethiodized oil emulsion (EOE-13) even detected tumors in the 

liver, spleen, colon, and rectum (Reed et al., 1986) and small lesions, which were undetectable on 

the preliminary CT scan (Vermess et al., 1979). The emulsion was able to selectively accumulate in 

the liver and spleen (Vermess et al., 1982b). The agents were also found to be promising in clinical 

trials (Vermess et al., 1980). They detected lesions of less than 1-cm diameter that were present in 

the liver and spleen (Vermess et al., 1982a). An emulsion of ethyl monoiodostearate (compound 

208E) had an effect similar to that of EOE-13 as a liver- and spleen-specifi c imaging agent (Miller 

et al., 1983a). The EOE-based CT examination was 2 times more sensitive than scintigraphy for 

detection of small hepatic metastases (Miller et al., 1983b).

Fat emulsions have also been used with CT for examination of bladder (Ahlberg et al., 1981) and 

liver (Kawata et al., 1984) tumors. An oral emulsion of corn oil was found to be good for evaluation 

of the stomach, duodenum, and pancreas; in patients suspected of having solid tumors; and in thin 

people (Raptopoulos et al., 1987).

Emulsions of perfl uoroctylbromide were found to be useful in detecting V2 carcinoma in rabbits 

and were also found to be reticuloendothelial specifi c (Mattrey et al., 1982). However, their toxic 

dose must be elucidated (Young et al., 1981). These emulsions were very effective clinically (Thomas 

TABLE 25.10
Emulsions as Carriers for Contrast Agents Used in MRI

Emulsion + Agent Application Reference

PFC Whole-body imaging of oxygen Clark et al. (1984)

FTBA Vascular system Joseph et al. (1985a)

PFC Vascular system Joseph et al. (1985b)

Fluorine Liver, tumor, and abscess Longmaid Iii et al. (1985)

Fluorine/perfl uorooctylbromide RES Ratner et al. (1987), Noth et al. (1995)

CEA antibody conjugated with 

perfl uorochemical FTBA

Tumor Shimizu et al. (1987)

PFC Liver Busse et al. (1988)

PFC Blood oxygenation in the brain Eidelberg et al. (1988)

Perfl uorooctylbromide Damage of spleen Ratner et al. (1988)

PFC emulsions (oxypherol and 

fl uosol-DA)

Tumors Mason et al. (1989)

Oxypherol, a perfl uorinated blood 

substitute comprising an emulsion 

of 25% (w/v) FTBA

Blood fl ow to tumor Ceckler et al. (1990)

Combinations of ferric ammonium 

citrate, ferrous sulfate, Gd-DPTA

Retroperitoneal structure Li et al. (1990)

FMIQ emulsion coupled with 

anti-CEA antibody and FTPA

Tumor Mishima et al. (1991)

FTPA Liver and spleen Meyer et al. (1992)

FTBA Vascular volume and changes in 

vascular volume with growth

Meyer et al. (1993)

PFC Tumor Itoh et al. (1995)

Water-in-PFC emulsions Lungs Fan et al. (2006), Huang et al. (2002, 2004)

Note: PFC—perfl urocarbon; FTBA—Perfl uorotributylamine; FTPA—perfl uorotripropylamine; CEA—carcinoembryonic 

antigen; FMIQ—perfl uoromethyldecahydroisoquinoline.
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et al., 1982). In a study by Lewis et al. (1982), 23 oncologic patients were demonstrated to have 

hepatic metastases. These emulsions were also effective in imaging heart and vascular structures in 

periods from minutes to hours (Mattrey et al., 1984).

Emulsions of Ethiodol® and Pluronic® were utilized to image the aorta, vena cava, pulmonary, and 

femoral vessels and distorted vessels around tumors for 20 min after infusion (Cassel et al., 1982).

When used in combination with CT, perfl ubron was demonstrated for imaging lymph nodes and thus 

can be helpful in staging cancer. The preclinical and clinical data proved that the perfl ubron emulsion 

is safe and can enhance axillary lymph nodes on CT images following injections in the hand (Hanna 

et al., 1994). Rapid (10 min) and long-term (5 days) contrast was obtained with an emulsion of 

1- bromoperfl uorooctane and perfl uoro[1-(4-methylcyclohexyl) piperidine] stabilized with egg yolk 

phospholipids. Different organs such as the liver, spleen, adrenals, heart, and abdominal aorta were 

imaged. The higher concentration of the emulsion in the circulation gave rise to the rapid detection, 

whereas the long-term contrast was due to the uptake of the emulsion in the RES (Sklifas et al., 2007).

25.8.3 EMULSIONS AS CARRIERS FOR CONTRAST AGENTS USED IN ULTRASONOGRAPHY

A fl uosol emulsion consisting of perfl uorodecalin and perfl uorotripropylamine (FTPA) was tested 

for its liver-specifi c ultrasound contrast. The echogenicity of the rabbit liver was increased as com-

pared to the controls receiving Ringer’s solution (Mattrey et al., 1983). The utility of fl uosol as an 

ultrasound contrast agent for contrast enhancement of the liver, spleen, and tumors was evaluated 

clinically (Mattrey et al., 1987).

Lipidol emulsions were also used as a contrast agent for visualization of the spleen and liver 

(Yoshida et al., 1984). However, contrasting results were also reported denying the use of lipid emul-

sions as a hepatic contrast agent (Fink et al., 1985). Detection of swelling and normal lymph nodes 

surrounding the upper GIT was also demonstrated using a 10% oil-in-water type emulsion that was 

fed orally (Aibe et al., 1986). Acute venous thrombi were detectable when using PFC emulsions 

administered intravenously (Coley et al., 1994). PFC emulsions that are biotinylated, lipid-coated, 

and targeted were used for the diagnosis of thrombi. Avidin-induced aggregation was utilized to 

produce marked enhancement of backscatter, and the method was highly specifi c and sensitive 

(Lanza et al., 1996, 1997). EchoGen® (perfl enapent) emulsion enhanced the signal up to 20 min, 

thus making the detection of renal artery stenosis and intrarenal vascular disorders, characterization 

of some indeterminate renal masses, imaging of the liver and vasculature (Robbin and Eisenfeld, 

1998), and renal transplant assessment possible (Correas et al., 1997a). Similar results were obtained 

with a perfl enapent emulsion (Correas et al., 1997b). These emulsions were well tolerated in patients 

undergoing echocardiography and ultrasound of other target organs (Quay and Eisenfeld, 1997).

25.9 POLYMERIC MICELLES

Polymeric micelles emerged as an alternative to liposomes because of the size restriction on them; 

that is, they can be prepared in smaller sizes than liposomes. Polymeric micelles are self-assembled 

aggregates of block polymers with 20- to 100-nm sizes (Trubetskoy, 1999). Contrast agents are 

attached to the polymeric micelles via covalent or noncovalent bonds. Polymeric micelles offer 

numerous advantages as a carrier for contrast agents such as increased water solubility, enhanced 

permeability, altered biodistribution, increased bioavailability, and reduced side effects. These poly-

meric micelles have a hydrophobic core and hydrophilic corona. The physicochemical properties 

such as size, charge, and surface properties can be easily changed by adding new ingredients to the 

amphiphilic mixture at the time of micelle preparation or by changing the method of production of 

micelles (Torchilin, 1999). Chelated radioactive metals such as 111In and 99mTc are used for scintigra-

phy, whereas chelated paramagnetic metals such as Gd for MRI and iodine for CT are the most com-

monly studied contrast agents with polymeric micelles. Many reviews have been published dealing 

with polymeric micelles for the delivery of contrast agents (Torchilin, 1999, 2000, 2002; Trubetskoy, 
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1999). The three most common applications of such polymeric micelles are blood pool imaging 

because of their long-circulating nature, tumor accumulation because of circulation longevity, and 

lymph node detection after subcutaneous (s.c.) injection. These can be applied in different types and 

stages of cancer detection and the diagnosis of certain heart conditions (Trubetskoy, 1999).

25.9.1 POLYMERIC MICELLES AS CARRIERS FOR CONTRAST AGENTS USED IN γ SCINTIGRAPHY

Chelated radioactive metals such as 111In and 99mTc for scintigraphy have been associated with poly-

meric micelles. PEO-based polymers have been demonstrated to form 10- to 50-nm polymeric micelles. 

Percutaneous lymphography has been performed using these polymeric micelles (Trubetskoy et al., 

1996). Polymer–lipid amphiphilic compounds such as diacyl lipid-PEG have been used as polymeric 

micelles to incorporate 111In. These 111In-labeled PEG-PE micelles were found to have a longer circula-

tion half-life. Because of their small size, imaging of lymph nodes was also possible (Torchilin, 2001).

25.9.2  POLYMERIC MICELLES AS CARRIERS FOR CONTRAST AGENTS USED IN MAGNETIC 
RESONANCE IMAGING

Chelated contrast agents such as Gd, Mn, or Dy aqueous ions are of major interest for delivery with 

polymeric micelles. Different methods and polymers are used to prepare the polymeric micelles. 

PE-PEO was used to prepare 10- to 30-nm polymeric micelles. These micelles targeted the lymphatic 

system upon percutaneous administration as determined by MRI (Trubetskoy and Torchilin, 1995). 

Magnetite particles encapsulated inside the hydrophobic core of a polymeric micelle of a poly(ε-

caprolactone)-b-PEG (PCL-b-PEG) copolymer, whose surface was stabilized by a PEG shell, were 

reported (Ai et al., 2005). These micelles were able to achieve an ultrasensitive MRI detection limit of 

5.2 g L−1. The polymeric micelles containing iron accumulated in the tumor by the EPR effect, making 

it possible to visualize the tumors. The tumor images were negatively enhanced as early as 1 h after 

the injection, which was not the case with a 10 times higher dose of Feridex®. Similar results were 

obtained when polymeric micelles encapsulating ferric hydroxide particles were used. There was also 

a report of pH-responsive polymeric micelles of PEG-b-poly(methacrylic acid), with calcium phos-

phate crystals entrapping Gd-DTPA. Polymeric micelles formed from cationic polymers (polyallylam-

ine or protamine) and anionic block copolymers [PEG-b-poly(aspartic acid) derivative] that bound Gd 

ions provided high contrasts in MRI by shortening the longitudinal relaxation time of protons of water. 

They were found to be highly selective to image tumor tissue (Nakamura et al., 2006). Polymeric 

micelles made targetable to αV3 integrins using cyclic Arg-Gly-Asp peptide on the surface and loaded 

with SPIO nanoparticles were able to image cancerous cells specifi cally (Nasongkla et al., 2006). 

Folate-coated SPIO Fe3O4 contained in an amphiphilic block copolymer of PEG and PCL attached to 

the distal ends of PEG (folate-PEG-PCL) was prepared by Hong et al. (2008a, 2008b). The system was 

demonstrated as targeting hepatic tumors and therefore can be used for their imaging.

25.9.3  POLYMERIC MICELLES AS CARRIERS FOR CONTRAST AGENTS USED IN 
COMPUTED TOMOGRAPHY

Iodine encapsulated into polymeric micelles has been used as a contrast agent for CT to attain high 

iodine loads. Trubetskoy et al. (1997) used hydrophobization of poly-l-lysine (PLL) for the synthesis 

of a core-forming block. They used unpolar tribenzoic acid N-hydroxysuccinimide ester for modifi -

cation of the PLL block in the PEO-b-PLL polymer. The 100-nm polymeric micelles that were 

created were able to successfully micellize in aqueous solution, and stable micelles were produced 

incorporating 45% iodine. These micelles were demonstrated for imaging lymph on percutaneous 

injection in rabbits and as blood pool imaging agents in rats and rabbits. Subcutaneous injection of 

these iodine-containing micelles in the rabbit hind paw allowed the detection of popliteal lymph 

nodes within 2 h after injection. Upon i.v. injection the blood pool, liver, and spleen were opacifi ed. 



Nanocarriers for Imaging Applications 593

The circulation time was enhanced with half of the dose staying in the circulation 24 h after admin-

istration. Liver and blood vessels were also detectable during the fi rst 0.5 h after administration.

25.10  QUANTUM DOTS (NANOCRYSTALS, QUANTUM DOTS, 
AND NANODOTS)

QDs have been used as an alternative to conventional fl uorescent markers, which have the following 

disadvantages:

Requirement of color matched lasers• 

Fluorescence bleaching• 

Lack of discriminatory capacity of multiple dyes• 

QDs are crystalline clumps of a few hundred atoms, which are coated with an insulating outer 

shell of a different material (Figure 25.9). They can be attached to biological materials, such as cells, 

proteins, and nucleic acids. QDs are so bright that it is possible to detect a cell carrying a single 

crystal. They are inorganic and thus very stable. Their inert surface coating makes them less toxic 

than organic dyes. They can be used in vitro as well as in vivo (Gao et al., 2005).

QDs are semiconductor nanoparticles with a selenide core and a zinc sulfi de shell. They are 

extremely small in size, and the electrons are very compact. They emit light when in contact with 
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infrared light. QDs may emit light in 10 different colors, and their color changes with size. The 

polymer structure can be used to fi nely tune color.

25.10.1 QUANTUM DOTS FOR CANCER DETECTION

QDs have great potential in the detection of cancer and are more effective than conventional fl uo-

rescent dyes and fl uorescent proteins. In an interesting study, Gao et al. (2004) successfully demon-

strated the ability of QDs entrapped in block polymers for imaging of prostate cancers growing in 

nude mice. QDs were accumulated in tumor cells by the EPR effect and because of the presence of 

antibodies attached to the QDs (Figure 25.10). Thus, it is possible to achieve ultrasensitive and mul-

ticolor fl uorescence imaging of cancer cells under in vivo conditions.

25.10.2 QUANTUM DOTS IN SENTINEL LYMPH NODE IMAGING

The potential of QDs in imaging of sentinel lymph nodes was successfully established by Kim et al. 

(2004). They designed near-infrared (NIR) type II QDs with an oligomeric phosphine coating. 

Interestingly, mapping of sentinel lymph nodes as deep as 1 cm was possible after injection of a very 

small amount of NIR QDs (400 pmol; Figure 25.11). Furthermore, the imaging was possible using 

a very small fl uorescence excitation dose of intensity 5 mW cm−2.

FIGURE 25.10  Spectral imaging of QD–prostate-specifi c membrane antigen antibody conjugates in live 

animals harboring C4-2 tumor xenografts. (Right) Orange-red fl uorescence signals indicate a prostate tumor 

growing in a live mouse. (Left) Control studies using a healthy mouse (no tumor) and the same amount of QD 

injection showing no localized fl uorescence signals. (a) Original image, (b) unmixed autofl uorescence image, 

(c) unmixed QD image, and (d) superimposed image. After in vivo imaging, histological and immunocy-

tochemical examinations confi rmed that the QD signals came from an underlying tumor. Note that QDs in deep 

organs such as the liver and spleen were not detected because of the limited penetration depth of visible light. 

(Adapted from Gao, X., Cui, Y., Levenson, R. M. et al. Nat Biotechnol 22: 969–976. With permission.)
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FIGURE 25.11  The NIR QD sentinel lymph node mapping in the mouse and pig. (a) Images of mouse 

injected intradermally with 10 pmol of NIR QDs in the left paw. (Left) Preinjection NIR autofl uorescence 

image, (middle) 5-min postinjection white light color video image, and (right) 5-min postinjection NIR fl uo-

rescence image. An arrow indicates the putative axillary sentinel lymph node. Fluorescence images have 

identical exposure times and normalization. (b) Images of the mouse shown 5 min after reinjection with 1% 

isosulfan blue and exposure of the actual sentinel lymph node. (Left) A color video and (right) NIR fl uores-

cence images. Isosulfan blue and NIR QDs were localized in the same lymph node (arrows). (c) Images of the 

surgical fi eld in a pig injected intradermally with 400 pmol of NIR QDs in the right groin. Four time points 

are shown from top to bottom: before injection (autofl uorescence), 30 s after injection, 4 min after injection, 

and during image-guided resection. For each time point, (left) color video, (middle) NIR fl uorescence, and 

(right) color NIR merge images are shown. Fluorescence images have identical exposure times and normaliza-

tion. To create the merged image, the NIR fl uorescence image was pseudocolored lime green and superim-

posed on the color video image. The position of the nipple (N) is indicated. (Adapted from Kim, S., Taik, Y. 

L., Soltesz, E. G.,et al. 2004. Nat Biotechnol 22: 93–97. With permission.)
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25.11 CONCLUSION

Nanocarriers hold the promise of delivering a technological breakthrough. They are moving quite 

quickly from concept to reality in the fi eld of diagnostic applications as evidenced from a number 

of nanocarriers in clinical development (Table 25.11). The advantage of nanocarriers is their fl exi-

bility of modifi cation or adaptation to meet the needs of pathological conditions for exact diagnostic 

applications. Targeted imaging with MRI and ultrasound has great potential as a tool for elucidating 

the molecular mechanisms responsible for disease. The noninvasiveness of this approach, in con-

junction with the ability to visualize anatomical information with these modalities, creates an 

opportunity for serial characterization of disease progress and for monitoring drug delivery and 

treatment effi cacy in one step.

ABBREVIATIONS

CT Computed tomography

DAB Diaminobutane

DMAA-IPA  3-[(N′,N′-Dimethylaminoacetyl)amino]-α-ethyl-2,4,6-triiodobenzenepropanoic 

acid

DOTA Tetraazacyclododecanetetraacetic acid

DPDP N,N’-dipyridoxylethylenediamine-N,N’-diacetate-5,5’-bis(phosphate)

DTPA Diethylenetriaminepentaacetic acid

EOE Ethiodized oil emulsion

TABLE 25.11
 Nanocarriers in Clinical Development

Carrier
Stage of 

Development Technique
Contrast Agent, Imaging 
Agent, or Radiolabeled Limitations of Use

Liposomes Preclinical SPECT 99 mTc Preparation steps have to be 

carefully controlled to 

achieve reproducible 

properties such as size and 

entrapment effi ciency.

MRI Gadolinium

PET ([2–18 F)FDG

QDs or nanocrystals Preclinical Optical or 

fl uorescence

QDs Further safety studies are 

required because QDs are 

very stable.

QDs micelles

QDs conjugates

Magnetic 

nanoparticles

Clinical MRI Iron oxide-dextran Toxicity may occur due to 

cellular internalization and 

membrane disruption.

Preclinical Iron oxide-polyacrylamide

Cellular Iron oxide-SLN

Iron oxide-insulin

Dendrimers Preclinical MRI Gadolinium Positive charge on dendrimer 

surface may lead to toxicity 

and immunogenicity
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EPR Enhanced permeation and retention

FTPA Perfl uorotripropylamine
67Ga Gallium 67

GIT  Gastrointestinal tract

HAb18 Hepatocarcinoma-specifi c monoclonal antibody

HMPAO Hexamethylpropyleneamine oxime

HP-DO3A  1,4,7-tris(carboxymethyl)-10-(2’-hydroxypropyl)-1,4,7,10-tetraazacycl ododecane

HYNIC Hydrazine nicotinamide

IgG Immunoglobulin G
111In Indium 111

i.v. Intravenous

LUV Large unilamellar vesicle

MI Myocardial infarction

MLV Multilamellar vesicle

MRI Magnetic resonance imaging

MW Molecular weight

NGPE N-Glutaryl-phosphatidyl ethanolamine

NIR Near-infrared

NLC Nanostructured lipid carrier

PAMAM Polyamidoamine

PCL Poly(ε-caprolactone)

PE Phosphatidylethanolamine

PFC Perfl uorocarbon

PEG Poly(ethylene glycol)

PEO Poly(ethylene oxide)

PET Positron emission tomography

PGlcUA Palmityl glucuronide

PLL Poly-l-lysine

PPI Polypropyleneimine

QD Quantum dot

RBLPL  188Re-N,N-bis(2- mercaptoethyl)-N′,N′-diethylethylenediamine-labeled PEGylated 

liposome
188Re-BMEDA 188Re-N,N-bis(2- mercaptoethyl)-N′,N′-diethylethylenediamine

RES Reticuloendothelial system

SPECT or SPET Single photon emission computed tomography

s.c. subcutaneous

SLNs Solid lipid nanoparticle

SPIO Superparamagnetic iron oxide
99mTc Technetium 99 m

2-D Two-dimensional

3-D Three-dimensional

ULV Unilamellar vesicle

US Ultrasonography

USPIO Ultrasmall superparamagnetic iron oxide

VIP Vasoactive intestinal peptide

SYMBOLS

T1 Longitudinal relaxation

T2 Spin–spin relaxation
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