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  Pref ace   

 The concept of focal drug delivery has been applied for treating illnesses that are 
localized to a certain tissue or organ. These delivery systems are applied directly to 
the diseased site and deliver a desired dose for an extended time period while 
 minimizing systemic distribution of toxic drug. Overall, this book contains two 
 sections: fi rst section includes fundamental introductory chapters for focal drug 
delivery, whereas second section includes chapters describing drug delivery to body 
sites/system. 

 Biodegradable polymers have been playing a very important role in delivery 
aspects of therapeutic molecules because of their biocompatibility and biodegrad-
ability. Chapter   1     discusses the importance of these polymeric carriers in focal 
controlled drug delivery and explores a wide range of polymers, including those 
from natural and synthetic sources. Chapter   2     presents the role of implantable 
medical devices such as stents in controlled local drug delivery. Various classes 
and requirements of implantable devices such as mechanical properties, biocom-
patibility, and sterilization have been listed in this chapter. A detail about focal 
drug delivery applications of cardiovascular and orthopaedic implantable devices 
has been provided. 

 Tumor targeting comes fi rst in discussion in emphasizing the role of systemic 
targeting. Chapter   3     provides various means of drug targeting like polymeric 
nanoparticles, liposomes, polymersomes, and solid lipid nanoparticles, the role and 
endogenous factors making an impact on EPR effect in tumor targeting along with 
the ligand-based targeting based on carbohydrates, proteins, antibodies, aptamers, 
and small molecules for various malignancies. Chapter   4     discusses the emerging 
role of liposomes in focal drug delivery for cancer and noncancer therapies. Chapter 
  5     emphasizes the expanding role of polymer drug conjugates and suggests their 
potential in drug delivery platforms. An understanding of in vivo pharmacokinetics 
and pharmacodynamics of a delivery system is important in determining the clinical 
effectiveness of these systems in site-specifi c targeting. Chapter   6     focuses on the 
anticancer drug delivery systems for treatment of solid tumors and on the quantita-
tive assessment of the analyzed factors/parameters. 
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 Chapter   7     covers    various treatment modalities in brain tumor, describing a brief 
about locally delivered chemotherapy following surgical resection. Strategies like 
drug delivery microchips, gene- targeted drugs, and nanocarriers have been explored 
in their role in effective delivery in this aspect. Chapter   8     describes intranasal 
administration of neuropeptide-loaded nanoparticles as a feasible means to nonin-
vasively deliver neuropeptides for CNS therapeutics. Chapter   9     examines the scope 
of focal drug delivery in inner ear therapy, comparing advantages and disadvantages 
of different techniques like intratympanic perfusion, organ-targeted delivery, and 
direct cochlear drug delivery. Chapters   10     and   11     focus on the emerging role of 
nanotechnology in ocular drug delivery that presents a big challenge to current ther-
apies because of its complex anatomical and physiological barriers and the major 
types of nucleic acids and various strategies that have been used to achieve site-
specifi c delivery of nucleic acids to the eye for the treatment of ocular diseases. 
Chapter   12     gives a brief about basic mechanisms of transport in iontophoretic drug 
delivery systems in localized delivery of drugs in addition to its growing investigat-
ing potential in treatment of various diseases related to eye and skin. A drug desig-
nated to act locally in the oral cavity has to remain in the site for a measured period 
of time and withstand the dynamic conditions in the mouth such as changing pH 
levels, masticatory abrasion, slippery mucosa, and smooth teeth surfaces. Chapter 
  13     focuses on potential of polymeric carriers in treating various oral cavity diseases 
of bacteriological, viral, and fungal origin. The major reason for the resistance of 
the oral microbes is their inherent organization into characteristic biofi lms. Chapter 
  14     begins with the introduction of these biofi lms and advantages of focal drug deliv-
ery in this aspect and concludes with the recent development of various novel tech-
nologies for the prevention, control, and treatment of oral infections including 
controlled focal delivery modalities. Chapter   15     discuses    focal drug delivery to 
stomach that includes gastro-retentive drug delivery systems. A brief for gastro-
retentive dosage form (GRDF), different GRDF technologies, and their unique 
application has been discussed. Chapter   16     discusses focal drug delivery to intestine 
emphasizing variable intestinal conditions like environmental pH values, trans-
porter expression levels, and CYP3A4 expression necessary for a successful tar-
geted drug delivery. 

 Chapter   17     gives a review of the challenges and opportunities in systemic and 
local drug delivery to the arterial tissue, advances in systemic (e.g., targeted 
nanotechnology- based formulations) and local (e.g., drug-eluting stent (DES) 
implantation) delivery technologies, and their future perspective in the development 
of multifunctional nano-systems resulting in localized intracellular drug delivery 
with improved effi cacy. Chapters   18     and   19     focus on the role of stents and vascular 
grafts in localized drug delivery to vascular tissues. The fi rst gives the readers an 
introduction about bare-metal stents (BMS) that have been used in coronary artery 
diseases, long-term result problems of in-stent restenosis (ISR), and stent thrombo-
sis resulting in introduction of DES to overcome the problems of ISR along with the 
advancement to development of a more user-friendly bioabsorbable and polymer- 
free stents. The second one discusses the advantages of drug-eluting vascular graft 
compared to coronary artery bypass grafting as well as trends in their development 
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with a prime focus on electrospinning as a promising platform technology for creat-
ing a new generation of vascular grafts. Chapter   20     introduces the importance of 
and major hurdles for lymphatic targeting as well as the potential of new delivery 
platforms for nanocarriers such as liposomes, solid lipid nanoparticles, etc. for bet-
ter penetration into diseased areas. Osteomyelitis, a disease of bone and bone mar-
row, presents a major challenge in therapy. The challenges along with the potential 
of newer forms of sustained-release antibiotic delivery systems in delivering antibi-
otics at constant rates over a prolonged period of time, eliminating the need for 
multiple dosing, are indicated in Chapter   21    . Chapter   22     reviews an up-to-date over-
view of the acellular biomaterial-based strategies, aimed at simultaneous regenera-
tion of bone and cartilage by the controlled focal delivery of the appropriate factors. 
Development and clinical testing of various delivery systems (microspheres, hydro-
gels, and macroporous scaffolds) are also discussed. 

 Chapter   23     presents locally and systemically delivered polymeric drug carrier 
systems in treatment of solid tumors. Different types of in situ forming injectable 
hydrogels, various micro- and nanoparticulate systems, and the role of polymeric 
drug delivery systems in addressing the multidrug resistance are discussed. Chapter 
  24     describes the advantages offered by multifaceted nanocarrier systems over cur-
rent conventional formulations for skin ailments and their research and market 
potential along with factors vital for selection of appropriate nano delivery system. 
Chapter   25     deals with anatomy of the nail unit, related diseases, and challenges 
presented by topical and oral anti-infective. It also explores the potential of focal 
delivery approaches to nails that are currently being investigated. In Chap.   26    , the 
reader is presented with an overview of different wound management dressings and 
advanced technologies for achieving improved healing for wounds, burns, and 
diabetes- related ulcers and related pathogenesis. Also pharmacological agents like 
gene therapy and cytokine, growth factors, stem cells, etc. are also discussed. 
Chapter   27     previews the potential of vaginal drug delivery systems focusing on 
the barriers presented by vaginal mucosa. The various strategies discussed include 
nanomaterials like nanoparticles, electrospun fi bers, and HIV microbicide appli-
cations for effective and successful vaginal drug delivery. Lastly, discussed in 
Chap.   28     are the selected developments in the extensive fi eld of prolonged dura-
tion of local anesthesia for the goal of enhanced anesthetic duration following 
administration.  

Jerusalem, Israel Abraham J. Domb
Hyderabad, India Wahid Khan
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     Part I 
  Introductory Chapters        



3A.J. Domb and W. Khan (eds.), Focal Controlled Drug Delivery, Advances 
in Delivery Science and Technology, DOI 10.1007/978-1-4614-9434-8_1,
© Controlled Release Society 2014

1.1            Introduction 

 Polymer science has been undergoing tremendous advancements during the past 
three decades in terms of chemical modifi cations with desirable characters and 
synthesis of copolymers in the development of new delivery systems. Several strat-
egies have been explored to deliver drugs to a specifi c site or body compartment, 
but delivery via polymeric carriers is one of the simplest and most successful 
approaches due to its physicochemical properties. Biodegradable polymers for 
focal drug delivery application can play structural and functional roles. They are 
classifi ed in two categories, viz., natural and synthetic based on their origin [ 1 ] 
(Fig.  1.1 ).

   Natural polymers are the fi rst biodegradable biomaterials used clinically. They 
possess several inherent advantages such as bioactivity, the ability to present 
receptor- binding ligands to cells, susceptibility to cell-triggered proteolytic 

    Chapter 1   
 Biodegradable Polymers for Focal 
Delivery Systems 

             Wahid     Khan    ,     Venu     Gopala     Swami     Challa    ,     Robert     Langer    , 
and     Abraham     J.     Domb    

        W.   Khan     •     V.  G.  S.   Challa   
  Department of Pharmaceutics ,  National Institute of Pharmaceutical 
Education and Research (NIPER) ,   Hyderabad   500037 ,  India    

    R.   Langer    
  Department of Chemical Engineering ,  Massachusetts Institute of Technology , 
  Cambridge ,  MA   02139 ,  USA     

    A.  J.   Domb      (*) 
  Faculty of Medicine ,  Institute of Drug Research, School of Pharmacy, 
The Hebrew University of Jerusalem ,   Jerusalem   91120 ,  Israel   
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degradation, and natural remodeling. However, they have drawbacks that include a 
strong immunogenic response associated with most of the polymers, complexities 
associated with purifi cation, and the possibility of disease transmission. Synthetic 
biomaterials on the other hand are generally biologically inert; they possess batch-
to- batch uniformity and have an advantage of possessing tailored property profi les 
for specifi c applications. Thus, they are devoid of many of the disadvantages of 
natural  polymers. Extensive research has examined custom-designed biodegradable 
polymer systems with predictable erosion kinetics as drug/gene delivery vehicles or 
as scaffolds for tissue engineering. 

 There are numerous advantages of focal drug therapy [ 2 ]:

    1.    Dose-dependent activity can be regulated.   
   2.    Therapeutically effective dose required at the site is reduced, thus diminishing or 

completely eliminating adverse effects.   
   3.    Drugs with a relatively short half-life can also be delivered locally with minimal 

loss in therapeutic activity.   
   4.    Drugs with low bioavailability can be targeted directly to the required site.   
   5.    Patient-to-patient variability in drug pharmacokinetics is reduced, which is of 

signifi cance in the case of drugs with a narrow therapeutic index.   

Polymers

Non-biodegradable  
Polymers  

Biodegradable
Polymers

Synthetic  polymers Natural polymers

Chitosan

Gelatin

Collagen

Dextran

Alginates

Fibrin

Poly(α-Esters)

Polyanhydrides 

Polyorthoesters

polyurethanes

Polyaminoacids

Polyfumarates

Acrylic polymers 

Poly-silicones 

PGA

PLA

PLGA

PCL

  Fig. 1.1    Polymers used in focal drug delivery systems       
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   6.    The need of premedication for drugs that show adverse effects when given 
 systemically is obviated.    

  This chapter provides a review of both introductory and state-of-the-art information about 
the polymeric carriers used in focal drug therapy for diseased states that are most exploited 
for localized treatment. Major emphasis is placed on the biodegradable polymers of both 
natural and synthetic origins, focusing on their sources, designs, physicochemical proper-
ties, and applications. 

1.2        Natural Polymers 

 Natural polymers have the advantage of possessing an intrinsic property of environ-
mental responsiveness via degradation, bioactivity, the ability to present receptor- 
binding ligand to cells, and remodeling by cell-secreted enzymes. They are generally 
nontoxic, even at high concentrations. Therefore, they can be fabricated, as a tissue- 
engineering scaffold, or used as a growth factor delivery system, e.g., chitosan. 
They have been successfully used in oral and nasal delivery due to their mucoadhe-
sive properties [ 3 ]. However, they suffer from some drawbacks such as immuno-
genic response, batch-to-batch variation, restrictions with the versatility of designing 
devices having specifi c biomechanical properties, variable rate of in vivo degrada-
tion, and the possibility of disease transmission [ 3 ]. 

1.2.1     Collagen 

 Collagen is the most abundant protein in the animal kingdom and is a major 
 component of the extracellular matrix and connective tissues. It renders strength 
and fl exibility to connective tissues such as tendons, bones, cartilage, blood vessels, 
skin, and other musculoskeletal tissues. The main applications of collagen as a drug 
delivery system are collagen shields in ophthalmology, sponges for burns/wounds, 
mini-pellets and tablets for protein delivery, gel formulation in combination with 
liposomes for sustained drug delivery, as controlling material for transdermal deliv-
ery, nanoparticles for gene delivery, and basic matrices for cell culture systems [ 4 ]. 
Collagen has broad utility as gene-activated matrices capable of delivering large 
quantities of DNA in a direct, localized manner [ 3 ]. A modulated type II collagen- 
glycosaminoglycan (CG) scaffold serves as a nonviral gene delivery vehicle for 
transferring gene-seeded adult articular chondrocytes that produces a prolonged and 
local expression of insulin-like growth factor (IGF)-1 for enhancing cartilage 
 regeneration [ 5 ]. Type 1 collagen-based viscous bulking material can serve as a 
retrievable implant for systemic delivery of erythropoietin [ 6 ]. Today collagen is 
widely used as a coating material for synthetic biodegradable polymers like 
 poly- ε- caprolactone and poly( d,l -lactide-co-glycolide) (PLGA) in controlled 
 delivery of drugs and in tissue engineering [ 7 ,  8 ]. 
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 Collagen matrices sponges are available for tissue engineering of skeletal 
muscle; they are helpful in the treatment of soft tissue defects in reconstructive 
surgery [ 9 ]. Collagen scaffolds for corneal tissue engineering have been reported. 
A modifi cation of collagen is a biofunctional polymer to enhance its properties in 
tissue engineering. The effects of the peptide modifi ed collagen gels on corneal 
epithelial cell behavior were examined to improve the potential of these materials as 
tissue-engineering scaffolds [ 10 ]. The use of UroMaix scaffolds was reported in 
tissue engineering of the urinary tract. Generally, in the urinary tract reconstruction 
of bladder and ureter tissue is indicated in cases of injury, stenosis, infection, or 
tumor. Substitution by ileum, colon, or pure synthetic polymers generates a variety 
of complications. Collagen has promising advantages over synthetic polymers 
which support the attachment and proliferation of urinary tract cells in tissue engi-
neering of the urinary tract with its high mechanical demands [ 11 ]. 

 Collagen has been used for tissue engineering including skin replacement, bone 
substitutes, and artifi cial blood vessels and valves. There has been extensive colla-
gen research into an array of other tissue-engineering and biomedical applications 
owing to its mechanical, hemostatic, and cell-binding properties. Collagen already 
has a wide range of applications as hemostats, implants, device coatings, and stabi-
lizers for biologics. Examples are collagen sponges, collagen membranes, collagen 
stents, and vascular graft coatings. Revitix™, Vctoi™, Forta-Derm™, Infuse ® , 
Collagraft ® , Healos ® , Biomend, Integra ®  Dermal Regeneration Template, Orcel ® , 
and Apligraf ®  are a few FDA-approved products of collagen [ 12 ].  

1.2.2     Gelatin 

 Gelatin is derived by denaturing collagen and is hence free of antigenicity associ-
ated with collagen. Due to its promising properties such as biodegradability and 
biocompatibility, gelatin is widely used in drug delivery. It also has potential prop-
erties as a controlled local drug delivery system, e.g., cancellous bone applications 
[ 13 ]. Recent studies have explored gelatin usage in the treatment of tuberculosis 
through controlled release of drugs in the gastrointestinal tract. Rifampicin- 
containing microspheres were designed to treat and prevent tuberculosis infection 
in the entire intestine [ 14 ]. Gelatin shows excellent results in regional drug delivery 
systems due to its inherent properties like biodegradability and biocompatibility, 
being absorbed into the human body. There has been a report of colloidal drug deliv-
ery of gelatin in the form of microspheres loaded with curcumin for targeting lung 
diseases [ 15 ]. Gelatin drug conjugates release a drug molecule in a specifi ed site for 
treatment. Cisplatin-conjugated gelatin microspheres are a potential antitumor 
agent; these microspheres confi rm the release of cisplatin to prevent solid tumors 
but not metastasis tumors [ 16 ]. Cross-linked gelatin microspheres have reported as 
a drug delivery system for doxycycline to treat chronic wounds. These microspheres 
have also been used for tissue-engineering applications and as hemostats, implants, 
coating device, and stabilizers for biologics. Gelfoam ®  is an absorbable gelatin 
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sponge available in powder form by milling the gelatin sponges. Some other gela-
tin-based products in the market are Surgifoam ® , CultiSpher-G ® , and H.P. Acthar ®  
gel, all approved by the FDA.  

1.2.3     Fibrin 

 Fibrin (derived from fi brinogen) is one of the earliest biopolymers used as a 
 biomaterial, due to its excellent biocompatibility, biodegradability, and inject-
ability. Fibrin sealants (also known as tissue adhesives or glues) are designed as 
hemostasis agents by mimicking the fi nal steps of the blood coagulation cascade, 
forming a stable, physiological fi brin clot that assists hemostasis and wound 
 healing; they are also used in the delivery of many anticoagulant agents in hemor-
rhagic conditions [ 17 ]. Fibrin seal compounds are also used to carry out antibiotic 
formulation for the prolonged drug therapy of localized bacterial infections [ 18 ]. 
Fibrin sealants can be useful for transscleral and the uniform drug delivery of 
fl uorescein-labeled dexamethasone, and methotrexate for the posterior segment 
diseases such as rheumatoid arthritis [ 19 ]. Fibrin fi lms are widely used in oph-
thalmic preparations for coating of antiglaucoma drugs like pilocarpine for their 
long-term release profi le [ 20 ]. 

 For drug delivery systems fi brin can be used either as microparticles or fi brin- 
coated particulates for sustained release or as fi brin sheets suitable as implant mate-
rial [ 21 ]. Fibrin as a hydrogel carrier is widely used in cartilage tissue engineering. 
Fibrin is rapidly degraded with plasmin, produced by the cells. Thus, ε-aminocaproic 
acid can be used to inhibit this enzyme and thus save the fi brin carrier [ 22 ]. Sugitachi 
et al. studied drug-entrapped fi brin clots for regional cancer chemotherapy and 
showed a sustained release of oncolytic agents and favorable antineoplastic effects 
[ 23 ]. Fibrin is a versatile biopolymer used in tissue regeneration and wound healing 
applications.    It is a crucial blood component responsible for hemostasis and used 
extensively as a biopolymer scaffold in tissue engineering in the form of a fi brin 
hydrogel by fi brinogen and thrombin. The incorporation of bioactive peptides and 
growth factors via a heparin-binding delivery system improves the functionality of 
fi brin as a scaffold for stem or primary cells to regenerate adipose tissue, bone, car-
diac tissue, cartilage, liver, and nerve tissue [ 24 ]. Breen et al. reported fi brin as a 
potent carrier for gene transfer and controlled vector delivery. Fibrin scaffold is used 
to enhance delivery of the adenovirus to a wound site to regenerate the damaged 
tissue [ 25 ]. In cardiovascular tissue engineering, fi brin-based scaffolds are widely 
used in encapsulated gel form as a cell carrier by providing structural integrity to the 
developing tissue [ 26 ]. Recent studies report that fi brin gel can inhibit potential 
immunogenic, toxic degradation, and infl ammatory reactions of three-dimensional 
biodegradable scaffolds, which are generally used as a basic structure for cell 
anchorage, cell proliferation, and cell differentiation in tissue engineering [ 27 ]. 
Tisseel ® , Evicel ® , Crosseal ® , and Bioseed ®  are a few of the fi brin-based products 
available for clinical use.  
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1.2.4     Silk Fibroin 

 Silk is a protein polymer spun into fi bers by silkworms, spiders, scorpions, mites, 
and fl ies. Degradable silk is a mechanically robust biomaterial that offers a wide 
range of mechanical and functional properties for biomedical applications, 
including drug delivery. Silk proteins are a promising material for controlled drug 
delivery due to their aqueous processability, biocompatibility, and biodegradabil-
ity [ 28 ]. Silk fi broin is an interesting polymer for drug delivery due to its control-
lable level of crystallinity and the ability to process the biomaterial in 
biocompatible fashion under ambient conditions to avoid damage to labile com-
pounds to be delivered [ 29 ]. 

 Regenerated silk fi broin is another promising biomaterial for localized drug 
delivery systems [ 30 ]. Wenk et al. studied the fabrication of drug-loaded silk fi broin 
spheres as a platform for the controlled release of a sensitive biological-like, insulin- 
like growth factor in diabetic disorders [ 31 ]. Silk fi broin microparticles offer a 
promising approach for the sustained delivery of different bone morphogenetic 
 proteins (BMPs) in tissue-engineering applications. BMPs like BMP-2, BMP-9, or 
BMP-14 are cytokines with the strong ability to promote new bone formations [ 32 ]. 
Silk fi broin-coated liposomes are used in long-term and targeted drug delivery of 
many oncolytic agents. Silk fi broin-coated, emodin-loaded liposomes show promi-
nent diffusion kinetics and specifi c cell targeting in tumor sites [ 33 ].  

1.2.5     Alginates 

 Alginates are naturally derived polysaccharides. A block copolymer of alginate 
contains two uronic acid units. Due to the presence of high acid content in alginates, 
alginate undergo reversible gelation in aqueous solution under mild conditions 
through interaction with divalent cations such as Ca 2+ . High acid reactivity allows 
their wide use as cell transplantation vehicles to grow new tissues, as wound dress-
ings and also in the three-dimensional culture of chondrocytes. Alginates have sev-
eral applications as scaffolding material for bone regeneration, as wound dressings 
and as drug and cell delivery vehicles, chemically immobilizing the drug to the 
polymer back bone. 

 Alginate is a biodegradable hydropolymer widely used in the local drug delivery 
of steroid hormones. In a study, Bhowmik et al. slowed testosterone-loaded nano-
capsules prepared and evaluated, showing sustained-release pattern [ 34 ]. Alginates 
showed signifi cant effects on deoxycholic-acid-induced cancer in esophageal muco-
sal. Refl ux of bile acids into the esophagus is implicated in the progression to 
Barrett’s oesophagus (a metaplastic condition and precursor to oesophageal adeno-
carcinoma), since bile acids at pH 4 have been shown to induce c-myc expression. 
Alginates were able to prevent the induction of c-myc by acidifi ed deoxycholic acid 
in vitro [ 35 ]. Several alginate-based products are commercially available, that 
includes Nu-Derm ® , Curasorb ® , and AlgiSite ® .  
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1.2.6     Dextran 

 These are polysaccharides available in a wide range of molecular weights. They 
contain a high density of hydroxyl groups that make the polymers highly hydro-
philic and capable of being further functionalized chemically. They are also used as 
the hydrophilic part of amphiphilic block copolymers. Dextran is widely used in 
focal delivery of antitumor agents like daunorubicin, doxorubicin as gold, and 
coated nanoparticles. Cai et al. prepared biocompatible gold nanoparticle-loaded 
lysozyme-dextran (Au@Lys-Dex) nanogels. The antitumor agent, doxorubicin- 
loaded Au@Lys-Dex nanogels, has antitumor activity similar to free doxorubicin. 
The nanogels can also be used as a contrasting agent in optical cell imaging and for 
simultaneous usage in biomedical applications and drug delivery systems [ 13 ]. 
Varshosaz et al. studied dextran polymeric carriers in novel drug delivery systems; 
dextran-antitumor drugs conjugate, enhancing effectiveness and improving cyto-
toxic effects of chemotherapeutic agents in localized drug delivery [ 36 ]. Liu et al. 
studied the block copolymers of dextran with poly( d,l -lactide) to form mucoadhe-
sive nanoparticles as a potential treatment for anterior eye diseases and hence can be 
used to improve the bioavailability of topical formulations [ 37 ]. Dextran-drug con-
jugates are widely used in focal drug delivery of active agents, e.g., budesonide-
dextran conjugates, using glutarate spacer as a colon-targeted drug delivery system 
for the treatment of ulcerative colitis [ 36 ,  38 ,  39 ]. 

    Dextran complexes with nonbiodegradable polymers (methacrylates) and, par-
tially biodegradable polymers (poly( N -isopropylacrylamide)/dextran-maleic acid), 
to form hydrogels has great potential as a drug carrier because of its combined 
stimuli- response capability, as well as partial biodegradability in controlled drug 
delivery of doxorubicin in tumor site [ 40 ]. A hydrogel formulation of dextran and 
polyaspartamide derivatives (poly amino acid) has been reported for colon-specifi c 
drug delivery. This formulation undergoes an enzymatic hydrolysis in the colon and 
is potentially useful for treating infl ammatory bowel diseases. Abdullah et al. stud-
ied novel methods of dextran polymer delivered genes to specifi c cell lines, thereby 
treating genetic disorders. A novel cationic polymer, dextran-spermine, has been 
found to mediate gene expression in a wide variety of cell lines and in vivo through 
systemic delivery of plasmid DNA, partially protected from degradation by nucle-
ase. This exhibited optimal gene transfer effi ciency [ 41 ].  

1.2.7     Chitosan 

 Chitin is a linear polymer found in the shells of crabs, lobsters, shrimps, and insects. 
It is the fully or partially deacetylated form of chitin. The degree of deacetylation of 
typical commercial chitosan is usually between 70 and 95 % and the molecular 
weight between 10 and 1,000 kDa. Chitosan is biologically renewable, biodegrad-
able, biocompatible, nonantigenic, nontoxic, and biofunctional. Due to its proper-
ties it has attracted much attention in tissue engineering with a wide variety of 

1 Biodegradable Polymers for Focal Delivery Systems



10

applications ranging from skin, bone, cartilage, and vascular grafts to substrates for 
mammalian cell culture. Chitosan has been found to enhance blood coagulation, 
accelerating wound healing; thus, it can act as an ideal wound dressing, since it 
exhibits a positive charge, fi lm-forming capacity, mild gelation characteristics, and 
strong tissue adhesion. Chemically modifi ed chitosan polymers contain reactive 
sites amenable for ligand conjugation mucoadhesives [ 3 ]. 

 Currently, chemically modifi ed chitosan is widely used in tissue engineering and 
drug delivery systems. For example,  N , N -dicarboxymethyl chitosan has been found 
to be useful as a molecular carrier or drug delivery agent for cartilage related prob-
lems. BMP is used to induce or facilitate the repair of articular cartilage lesions 
[ 42 ]. Trapani et al. studied chitosan as a potential carrier for drugs to treat serious 
brain disorders, such as Parkinson’s disease, with nanoparticles formulation of 
chitosan- dopamine [ 43 ]. Chitosan acts as a scaffold material in hydrogels that has 
been used due to the polymer’s biocompatibility, low toxicity, and biodegradability 
[ 44 ]. Chitosan is widely used as mucoadhesive polymer that can increase cellular 
permeability and improve the bioavailability of orally administered protein drugs. It 
can also be readily formed into nanoparticles able to entrap drugs or condense plas-
mid DNA [ 45 ]. Chitosan-based micro- and nanoparticles are effective in local drug 
delivery systems due to their inherent properties and drug loading, encapsulation 
effi ciency, and release characteristics [ 46 ]. HemCon ®  is a commercially available 
chitosan-based bandage. 

 Chitosan exhibits favorable biological behavior, with bioadhesion- and 
permeability- enhancing properties, which makes it a unique material for the design of 
ocular drug delivery vehicles. Chitosan-based colloidal drug delivery systems have 
shown its potential action, either facilitating the transport of drugs to the inner eye 
(chitosan-coated colloidal systems containing indometacin) or their accumulation into 
the corneal/conjunctival epithelia (chitosan nanoparticles containing cyclosporine) 
[ 47 ]. Chitosan nanoparticles for brain targeting are another promising application of 
chitosan. Nano-sized particles have been widely used to treat brain infection caused 
by AIDS viruses. Didanosine-loaded chitosan nanoparticles delivery systems are used 
to enhance systemic and brain targeting effi ciency to CSF and brain [ 48 ]. 

 Chitosan and its carboxymethyl derivatives nanoparticles (curcumin loaded) 
have been reported to treat tumor cells, where curcumin acts as a chemotherapeutic 
agent with antioxidant, anti-infl ammatory, anti- proliferative, anticancer, and antimi-
crobial effects [ 49 ]. Chitosan-gold hybrid hydrogel has exhibited an excellent water 
absorbing property and can be applied as a drug delivery system for anticancer drug. 
Doxorubicin, due to its high equilibrium water swelling content, is an ideal local 
drug delivery system [ 50 ]. Poor water solubility and low transfection effi ciency of 
chitosan are major drawbacks for its use as a gene delivery carrier, but now modifi ed 
chitosan polymers with polyethylene  glycol (PEG) to enhance its solubility and 
folate conjugation may improve gene transfection effi ciency due to promoted uptake 
of folate receptor-bearing tumor cells. Cross-linked folate-poly(ethylene glycol)-
grafted chitosan has been used to target plasmid DNA to tumor cells to induce 
remarkable cytotoxicity against potential tumor HEK 293 cells [ 51 ].  
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1.2.8     Polyhydroxyalkanoates 

 Polyhydroxyalkanoates (PHAs) are biological polyesters produced by microorgan-
isms under unbalanced growth conditions.The main biopolymer of the PHA family 
is the poly hydroxybutyrate (PHB), but many copolymers were synthesized based 
on PHB [poly (hydroxybutyrate-co-hydroxyvalerate) (PHBV), poly (hydroxybutyr-
ate-co-hydroxyhexanoate) (PHBHx), poly (hydroxybutyrate-co-hydroxyoctanoate) 
(PHBO) etc [ 52 ]. 

 Ye et al. studied copolymer of 3-hydroxybutyrate and 3-hydroxyhexanoate 
(PHBHHx) to produce neocartilage upon seeding with differentiated human 
adipose- derived stem cells (hASCs). hASCs were grown on a three-dimensional 
PHB/PHBHHx scaffold in vitro with or without chondrogenic media for 14 days. 
The differentiated cells/(PHB/PHBHHx) implants formed cartilage-like tissue after 
24 weeks of implantation [ 53 ]. A cross-linked polymer of PHB, 3-hydroxybutyrate, 
and 3-hydroxyvalerate (PHBV) microspheres-PLGA matrix composite has been 
reported as a scaffold for bone tissue engineering and for applications in drug deliv-
ery systems [ 52 ]. Biodegradable poly-beta-hydroxybutyrate scaffold seeded with 
Schwann cells to promote spinal cord repair. Modifi cation of PHB surfaces with 
fi bronectin, laminin, or collagen signifi cantly increases Schwann cell attachment 
and proliferation in vitro. The results demonstrate that a PHB scaffold promotes 
attachment, proliferation, and survival of adult Schwann cells and supports marked 
axonal regeneration within the graft [ 54 ].  

1.2.9     Arabinogalactan 

 Arabinogalactan is a highly branched water-soluble natural polysaccharide extracted 
from the larix tree ( Larix laricina ). It is available in a 99.9 % pure form with 
 reproducible molecular weight and physicochemical properties. Its high water 
 solubility, biocompatibility, biodegradability, and ease of drug conjugation in an 
aqueous medium make arabinogalactan an attractive and potential drug carrier. 
Arabinogalactan is a highly branched polysaccharide consisting of a galactan back-
bone with side chains of galactose and arabinose with unusual water solubility 
(70 % in water) [ 55 – 57 ]. Elgart et al. studied conjugation drug delivery of arabino-
galactan with potent antifungal agent amphotericin B (AMB). AMB shows 
 variability in solubility, pharmacokinetics, and pharmacodynamics. Arabinogalactan 
conjugation with the poorly soluble drug AMB affects its physicochemical proper-
ties with improved solubility and reduced toxicity [ 58 ].    Arabinogalactan has 
 reportedly been used for hepatic drug delivery as a natural polymer due to its 
 properties (biocompatible, biodegradable, ease of availability). It is mainly suitable 
as a carrier for the delivery of diagnostic or therapeutic agents to hepatocytes via the 
asialoglycoprotein receptor [ 59 ].   
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1.3     Synthetic Polymers 

 Synthetic polymers provide fl exibility to tailor drug release, mechanical  properties, 
and degradation kinetics to suit different applications. Most synthetic polymers 
undergo hydrolytic degradation that binds hydrolytically labile chemical bond in 
their backbone. Functional groups susceptible to hydrolysis include esters, 
orthoesters, anhydrides, carbonates, amides, and urethanes. Furthermore, synthetic 
polymers can be designed on a need basis and are available in a wide variety of 
compositions with readily adjustable properties [ 60 ]. Similar to natural polymers, 
synthetic polymers are also being developed and used by industry and academia. 
Table  1.1  summarizes the technological capacity overview of synthetic biodegrad-
able polymers.

   Table 1.1    Technological capacity overview of synthetic biodegradable polymers      

 Polymer  Product  Drug  Application  Reference 

 PLA  Atridox  Doxycycline hyclate  Periodontal disease  [ 61 ,  62 ] 
 PEG-PLA  Trenantone     Leuprorelin acetate  Prostate cancer 

 Genexol-PM  Paclitaxel  Cancer (breast, 
lung, prostate, 
pancreatic) 

 [ 63 ] 

 PLGA  Zoladex  Goserelin acetate  Prostate cancer, 
endometrioses 

 [ 64 – 66 ] 

 Lupron Depot  Leuprolide acetate  Prostate cancer  [ 67 ] 
 Eligard  Leuprolide acetate  Prostate and breast 

cancer 
 [ 68 ,  69 ] 

 Sandostatin 
LAR 

 Octreotide acetate  Growth hormone 
suppression 

 [ 70 ,  71 ] 

 Nutropin Depot  Somatotropin (hGH)  Growth hormone 
defi ciency 

 [ 72 ,  73 ] 

 Risperdal 
Consta 

 Risperidone  Antipsychotic  [ 74 ,  75 ] 

 Arestin  Minocycline  Adult periodontitis  [ 76 ] 
 Decapeptyl  Triptorelin acetate  Advanced and 

metastatic 
prostate cancer 

 [ 77 ,  78 ] 

 Vivitrol  Naltrexone  Alcohol dependence 
    Profact Depot  Buserelin  Prostate cancer  [ 79 ,  80 ] 

 PCL  Capronor  Levonorgestrel  Contraceptive  [ 81 ] 
 Polyanhydride  Gliadel  Carmustin  Brain cancer  [ 82 – 84 ] 

 Septacin  Gentamicin sulfate  Osteomyelitis  [ 72 ] 
 Gelatin  H.P. Acthar gel  Adrenocorticotropic 

hormone 
 Endocrine 

disorders 
 Collagen  Apligraf ®   Collagen from 

human skin 
 Wound healing  [ 85 ,  86 ] 

 Fibrin  Tisseel ®   Fibrin  Fibrin sealant for 
hemostasis 

 [ 87 ] 

   PLA  poly(lactic acid),  PLGA  poly(lactide-co-glycolide),  PCL  poly- ε- caprolactone,  PEG-PLA  
PEGylated-PLA  
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1.3.1       Polyesters 

 Poly(α-ester)s are thermoplastic aliphatic polyesters having hydrolytically labile 
aliphatic ester linkages in their backbone. Hence, they are biodegradable. These 
polymers are usually synthesized by ring-opening polymerization (ROP) and poly-
condensation. Bacterial bioprocess routes can also be used to develop some poly(α- 
ester)s. These are bulk-degrading polymer degrades by the nonspecifi c scission of 
the ester backbone. In the class the most extensively investigated polymers are the 
poly(α-hydroxy acid)s, which include poly(glycolic acid) (PGA), the stereoiso-
meric forms of poly (lactic acid) (PLA) and their copolymers (PLGA), and polycap-
rolactone (PCL) along with there copolymers. 

 Both, homopolymers and copolymers of poly(α-ester)s have been investigated as 
potential biomaterials for a variety of biomedical applications due to their good 
biocompatibility and controllable degradation rates tailored to specifi c demand of 
each tissue type. Polyester polymers have also shown to be very attractive polymers 
in many biomedical fi elds as conducting polymers (CPs) that have both electrical 
and optical properties similar to those of metals and inorganic semiconductors. The 
fact that several tissues are responsive to electrical fi elds and stimuli has made CPs 
attractive for a number of biological and medical applications such as biosensors, 
tissue engineering, and neural probes [ 88 ]. 

1.3.1.1     Poly(Glycolic Acid) 

 PGA is a crystalline polymer (45–55 % crystallinity) and, therefore, exhibits a high- 
tensile modulus with very low solubility in organic solvents. Glass transition tem-
peratures range from 35 to 40 °C with melting point nearly 200 °C. Polyglycolide 
shows excellent mechanical properties due to its high crystallinity. In spite of its low 
solubility, this polymer has been fabricated into a variety of forms and structures. 
Extrusion, injection, and compression molding as well as particulate leaching and 
solvent casting are some of the techniques used to develop polyglycolide-based 
structures for biomedical applications. It is the fi rst synthetic polyester polymer to 
show diverse applications in tissue engineering and controlled, localized drug deliv-
ery of medicaments. Dexon ®  and Biofi x ®  are PGA-based and FDA-approved prod-
ucts available on the market. PGA is also used for bioresorbable sutures (e.g., 
Dexon ® ) due to its excellent fi ber-forming ability. 

    High-rate degradation, acidic degradation, and low-solubility products, however, 
limit biomedical applications for polyglycolic acid. Therefore, several copolymers 
containing glycolide units are being developed to overcome the inherent disadvan-
tages of polyglycolide. One example is poly(lactide-co-glycolide).    Among the few 
other copolymers, cross-linked structures of PGA-chitosan [P/C] hybrid matrices have 
been used for tissue-engineering applications with novel, porous, biocompatible, 
degradable, and modifi able hybrid matrices for biomedical applications. The presence 
of chitosan in the P/C matrices provides many amino groups for further modifi cations 
such as biomolecule conjugation and thus enhances the application potential [ 89 ].  
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1.3.1.2     Poly(Lactic Acid) 

 Poly(lactic acid) is a chiral molecule and exists in two optically active forms,  l - and 
 d -lactide.  l -lactide is a naturally occurring monomer. Polymerization of racemic 
( d,l )-lactide and mesolactide results in the formation of amorphous polymers, 
whereas PLLA is semicrystalline. The degree of crystallinity depends on molecular 
weight and polymer processing parameters. It has a glass transition temperature of 
60–65 °C and a melting temperature of approximately 175 °C. PLLA is a more 
hydrophobic and slow-degrading polymer than PGA and has good tensile strength; 
thus, it is used for sutures. High molecular weight PLLA can take between 2 and 5 
years for total resorption in vivo. It is more hydrophobic than PGA but less than 
PCL. Several copolymers of  l -lactides with glycolides or  dl -lactides are currently 
being researched for the development of polymers with better property modulation 
for controlled drug delivery. PDLLA is an amorphous polymer due to the random 
distribution of  l - and  d -lactide units. It has a glass transition temperature of 
55–60 °C due to its amorphous nature. In addition the polymer shows much lower 
strength compared to poly( l -lactic acid). Polylactides undergo hydrolytic degrada-
tion via the bulk erosion mechanism by the random scission of the ester backbone. 
It degrades into lactic acid, a normal human metabolic by-product, which is broken 
down into water and carbon dioxide via the citric acid cycle. 

 Polylactics have a wide range of applications in bone fi xtures, sutures, drug 
delivery, tissue engineering, and carrier for gene delivery. Some PLA-based prod-
ucts that are FDA approved and available in the market are Phantom Soft Thread 
Soft Tissue Fixation, Screw ® , Phantom Suture Anchor ® , Full Thread Bio Interference 
Screw ® , BioScrew ® , Bio-Anchor ® , Meniscal Stingers ® , Clearfi x ® , Meniscal Dart ® , 
Sculptra ® , Atridox ® , Trenantone ® , and Genexol ® . 

 New advances in the polymerization process of PLA have shown prominent 
results in controlled drug release. Bishara et al. describe the controlled drug release 
of peptide/protein molecules. Reversible stereoselective complexes are spontane-
ously formed by mixing acetonitrile solutions of enantiomeric  d -poly(lactide) 
( d - PLA ),  l -poly(lactide) ( l -PLA), and octreotide (an octapeptide, somatostatin 
analogue). This results in (a) increasing peptide concentration in the stereocomplex, 
increases the release rate of the peptide, and (b) increasing the polymer degradation 
rate as monitored by lactic acid release form stereocomplexes [ 90 ]. A new applica-
tion of biodegradable polyester polymer has shown a controlled release sirolimus- 
eluting biodegradable poly- l -lactide (PLLA) stent for peripheral vascular 
application [ 91 ]. PLA has been explored as a potential vehicle in tissue engineering 
due to its versatility. Montjovent et al. describe the potential usage of porous PLA 
obtained by supercritical gas foaming and reinforced with 5 % beta- tricalcium 
phosphate in bone cell tissue engineering [ 92 ].  

1.3.1.3     Poly( D,L -Lactide-co-Glycolide) 

 Among the co-polyesters investigated, extensive research has been performed to 
develop a full range of PLGA. In this connection, both  l - and  dl -lactides have 
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been used for copolymerization. PLGA forms amorphous polymers in the composition 
range of 25–75 %. However, 50/50 PLGA is very hydrolytically unstable and is 
resistant to hydrolytic degradation. PLGA has been explored as the most widely 
used polymer for biomedical applications, especially in drug delivery. Properties 
of the copolymer can vary depending on the ratio of lactide and gylcolide. 
Undergoing bulk erosion through hydrolysis of the ester bonds and the rate of 
degradation depend on various parameters including the LA/GA ratio, molecular 
weight, and the shape and structure of the matrix. Different ratios of PLGA have 
been commercially developed and are being investigated for a wide range of bio-
medical applications. PuraSorbs ®  PLG is a semicrystalline bioresorbable copoly-
mer of  l -lactide and glycolide with a monomer ratio of 80L:20G. A copolymer 
containing 90 % glycolic acid (GA) and 10 %  l -lactic acid (LA) was initially used 
for the development of the multifi lament suture Vicryls ® . A modifi ed version of the 
suture, Vicryl Rapid ®  is currently on the market; it is an irradiated version of the 
suture to increase the rate of degradation. Panacryl ®  is another commercially 
developed suture from the copolymer with a higher LA/GA ratio to decrease the 
rate of degradation. 

 PLGA shows excellent biocompatibility in the tissue engineering of cardiac 
valves as a scaffold for the development of a new generation of heart valves. 
Previously, prosthetic heart valves were used, but they suffer from the risks of infec-
tion and thromboembolic complications. Biological devices have limited durability. 
The problem of lack of growth potential remains a serious issue particularly for 
pediatric cardiac patient. The multidisciplinary fi eld of tissue engineering poten-
tially offers an attractive pathway to overcome these disadvantages. Recently biode-
gradable, biocompatible polymers have shown attractive results by providing 
structural integrity and biomechanical profi le for the newly developed tissue struc-
ture [ 93 ]. Karp et al. studied the potential activity of bone formation on two-dimen-
sional PLGA fi lms and three-dimensional PLGA tissue-engineering scaffolds in 
vitro. PLGA supports appositional bone growth on both two-dimensional fi lms and 
three- dimensional scaffolds, including the formation of a mineralized cement line 
matrix [ 94 ].    Osteogenesis of mesenchymal stem cells for bone tissue engineering is 
another application of modifi ed porous PLGA scaffolds from which ascorbate-
2-phosphate and dexamethasone were continuously released for a month [ 95 ]. Tian 
et al. studied the biocompatibility of spongy PLGA-collagen membrane as a dermal 
scaffold. The PLGA-collagen membrane possesses good biocompatibility and cell 
affi nity with an appropriate degradation speed to meet the requirements of a tissue-
engineering dermal scaffold [ 96 ]. PLGA has shown prominent applications in tis-
sue fi xation, sutures, tissue engineering, and drug delivery. Examples of marketed 
products include PuraSorb ® , Vicryl ® , Panacryl ® , Dermagraft ® , Cytoplast Resorb ®  
Risperdal Consta ® , Arestin ® , Decapeptyl ® , Pamorelin ® , Vivitrol ® , Proffact ®  Depot, 
and Plenaxis ® . There are also FDA-approved drug delivery products like Lupron 
Depot ® , Zoladex ® , Trelstar ® , Enatone ® , Procin ® , Eligard ® , Sandostatin LAR ® , and 
Nutropin Depot ® . 

 Biocompatible, biodegradable PLGA has been used as a potential carrier for 
gene delivery. PLGA Nanoparticle bearing polyethyleneimine (PEI) on the surface 
are reported for the potential in serving as nonviral gene  carriers to the pulmonary 
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epithelium in treating genetically related diseases. NPs may induce immunity 
towards pathogens entering the body via the airways for pulmonary gene delivery 
[ 97 ]. Csaba et al. conducted in vitro experiments on gene delivery of plasmid DNA 
with nanoparticulate carrier systems and with different PLGA:poloxamer and 
PLGA:poloxamine ratios [ 98 ]. 

 PLGA has also been widely investigated as a potential carrier in ophthalmic drug 
delivery system due to its potential penetration properties. Efforts in ophthalmic 
drug delivery have been devoted to increasing the corneal penetration of drugs with 
the goal of improving the effi ciency of treatments of different ocular diseases such 
as viral infections. Attempts include the use of colloidal drug delivery systems like 
liposomes, microparticles, biodegradable nanoparticles, and nanocapsules. A 
microsphere formulation for intravitreal delivery by dispersing ganciclovir-loaded 
PLGA microspheres in thermogelling PLGA-PEG-PLGA gel has reported for focal 
delivery to the retina in the treatment of cytomegalovirus retinitis [ 99 ]. 

 Porous PLGA microsphere has been a useful tool in delivering therapeutic drugs 
and biologically active proteins, utilizing hydrogen peroxide as a novel porogen 
[ 100 ]. Chan et al. reported PLGA-lecithin-PEG core-shell nanoparticles for con-
trolled drug delivery in clinically approved therapeutics such as Doxil/Caelyx and 
Genexol-PM, respectively [ 101 ]. A triblock copolymer of PLGA (PLGA-PEG- 
PLGA) has shown thermosensitive and controlled release of peptide/protein formu-
lations like growth hormone in vitro and in vivo for longer duration. The delivery 
system is biocompatible [ 102 ]. RGD-grafted PLGA-nanoparticles have the ability 
to target tumor sites with loading of antitumor agents like paclitaxel and daunorubi-
cin to treat solid tumors [ 103 ].  

1.3.1.4     Polycaprolactone 

 PCL is a semicrystalline polyester of great interest, as it can be obtained by the 
ROP of a relatively inexpensive monomeric unit, “ε-caprolactone.” PCL can be 
easily processed, since it is soluble in a wide range of organic solvents. It has a 
low-glass- transition temperature and low melting point (55–60 °C). It undergoes 
bulk hydrolytic degradation of hydrolytically labile aliphatic ester linkages, and it 
is autocatalyzed by carboxylic end groups; the rate of degradation, however, is 
rather slow (2–3 years). Polycaprolactones are semicrystalline polyesters, due to 
their slow degradation and biocompatibility. They offer an attractive material for 
long- term biomedical and drug delivery applications [ 104 ]. PCL has been widely 
used in sutures, tissue engineering, and drug delivery systems such as Capronor ® , 
   Monocryl ® , and SynBiosys ® , which are FDA-approved products available in the 
market. 

 PCL has the ability to form compatible blends with other polymers, which pro-
vides opportunities to manipulate the drug release rate from matrix. Recent 
advances in colloidal drug delivery of drugs with biodegradable polymers like PCL 
show signifi cant progress in the sustained release of drugs. Microsphere 
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formulation of PCL with prednisolone acetate for orbital administration shows 
prolonged-release features in the treatment of infl ammatory orbitopathy diseases 
[ 105 ]. Kyun et al. studied a local drug delivery of medicaments with biocompatible 
PCL and release kinetics of minocycline from monolithic fi lm prepared from PCL 
and PEG to carry out its antimicrobial activity in vitro. PCL fi lms delivered mino-
cycline to show its antimicrobial activity for elimination of pathogenic microfl ora 
from periodontal pockets or reducing infl ammation in periodontal disease in a sus-
tained manner [ 106 ]. 

 PCL also shows immense versatility in biomedical applications like tissue 
 engineering as a scaffold to generate new tissue. Hoque et al. studied a novel  triblock 
copolymer, poly(ethylene glycol)-block-poly(ε-caprolactone)-block-poly( dl- 
lactide ). (PEG-PCL-P(DL)LA) has shown good cell biocompatibility of the polymer 
and effi cient tissue-engineering scaffolding [ 107 ]. Williamson et al. prepared vascu-
lar scaffolds with a new compliant scaffold. PCL fi bers form the luminal surface, 
and then porous polyurethane (PU) is placed onto the back of the PCL fi bers to form 
suitable substitute vessel walls for small-diameter vascular grafts. This promotes 
strong attachment of endothelial cells for vascular tissue engineering [ 108 ]. 

    PCL has been widely used as a gene delivery vehicle because of its immense 
properties. Zhao et al. studied the gene delivery applications of PCL. Cationic 
PCL-pluronic- PCL copolymer nanoparticles were employed to condense and 
adsorb DNA onto its surface. This has great potential application in DNA delivery 
[ 109 ]. A novel approach to deliver genes into cancerous cells with PCL has shown 
potential. Another novel approach is the use of folate-conjugated ternary copoly-
mer based on polyethylenimine-graft-PCL-block-poly(ethylene glycol) (PEI-g-
PCL-b-PEG-Fol) as targeted gene delivery system into folate receptor overexpressing 
tumor cells [ 37 ].   

1.3.2     Polyorthoesters 

 Polyorthoesters (POEs) are amorphous hydrophobic polymers containing hydro-
lytically labile, acid-sensitive backbone linkages. ALZA Corporation (Alzamer ® ) 
developed these as hydrophobic surface-eroding polymers particularly for drug 
delivery applications. Although the orthoester linkages are hydrolytically labile, 
the polymer is hydrophobic enough that its erosion in aqueous environments is 
very slow. The unique feature of POEs is that, in addition to its surface erosion 
mechanism, the rate of degradation for these polymers, pH sensitivity, and glass 
transition temperature can be controlled. POEs were invented during attempts to 
develop a bioerodible polymer and subdermal implantable that would release 
contraceptive steroids by close to zero-order kinetics for at least 6 months [ 110 ]. 
An additional objective was that the polymer erosion and drug release should be 
concomitant so that no polymer remnants are present in the tissue after release of 
the entire drug. The above objectives can be achieved only if the polymer is truly 
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surface eroding. For a surface-eroding polymer, the erosion process at the  surface 
of the polymer should be much faster than that in the interior of the device. To 
have such a phenomenon, the polymer has to be extremely hydrophobic with 
very labile  linkages. Hence, it was envisioned that polymeric devices with an 
orthoester linkage in the backbone, which is an acid-sensitive linkage, could 
provide a surface-eroding polymer if the interior of the matrix is buffered with 
basic salts. 

 The rate of degradation for these polymers, pH sensitivity, and glass transition 
temperatures can be controlled by using diols with varying levels of chain fl exibil-
ity. To date, four different classes of POEs have been developed (POE I, II, III, and 
IV). Few orthopedic applications of this class of polymers have been explored and 
major use of POEs has been limited to drug delivery systems [ 111 ]. Among all 
POEs, POE III and IV are of most interest due to their unique properties. POE III 
is a semisolid material that has been shown to be highly biocompatible and is cur-
rently being investigated as an adjunct to glaucoma fi ltering surgery and other 
ocular applications. POE IV can be easily prepared in a highly reproducible man-
ner, is very stable if moisture excluded, and has shown to be highly biocompatible. 
It is currently under development for a variety of applications, such as ocular 
delivery, protein release, postoperative pain treatment, and postoperative cancer 
treatment [ 112 ]. 

 The biocompatibility of a viscous, hydrophobic, bioerodible POE intended for 
intraocular applications is a subject of interest. Einmahl et al. conducted a study on 
rabbits to prove POE applications in ophthalmic local drug delivery. POE was toler-
ated well, and no infl ammatory reaction developed during the observation period. 
The polymer degraded slowly, appearing as a round whitish bubble in the vitreous 
cavity. The presence of modulators of degradation both improved POE biocompat-
ibility and prolonged polymer lifetime in the eye [ 113 ]. POE has investigated as a 
sustained drug release system for an ophthalmic application in intraocular prolifera-
tive disorders. The combination of wound healing modulators such as 5-fl uorouracil 
and dexamethasone has advantage, since these drugs act at different stages of these 
diseases [ 114 ]. 

 PEO has shown tremendous results in the delivery of drugs to localized bone tis-
sue with inorganic phosphate fi ber composites, which are prone to rapid  degradation 
due to water sensitivity of the interface between the degradable polymer and the 
degradable fi ber. Novel polymeric coating solutions on the inorganic composite 
show better results in orthopedic drug delivery due to the hydrophilicity of POE 
[ 115 ]. POE is also widely used in postsurgical pain management, as these can be 
prepared as solid materials or as viscous, injectable polymers; in this regard, POE 
IV is getting more attention for sustained drug delivery. POE IV in particular under-
goes surface erosion and is able to moderate drug release over periods from days to 
many months. The local anesthetic agent, mepivacaine, has been incorporated into 
a viscous, injectable POE IV with potential to provide longer-acting anesthesia in 
postsurgical pain management [ 116 ].  
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1.3.3     Polyanhydrides 

 The distinctive properties of polyanhydrides make them a unique class of 
 biodegradable polymers. Constant drug release rates are expected from these hydro-
phobic, surface-eroding polymers. Degradation of the polymer can be altered easily 
by changing various parameters such as composition, crystallinity, molecular 
weight, and pH of the surrounding medium. Intensive research in this class of poly-
mers resulted in clinical use of several marketed products. Polyanhydrides are a 
class of hydrolytically unstable surface-eroding polymers that are either aliphatic, 
aromatic, or a combination of the two. Almost all polyanhydrides show some degree 
of crystallinity as manifested by their crystalline melting points. The melting point 
of these aromatic polyanhydrides, as determined by differential scanning calorim-
etry, is much higher than aliphatic polyanhydrides. Polyanhydrides are surface-
eroding polymers usually synthesized by melt polycondensation. Drug release 
usually follows zero-order kinetics. Polyanhydrides have been considered to be use-
ful biomaterials as carriers of drugs to various organs of the human body such as the 
brain, bone, blood vessels, and eyes. They can be prepared easily from available, 
low-cost resources and can be manipulated to meet desired characteristics. 

 Over these years intensive research has been conducted, which has yielded hun-
dreds of publications and patents describing excellent fi lm- and fi ber-forming 
properties and structures of new polymer. There have been studies on the chemical 
and physical characterization of these polymers, degradation and stability proper-
ties, toxicity studies, and applications of polymers for mainly controlled bioactive 
agents. Due to their rapid degradation and limited mechanical properties, however, 
their main use has been limited to short-term controlled delivery of bioactive 
agents [ 117 ]. 

 They fi nd application in both tissue engineering and drug/growth factor delivery. 
   Various drugs and proteins (including insulin, bovine groth factors, angiogenesis 
inhibitors, enzymes, and anesthetics) were incorporated in polyanhydride matrices, 
and evaluated for in vitro and in vivo release characteristics. Polyanhydrides derived 
from bis- p -(carboxyphenoxypropane), and sebacic acid is marketed under the name 
of Gliadel ®  for the delivery of BCNU (bis-chloroethylnitrosourea), a chemothera-
peutic agent, to the brain for the treatment of glioblastoma multiforme, a universally 
fatal brain cancer. 

 To obtain polyanhydrides with high mechanical strength for load-bearing appli-
cations, osteocompatible poly(anhydride-co-imides) have also been designed and 
shown to support endosteal bone growth [ 118 ]. A copolymer of 1:1 sebacic acid 
and erucic acid dimer has been found useful as a potential delivery vehicle for 
gentamicin (Septacin ® ) in the treatment of osteomyelitis [ 119 – 121 ]. Polyanhydrides 
have been showing promising results in localized drug delivery. The limitations of 
currently available drug therapies, particularly for the treatment of diseases local-
ized in a specifi c organ or tissue, have encouraged scientists to consider alternative 
methods of drug administration to increase specifi city. This is particularly relevant 
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in the treatment of solid tumors and localized infections, where a high rate of 
recurrence remains a major clinical problem associated with inadequate drug sup-
ply to the diseased site. An alternative treatment is the local administration of the 
agent from a degradable polymeric delivery system implanted at the site of the 
disease. In this way, the drug deposit can maintain a high local concentration at the 
site for extended periods with minimal systemic distribution of the drug. The polymer 
carrier is degraded and eliminated from the body shortly after the drug has been 
released [ 122 ]. Biocompatible, biodegradable, hydrolytically unstable polyanhydride 
polymers play a signifi cance role in localized drug delivery. An  injectable degrad-
able polyanhydride polymer-poly (sebacic- co- ricinoleic-ester-anhydride) releas-
ing gentamicin has proven to be effi cient histologically in the treatment of 
osteomyelitis [ 72 ]. Manoharan et al. studied the potential of poly 1,3-bis-(p-car-
boxyphenoxy) propane-co-sebacic acid (p(CPP:SA)) microspheres for controlled 
delivery of basal insulin. Subcutaneous administration of CPP:SA (50:50) micro-
spheres in diabetic rats controlled insulin release over a month; the released insulin 
was bioactive as determined by lowered blood glucose levels. The results indicate 
that CPP:SA microspheres controlled insulin release in vitro and in vivo over a 
month, and the released insulin is conformationally and chemically stable and 
bioactive [ 123 ]. An intratumoral injectable polymeric formulation, based on 
poly(sebacic acid-co- ricinoleic acid) of paclitaxel loaded in the polymer, was 
found to be an effective treatment for localized tumors like orthotopic prostate 
cancer [ 124 ,  125 ]. 

 Polyanhydrides are also helpful in localized analgesia with local anesthetic 
because prolonged postoperative analgesia cannot be achieved using single 
injections of local anesthetic solutions. Polymer-local anesthetic conjugates 
have been used to prevent postoperative analgesia to overcome this problem. 
This is an injectable fatty acid-based biodegradable polymer-poly(sebacic-co-
ricinoleic acid) with long-acting anesthetic bupivacaine for producing motor 
and sensory block when injected near the sciatic nerve [ 126 ]. Similarly, many 
orthopedic injuries lack a high-strength and degradable material with good tis-
sue compatibility. There is also a great clinical need for materials, which are 
easily contoured or placed into complex- shaped defects. To overcome this prob-
lem, a new class of photocross-linkable polyanhydride monomers which in situ 
form high-strength and surface eroding networks of complex geometries was 
reported [ 127 ]. 

 Unique features of polyanhydrides polymers are prone to be used in pulsatile 
drug delivery of medicaments and macromolecules like proteins and peptides. 
A laminated device comprised of polyanhydrides as isolating layers and pH-sensi-
tive complexes as protein-loaded layers was designed to deliver proteins like myo-
globin and bovine serum albumin in a pulsatile manner. Poly(sebacic anhydride)-
b- polyethylene glycol (PSA-b-PEG) and poly(trimellitylimidoglycine-co-sebacic 
anhydride)-b-polyethylene glycol (P(TMA-gly-co-SA)-b-PEG) were synthesized 
as isolating layers for their positive processing properties at room temperature and 
suitable erosion duration [ 128 ].  
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1.3.4     Polyurethanes 

 PUs are prepared by the polycondensation reaction of diisocyanates with alcohols 
and/amines. Conventional polyols are polyethers or polyesters. The resulting poly-
mers are segmented block copolymers with the polyol segment providing a low-
glass- transition temperature (i.e., <25 °C) soft segment and the diisocyanate 
component, often combined with a hydrocarbon chain extender, providing the hard 
segment. A wide range of physical and mechanical properties are found in commer-
cial PUs. Bio-stable PUs have been extensively investigated as materials for the 
preparation of long-term medical implants, especially cardiac pacemakers and vas-
cular grafts, due to their excellent biocompatibility, mechanical properties, and their 
synthetic versatility [ 129 ]. Attempts have been made to develop biodegradable PUs. 
Biodegradable PUs have recently been investigated as candidate materials for bone 
regenerative medicine. Poly α-hydroxy acids, including PLA, PGA, and PCL, have 
been used as soft segments for biodegradable PUs [ 130 ]. PUs for biomedical engi-
neering have been reviewed by Gunatillake and Meijs [ 131 ]. 

 PUs are primarily composed of block copolymers with hard and soft segments. 
Glassy, semicrystallines of 22–70 % hard segments were developed and evaluated 
for bone tissue-engineering applications. As the hard segment contents increase, the 
polyurethane surface exhibits more phase separation, a higher content of urethane 
moieties, and a higher hydrophilicity. Biocompatibility results indicate that prolif-
eration of human bone-derived cells (HBDC) cultured in vitro improves with 
increasing the hard segment content, while the osteogenic potential of HBDC 
decreases with an increasingly hard segment content [ 132 ].    Novel polyurethane-
based injectable in situ curable polymer platform to determine its potential uses as 
a tissue- engineered implant is under investigation. PUs from pentaerythritol-based 
prepolymers may have potential orthopedic applications, ranging from bone glues 
to scaffolds for bone regeneration [ 133 ]. Jiang et al. described phenomenon in many 
biomedical applications. Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) peptide has fre-
quently been used to enhance adhesion and proliferation of cells. In this study, mod-
ifi ed, nontoxic biodegradable waterborne polyurethanes (WBPU) with GRGDSP 
peptide were investigated. Fabricated 3-D porous scaffold with the modifi ed WBPU 
was used to investigate the effect of the retention of GRGDSP peptide on human 
umbilical vein endothelial cells (HUVECs).    Cell adhesion and proliferation were 
found to exert effective control on the GRGDSP content in the modifi ed WBPU and 
3-D porous modifi ed WBPU scaffolds. This was helpful to cell adhesion, prolifera-
tion, and tissue regeneration in soft tissue engineering [ 134 ].  

1.3.5     Polyethylene Glycol-Based Polymers 

 PEG is a biocompatible and nontoxic polymer, which has been used to modify other 
polymers, since it is known to reduce protein adsorption and modify polymer 
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conformation. PEG-based hydrogels have been widely studied for drug delivery as 
well as for other biomedical applications in tissue engineering and the delivery of 
growth factors. Blends of electrospun PEG-PLA have shown positive response 
towards the biological activities of seeded human dermal fi broblasts and enhanced 
cell growth within fi brous mats [ 135 ]. A pH-sensitive chondroitin sulfate-PEG tis-
sue adhesive and hydrogel with several potential biomedical applications specifi -
cally in wound healing and regenerative medicine has been reported [ 136 ]. The 
hydrogel supported cell viability and produced minimal infl ammatory response 
when implanted subcutaneously in a rat model. Pluronic F-127 is a commercial 
name for the copolymer of polyethylene oxide and polypropylene oxide. It is a ther-
mosensitive, biocompatible hydrogel and is FDA approved for use in humans [ 137 ]. 
There have also been studies about its use in cartilage and lung tissue engineering 
[ 138 – 140 ]. A biomimetic hydrogel has also been developed using Pluronic F-127 
and fi brinogen. It is reported to be biocompatible, aiding cell signaling through 
fi brinogen backbone [ 141 ].  

1.3.6     Poly(Amino Acids) 

 Proteins are composed of amino acids, with this many researchers have tried to 
develop synthetic polymers derived from amino acids, i.e., poly(amino acids), 
to serve as models for structural, biological, and immunological studies. 
Polymers from amino acids were most intensively synthesized from α-hydroxyl 
amino acids. Polymerization of α-hydroxy acids can take place either by con-
densation via direct esterifi cation of the α-hydroxy acid or ester or via lactone 
formation [ 142 ]. 

 Poly(amino acids) are advantageous as biomaterials due to their diversity and the 
availability of side chains which offer sites for the attachment of small peptides, 
drugs, cross-linking agents, or pendent groups that can be used to modify the physi-
comechanical properties of the polymer. Since these polymers release naturally 
occurring amino acids as the primary products of polymer backbone cleavage, their 
degradation products may be expected to show a low level of systemic toxicity. Poly 
(aspartic acid), poly( l -lysine), and poly( l -glutamic acid) are a few examples of this 
class. Kohn et al. have replaced the peptide bonds in the backbone of synthetic 
poly(amino acids) with a variety of such “nonamide” linkages such as ester, imino-
carbonate, urethane, and carbonate bonds [ 143 ]. The term, “pseudo-poly(amino 
acid),” is used to denote this new family of polymers, in which naturally occurring 
amino acids are linked together by nonamide bonds. Hydroxyproline-derived 
 polyesters, serine-derived polyesters, tyrosine-derived polyiminocarbonates, and 
 polycarbonates represent specifi c embodiments of these synthetic concepts. Recent, 
advances achieved in drug delivery have provided novel and versatile  possibilities 
for the treatment of various diseases. Among the biomaterials applied in this fi eld, 
it is worth highlighting the increasing importance of poly amino acids and 
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polypeptides due to their appealing properties. They are very promising for the 
design of new compositions in a variety of drug delivery applications. Cancer ther-
apy has been benefi ted the most from these advances, although other fi elds such as 
vaccine delivery and gene therapy have been benefi ted as well [ 144 ]. 

 Polymeric drug delivery systems are used not only to improve the aqueous solu-
bility of drug molecules but also to achieve desirable pharmacokinetics and an 
enhanced therapeutic index for drugs. Synthetic polyamino acids are used to deliver 
   macromolecular prodrugs and drug targeting in antitumor therapy. This includes 
polyamino acids like alpha,beta-poly( N -2-hydroxyethyl)- dl- aspartamide (PHEA), 
alpha,beta-polyaspartylhydrazide (PAHy), poly(glutamic acid) (PGA), poly(aspartic 
acid) (PAA), and poly( l -lysine) (PLL). PLL has been extensively studied in this 
fi eld [ 145 ]. Recent advances in polymer chemistry make use of polyamino acid 
polymers in gene delivery. The grafting of poly( l -histidine) and poly( l -lysine) 
makes the formation of  N -Ac-poly( l -histidine)-graft-poly( l -lysine)(PLH-g-PLL). 
Its shaped (comb shape) polymer has shown more pronounced action compared 
with homo polymer PLL. The inclusion of chloroquine as an endosomolytic agent 
enhances transfection for both PLL and PLH-g-PLL gene carriers. PLH-g-PLL is 
an enhanced beta-galactosidase gene expression compared with PLL [ 146 ]. Davis 
et al. studied formulation of PEGylated poly- l -lysine DNA nanoparticles for gene 
delivery composed of plasmid DNA. They are soluble and stable in saline and tis-
sue fl uids, transfect nondividing cells, display minimal toxicity, and are effective in 
vivo and in humans. Moreover, they are easy to prepare in a reliable and reproduc-
ible fashion. These properties represent a substantial advance for nonviral gene 
transfer [ 147 ].  

1.3.7     Polyfumarates 

 Polyfumarates are a class of novel, injectable, biodegradable, and biocompatible 
materials, which have applications for the delivery of bioactive molecules/drugs in 
various pharmaceutical and biomedical fi elds. Oligo(poly(ethylene glycol) fuma-
rate) (OPF) is one such water-soluble synthetic polyfumarate which can be injected 
into a defect site and cross-linked in situ at physiological conditions, thereby elimi-
nating the need for invasive implantation and retrieval surgeries [ 148 ]. 
Poly(propylene)fumarate (PPF), another polymer from this class, is a linear polyes-
ter whose repeating units contain two ester bonds and one unsaturated carbon–car-
bon double bond. It undergoes bulk erosion through hydrolysis of its ester bonds. 
The degradation products formed are primarily fumaric acid and propylene glycol. 
The double bonds in PPF allow the polymer to be cross-linked thermally or by pho-
toinitiator into a solid, polymeric network. These networks are mechanically strong, 
biocompatible, and biodegradable [ 149 ,  150 ]. Polyfumarates suffer a limitation par-
ticularly with respect to bone tissue engineering, i.e., lack of mechanical strength 
due to fl exible C-O-C region in its backbone. Hence, several strategies have been 
devised which include incorporation of ceramics or nanoparticles [ 149 ,  151 ]. Other 
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polyfumarate-based polymers, namely, poly(caprolactone fumarate) and 
poly(ethylene glycol fumarate), have also been developed into injectable systems 
and termed as “self-cross-link,” since no cross-linking agent is required. A photoini-
tiator and accelerator, however, are required [ 152 ]. 

 A copolymer of polyfumarate is widely used in focal drug delivery. Poly(propylene 
fumarate) (PPF) oligomers were synthesized by step polymerization using bis(2- 
hydroxypropyl fumarate) or propylene bis(hydrogen maleate) as starting materials. 
Oligomers possessing identical degrees of polymerization, but varying in their end 
group character (either hydroxyl or carboxyl), were fi rst prepared and characterized 
and then used as part of a bone cement preparation consisting of oligomer, trical-
cium phosphate, calcium carbonate, and methyl methacrylate. Compressive strength 
of the resulting composite appears to be dependent on both the degree of polymer-
ization of the PPF and the nature of the oligomers’ end groups [ 153 ].   

1.4     Summary and Prospective 

 Biodegradable polymers have increasingly been used as medical implants and inva-
sive delivery systems. A comprehensive review of the polymers in clinical use was 
published in our recently published book (Biodegradable Polymers in Clinical Use 
and Clinical Development, John Wiley & Sons, Inc., 2011). The most commonly 
used biodegradable materials which are clinically tested for focal drug therapy are 
the natural polymers, gelatin and collagen, and the synthetic polymers prepared 
from lactic acid, glycolic acid, and caprolactone.    The polymer molecular weight, 
copolymer composition, crystallinity, branching, surface area, drug loading and 
manufacturing process of the delivery device and drug water solubility and size, and 
the release conditions determine the release rate and biodegradation of the incorpo-
rated drug. Injectable extended release formulations are desirable for localized 
extended release of drugs.     
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2.1           Introduction 

 Each year millions of patients improve their quality of life through surgical 
 procedures that involve implanted medical devices. The term implant is used for 
devices that replace or act as a fraction of or the whole biological structure. Currently, 
implants are being used in many different parts of the body for various applications 
such as orthopaedics, pacemakers, cardiovascular stents, defi brillators, neural pros-
thetics or drug delivery system [ 1 ]. Concurrent with the increased life span in 
today’s world, the number of age-related diseases has also increased. Hence, the 
need for new treatments, implants, prostheses and long-term pharmaceutical usage 
as well as the need for prolonging the life span of the current techniques has 
increased [ 2 ]. Joint diseases represent one of the examples of changing needs in the 
medical treatment: Today’s estimates show that 90 % of the population over the age 
of 40 suffers from a degenerative joint disease [ 3 ]. In 2000, the number of total hip 
replacements operation was about 152,000 which represents a 33 % increase from 
the number of operations in 1990 and also represents about half of the estimated 
number of operations by 2030 [ 4 ]. Cardiovascular diseases are another example. 
Over the last two decades, coronary stents have become a new standard in angio-
plasty procedure. In 2004, the number of implanted drug-eluting stents alone 
exceeded two million [ 5 ]. In-stent restenosis is a consequence almost entirely of 
tissue hyperplasia, occurring principally around the points where the stent struts 
impinge upon the artery wall. Less common, but troublesome when it occurs, is 
subacute thrombosis, a complication not quite eliminated by modern stent deploy-
ment techniques and antiplatelet agents. By carrying a coating or drug targeted at 
the thrombotic or hyperplastic responses occurring locally, drug-eluting stents pres-
ent a solution to the above problems [ 6 ].  

2.2     Classes of Implantable Medical Devices 

 The regulatory authorities recognise different classes of medical devices, based on 
their design complexity, their use characteristics and their potential for harm if mis-
used. Each country or region defi nes these categories in different ways. The authori-
ties also recognise that some devices are provided in combination with drugs, and 
regulation of these combination products takes this factor into consideration. The 
FDA classifi cation of medical devices is based upon the level of control required to 
assure safety and effectiveness of the device [ 7 ]. The classifi cation procedures are 
described in the Code of Federal Regulations, Title 21, part 860 (usually known as 
21 CFR 860). 

  Class I  devices are subject to the least regulatory control “general controls”. Class 
I devices are not intended for use in supporting or sustaining life or to be of substan-
tial importance in preventing impairment to human health, and they may not present 
a potential unreasonable risk of illness or injury. Examples of class I devices include 
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elastic bandages, examination gloves and hand-held surgical instruments.  Class II  
devices are those for which general controls alone are insuffi cient to assure safety 
and effectiveness, and existing methods are available to provide such assurances. In 
addition to complying with general controls, class II devices are also subject to spe-
cial controls. A few class II devices are exempt from the premarket notifi cation. 
Special controls may include special labelling requirements, mandatory performance 
standards and postmarket surveillance. Examples of class II devices include powered 
wheelchairs, infusion pumps and surgical drapes.  Class III  device is one for which 
insuffi cient information exists to assure safety and effectiveness solely through the 
general or special controls suffi cient for class I or class II devices. Such a device 
needs premarket approval, a scientifi c review to ensure the device’s safety and effec-
tiveness, in addition to the general controls of class I. Class III devices are usually 
those that support or sustain human life and are of substantial importance in prevent-
ing impairment of human health or those which present a potential, unreasonable 
risk of illness or injury. Examples of class III devices include implantable pace-
maker, pulse generators, HIV diagnostic tests, automated external defi brillators and 
endosseous implants. Most of the devices discussed in this chapter will belong to 
class III. These are mostly implants in the orthopaedic, dental, ophthalmic and car-
diovascular fi elds as well as soft tissue implants such as implants used in plastic 
surgery. Implants without bioactive coatings intended to secure teeth or prostheses to 
the maxillary or mandibular bones, and implants intended to be placed in teeth such 
as bridges, crowns, dental fi lling materials and dental alloys belong to class II [ 8 ]. 

 Based on the purpose for which they are using, these implantable devices are 
broadly divided into three classes: cardiovascular implants, orthopaedic implants 
and implants for other use. Various subcategories under these classes are given in 
Table  2.1 .

2.2.1       Cardiovascular Implants 

 Cardiovascular implants have strong potential to reduce the overall treatment cost 
for heart disease and at the same time contribute signifi cantly to improved quality of 
life. Pacing devices will realise the greatest sales gains, largely due to growth in 
cardiac resynchronisation therapy. A focus on developing new generations of pac-
ing devices that reduce mortality and improve patient outcomes has resulted in 
greater pricing fl exibility in an increasingly cost-conscious health-care environ-
ment. Demand for cardiovascular stents and related devices will be similar to that of 
demand for pacing devices. The fastest growth will be in structural implants, as 
technological advances in heart valves, ventricular assist devices and implantable 
monitors will encourage greater use. 

 Cardiovascular disease broadly covers a range of conditions affecting both the 
heart and the blood vessels. Polymer-coated and polymer-based cardiovascular 
implants are essential constituents of modern medicine and will proceed to gain 
importance with the demographic changes toward a society of increasing 
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age- related morbidity. Based on the experiences with implants such as coronary or 
peripheral stents, which are presently widely used in clinical medicine, several 
properties of the next generation of cardiovascular implants have been envisioned 
that could be fulfi lled by multifunctional polymers. The challenge is to combine 
tailored mechanical properties and rapid endothelialisation with controlled drug 
release in order to modulate environmental cells and tissue. Additionally, degrad-
ability and sensitivity to external stimuli are useful in several applications. A critical 
function in terms of clinical complications is the haemocompatibility. The design of 
devices with improved haemocompatibility requires advanced in vitro test setups as 
discussed in depth in this article. Finally, degradable, multifunctional shape- memory 
polymers are introduced as a promising family of functional polymers that fulfi l 
several requirements of modern implants and are of high relevance for 

   Table 2.1    Classifi cation of implantable medical devices   

 Orthopaedic implants  Cardiovascular implants  Other medical implants 

 Reconstructive joint 
replacements a  

 • Knee replacements 
 • Hip replacement implants 
 •  Other reconstructive joint 

replacements 
 − Shoulder implants 
 − Elbow implants 
 − Ankle implants 
 − Joint replacements 

 Pacing devices b  
 •  Cardiac resynchronisation 

therapy devices 
 •  Implantable 

cardioverter-defi brillators 
 •  Implantable cardiac 

pacemakers 
 •  Pacing accessories—pacing 

leads, pacing batteries 

 Otolaryngeal implants b,c  
 • Cochlear implants 
 •  Airway and oesophageal 

stents 
 •  Cosmetic implants—breast 

implants 
 Ophthalmic implants b  
 • Intraocular lenses 
 •  Glaucoma and other lenses 
 Neurostimulators b  

 Spinal implants a  
 • Thoracolumbar implants 
 • Intervertebral spacers 
 •  Motion preservation 

devices 
 • Cervical implants 
 •  Implantable spinal 

stimulators 

 Cardiac stents and related 
implants b,c  
 •  Coronary stents—

drug- eluting stents, 
bare-metal coronary stents 

 • Stent-related implants 
 −  Synthetic grafts—vascular 

grafts, peripheral grafts 
 − Vena cava fi lters 

 Gastroenterological implants b  
 • Gastric bands 
 • Biliary stents 
 • Urological implants 

 Orthobiologics b  
 • Hyaluronic acid 
 • Bone substitutes 
 • Bone growth factors 
 • Bone cement 

 Structural cardiac implants a  
 • Heart valves and accessories 
 • Tissue heart valves 
 • Ventricular assist devices 
 • Implantable heart monitors 

 − Insertable loop recorders 
 −  Implantable hemodynamic 

monitors 

 Gynaecological devices b  
 • Soft tissue repair 
 • Intrauterine devices 

 Trauma implants b  
 • Internal fi xation devices 
 •  Craniomaxillofacial 

implants 
 •  Implantable trauma 

stimulators 

 Drug implants c  
 • Hormonal implants 
 • Brachytherapy products 
 • Implantable drug pumps 

   a Structural and mechanical support 
  b Functional support 
  c Localised drug delivery  
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cardiovascular application (e.g. stent technology). Such multifunctional polymers 
are a technology platform for future cardiovascular implants enabling induced 
 auto- regeneration in regenerative therapies [ 9 ]. Shape-memory materials have been 
proposed for cardiovascular stents due to their self-expansion ability. The most ideal 
way to anchor a stent is using self-expansion in the range of body temperature. Ajili 
et al., for the fi rst time, report the use of polyurethane/polycaprolactone (PU/PCL) 
blend as a proposed material for shape-memory stents. The results showed that the 
blend supported cell adhesion and proliferation, which indicated good biocompati-
bility, and the results suggested that this blend might be a potential material as a 
stent implant [ 10 ]. Multifunctional shape-memory polymers are highlighted as a 
class of materials that combine biocompatibility and the capability for stimuli- 
induced active movements for anchoring of implants with a controlled degradation 
and drug release profi le to enable a functional regeneration of the tissue at the appli-
cation site. The challenge is to combine tailored mechanical properties and rapid 
endothelialisation with controlled drug release in order to modulate environmental 
cells and tissue. Additionally, degradability and sensitivity to external stimuli are 
useful in several applications [ 11 ]. Current cardiovascular therapies are limited by 
the loss of endothelium, restenosis and thrombosis. Andukuri et al. reported biomi-
metic hybrid nanomatrix that combined the unique properties of electrospun PCL 
nanofi bres with self-assembled peptide amphiphiles. Results indicate that this 
hybrid nanomatrix has great potential application in cardiovascular implants [ 12 ].  

2.2.2     Orthopaedic Implants 

 Orthopaedic implants will remain the largest implantable device segment in market 
value. Gains will also refl ect the growing prevalence of degenerative musculoskel-
etal disorders and lifestyle changes that place people at risk for sports and exercise 
injuries. At the same time, as products become more durable and long-lived, demand 
will increasingly come from an enlarged patient base for new surgeries rather than 
for replacements. Also challenging this segment over the long term will be advances 
in pharmaceutical alternatives to treat arthritic conditions. However, the segment 
will benefi t from a strong base of insurance approvals for orthopaedic implants, as 
well as a stable and well-funded medical delivery system and product designs that 
allow for less invasive surgeries. 

 One of the most prominent application areas for biomaterials is for orthopaedic 
implant devices. Both osteoarthritis and rheumatoid arthritis affect the structure of 
freely movable (synovial) joints, such as the hip, knee, shoulder, ankle and elbow. 
The pain in such joints, particularly weight-bearing joints such as the hip and knee, 
can be considerable, and the effects on ambulatory function quite devastating. It has 
been possible to replace these joints with prostheses since the advent of anaesthesia, 
antisepsis and antibiotics and the relief of pain and restoration of mobility is well 
known to hundreds of thousands of patients [ 13 ]. 
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 Total joint replacement is widely regarded as the major achievement in orthopaedic 
surgery in the twentieth century. Arthroplasty, or the creation of a new joint, is the 
name given to the surgical treatment of degenerate joints aimed at the relief of pain 
and the restoration of movement. This has been achieved by excision, interposition 
and replacement arthroplasty and by techniques that have been developed over 
approximately 180 years. In a total knee arthroplasty, the diseased cartilage surfaces 
of the lower femur (thighbone), the tibia (shinbone) and the patella (kneecap) are 
replaced by a prosthesis made of metal alloys and polymeric materials. Most of the 
other structures of the knee, such as the connecting ligaments, remain intact [ 3 ].  

2.2.3     Other Implants 

 Evolution of cochlear implant technology resulted in enhanced hearing, speech and 
cost-effectiveness for children. Binaural cochlear implantation has been used in 
children. Development of perimodiolar electrodes, implantable microphones and 
rechargeable batteries promise fully implanted devices in future [ 14 ]. 

 Intraocular sustained drug release using implantable devices has been investi-
gated to treat vitreoretinal diseases. Possible targeted diseases include those in 
which repeated intraocular injections are effective (cytomegalovirus retinitis, uve-
itis), diseases requiring surgery (proliferative vitreoretinopathy) and chronic dis-
eases (macular oedema, retinitis pigmentosa). Hydrophobic or hydrophilic polymers 
shaped into a sheet, disc, rod, plug or a larger device can be implanted into the 
subretinal space, intrascleral space, vitreous space or peribulbar space or at the pars 
plana [ 15 ]. 

    Solid biocompatible implantable devices for sustained or controlled intravitreal 
drug delivery to the posterior segment of the eye have been developed employing 
diverse approaches and include osmotic mini-pumps, nonbioerodible and bioerod-
ible drug-loaded pellets, confi gured capillary fi bres, biodegradable scleral plugs, 
scleral discs, polymeric matrices and scaffolds of various geometries providing 
unique mechanisms of drug release for the delivery of drugs to the posterior  segment 
of the eye [ 16 ].   

2.3     Materials Used for Medical Devices 

 In general, most of the materials used for implants or devices can be divided into the 
following categories: metals, polymers and ceramics. Metals are based on the metal-
lic bond, ceramics are based on ionic bonds, and polymers are based on covalent 
bonds; and each of these categories contains many subdivisions. The metallic mate-
rials include pure metals and alloys; ceramics include glasses, glass–ceramics and 
carbons; and the polymers include thermosets, thermoplastics, elastomers and tex-
tiles. As biomaterials science emerged, the conventional view of materials, as being 
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tangible pieces of substances from which useful objects were made, prevailed [ 17 ]. 
The best performance of the vast majority of implantable devices is achieved when 
the biomaterials used in their construction are chemically and biologically inert; no 
biological, let alone pharmacological, activity should be sought in these devices. 
However, at least in theory, there are some exceptions, with the intention of either 
promoting some biological activity such as bone regeneration or minimising unde-
sirable activity such as infection or blood clotting. Some materials are used with the 
express intention of delivering some biologically or pharmacologically active agent 
to the patient; the concept of drug delivery devices is of course well known [ 18 ]. 

2.3.1     Metals 

 As a class of materials, metals are the most widely used for load-bearing implants. 
These range from simple wires and screws to fracture fi xation plates and total joint 
prostheses (artifi cial joints) for the hips, knees, shoulders, ankles and so on. In addi-
tion to orthopaedics, metallic implants are used in maxillofacial surgery and cardio-
vascular surgery and as dental materials. Although many metals and alloys are used 
for medical device applications, the most commonly employed are stainless steels 
[ 19 ,  20 ], cobalt-base alloys, commercially pure titanium and titanium alloys and 
some other metals [ 21 ]. Various properties of these metallic implant materials are 
listed in Table  2.2 .

   Stainless steels are iron-base alloys, and stainless characteristics are achieved 
through the formation of an invisible and adherent chromium-rich oxide surface 
fi lm. This passive fi lm serves as a barrier to corrosion processes in alloy systems that 
would otherwise experience very high corrosion rates and has the ability of self- 
healing, when damaged, as chromium in the steel reacts with oxygen and moisture 
in the environment to reform the protective oxide layer. Based on the characteristic 
crystallographic structure/microstructures of the alloys, stainless steels are classifi ed 
into four classes: martensitic, ferritic, austenitic and duplex (austenitic plus ferritic). 
Stainless steels are used extensively for fracture fi xation devices. Compared to the 
other metals used in orthopaedics, stainless steels exhibit a moderate to high elastic 
modulus and tensile strength. Additionally, these steels possess good ductility, which 
allows them to be cold worked. Stainless steels are fairly biocompatible although 
they never appear to fully integrate with bone or soft tissue. For instance, if stainless 
steel is placed in close proximity of bone in the body, a thin layer of fi brous tissue 
will intervene between the bone and metal at the microscopic level. This phenome-
non is not conducive to the use of stainless steels in applications where the success 
of the implant is dependent on its close integration with tissue [ 22 ]. 

 Cobalt–chromium alloys are highly corrosion resistant. Compared to stainless 
steel, they exhibit higher elastic modulus, strength and hardness, but they have rela-
tively low ductility and are diffi cult to machine. Commonly used cobalt alloys are 
Co-28Cr-6Mo casting alloy, Co-20Cr-15W-10Ni wrought alloy, Co-28Cr-6Mo 
thermomechanically processed alloy and Co-35Ni-20Cr-10Mo wrought alloy. 
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They possess adequate fatigue properties to serve as artifi cial joints or total joint 
prostheses and are used extensively for this purpose. 

 Commercially pure titanium is well known for its excellent corrosion resistance. 
Various grades of unalloyed titanium are available with oxygen and iron as primary 
variants. Biomedical applications for commercially pure titanium grades include 
pacemaker cases, housings for ventricular assist devices, implantable infusion drug 
pumps, dental implants, maxillofacial and craniofacial implants and screws and 
staples for spinal surgery. Superior biocompatibility, enhanced corrosion resistance 
and lower modulus are some of the attractive properties of titanium-base alloys as 
biomaterials. Based upon their microstructure after processing, titanium-base alloys 
are divided into four classes: α, near α, α–β and β. Femoral hip stems, fracture fi xa-
tion plates, spinal components, fasteners, intramedullary nails and screws are some 
of the biomedical applications of these alloys [ 23 ]. 

 Among the various refractory metals, niobium, molybdenum and tungsten are 
used as alloying elements in stainless steels, cobalt-base alloys and titanium-base 
alloys [ 24 ]. Tantalum has excellent resistance to corrosion and also offers intrinsic 
fabrication advantages. Apart from the alloying additive, commercially pure tanta-
lum is fabricated into various medical devices such as foils and sheets for nerve 
anastomoses, clips for ligation of vessels and staples for abdominal surgery and as 
pliable sheets and plates for cranioplasty and reconstructive surgery [ 25 ].  

   Table 2.2    Comparison of some of the characteristics and mechanical properties of metallic 
implant materials [ 22 ]   

 Stainless steels  Cobalt-base alloys  Ti and Ti-base alloys 

 Grade  Austenitic stainless 
steel 

 Cobalt–chromium 
alloy 

 α–β alloy 

 Composition  Fe  Co  Ti 
 Cr (17–20)  Cr (19–30)  Al (6) 
 Ni (12–14)  Mo (0–10)  V (4) 
 Mo (2–4)  Ni (0–37)  Nb (7) 

 Young’s modulus 
(GPa) 

 200  230  106 

 Tensile strength 
(MPa) 

 540–1,000  900–1,540  900 

 Advantages  Cost, availability, 
processing 

 Wear resistance, 
corrosion resistance, 
fatigue strength 

 Biocompatibility, 
corrosion, minimum 
modulus, fatigue 
strength 

 Disadvantages  Long-term 
behaviour, 
high modulus 

 High modulus, 
biocompatibility 

 Lower wear resistance, 
low shear strength 

 Uses  Temporary devices 
(fracture plates, 
screws, hip nails); 
used for total hip 
replacement 

 Dentistry castings, 
prostheses stems, 
load-bearing compo-
nents in total joint 
replacement 

 Used in THRs with 
modular femoral 
heads; long-term 
permanent devices 
(nails, pacemakers) 
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2.3.2     Polymers 

 Polymeric materials are rapidly replacing other material classes such as metals, 
alloys and ceramics for use as biomaterials because of their versatility. Their appli-
cations range from facial prostheses to tracheal tubes, from kidney and liver parts to 
heart components and from dentures to hip and knee joints. Various polymers used 
for implantable medical devices are listed in Table  2.3 .

   Polymeric materials are generally classifi ed into three different classes depend-
ing on their source: natural polymers, obtained from natural sources including both 
plant and animal origin; synthetic polymers, based on totally synthetic sources; and 
bio-inspired polymers which comprise materials synthesised to mimic a naturally 
occurring polymer, but not necessarily identical to it. Natural polymers suffer from 
various disadvantages such as possibility of antigenicity, possibility of microbial 
contamination and source-to-source variability of properties. Hence, synthetic poly-
mers have been the material of choice for implants because of their ease of produc-
tion, availability and versatility of manipulation [ 27 ]. Bio-inspired polymers 
promise innovative materials that have the potential to functionally replace diseased 
or unavailable cell components, such as the extracellular matrix, which plays a 
structural role in many organs and tissues [ 28 ]. 

   Table 2.3    Polymers used for implantable devices [ 26 ]   

 Polymers  Applications 

 Poly(tetrafl uoroethylene)  Oxygenator membrane, vascular graft, catheter 
coating, soft tissue augmentation, vascular 
prostheses 

 Poly(dimethylsiloxane)  Oxygenator membrane, tubing, shunt 
 Polypropylene  Heart valve structures, sutures 
 Poly(ethylene terephthalate)  Vascular grafts and prosthesis, shunt, sutures 
 Polyamides (nylons)  Hemodialysis membrane 
 Poly(ether urethane) (e.g. Pellethane)  Percutaneous leads, catheters, tubings, intra-aortic 

balloons 
 Poly(ether urethane urea) (e.g. Biomer)  Artifi cial heart components, heart valve 
 Low- and high-density polyethylene  Tubing; knee, hip, shoulder joints 
 Polysulfones  Artifi cial heart components, heart valve 
 Polyvinylchloride  Tubing, blood bags 
 Poly(2-hydroxyethylmethacrylate)  Catheter coating 
 Polymethylmethacrylate  Dental restorations, intraocular lenses, joint 

replacement, e.g. bone cements 
 Polyamides  Sutures 
 Polyesters  Vascular prostheses, drug delivery systems like 

drug-eluting stents, sutures 
 Silicone  Soft tissue replacement, ophthalmology, fi nger joint 
 Hydrogels  Ophthalmology, drug delivery systems 
 Acrylic, nylon  Tracheal tube 
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2.3.2.1     Non-biodegradable Polymers 

 Ultrahigh molecular weight polyethylene (UHMWPE) was the fi rst polymeric 
material, used in medicine since the 1960s. UHMWPE is highly resistant to cor-
rosive chemicals and has extremely low moisture absorption, very low coeffi cient 
of friction, characteristic of self-lubrication and high resistance to abrasion. 
UHMWPE emerged as a bearing material in many joint replacement devices. Tibial 
bearings in knee arthroplasties and acetabular bearings in hip arthroplasties are the 
most common uses of UHMWPE. Recently, it has been found that generation of 
particulate debris from the articulating surface of this polymer is associated with 
osteolysis and loosening of implants. Research has been carried out to address 
these problems and highly cross-linked UHMWPE materials are clinically intro-
duced. Another important medical advancement for UHMWPE in the past decade 
has been the increase in use of fi bres for sutures, where maximum strength and 
minimum weight are required [ 25 ]. 

 Polymethylmethacrylate (PMMA) is used extensively as bone cement, which is 
primarily used to support the stems of total joint prostheses in the medullary cavity 
of the bone. The primary purpose of the material is to fi ll the space between the 
prostheses and bone to achieve more uniform stress distribution, and bone cements 
do not serve as adhesives. PMMA is also used for replacement intraocular lenses in 
the eye when the original lens is removed in the treatment of cataracts. PMMA 
microspheres injected under the skin reduce wrinkles or scars permanently. 
Polyetheretherketone, a thermoplastic polymer, is used as biomaterials for trauma, 
orthopaedic and spinal implants [ 21 ]. 

 The use of polyethylene terephthalate (PET) in medical devices has endured for 
more than 50 years. Current medical applications of PET include implantable 
sutures, surgical mesh, vascular grafts, sewing cuffs for heart valves and compo-
nents for percutaneous access devices. The notable biological characteristics of PET 
are biostability, promotion of tissue ingrowth, a well-characterised fi brotic response 
and a long history of human implantation [ 29 ].  

2.3.2.2     Biodegradable Polymers 

 For most applications, biodegradable materials offer advantages over other materi-
als. The degradable nature of these materials allows for temporospatial clearance of 
the material from the body, enabling the surrounding and/or ingrowth tissue to 
autonomously restore its function over time after having benefi ted from the implant. 
Synthetic biodegradable polymers offer the ability to control surface as well as 
mechanical properties and degradation kinetics [ 28 ]. 

 There are four major degradation mechanisms for polymers used in biomedical 
devices: hydrolysis (reaction with water in tissues), oxidation (due to oxidants pro-
duced by tissues), enzymatic degradation and physical degradation (e.g. water 
swelling and mechanical loading and wearing). Hydrolysis has been studied 
 extensively, especially for biodegradable polymers. Polyesters, polyorthoesters, 
polyanhydrides, polycarbonates and polyamides are some of the polymers that are 
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degraded by hydrolysis. Degradation of polyurethane material through oxidation is 
observed in an implantable electrical insulation lead. Biological defence action is 
also responsible for oxidative degradation, in which infl ammatory cells generate 
oxidative agents that diffuse into polymeric implants and degrade them. Enzymatic 
degradation is also due to a defensive action against implanted foreign materials. 
Collagens, polysaccharides (hyaluronic acids), some polyesters (e.g. polyhydroxy-
alkanoate, PHA), synthetic polycarbonates and proteins are mainly degraded due to 
this type of reactions. Physical degradation is mostly due to mechanical friction 
associated with motion under pressure, for example, the wearing of acetabular cups 
of total hip replacements. Water swelling is another mechanism. This can be a prob-
lem if swollen polymers have signifi cant changes in glass transition temperature, 
geometry and mechanical properties such that the normal functions of the materials 
are affected [ 30 ]. 

 Potentially, devices made from bioresorbable polymers can overcome problems 
associated with metal implants like stress protection, potential for corrosion, wear 
and debris formation as well as the necessity of implant removal. Resorbable poly-
mers have proven to be good materials for a range of devices in trauma surgery 
[ 31 ]. Among resorbable polymers for implants, polyhydroxy acids occupy the 
main position. These are mainly poly( l -lactide), poly(glycolide) and/or copolymers 
based on  l -lactide,  l / dl -lactide,  dl -lactide, glycolide, trimethylene carbonate and 
caprolactone. These polymers are well known for their good biocompatibility, with 
their degradation products being eliminated from the body by metabolic pathways. 
Many reports have shown that the different PLA-based substrates do not present 
toxicity since the cells were found to differentiate over the different polymers, 
as demonstrated by the production of extracellular matrix components by various 
cell types [ 32 ]. 

 Polymers prepared from glycolic acid and lactic acids have found a multitude of 
uses in the medical industry, beginning with biodegradable sutures fi rst approved in 
the 1960s. Since that time other medical devices, based on lactic and glycolic acid, 
as well as other materials, including poly(dioxanone), poly(trimethylene carbonate) 
copolymers and PCL homopolymers and copolymers, have been accepted for use as 
medical devices. In addition to these approved devices, a great deal of research 
continues on polyanhydrides, polyorthoesters and other materials [ 33 ]. 

 Collagen has received increasing attention over the last years due to its excellent 
biocompatibility, degradation into physiological end products and suitable interac-
tion with cells and other macromolecules [ 34 ]. Resorbable forms of collagen have 
been used for closure of grafts and extraction sites. Collagen-based membranes also 
have been used in periodontal and implant therapy as barriers to prevent epithelial 
migration and allow cells with regenerative capacity to repopulate the defect area 
[ 35 ]. Tissue-based collagen devices are mostly used for cardiovascular applications 
in the form of heart valves, vascular prostheses [ 36 ]. 

 Polymer coatings such as silicone rubber, PTFE, Parylene and epoxy were used 
to encapsulate the implantable devices. However, these materials are biocompati-
ble; they have limited abilities to protect the device from water ingress. Polyether-
based polyurethane elastomers are currently used in a variety of blood- and 
 tissue- contacting devices in biomedical applications due to their biocompatibility 
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and stability in biological environment together with their superior processability. 
Despite their excellent mechanical properties and biocompatibility, the chemical 
structure and morphology of polyurethanes make them relatively permeable to 
gases and water [ 37 ].   

2.3.3     Ceramics and Composites 

 Restorative materials in dentistry such as crowns, cements and dentures are made up 
of ceramic materials. The poor fracture toughness of ceramics severely limits their 
use for load-bearing applications. They are generally used to replace or fi x hard con-
nective tissue, such as the bone [ 22 ]. The bone itself is a composite, comprising an 
organic phase and a ceramic phase. This ceramic phase is predominantly calcium 
hydroxyapatite with a Ca/P ratio of 1.67. Thus, synthetic calcium hydroxyapatite is 
a good candidate for a successful biomaterial. Several dental and orthopaedic metal 
implants are coated with hydroxyapatite to ensure long-term fi xation in bone [ 21 ]. 
Zirconium dioxide or zirconia ceramics (ZrO 2 ), a bioinert nonresorbable metal 
oxide, is being recognised for its high strength, toughness and surface fi nish. It is 
used to manufacture femoral heads for total hip replacements and this material is 
potentially suitable for the highly loaded environments found in joint replacement. 
A ceramic that is used in load-bearing applications is high-purity alumina. It is used 
as the bearing surface in total hip prostheses. The material is characterised by 
its excellent biocompatibility and high strength, hardness and fracture resistance. 
A class of glassy bioactive ceramics upon implantation undergo a modifi cation of 
their surface and form a layer of a very bioactive form of hydroxyapatite. As new 
bone is formed in opposition to this layer, it forms a very strong bond such that the 
mechanical integrity of the bond can exceed that of bone. Widescale use of these 
materials has been limited due to their brittle nature [ 25 ]. 

 The most successful composite biomaterials are used in the fi eld of dentistry as 
restorative materials or dental cements. Although carbon–carbon and carbon- 
reinforced polymer composites are of great interest for bone repair and joint replace-
ment because of their low elastic modulus levels, these materials have not displayed 
a combination of mechanical and biological properties appropriate to these applica-
tions. Composite materials are, however, used extensively for prosthetic limbs, 
where their combination of low density/weight and high strength makes them ideal 
materials for such applications.  

2.3.4     Drugs and Other Biomolecules 

 The coated implant can be viewed as a drug/medical device combination product 
which represents an emerging new trend in therapeutics. Combination products 
facilitating localised drug delivery have already been used in a variety of applica-
tions from cardiovascular diseases to diabetes. Drug and device combinations can 
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be designed to increase the performance and life time of currently used implants 
resulting in improved patient life quality [ 38 ]. Drug-coated implants function as a 
semipermeable compartment that holds the drug while permitting passage of pre-
ferred molecules in a controlled manner. Drug-eluting stents are good examples of 
such devices [ 4 ,  39 ,  40 ]. 

 Various immunosuppressive drugs (sirolimus, everolimus, tacrolimus, ABT- 
578), antiproliferative drugs (paclitaxel, actinomycin, angiopeptin, etc.), anti- 
migratory drugs (batimastat) and gene therapeutic reagents (antisense and siRNA, 
vascular endothelial growth factor, endothelial nitric oxide synthase (eNOS and 
related genes)) have been combined with stents and investigated for their local 
release and antirestenotic effects. FDA’s approval of Cordis’ CYPHER™ sirolimus- 
eluting stent (2003) opened the gate for adapting new technology combining both 
device and pharmaceutical designs [ 41 ].   

2.4     Requirements of Implantable Devices 

2.4.1     Mechanical Properties 

 Elasticity, yield strength, ductility, toughness, creep, ultimate strength, fatigue 
strength, hardness and wear resistance are some of the important mechanical prop-
erties of materials used in implantable medical devices. 

2.4.1.1     Yield Strength 

 The yield strength determines the load-bearing capability of the implant. For exam-
ple, in the case of TJR surgeries where a high load-bearing capability of the implant 
is essential, one ideally needs an appropriately high yield strength value of the alloy. 
Thus, the orthopaedic alloys should have a suffi ciently high yield strength value 
with adequate ductility (defi ned by percentage elongation or percentage reduction 
of area in a standard tensile test) [ 42 ].  

2.4.1.2     Elastic Modulus 

 There is always a concern for the relatively higher modulus of the implant com-
pared to that of the bone (_10–40 GPa, or 1.5–6 _106 psi) [ 3 ]. Long-term experi-
ences indicate that insuffi cient load transfer from the artifi cial implant to the 
adjacent remodelling bone may result in bone reabsorption and eventual loosening 
of the prosthetic device [ 43 ]. It has been seen that when the tensile/compressive 
load or the bending moment to which the living bone is exposed is reduced, 
decreased bone thickness, bone mass loss and increased osteoporosis occur. This is 
termed the stress shielding effect, caused by the difference in fl exibility and 
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stiffness, which is partly dependent on the elastic moduli difference between the 
natural bone and the implant material [ 44 ]. Any reduction in the stiffness of the 
implant by using a lower- modulus material would defi nitely enhance the stress 
redistribution to the adjacent bone tissues, thus minimising stress shielding and 
eventually prolonging the device lifetime [ 3 ].  

2.4.1.3     Fatigue 

 Variable fatigue resistance of the metallic implants is also a cause of concern while 
developing an alloy. The orthopaedic implants undergo cyclic loading during body 
motion, resulting in alternating plastic deformation of microscopically small zones 
of stress concentration produced by notches and microstructural inhomogeneities. 
Standard fatigue tests include tension/compression, bending, torsion and rotation- 
bending fatigue testing [ 3 ].   

2.4.2     Corrosion and Biocompatibility 

 Degree of success of an implant is determined by reactions at the interface between 
an implant and the environment of the body. In the case of orthopaedic implants, 
one of the potentially important aspects of this interfacial reaction concerns metallic 
corrosion. The metals and alloys used as surgical implants achieve passivity by the 
presence of a protective surface passive fi lm. This fi lm inhibits corrosion and keeps 
current fl ow and the release of corrosion products at a very low level, i.e. all the 
implantable materials undergo corrosion at some fi nite rate due to complex corro-
sive environment of the body, while in use [ 45 ]. 

 Metallic implant degradation results from both electrochemical dissolution and 
wear but most frequently occurs through a synergistic combination of the two [ 46 ]. 
Electrochemical corrosion processes include both generalised dissolution uniformly 
affecting an entire surface and localised areas of a component [ 47 ]. Locally these 
areas tend to be at both identifi able areas relatively shielded from the environment 
(e.g. crevice corrosion) and at random sites on the surface (e.g. pitting corrosion). 
In the past, these electrochemical and other mechanical processes have interacted to 
cause premature structural failure and accelerated metal release (e.g. stress corro-
sion cracking, corrosion fatigue and fretting corrosion) [ 48 ]. 

 The only way to reduce the corrosion of surgical implants is selecting an appro-
priate alloy with improved surface properties by addition of alloying elements, 
which improve the nature, composition and stability of the passive fi lm; homogeni-
sation treatment to dissolve the second-phase precipitates; production of cleaner 
varieties of steels using advanced steel-making processes in order to have control 
over inclusions; avoiding improper heat treatment; and fabrication in order to elimi-
nate the formation of second phases especially at grain boundaries. Also, the nature, 
composition and chemical stability of passive fi lms with superior corrosion 
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resistance can be produced through surface treatment by ion beams. Many of the 
cases of corrosion could be avoided by improvements in materials selection, implant 
design, quality control, materials handling and education [ 45 ]. 

 According to Williams in 2008, biocompatibility refers to the ability of a bioma-
terial to perform its desired function with respect to a medical therapy, without 
eliciting any undesirable local or systemic effects in the recipient or benefi ciary of 
that therapy but generating the most appropriate benefi cial cellular or tissue response 
in that specifi c situation and optimising the clinically relevant performance of that 
therapy [ 49 ]. Biocompatibility studies on an implantable device require complex 
experiments both in vitro and in vivo in order to test the local and systemic effects 
of the material on culture cells, tissue sections and the whole body [ 50 ]. 

 In vitro assessment of tissue compatibility usually involves performing cell cul-
tures for a wide variety of materials used in medical devices. Direct contact, agar 
diffusion and elution are the three different cell culture assays used for in vitro 
study. In all the tests, experimental variables such as cell type (usually  l -929 mouse 
fi broblast), number of cells, duration of exposure and test sample size are kept con-
stant [ 51 ]. Positive and negative controls are often used during the assay test to 
determine the viability of the test. In all cases, the amount of affected or dead cells 
in each assay provides a measure of the cytotoxicity and biocompatibility of the 
biomaterials. Cell adhesion, cell spreading, cell migration, cell proliferation and cell 
function are some of the key parameters that can be investigated individually in 
these assays [ 52 ]. In vivo assessment of tissue compatibility tests are performed to 
determine the biocompatibility of a prosthetic device and also to assess whether the 
device is performing according to expectations without causing harm to the patient. 
Some tests, such as toxicity, carcinogenicity, sensitisation and irritation, determine 
if the leachable products of the medical device affect the tissues near or far from the 
implant site. Other tests, such as implantation and biodegradation, study the post-
surgery changes in the implant material itself and their ensuing effect on the body. 
For conducting the actual in vivo tests, animal models (sheep, pig, rat) are usually 
selected after weighing the advantages and disadvantages for human clinical appli-
cations [ 42 ].  

2.4.3     Sterilisation 

 Infection is a major problem associated with implantable devices, and a further 
complication is that organisms of relatively low virulence are frequently found to be 
pathogenic when they contaminate the bioimplant. Further, little is known about the 
effect of a prosthetic device on either the host immune response or the infl ammatory 
action of the tissue with which the prosthesis interfaces [ 53 ]. Composition of the 
device and its function, the location, the length of time the device is in place and the 
underlying condition of the patient are some of the factors affecting the pathogen-
esis of such infections and the relative rate of infection [ 54 ]. The same implant 
located in different body areas can be associated with different fl ora, potentially 
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different host defence mechanisms and other alterations in milieu that may alter the 
potential development of prosthesis-associated infection. Implants can also alter the 
host immune response, through alterations of phagocytic capacity, infl ammatory 
response or immunoglobulin synthesis [ 55 ]. Sterilisation of implantable devices is 
carried out to eliminate infecting microorganisms upon the device. Various sterilisa-
tion procedures used for implants are listed in Table  2.4  along with their advantages 
and disadvantages.

2.5         Applications 

2.5.1     Drug Delivery and Scaffolds 

 One of the fastest growing areas for implant applications is for devices for 
 controlled and targeted delivery of drugs. Combinations of drug and device are 
predicated on the principle of local controlled drug delivery from an implanted 

   Table 2.4    Different methods used for sterilisation of implantable medical devices [ 53 ]   

 Method  Principle  Advantages  Disadvantages 

 Steam 
sterilisation 

 Saturated steam in the 
range of 121–134 °C 

 Sterilises penetrable 
materials and 
exposable 
surfaces 

 Microcavitation in case of 
hydrophilic polymers 

 Altered biocompatibility 
of heparinised surfaces 

 Dry heat 
sterilisation 

 Carried out in electrically 
heated ovens 
at 160–180 °C 

 Ability to penetrate 
solids 

 Rubbers, plastic, etc. do 
not withstand high 
temperature  Lack of corrosion 

in case of 
non-stainless 
steel metals 

 Ethylene oxide  Biocidal activity is achieved 
at 30 % humidity, 45 °C 
temperature levels with 
>450 mg/l gas 
concentration 

 Suitable for heat-
sensitive
implants 

 EO residues after 
sterilisation cause: 

 Anaphylactoid reactions 
in dialysis patients 

 Serious tissue reactions 
in pump oxygenators 

 Mutagenicity and 
carcinogenicity 

 Radiation 
sterilisation 

 Primary biocidal action is 
via aqueous free radical 
formation following the 
primary physical 
interaction of the ionising 
radiation with the 
biological material 

 High-energy 
irradiation 
sterilisation 

 Degradation and/or 
cross-linking of 
polymers 

 Gas evolution and free 
radical formation from 
polymers 
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prosthetic device whose primary purpose is functional or structural replacement of 
host  tissue. Optimal dual functions (i.e. drug release and prosthetic performance) 
are ideally coordinated and designed to work in tandem. Hence, drug release prop-
erties from the device are not simply adjunct to device implantation and must be 
thoroughly understood. Drug release strategies from implantable devices are fre-
quently considered to address thrombosis, osteomyelitis, periodontitis, biomedical 
device-related infections and other microbial pathologies or infl ammatory compli-
cations [ 41 ]. 

 Currently, there are various methods available and being used for drug–implant 
combinations. While polymeric coatings are one of the best recognised techniques, 
depending on the application, there are other methods currently available and nano-
porous coatings are one of them. The nanoporous ceramic templates can be fabri-
cated directly on the currently available implants or stents [ 4 ]. Drug loading for the 
nanoporous templates generally is performed through capillary action by either 
immersing the templates in the concentrated drug solution or dropping the solution 
slowly on the template surfaces [ 56 ]. Different techniques have been used to increase 
and accelerate the intake of the drug, including surface enhancement, sonication or 
solution aids [ 57 ]. One of the unique features of these nanoporous coatings is the 
ability to precisely control the surface properties. By varying the pore size, distribu-
tion and density, drug loading and release can be altered. Surface charges of these 
pores can also be modifi ed to hydrophobic or hydrophilic to accommodate variety 
of drug molecules. Additionally, through suitable surface modifi cation the release 
kinetics of the drug molecules can be altered [ 4 ]. 

 Many exciting new opportunities exist in the application of microfabricated drug 
delivery devices to medicine and biology. Microfabricated devices are poised to 
revolutionise drug delivery. They offer new methods to deliver compounds in a tar-
geted manner, at the desired rate, and are compact to allow minimally invasive 
placement [ 58 ]. Micro- and nano-electromechanical systems (MEMS or NEMS)-
based polymeric and electromechanical delivery devices create totally new drug 
delivery paradigms. MEMS technology has been used to construct microreservoirs, 
micropumps, nanoporous membranes, nanoparticles, valves, sensors and other 
structures using biocompatible materials appropriate for drug administration [ 59 ]. 
Using NEMS, complex mechanical nanostructures can be built with lateral dimen-
sions as small as tens of nanometers. By incorporating transducers, control and 
measurement functions can be built into these systems [ 60 ]. A biodegradable poly-
mer chip version of an implantable multireservoir drug delivery device incorporates 
an array of reservoirs capped with resorbable membranes that may differ from other 
membranes in the array by thickness or chemical composition. The interior of each 
reservoir contains drug formulation(s). An advantage of biodegradable polymer- 
based systems compared to microchip-based systems is the elimination of a require-
ment for a second surgery to remove the device. In addition, the lack of electronics 
reduces any size restrictions in terms of device manufacture. Such systems are sim-
pler but will not deliver reservoir contents with as much precision as the analogous 
microelectronic devices [ 61 ]. 
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 Drug-eluting stents are among the most widely known combination products. 
Micromachining technology allowed bare-metal stents to be manufactured that had 
the physical capability of propping open occluded vessels. Coating the stent with a 
drug-containing polymer resulted in combination products featuring localised drug 
release capability in addition to the mechanical action of the stent. Next-generation 
drug-eluting stents incorporate reservoir-based drug containment on the stent sur-
face, with release properties determined by polymer composition and layer thick-
ness [ 62 ]. 

 In case of orthopaedic device-based drug delivery, osteo-inductive molecules as 
well as biologically derived growth factors, anti-osteoporotic agents and osteo- 
synthetic genetic materials (DNA, siRNA) to bone injury sites are successfully 
delivered [ 63 ]. Osteo-precursor cell-based local delivery is reported for bone engi-
neering [ 64 ]. These biotechnology approaches seek to accelerate and enhance bone 
defect healing and bone-implant stabilisation through local release of cells and 
mitogenic and morphogenic agents. One commonly used infection management 
method with orthopaedic implants utilises antibiotics loaded into clinically ubiqui-
tous bone cement, polymethylmethacrylate beads. These non-biodegradable poly-
mer cements have been employed clinically to prevent or treat osteomyelitis in 
various forms [ 65 ]. 

 One of the key components in successful tissue engineering is the production of 
the correct scaffold using biomaterials. An ideal scaffold should provide cells not 
only with a structural framework but also with the appropriate mechanical and bio-
chemical conditions so that these cells can proliferate and produce extracellular 
matrix to form tissue. Areas of research in tissue engineering include the repair or 
regeneration of the skin, blood vessels, nerves, liver, bone and articular cartilage. 
PLA and PGA are prime candidates for such scaffolds because they are biocompat-
ible, provide the appropriate mechanical environment, can be easily fabricated and, 
moreover, are biodegradable. Collagen sponges are also under investigation [ 21 ]. 
Various FDA-approved implantable devices are listed in Table  2.5 .

2.5.2        Structural and Mechanical Support 

 Currently, one of the main achievements in the fi eld of arthroplasty is total joint 
replacement, where the entire load-bearing joint (mainly in the knee, hip or shoul-
der) is replaced surgically by ceramic, metal or polymeric artifi cial materials. Bone 
replacement, fracture fi xation, dental implants, dental restorations, bone plates and 
orthodontic wires are some of the medical devices that provide structural and 
mechanical support (Table  2.6 ).

W. Khan et al.



   Ta
bl

e 
2.

5  
  FD

A
-a

pp
ro

ve
d 

im
pl

an
ta

bl
e 

m
ed

ic
al

 d
ev

ic
es

 in
te

nd
ed

 f
or

 lo
ca

lis
ed

 d
ru

g 
de

liv
er

y 
an

d 
fu

nc
tio

na
l s

up
po

rt
   

 S.
N

o.
 

 D
ev

ic
e 

 Po
ly

m
er

/d
ru

g 
 Pu

rp
os

e/
us

e 
 M

an
uf

ac
tu

re
r 

 R
ef

er
en

ce
s 

 1.
 

 PR
O

M
U

S ®
  E

le
m

en
t™

 P
lu

s 
 E

ve
ro

lim
us

-e
lu

tin
g 

pl
at

in
um

 c
hr

om
iu

m
 s

te
nt

 
 C

or
on

ar
y 

st
en

t 
 B

os
to

n 
Sc

ie
nt

ifi 
c 

C
or

po
ra

tio
n 

 [ 6
6 ]

 

 2.
 

 O
V

A
T

IO
N

 A
bd

om
in

al
 

St
en

t G
ra

ft
 S

ys
te

m
 

 T
he

 m
ai

n 
po

rt
io

n 
of

 th
e 

gr
af

t i
s 

m
ad

e 
of

 a
 p

la
st

ic
 tu

be
 s

up
po

rt
ed

 p
ar

tia
lly

 
by

 p
ol

ym
er

-fi
 ll

ed
 r

in
gs

 a
nd

 p
ar

tia
lly

 
by

 a
 m

et
al

lic
 s

te
nt

 

 U
se

d 
to

 tr
ea

t a
bd

om
in

al
 a

or
tic

 a
ne

ur
ys

m
s 

du
ri

ng
 e

nd
ov

as
cu

la
r 

re
pa

ir
 

 T
ri

va
sc

ul
ar

, I
nc

. 
 [ 6

7 ]
 

 3.
 

 L
eG

oo
 ®
  

 T
he

rm
os

en
si

tiv
e 

po
ly

m
er

 (
po

lo
xa

m
er

) 
 In

je
ct

ed
 in

to
 a

 b
lo

od
 v

es
se

l t
o 

te
m

po
ra

ri
ly

 
pl

ug
 a

 b
lo

od
 v

es
se

l a
nd

 s
to

p 
bl

oo
d 

fl o
w

 
 Pl

ur
om

ed
, I

nc
. 

 [ 6
8 ]

 

 4.
 

 Pr
op

el
 

 T
he

 im
pl

an
t c

on
ta

in
s 

th
e 

ac
tiv

e 
in

gr
ed

ie
nt

 m
om

et
as

on
e 

fu
ro

at
e,

 
a 

st
er

oi
d 

w
hi

ch
 s

up
pr

es
se

s 
in

fl a
m

m
at

io
n 

in
 th

e 
ar

ea
 a

ro
un

d 
th

e 
im

pl
an

t 

 Te
m

po
ra

ry
, s

el
f-

 ab
so

rb
in

g 
im

pl
an

t d
es

ig
ne

d 
to

 k
ee

p 
th

e 
sp

ac
es

 w
ith

in
 a

nd
 a

ro
un

d 
th

e 
si

nu
se

s 
op

en
 f

ol
lo

w
in

g 
si

nu
s 

su
rg

er
y 

 In
te

rs
ec

t E
N

T
 

 [ 6
9 ]

 

 5.
 

 IO
N

™
 P

ac
lit

ax
el

- E
lu

tin
g 

C
or

on
ar

y 
St

en
t S

ys
te

m
 

 E
xp

an
da

bl
e,

 s
ta

in
le

ss
 s

te
el

 tu
be

 w
ith

 
pa

cl
ita

xe
l c

on
ta

in
ed

 w
ith

in
 a

 th
in

 
po

ly
m

er
 c

oa
tin

g 
su

rf
ac

e 

 Pa
cl

ita
xe

l-
 E

lu
tin

g 
C

or
on

ar
y 

St
en

t 
 B

os
to

n 
Sc

ie
nt

ifi 
c 

C
or

po
ra

tio
n 

 [ 7
0 ]

 

 6.
 

 G
el

-O
ne

 ®
  

 H
ya

lu
ro

na
te

 h
yd

ro
ge

l p
ro

du
ce

d 
fr

om
 

ch
ic

ke
n 

co
m

bs
, i

n 
a 

ph
os

ph
at

e-
 bu

ff
er

ed
 s

al
in

e 
so

lu
tio

n 

 T
re

at
m

en
t o

f 
os

te
oa

rt
hr

iti
s 

 Se
ik

ag
ak

u 
C

or
po

ra
tio

n 
 [ 7

1 ]
 

 7.
 

 Sy
nv

is
c-

O
ne

 (
hy

la
n 

G
F-

20
) 

 E
la

st
ov

is
co

us
 h

ig
h 

m
ol

ec
ul

ar
 w

ei
gh

t 
fl u

id
 c

on
ta

in
in

g 
hy

la
n 

po
ly

m
er

s 
 T

re
at

m
en

t o
f 

os
te

oa
rt

hr
iti

s 
 G

en
zy

m
e 

B
io

su
rg

er
y 

 [ 7
2 ]

 

 8.
 

 M
ed

tr
on

ic
 ®
  A

tta
in

 S
ta

rF
ix

™
 

 Su
rg

ic
al

ly
 im

pl
an

te
d 

in
su

la
te

d 
w

ir
e 

th
at

 is
 

de
si

gn
ed

 to
 b

e 
us

ed
 a

s 
a 

pa
rt

 
of

 a
 b

iv
en

tr
ic

ul
ar

 p
ac

em
ak

er
 s

ys
te

m
 

 T
he

 o
th

er
 e

nd
 o

f 
th

e 
le

ad
 c

on
ne

ct
s 

to
 a

n 
im

pl
an

te
d 

bi
ve

nt
ri

cu
la

r 
pa

ce
m

ak
er

 o
r 

im
pl

an
ta

bl
e 

ca
rd

io
ve

rt
er

- d
efi

 b
ri

lla
to

r, 
so

 
si

gn
al

s 
an

d 
el

ec
tr

ic
al

 im
pu

ls
es

 c
an

 b
e 

se
nt

 
be

tw
ee

n 
th

at
 d

ev
ic

e 
an

d 
th

e 
le

ft
 v

en
tr

ic
le

 

 M
ed

tr
on

ic
, I

nc
. 

 [ 7
3 ]

 

 9.
 

 E
pi

ce
l ®

  c
ul

tu
re

d 
ep

id
er

m
al

 
au

to
gr

af
t (

C
E

A
) 

 Sh
ee

ts
 o

f 
au

to
lo

go
us

 k
er

at
in

oc
yt

es
 

(s
ki

n 
ce

lls
) 

 C
ul

tu
re

d 
ep

id
er

m
al

 a
ut

og
ra

ft
s,

 o
r 

sk
in

 g
ra

ft
s,

 
us

ed
 to

 r
ep

la
ce

 th
e 

ep
id

er
m

al
 o

r 
to

p 
la

ye
r 

of
 s

ki
n 

on
 s

ev
er

el
y 

bu
rn

ed
 p

at
ie

nt
s 

 G
en

zy
m

e 
B

io
su

rg
er

y 
 [ 7

4 ]
 

(c
on

tin
ue

d)



 S.
N

o.
 

 D
ev

ic
e 

 Po
ly

m
er

/d
ru

g 
 Pu

rp
os

e/
us

e 
 M

an
uf

ac
tu

re
r 

 R
ef

er
en

ce
s 

 10
. 

 IN
FU

SE
  ®

   B
on

e 
G

ra
ft

 
 IN

FU
SE

  ®
   B

on
e 

G
ra

ft
 is

 u
se

d 
to

 fi 
ll 

sp
ac

e 
w

he
re

 th
e 

bo
ne

 is
 n

ee
de

d 
in

 o
rd

er
 

to
 p

la
ce

 e
nd

os
se

ou
s 

de
nt

al
 im

pl
an

ts
 

 E
nd

os
se

ou
s 

de
nt

al
 im

pl
an

ts
 a

re
 in

se
rt

ed
 

in
 th

e 
ja

w
 a

nd
 h

av
e 

an
 e

xp
os

ed
 h

ea
d 

th
at

 c
an

 b
e 

us
ed

 to
 s

ec
ur

e 
de

nt
al

 d
ev

ic
es

 
lik

e 
a 

cr
ow

n,
 fi 

xe
d 

br
id

ge
 o

r 
de

nt
ur

es
 

 M
ed

tr
on

ic
 S

of
am

or
 

D
an

ek
 

 [ 7
5 ]

 

 11
. 

 O
ny

x  ®
   L

iq
ui

d 
E

m
bo

lic
 

Sy
st

em
 (

L
E

S)
 

 T
he

 O
ny

x  ®
   L

E
S 

is
 a

n 
ar

tifi
 c

ia
l m

at
er

ia
l 

us
ed

 to
 b

lo
ck

 b
lo

od
 fl 

ow
 in

 th
e 

tr
ea

tm
en

t 
of

 m
al

fo
rm

ed
 b

lo
od

 v
es

se
ls

 in
 th

e 
br

ai
n 

 T
hi

s 
m

at
er

ia
l i

s 
us

ed
 to

 b
lo

ck
 th

e 
fl o

w
 

of
 b

lo
od

 b
ef

or
e 

su
rg

ic
al

 tr
ea

tm
en

t 
of

 th
e 

m
al

fo
rm

ed
 v

es
se

ls
 

 M
ic

ro
 T

he
ra

pe
ut

ic
s,

 
In

c.
 

 [ 7
6 ]

 

 12
. 

 E
nd

ol
og

ix
 P

ow
er

L
in

k  ®
   

Sy
st

em
 

 Y
-s

ha
pe

d 
st

en
t g

ra
ft

 m
ad

e 
ou

t o
f 

a 
fa

br
ic

 
tu

be
 o

f 
sy

nt
he

tic
 m

at
er

ia
l c

al
le

d 
eP

T
FE

 
 E

nd
ov

as
cu

la
r 

gr
af

t a
nd

 u
se

d 
to

 tr
ea

t a
n 

ab
do

m
in

al
 a

or
tic

 a
ne

ur
ys

m
 d

ur
in

g 
a 

su
rg

ic
al

 p
ro

ce
du

re
 c

al
le

d 
en

do
va

sc
ul

ar
 

re
pa

ir
 

 E
nd

ol
og

ix
, I

nc
. 

 [ 7
7 ]

 

 13
. 

 N
ufl

 e
xx

a™
 (

So
di

um
 

H
ya

lu
ro

na
te

) 
 1 

%
 s

od
iu

m
 h

ya
lu

ro
na

te
 s

ol
ut

io
n 

 In
je

ct
ed

 in
to

 k
ne

e 
jo

in
ts

 to
 tr

ea
t p

ai
n 

fr
om

 
os

te
oa

rt
hr

iti
s 

of
 th

e 
kn

ee
 

 Sa
vi

en
t P

ha
rm

ac
-

eu
tic

al
s,

 I
nc

. 
 [ 7

8 ]
 

    ht
tp

://
w

w
w

.f
da

.g
ov

/M
ed

ic
al

D
ev

ic
es

/P
ro

du
ct

sa
nd

M
ed

ic
al

Pr
oc

ed
ur

es
/D

ev
ic

eA
pp

ro
va

ls
an

dC
le

ar
an

ce
s/

R
ec

en
tly

-A
pp

ro
ve

dD
ev

ic
es

/u
cm

28
64

93
.h

tm
      

Ta
bl

e 
2.

5 
(c

on
tin

ue
d)



   Ta
bl

e 
2.

6  
  FD

A
-a

pp
ro

ve
d 

im
pl

an
ta

bl
e 

m
ed

ic
al

 d
ev

ic
es

 u
se

d 
fo

r 
st

ru
ct

ur
al

 a
nd

 m
ec

ha
ni

ca
l s

up
po

rt
   

 S.
N

o.
 

 D
ev

ic
e 

 Po
ly

m
er

 
 Pu

rp
os

e/
us

e 
 M

an
uf

ac
tu

re
r 

 R
ef

er
en

ce
s 

 1.
 

 B
el

ot
er

o 
B

al
an

ce
 

 H
ya

lu
ro

ni
c 

ac
id

 g
el

 
 In

je
ct

ed
 in

to
 f

ac
ia

l t
is

su
e 

to
 s

m
oo

th
 w

ri
nk

le
s 

an
d 

fo
ld

s 
 M

er
z 

Ph
ar

m
ac

eu
tic

al
s 

 [ 7
9 ]

 

 2.
 

 E
dw

ar
ds

 S
A

PI
E

N
 

T
ra

ns
ca

th
et

er
 H

ea
rt

 
V

al
ve

 

 C
ow

 ti
ss

ue
 a

tta
ch

ed
 to

 a
 

st
ai

nl
es

s 
st

ee
l m

es
h 

fr
am

e 
w

ith
 a

 p
ol

ye
st

er
 w

ra
p 

 H
ea

rt
 v

al
ve

 
 E

dw
ar

ds
 L

if
es

ci
en

ce
s 

 [ 8
0 ]

 

 3.
 

 R
es

ty
la

ne
 ®
  

In
je

ct
ab

le
 G

el
 

 R
es

ty
la

ne
 is

 a
 tr

an
sp

ar
en

t 
hy

al
ur

on
ic

 a
ci

d 
ge

l 
 In

je
ct

ed
 in

to
 a

 p
at

ie
nt

’s
 li

ps
 

to
 in

cr
ea

se
 th

ei
r 

si
ze

 
 A

es
th

et
ic

s 
H

ol
di

ng
s,

 I
nc

 
 [ 8

1 ]
 

 4.
 

 E
U

FL
E

X
X

A
 ®
  

 H
ya

lu
ro

na
te

 h
yd

ro
ge

l i
n 

a 
ph

os
ph

at
e-

 
bu

ff
er

ed
 s

al
in

e 
so

lu
tio

n 
 U

se
d 

to
 r

el
ie

ve
 p

ai
n 

in
 th

e 
kn

ee
 

du
e 

to
 o

st
eo

ar
th

ri
tis

 
 Fe

rr
in

g 
Ph

ar
m

ac
eu

tic
al

s,
 

In
c.

 
 [ 8

2 ]
 

 5.
 

 St
. J

ud
e 

M
ed

ic
al

 ®
  

T
ri

fe
ct

a™
 V

al
ve

 
 T

he
 v

al
ve

 le
afl

 e
ts

 a
re

 m
an

uf
ac

tu
re

d 
us

in
g 

bo
vi

ne
 p

er
ic

ar
di

al
 ti

ss
ue

. 
A

 p
ol

ye
st

er
-c

ov
er

ed
 ti

ta
ni

um
 s

te
nt

 
su

pp
or

ts
 th

e 
bo

vi
ne

 
pe

ri
ca

rd
ia

l t
is

su
e 

 T
he

 T
ri

fe
ct

a 
va

lv
e 

is
 a

 th
re

e-
le

afl
 e

t 
st

en
te

d 
pe

ri
ca

rd
ia

l v
al

ve
 

de
si

gn
ed

 f
or

 s
up

ra
-a

nn
ul

ar
 

pl
ac

em
en

t i
n 

th
e 

ao
rt

ic
 p

os
iti

on
 

 St
. J

ud
e 

M
ed

ic
al

 
 [ 8

3 ]
 

 6.
 

 Pr
oG

E
L

™
 P

le
ur

al
 

A
ir

 L
ea

k 
Se

al
an

t 
 M

ad
e 

of
 h

um
an

 s
er

um
 a

lb
um

in
 

an
d 

a 
po

ly
et

hy
le

ne
 g

ly
co

l (
PE

G
) 

cr
os

s-
lin

ke
r 

th
at

 f
or

m
s 

a 
cl

ea
r 

fl e
xi

bl
e 

ge
l 

on
 m

ix
in

g 

 Su
rg

ic
al

 s
ea

la
nt

, s
pr

ay
ed

 o
r 

“p
ai

nt
ed

” 
on

 th
e 

lu
ng

 ti
ss

ue
. 

T
he

 P
ro

G
E

L
™

 f
or

m
s 

on
 th

e 
lu

ng
 ti

ss
ue

 b
y 

ch
em

ic
al

 r
ea

ct
io

n 

 N
eo

M
en

d,
 I

nc
. 

 [ 8
4 ]

 

 7.
 

 G
el

-O
ne

 ®
  

 H
ya

lu
ro

na
te

 h
yd

ro
ge

l p
ro

du
ce

d 
fr

om
 

ch
ic

ke
n 

co
m

bs
, i

n 
a 

ph
os

ph
at

e-
 bu

ff
er

ed
 

sa
lin

e 
so

lu
tio

n 

 T
re

at
m

en
t o

f 
os

te
oa

rt
hr

iti
s 

 Se
ik

ag
ak

u 
C

or
po

ra
tio

n 
 [ 7

1 ]
 

 8.
 

 Sc
ul

pt
ra

 A
es

th
et

ic
 

 Sc
ul

pt
ra

 A
es

th
et

ic
 is

 a
n 

im
pl

an
t 

of
 p

ol
y-

 l -
la

ct
ic

 a
ci

d 
(P

L
L

A
) 

m
ic

ro
pa

rt
ic

le
s 

 It
 is

 in
je

ct
ed

 in
to

 th
e 

fa
ci

al
 ti

ss
ue

 
to

 c
or

re
ct

 s
ha

llo
w

 to
 d

ee
p 

sm
ile

 
lin

es
 (

na
so

la
bi

al
 f

ol
d)

, c
on

to
ur

 
de

fi c
ie

nc
ie

s 
an

d 
ot

he
r 

fa
ci

al
 

w
ri

nk
le

s 

 Sa
no

fi -
A

ve
nt

is
 U

.S
. 

 [ 8
5 ]

 

(c
on

tin
ue

d)



 S.
N

o.
 

 D
ev

ic
e 

 Po
ly

m
er

 
 Pu

rp
os

e/
us

e 
 M

an
uf

ac
tu

re
r 

 R
ef

er
en

ce
s 

 9.
 

 E
V

O
L

E
N

C
E

 ®
  

C
ol

la
ge

n 
Fi

lle
r 

 C
ol

la
ge

n 
Fi

lle
r 

 In
je

ct
ed

 in
to

 th
e 

in
ne

r 
la

ye
rs

 o
f 

fa
ci

al
 s

ki
n 

(m
id

 to
 d

ee
p 

de
rm

is
) 

in
 o

rd
er

 to
 c

or
re

ct
 m

od
er

at
e 

to
 

de
ep

 f
ac

ia
l w

ri
nk

le
s 

an
d 

fo
ld

s 

 C
ol

B
ar

 L
if

eS
ci

en
ce

 L
td

. 
 [ 8

6 ]
 

 10
. 

 M
itr

ofl
 o

w
 A

or
tic

 
Pe

ri
ca

rd
ia

l H
ea

rt
 

V
al

ve
 

 C
on

si
st

s 
of

 a
 s

in
gl

e 
pi

ec
e 

of
 b

ov
in

e 
pe

ri
ca

rd
iu

m
 th

at
 is

 p
re

se
rv

ed
 w

ith
 

gl
ut

ar
al

de
hy

de
 a

nd
 s

ew
n 

on
to

 a
 

po
ly

es
te

r 
co

ve
re

d 
po

ly
m

er
 s

te
nt

 

 T
he

 M
itr

ofl
 o

w
 A

or
tic

 P
er

ic
ar

di
al

 
H

ea
rt

 V
al

ve
 is

 in
te

nd
ed

 f
or

 th
e 

re
pl

ac
em

en
t o

f 
di

se
as

ed
, 

da
m

ag
ed

 o
r 

m
al

fu
nc

tio
ni

ng
 

na
tiv

e 
or

 p
ro

st
he

tic
 

ao
rt

ic
 v

al
ve

s 

 C
ar

bo
M

ed
ic

s,
 I

nc
. 

 [ 8
7 ]

 

 11
. 

 C
os

m
et

ic
 T

is
su

e 
A

ug
m

en
ta

tio
n 

Pr
od

uc
t 

 C
os

m
et

ic
 T

is
su

e 
A

ug
m

en
ta

tio
n 

Pr
od

uc
t (

C
TA

) 
is

 a
 tr

an
sp

ar
en

t 
hy

al
ur

on
ic

 a
ci

d 
ge

l w
ith

 0
.3

 %
 

lid
oc

ai
ne

 th
at

 is
 in

je
ct

ed
 in

to
 

fa
ci

al
 ti

ss
ue

 

 C
TA

 w
or

ks
 b

y 
te

m
po

ra
ri

ly
 a

dd
in

g 
vo

lu
m

e 
to

 f
ac

ia
l t

is
su

e 
an

d 
re

st
or

in
g 

a 
sm

oo
th

er
 a

pp
ea

ra
nc

e 
to

 th
e 

fa
ce

 

 A
ni

ka
 T

he
ra

pe
ut

ic
s,

 I
nc

. 
 [ 8

8 ]
 

 12
. 

 R
ad

ie
ss

e    
 R

ad
ie

ss
e 

is
 a

n 
in

je
ct

ab
le

 c
al

ci
um

 
hy

dr
ox

ya
pa

tit
e 

im
pl

an
t i

n 
th

e 
fo

rm
 o

f 
a 

ge
l 

 R
ad

ie
ss

e 
w

or
ks

 b
y 

te
m

po
ra

ri
ly

 
ad

di
ng

 v
ol

um
e 

to
 f

ac
ia

l t
is

su
e 

an
d 

re
st

or
in

g 
a 

sm
oo

th
er

 
ap

pe
ar

an
ce

 to
 th

e 
fa

ce
 

 B
io

Fo
rm

 M
ed

ic
al

, I
nc

. 
 [ 8

9 ]
 

 13
. 

 In
am

ed
 ®
  S

ili
co

ne
-F

ill
ed

 
B

re
as

t I
m

pl
an

ts
 

 Im
pl

an
t i

s 
a 

si
lic

on
e 

sh
el

l fi
 ll

ed
 

w
ith

 s
ili

co
ne

 g
el

 
 T

he
 b

re
as

t i
m

pl
an

t i
s 

su
rg

ic
al

ly
 

im
pl

an
te

d 
ei

th
er

 u
nd

er
 b

re
as

t 
tis

su
e 

or
 u

nd
er

 th
e 

ch
es

t m
us

cl
e 

 A
lle

rg
an

 
 [ 9

0 ]
 

 14
. 

 A
rt

eF
ill

 ®
  

 C
on

ta
in

s 
sm

al
l 

po
ly

m
et

hy
lm

et
ha

cr
yl

at
e 

be
ad

s,
 

co
lla

ge
n 

an
d 

lid
oc

ai
ne

 

 Fi
lle

r 
th

at
 is

 in
je

ct
ed

 in
to

 th
e 

na
so

la
bi

al
 f

ol
ds

 a
ro

un
d 

th
e 

m
ou

th
 to

 s
m

oo
th

 th
es

e 
w

ri
nk

le
s 

 A
rt

es
 M

ed
ic

al
, I

nc
. 

 [ 9
1 ]

 

 15
. 

 Ju
ve

de
rm

 G
el

 
Im

pl
an

ts
 

 H
ya

lu
ro

ni
c 

ac
id

 g
el

 
 In

je
ct

ed
 in

to
 th

e 
m

id
dl

e 
la

ye
r 

of
 s

ki
n 

(m
id

 to
 d

ee
p 

de
rm

is
) 

to
 te

m
po

ra
ri

ly
 c

or
re

ct
 m

od
er

at
e 

to
 s

ev
er

e 
fa

ci
al

 w
ri

nk
le

s 
an

d 
fo

ld
s 

 In
am

ed
 C

or
po

ra
tio

n 
 [ 9

2 ]
 

    ht
tp

://
w

w
w

.f
da

.g
ov

/M
ed

ic
al

D
ev

ic
es

/P
ro

du
ct

sa
nd

M
ed

ic
al

Pr
oc

ed
ur

es
/D

ev
ic

eA
pp

ro
va

ls
an

dC
le

ar
an

ce
s/

R
ec

en
tly

-A
pp

ro
ve

dD
ev

ic
es

/u
cm

28
64

93
.h

tm
      

Ta
bl

e 
2.

6 
(c

on
tin

ue
d)



55

2.6         Conclusion 

 Medical devices are now a pervasive part of modern medical care. The medical 
development in terms of implantable devices has brought about the robust change in 
the life of the people (as offered by the cosmetic treatment, dentist, face and cardiol-
ogy devices). Medical devices have extended the ability of physicians to diagnose 
and treat diseases, making great contributions to health and quality of life. The 
approach to quality of devices has depended largely on regulation. The critical 
nature of medical devices has caused them to come under stringent regulations. 
Clearance to market devices in the USA is granted only after the Food and Drug 
Administration (FDA) has determined through its classifi cation and review proce-
dure that there is reasonable assurance of the safety and effectiveness of the device. 
Such regulatory requirements are necessary and appropriate. A rigorous but respon-
sive and responsible regulatory process helps to ensure that new medical technolo-
gies represent the state of the art, have the real potential to do good as demonstrated 
in scientifi cally grounded studies and reach patients promptly. Despite the enor-
mous contribution medical devices have made to the public health, there is a fear of 
the possibility of liability exposure in the event of device malfunction or failure. Its 
infl uence is growing and is having a chilling effect on innovation. It also damages 
global competitiveness and increases health care costs directly and indirectly. 
Ironically, the shadow of product liability may actually be keeping better perform-
ing products from the market rather than being a force for improvement.     
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3.1           Introduction 

 Traditional chemotherapy has been a hallmark for the treatment of widespread 
cancers as it causes even biodistribution of therapeutic agents throughout the body. 
It makes use of anticancer drugs which work on the principle of inhibiting rapidly 
dividing cells by interfering in the processes important for their division. However, 
these anticancer drugs cannot discriminate normal healthy cells from tumor cells, 
and they reach most of normal cells/tissues/organs as well as tumor tissues by free 
diffusion-dependent equilibrium resulting in a systemic toxicity limiting their clinical 
uses at high doses. To devise cancer-selective drug delivery, the current research 
focuses on the development of targeted drug delivery systems. Targeted drug delivery 
could be defi ned as predominant drug accumulation within a target zone indepen-
dent of the method and route of drug administration [ 1 ,  2 ]. These systems can 
specifi cally reach to the cancer cells, thereby improving effi cacy with reduced toxic 
effect on normal cells. This can expand the therapeutic index of the drug and also 
enables in reducing the minimum effective dose of drug and accompanying toxicity 
[ 3 ]. Targeting can be achieved in three principle ways: passive, active, and triggered 
targeting. Passive targeting is based on the accumulation of drug within the tumor 
cells by exploiting enhanced permeation and retention (EPR) effect. Active target-
ing involves ligand-receptor interactions which direct the drug carrier towards the 
target site [ 4 – 9 ]. This approach provides the widest opportunities as it avail various 
targeting ligands such as monoclonal antibodies and their fragments, aptamers, 
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peptides, carbohydrates, glycoproteins, and small molecules including folate and 
vitamins. These targeting ligands are now the important component of many of the 
targeted drug delivery system including polymeric nanoparticles, liposomes, and 
nanopolymersomes. The current chapter is divided into three parts: part one 
describes various drug targeting strategies which is followed by part two dedicated 
to understand the role of EPR effect in tumor targeting and important endogenous 
factors that can positively impact EPR effect in tumor tissue. The third part princi-
pally focuses on ligand targeting systems for the treatment of various malignancies, 
including breast, colorectal, lung, and prostate cancers.  

3.2    Targeted Drug Delivery System 

 The concept of targeted drug delivery system was fi rst suggested almost a century 
ago and refers to the increased/enhanced drug accumulation in the target zone inde-
pendently of the method and route of drug administration [ 1 ]. Targeting may resolve 
many problems currently associated with the systemic drug administration, such as 
lack of drug specifi city at the target site, non-specifi c toxicity and adverse effects, 
and high-dose requirements. Targeted drug delivery systems can provide better 
pharmacokinetic and pharmacodynamic profi les of drug, can improve the specifi city 
and effi cacy of the drug, and can increase drug internalization leading to intracel-
lular delivery of drug [ 1 ]. 

3.2.1    Drug Targeting Strategies 

 Several strategies proposed for targeting can be classifi ed into passive, active, 
and triggered targeting (Fig.  3.1 ). Passive targeting depends on passive diffusion of 
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delivery system across the leaky vasculature exploiting enhanced permeability and 
retention (EPR) effect. Active targeting requires anchoring ligands/vectors onto 
the surface of delivery system for binding to appropriate receptors expressed at 
the target site. Triggered targeting depends on stimuli such as abnormal tempera-
ture or pH conditions at the disease site for releasing the therapeutic load at the 
diseased site.

3.2.1.1      Passive Targeting 

 Passive targeting takes advantage of natural properties and processes in tumors to 
localize a drug delivery system at a desired target site. There are different types of 
drug delivery system including micelles, polymeric nanoparticles [ 10 ], liposomes [ 11 ], 
nanopolymersomes [ 12 – 17 ], and dendrimers designed to evaluate drug targeting to 
solid tumors [ 18 ]. All these systems tend to exploit the unique difference in ana-
tomical and pathophysiological abnormalities present in tumor vasculature in com-
parison to normal cells [ 19 ]. Blood vessels in tumors majorly shows two abnormalities 
(1) high proportion of proliferating endothelial cells leading to enhance vascular 
permeability for carrier system and (2) defi cient or nonfunctional lymphatic vessels 
contributing to ineffi cient drainage from the tumor tissue and thereby allowing 
prolonged retention of carrier systems (Fig.  3.2a ). Both these abnormalities lead to 
the phenomenon named as EPR effect.

3.2.1.2       Active Targeting 

 The concept of active drug targeting was suggested by Ringsdorf in the mid-1970s. 
It involves coupling of targeting ligand to drug-loaded nanocarrier system that 
binds to specifi c overexpressed receptors on target cell. The targeting ligands can 
be polysaccharide, antibodies and their fragments, hormones, proteins, lipopro-
teins, and low-molecular weight molecule, such as folate and vitamin. These tar-
geting ligands bind to the cell surface receptors followed by their internalization 
into the cells (Fig.  3.2b ). Unlike passive targeting which demonstrate relative 
tumor selectivity as a consequence of EPR effect, active targeting results in higher 
intratumoral accumulation of nanocarrier and hence higher cellular concentration 
of the drug [ 19 ].  

3.2.1.3    Triggered Targeting 

 The goal of chemotherapy is to achieve the maximal drug concentration in the tumor 
microenvironment; thus, the drug release from a carrier system plays a vital role. 
The ideal targeted system is expected to release the drug at the target site rather than 
during the circulation. Hence, controlling the drug release rate from the delivery 
system could be a useful strategy for effi cient drug therapy. Releasing the drug at the 
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target site not only increases the interaction of the drug with target site but also allows 
more uniform diffusion of drug across the cell membrane and to the cytoplasm. Triggered 
targeting systems use stimuli responsive polymers which trigger the release of drug 
upon exposure to internal (pH, redox potential, or enzymes) or external (UV light, 
temperature, ultrasound, and magnetic fi elds) stimuli present at the target site [ 18 ,  19 ]. 
However, developing the triggered release nanocarrier systems is very diffi cult as the 
systems are not so stable to avoid the indiscriminate release of the drug. Moreover, 
the internal or external stimuli are not very specifi c to the target site [ 18 ].    
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  Fig. 3.2    Passive targeting versus active targeting strategies for anticancer drug delivering system. 
( Top ) By the enhanced permeability and retention effect, nanoparticles (NPs) passively diffuse 
through the leaky vasculature and accumulate in tumor tissues. In this case, drug may be released 
in the extracellular matrix and then diffuse through the tissue ( a ). ( Down ) In active targeting, once 
particles have extravasated in the tumor tissue, the presence of targeting ligands (e.g., antibody, 
carbohydrate) on the NP surface facilitates their interaction with receptors that are present on 
tumor cells, resulting in enhanced accumulation and preferential cellular uptake through receptor-
mediated endocytosis ( b )       
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3.3    Role of EPR Effect in Tumor Targeting 

 Enhanced permeability and retention (EPR) effect is the physiology-based principal 
mechanism of tumor accumulation of large molecules and small particles [ 20 ]. It is 
associated with the unique feature of enhanced vascular permeability and sluggish 
lymphatic drainage system responsible for spontaneous accumulation and retention 
of nanoparticles in the tumor cells. The EPR effect is applicable only to larger 
molecular weight (40–800 kDa) particles having particle size ranging from 10 to 
500 nm but not to the low molecular weight anticancer drugs. The lower molecular 
weight anticancer drugs have very little tumor selectivity and therefore cannot 
attend higher concentrations in tumor tissue than that of blood plasma. Further, 
these drugs cannot be retained in tumor tissue as they undergo rapid excretion 
(washout) in the blood stream. In contrast to this, nanoparticles selectively accu-
mulate and retained in tumor tissue and provide higher intratumoral concentra-
tion (10–20-fold) and release of drug in comparison to blood plasma or normal 
cells. This ultimately results in improved tumor targeting and improved thera-
peutic effi cacy of drug, thereby reducing the toxic effect on the normal healthy 
cells [ 21 – 25 ]. 

3.3.1    Historical Background 

 The discovery of the EPR effect is considered to be one of the greatest breakthrough 
leading to the development of targeted antitumor therapy [ 26 ]. EPR effect was 
reported for the fi rst time by Matsumura and Maeda in 1986 while studying the in 
vivo behavior for antitumor protein antibiotic and polymer conjugate SMANCS 
[ 21 ]. They observed a signifi cant difference in the accumulation of low molecular 
weight drugs as compared to biocompatible macromolecular drug SMANCS in solid 
tumors [ 27 ,  28 ]. This difference in the uptake was also seen in macromolecules such 
as transferrin (90 kDa), IgG (immunoglobulin, 150 kDa), albumin (65 kDa), and 
lipid particles. Moreover, these macromolecules were retained in the solid tumors 
for the extended period up to 3 months or longer. 

 Accordingly several researchers also observed the same effect in various tumor models 
while working on series of biocompatible synthetic polymers, 4- hydroxypropylmethacrylate 
copolymer (HPMA) having a molecular weight ranging from 20 to 800 kDa. They found 
that the polymers with higher molecular weight were differentially accumulated in solid 
tumors at different dose levels. However, for the lower molecular weight polymer, typi-
cally less than 40 kDa, tumor uptake was lower, indicating the importance of molecular 
weight [ 21 ,  26 – 29 ].  
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3.3.2     Unique Features of Tumor Microenvironment: 
Angiogenesis and Abnormal Lymphatic Drainage 

 There is a major difference in the characteristics of normal tissue and tumor tissue. 
The tumor cell is characterized by a number of events including acceleration of cell 
cycle, invasive growth, genomic alterations, increased cell mobility, and changes in 
the cellular surface. Tumor cell also differs in morphology as well as functional 
characteristics in comparison to normal cells. Morphologically, it is characterized by 
large nucleus, having an irregular size and shape, and angiogenesis (fragmentation vas-
culature). Functionally, tumor cell causes elimination of active substances, such as 
growth factors and hormones, and causes lysis of important enzymes such as col-
lagenase and plasmogen activator. Moreover, there is a vast difference in energy 
metabolism especially in case of glucose metabolism. Although there is a difference in 
both morphology and functional characteristics, drug delivery system takes the advan-
tages of morphological dissimilarities and hence shall be discussed further [ 30 ]. 

3.3.2.1    Morphology of Tumor Blood Vasculature: Angiogenesis 

 Angiogenesis is a physiological process involving the generation of new blood ves-
sels from preexisting capillaries to form network-like structure. In the prevascular 
phase, solid tumors generally have a volume of not more than 1–2 mm 3 . Moreover, 
they are not much vascularized and have few million cells needing oxygen and 
nutrients that can easily cross the surface of the cells and can reach to the center of 
the tumor mass by simple passive diffusion [ 19 ]. However, as the tumor volume 
increases and goes beyond the critical volume of 2 mm 3 , there is diffi culty in diffusion 
of oxygen and nutrients across the tumor mass, leading to the state of cellular hypoxia. 
This state of hypoxia kicks off the onset of tumoral angiogenesis which results in the 
creation of a new network of blood vessels so as to supply oxygen, nutrients, growth 
factors, and proteolytic enzymes to tumor cells. Angiogenesis is regulated by four 
major steps (1) degradation of basement membrane by proteolytic enzymes, (2) 
migration and proliferation of endothelial cells, (3) adhesion of molecules by cell-cell 
and cell-matrix interaction, and (4) the construction of capillary loops [ 31 ]. 

 The onset of hypoxia causes the release of angiogenic molecules such as platelet- 
derived growth factor (PDGF), vascular endothelial growth factor (VEGF), or tumor 
necrosis factor-α (TNF-α) resulting in the activation of endothelial cells. Activated 
endothelial cells reorganize their cytoskeleton and express various cell surface 
adhesion molecules such as integrin αvβ3, selectins, and proteolytic enzymes which 
interact with extracellular matrix to promote the migration and proliferation of 
endothelial cells. The proteolytic enzymes such as metalloproteinases are used to 
cause the degradation of basement membrane and extracellular matrix. Following 
proteolytic degradation of basement membrane, endothelial cells stimulated by a 
variety of growth factors starts to migrate and proliferate through the degraded 
extracellular matrix. During the migration and proliferation, endothelial cells interact 
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with extracellular matrix facilitated by surface adhesion molecules such as integrin 
and selectins, leading to the formation of capillary buds. Angiogenic factors such as 
   autocrine and paracrine causes migration, proliferation, elongation, orientation, and 
differentiation of the endothelial cells, eventually constructing the capillary loops 
forming microvessels [ 32 ].  

3.3.2.2    Lymphatic Clearance of Tumor Tissue 

 The lymphatic vasculature is a system of low-pressure vessels which, in normal cells, 
acts to transport fl uid, macromolecules, and lipid particles from the tissue interstitium 
back to the systemic circulation. However, in the tumor cells, there is a lack of effec-
tive lymphatic vasculature due to which all the macromolecules and lipid particles can 
selectively be retained in the tumor cells as compared to normal cells [ 22 – 24 ,  33 ]. 
Lack of lymphatic clearance was assessed by Maeda and group by using Lipiodol 
(iodinated poppyseed oil) as a carrier for the delivery of drug molecule (SMANCS) as 
it is primarily recovered via the lymphatic system. As the Lipiodol-loaded SMANCS 
was injected into the tumor feeding artery, they observe that the carrier was selectively 
retained into the tumor cells but not in the normal cells [ 34 ,  35 ]. Similar observation 
was seen when the Evans blue/albumin complex was injected intravenously to tumor-
bearing mice. Evans blue/albumin complex selectively accumulated and was retained 
in the tumor cell for more than a week; however, in normal cells, the complex was 
steadily cleared by the normal lymphatic system, indicating the lack of lymphatic 
vasculature in tumor cells.    

3.4    Factors Affecting EPR Effect 

 There are various endogenous factors that can impact EPR effect in the tumor tissue. 
These include bradykinin (BK), nitric oxide (NO), prostaglandins (PGs), vascular 
endothelial growth factor (VEGF), peroxynitrites, and matrix metalloproteinases 
(MMPs). All these factors play the major role in tumor angiogenesis process, and 
hence, their understanding could provide insight in designing suitable methods or 
drug delivery system targeting tumor tissue. For instance, utilizing nitroglycerin or 
other NO-releasing agents and ACE inhibitors could enhance the EPR effect and 
therefore could increase the therapeutic effect by delivering greater amount of drug 
to tumor cells. The schematic representation depicting the role/activation of various 
factors is shown in Fig.  3.3  and Table  3.1 .

3.4.1       Bradykinin 

 Bradykinin (BK) is known to play a crucial role in inducing vascular permeability 
in common infection, infl ammation, and tumor cells [ 36 ]. Generation of BK in 
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Kallikarin

Hageman factor

KININ

Kinin cascade

Proteases

eNOS/iNOS

COXs

Cytokinin

Tumor cells

VEGF/
VPF

ONOO-

NO

O2
-

PGs

NO

MMPs

proMMPs

Tumor vessels

B 2 receptors Angiogenesis/ Tumor Vascular Permeability/Metastasis

Tumor 
infiltration

  Fig. 3.3    Mechanism of various vascular mediators to induce EPR effect in the tumor tissue.  NOS  
nitric oxide synthase,  COXs  cyclooxygenases,  O   2    −   oxygen radical,  VEGF  vascular endothelial 
growth factor,  ONOO   −   peroxynitrites,  MMPs  matrix metalloproteinases       

   Table 3.1    Factors responsible for the enhanced permeability and retention effect of drug carrier in 
solid tumors   

 Mediators  Mechanism involved in inducing EPR effect 

 Bradykinin (BK)  Initiated by activation of Hageman factor (factor XII), followed by 
kinin generating cascade. ↑ eNOS 

 Nitric oxide (NO)  Synthesized from  l -arginine by NOS, ↑ ONOO −  
 Prostaglandins (PGs)  Synthesized from arachidonic acid by COXs, ↑ cytokines, ↑ tumor 

necrosis factor-α 
 Peroxynitrite  Formed by rapid reaction of NO with superoxide anion radical 

(O 2  −• ), ↑ MMPs 
 Metalloproteinases (MMPs)  ↑ kinin generating cascade, ↑ NO 
 Vascular endothelial growth 

factor (VEGF) 
 ↑NOS,↑NO, ↑ matrix-degrading enzymes, ↓ cell apoptosis 
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tumor cells involves the cascade of reaction initiated by the activation of Hageman 
factor (factor XII). This activation is followed by activation of prekallikrein to 
kallikrein and ultimately leading to the release of BK from high molecular weight 
kininogen. In addition to BK, its hydroxylated derivative such as 3-hydroxypropyl 
bradykinin (Hyp BK) also induces accumulation of body fl uids in infl ammatory 
tissues or tumor cells. Further, BK receptors are highly upregulated in the tumor 
cells to induce EPR effect causing accumulation and retention of the extravascular 
fl uid [ 37 ,  38 ]. It has also been known that BK activates endothelial cell-derived 
nitric oxide synthase (eNOS) to generate nitric oxide (NO), an important vascular 
mediator, for inducing tumor vascular permeability [ 29 ,  39 – 41 ]. Inhibition of BK 
generation either by means of kallikrein inhibitors or by injecting BK antagonist 
such as HOE-140 signifi cantly suppresses both fl uid accumulation and tumor 
growth [ 42 ,  43 ].  

3.4.2    Nitric Oxide 

 In addition to BK, nitric oxide (NO) has been found as an important vascular mediator 
involved in vasodilatation, hypotension, angiogenesis, cell proliferation, and EPR 
effect. It is synthesized from  l -arginine by NO synthase (NOS) in presence of oxy-
gen [ 39 ]. The enzyme NOS is extensively expressed in the tumor cells and signifi -
cantly produces more NO as compared to the normal tissues [ 41 ,  44 ,  45 ]. The role 
of NO in the tumor cell was assessed by simultaneous injection of Evans blue/
albumin complex and oily formulation of NO to guinea pigs [ 46 ]. The experiments 
were carried out in the presence and absence of both NO scavenger (e.g., carboxy-
2- phenyl-4,4,5,5-tetramethylimidazoline-1-oxyloxide) and NO inhibitor (e.g.,  N  ω -
monomethyl - l    -arginine) [ 44 ,  47 ]. In the absence of both NO scavenger and inhibitor, 
there was a marked extravasation of Evans blue/albumin complex at the injection 
site, while signifi cantly reduced extravasation was observed in the presence of both 
scavenger and inhibitor. Further studies using NOS inhibitor also proved the sup-
pression of vascular permeability in the tumor cells, thereby showing signifi cant 
reduction in extravasation of Evans blue/albumin complex [ 46 ,  47 ].  

3.4.3    Prostaglandins 

 PGs are the proinfl ammatory mediators involved in infl ammation and upregulation 
of the infl ammatory cytokines such as interleukin-1 and tumor necrosis factor-α. 
They are enzymatically synthesized from arachidonic acid by means of cyclooxy-
genases (COXs). Among various PGs, PGE 1  and PGI 2  behave very similar to NO 
not only preventing platelet aggregation, leukocyte adhesion, and thrombosis for-
mation but also facilitating extravasation and EPR effect [ 39 ,  41 ]. The stable ana-
logue of PGI 2 , Beraprost sodium, when injected either intravenously or intra-arterially 
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was found to increase extravasation signifi cantly in the tumor cells. Beraprost shows 
two- to threefold more accumulation of Evans blue/albumin complex without sig-
nifi cantly affecting the systemic blood fl ow in the normal tissue or organs. However, 
the systemic blood fl ow in tumor cells was more drastically suppressed by 70–90 % 
[ 48 ]. In case of COXs inhibitors, there was signifi cantly decreased accumulation of 
the Evans blue/albumin complex in tumor cells [ 49 ].  

3.4.4    Peroxynitrites and Matrix Metalloproteinases 

 Peroxynitrites (ONOO − ) and MMPs are strong oxidizing and nitrating agents 
extensively formed in tumor and infl ammatory tissues via rapid reaction of NO with 
superoxide anion radical (O 2  −• ). Several studies have shown their role in inducing 
EPR effect. There are multiple mechanisms of enhancement of vascular permeability 
by ONOO −  radicals. Experimental studies performed by Maeda and coworkers 
showed that intradermal injection of ONOO −  increased extravasation of Evans blue/
albumin in a dose-dependent manner at the site of injection. Although the half-life 
of ONOO −  at physiological pH is only a few seconds [ 50 ], the extravasation lasted 
for relatively longer time after administration of ONOO − . One of the mechanism 
involved in the induction of EPR effect by ONOO −  radicals is through the activation 
of matrix metalloproteinases (MMPs) [ 47 ]. MMPs are the group of endopeptidase 
enzymes produced by a variety of cells, such as fi broblasts, macrophages at infl am-
matory tissues, and also by the tumor cells. The activated MMPs are known to 
enhance the EPR effect and support the tumor growth. Moreover, MMPs cause dis-
integration and remodeling of the extracellular matrix and facilitate cancer metastasis. 
Another mechanism in enhancing EPR effect by ONOO −  radicals is through a kinin 
cascade reaction via activation of MMPs [ 47 ]. Peroxynitrites are also involved in 
production of nitro compounds such as nitrotyrosine and nitroguanosine which 
serves as the major source of nitrite.  

3.4.5    Vascular Endothelial Growth Factor 

 VEGF is an angiogenesis factor which performs dual function of angiogenesis and 
enhancement of vascular permeability to facilitate and sustain the rapid tumor 
growth. It exhibits high-binding affi nity towards VEGF receptors which are overex-
pressed in the tumor cells. Several reports indicated that the amount of VEGF in 
different murine tumors was 2–30-fold higher in comparison to the normal tissues [ 39 ]. 
The EPR effect induced by VEGF was assessed by examining the extravasation of 
Evans blue/albumin complex by intradermally injecting both VEGF and BK (for 
comparison) in guinea pigs’ skin [ 39 ]. VEGF showed signifi cant extravasation of 
Evans blue/albumin complex even at picomolar concentration in comparison to the 
potent BK which shows activity in nanomolar concentration [ 39 ]. Further, the stud-
ies suggested that VEGF is a potential activator of NOS involved in the production of 
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NO and thus facilitates EPR effect [ 51 – 53 ]. It was also involved in inducing various 
cellular responses including an enhancement in the expression of matrix- degrading 
enzymes and inhibition of cell apoptosis [ 54 ]. Looking into the role of VEGF in 
EPR effect, its inhibitors such as bevacizumab and ranibizumab have been devel-
oped as a useful therapeutic tool against solid tumors.   

3.5    Ligand Targeting Systems 

 In order to increase the targeting capability of NPs, their surfaces are coupled with 
targeting ligands including small molecules (folic acid and thiamine), aptamers 
(oligonucleotides, DNA, and RNA), carbohydrates (galactose and mannose), mono-
clonal antibodies (IgG), peptides, and glycoproteins. It is pertinent to mention that 
most of the current clinically approved nanotechnology products (e.g., Abraxane ® , 
AmBisome ® , Doxil ® , Myocet ® ) relatively experience the passive targeting approach 
(i.e., lack of active targeting). Therefore, the current research focuses on developing 
and evaluating ligand targeted drug delivery systems for in vivo targeting to cancer cells. 
Figure  3.4  depicts various ligand-based targeting systems along with their examples. 

Antibody

Ligand  
targeting 

Peptides

Small 
molecule

Carbo-
hydrates

Glyco-
protein

Aptamers

Mannose Mannose Mannose MannoseTet1 PR_b Tat RGD

Anti-EGFR Anti-VEGF mAb2C5m OX26

  Fig. 3.4    Various types of ligand-based targeting system along with their examples       
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Table  3.2  provides the list of targeted drug delivery systems previously reported for 
the treatment of cancer.

3.5.1       Small Molecules-Based Targeting Ligands 

 Small molecules comprise an important class of targeting moieties with a diverse 
structures and properties making them very much suitable for functionalization of 
nanoparticles. Small size and low molecular weight further allows the attachment of 
multiple ligands onto nanoparticles. 

 Among all small molecule-based targeting ligand, folic acid is the most widely 
used ligand for tumor targeting [ 77 ]. It is an essential water soluble vitamin required 
by eukaryotic cells for one-carbon transfer reactions in several metabolic pathways 
[ 78 ]. It is involved in the biosynthesis of nucleotide bases which are required for cell 
proliferations. Cellular uptake of folic acid across plasma membrane is associated 
either with reduced form of folate carrier or with folate receptor (FR). Reduced folate 
carriers are virtually present in all cells; however, FR exhibits very limited distribu-
tions. Unlike reduced folate carrier, FR has the ability to transport both folic acid and 
folate-linked nanocarrier systems (FA-NS). Moreover, folate receptors are over 
expressed on the surface of most of the tumor cells including ovarian, lung, kidney, 
and breast and, therefore, have been identifi ed to have tumor as a marker [ 79 ]. 

3.5.1.1     Receptor-Mediated Endocytosis of Folate-Linked 
Nanocarrier System 

 The movement of FA-NS across the plasma membrane to cytoplasm is through 
FR-mediated endocytosis. Although confl icting reports have been published to 
describe the precise mechanism of FR-mediated transport of FA-NS, it proceeds in 
a series of distant steps beginning with FA-NS attachment to cell surface FR to the 
release of therapeutic drug into the cytoplasm [ 80 ]. FA-NS binds to the overex-
pressed FR on the cancer cells and trigger internalization to form endosomes. As the 
endosomal compartment pH is 5, acidifi cation of FA-NS causes its detachment from 
the receptors [ 81 ] (Fig.  3.5 ). Traffi cking of endosome intracellularly causes release 
of FA-NS from endosome by an unknown mechanism. After delivering FA-NS 
(containing therapeutic drug) into cytoplasm, the membrane-bound FR are recycled 
back to cell surface to carry further internalization of FA-NS [ 78 ].

   Folate-conjugated doxorubicin-loaded nanoparticles (DOX-PBCA NPs) were 
prepared by Duan et al. to selectively target cancer cell lines in vitro [ 5 ]. The nanopar-
ticles were prepared by using poly(butyl cyanoacrylate) polymer and were coated 
with chitosan to effectively control the release of doxorubicin. Folate- targeted DOX-
PBCA NPs were evaluated by performing cellular uptake and cytotoxicity studies in 
MCF-7 and HepG2 cells. Folate-targeted DOX-PBCA NPs were detected in the 
cytosol region within 4 h of incubation, whereas free DOX and DOX-PBCA NPs did 
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not show detectable change in fl uorescent intensity in both MCF-7 and HepG2. 
Further, the quantitative analysis showed that a greater fraction of folate-targeted 
DOX PBCA NPs were taken up within MCF-7 cells than HepG2 cells [ 5 ]. 

 In another study, click chemistry approach was used to design and synthesize folate-
conjugated β-cyclodextrin (β-CD-PEG-FA) nanoparticles using PEG as a spacer [ 55 ]. 
The PEG spacer used provides fl exibility to folic acid molecules to interact freely with 
folate receptors, thereby enhancing its binding effi ciency [ 82 ]. In vitro studies were car-
ried out using 5-FU-loaded nanoparticles in two different cell lines, HeLa and A549 
cells. It was observed that β-CD-PEG-FA nanoparticles showed much greater cellular 
uptake in HeLa cells than A549 cell. Further, in cytotoxicity studies, 5-FU-loaded β-CD-
PEG-FA nanoparticles showed strong inhibitory effect on the HeLa cells in concentra-
tion-dependent manner. However, there was no signifi cant difference in the inhibitory 
effect in the presence and absence of free folic acid in the culture medium [ 55 ]. 

 Docetaxel-loaded liposomes conjugated with folic acid (FA-PDCT-L) showed 
strongest cytotoxicity and the most powerful apoptotic effi cacy in carcinoma cell 
lines [ 56 ]. The pharmacokinetics studies of these NPs in rats indicated sixfold 
increase in AUC values in comparison to free drug solution. Tissue distribution 
studies reveal lower concentration of docetaxel in liver and spleen, whereas in tumor 
the concentration was signifi cantly higher indicating targeted delivery of liposomes 
in presence of conjugated folic acid [ 56 ]. Folate-conjugated liposomes were also 
designed with varying length of PEG spacers to increase the level of FR targeting 
[ 83 ]. It was observed that shorter length PEG spacer reduced folate exposure to KB 

1. Internalization

2. Early Endosomes

3. Acidified Endosomes

4. Endosomes Release

5. Recycling Endosomes

6. Membrane Fusion

Tumor cell

= Folic acid = Folate Receptor = Linker= Drug carrier = Drug

  Fig. 3.5    Mechanism of receptor-mediated endocytosis for folate-linked nanocarrier system       
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cells by interference with the ability of the liposome to recognize FR [ 57 ]. Liposomes 
with larger PEG spacer, F-PEG 5000 -DSPE, showed higher association with folate 
receptors after 1 h incubation. In vivo effi cacy studies showed higher tumor-killing 
effect of folate-linked PEGylated liposomes regardless of their chain length in 
comparison to folate-linked non-PEGylated liposomes [ 83 ].   

3.5.2    Aptamer (Nucleic Acids DNA or RNA)-Based Targeting 

 Aptamer has been widely explored as targeting ligand in the past three decades to 
deliver therapeutic as well as diagnostic agents [ 7 ]. They are special class of nucleic 
acid molecules (DNA or RNA) which can form unique three-dimensional structures 
capable of specifi cally binding (with higher affi nity) to molecular targets including 
small molecules, proteins, nucleic acids, and other cellular targets [ 84 ]. Aptamers 
are chemically equivalent to antibodies and thus serve as excellent alternative to 
them [ 60 ]. In comparison to other targeting agents, aptamers posses the following 
distinctive advantages [ 60 ,  62 ,  84 ]:

    1.    They are non-immunogenic and cause minimum toxicity as they are gradually 
degraded by nucleases.   

   2.    They have relatively small size which allows them to easily penetrate into the 
tumors cells. Further, being small molecule functionalization of aptamers at 
specifi c site is easy and straightforward.   

   3.    They are highly specifi c and show high-binding affi nity which is almost comparable 
to monoclonal antibodies. However, unlike antibodies, they exhibit remarkable 
stability in a wide range of pH (4–9), temperature, and organic solvents without 
loss of activity [ 85 ].   

   4.    Aptamers has low synthesis cost and are much easier to prepare as they do not 
rely on any biological system for their production and scale-up.    

  Ellington and coworkers prepared anti-EGFR aptamer-conjugated gold nanoparti-
cles (GNPs) by facile hybridization method [ 59 ]. The GNPs were assessed on EGFR 
expressing A431 epidermoid carcinoma cells and showed specifi c internalization via 
EGFRs [ 59 ]. Chenchen et al. make use of mucin protein aptamers as targeting ligand 
owing to its overexpression (tenfold) in most malignant adenocarcinomas [ 60 ]. Aptamer-
conjugated PLGA nanoparticles (Apt-NPs) were prepared using DNA as spacer. In 
comparison with nontargeted NPs, 71 % increase in fl uorescent intensity was observed 
in MCF-7 cells treated with Apt-NPs. Also paclitaxel- loaded nanoparticles (PTX-Apt-
NPs) produced more potent cytotoxicity than PTX-NPs in MCF-7 cells [ 60 ]. 

 In another study, aptamer which specifi cally binds to nucleolin (NCL), mRNA- 
binding protein involved in cell proliferation, was conjugated on the surface of lipo-
somes containing cisplatin [ 62 ]. The cell viability results revealed 21 % and 60 % cell 
viability on day 2 and day 4. However, no signifi cant effect on cell viability was observed 
with non-NCL aptamer liposomes, indicating receptor-mediated cell uptake and 
improved therapeutic effi cacy of liposomes with aptamer as a targeting ligand [ 62 ].  
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3.5.3    Carbohydrates-Based Targeting Ligands 

 Carbohydrates play a vital role in both physiological and pathological events such 
as cell growth and differentiation, cell–cell communication, infl ammatory response, 
tumor metastasis, and viral infection. They show highly specifi c interactions with 
lectins [ 86 ] and asialoglycoprotein receptor (ASGP-R) which are overexpressed on 
the hepatic cells. Carbohydrates such as galactose and mannose readily bind with 
ASGP-Rs and thereby serve as effective liver targeting ligand [ 87 ]. 

3.5.3.1    Galactose 

 Managit et al. studied the effect of galactose density on asialoglycoprotein receptor- 
mediated uptake of galactosylated liposomes [ 63 ]. Gal-liposomes with molar ratio 
of 3.5, 5.0, and 7.5 % showed much higher (enhanced) uptake by HepG2 cells than 
that of non-galactosylated liposomes. However, this uptake was signifi cantly inhib-
ited in the presence of excess galactose, suggesting that uptake and internalization 
of Gal-liposomes is by the asialoglycoprotein receptors [ 63 ]. Further, these 
Gal- liposomes (with molar ratio of 3.5, 5.0, and 7.5 %) were found to be rapidly 
eliminated from the blood circulation and exhibited rapid liver accumulation 
accounting for 80 %, of the dose, within 10 min [ 63 ]. In case of Gal-liposomes with 
low molar ratio (1.0 and 2.5 %) of galactose to cholesterol, only slight improvement 
in liver accumulation was observed indicating surface density of galactose playing 
a crucial role in asialoglycoprotein receptor-mediated uptake of liposomes [ 63 ]. 

 In another study, Lai et al. investigated the effect of ligand spatial orientation on 
the targeting specifi city of magnetic nanoparticles (MNPs) [ 88 ]. The galactosylated 
MNPs were specifi cally endocytosed by HepG2 cells via asialoglycoprotein receptors 
and not by HeLa cells (devoid of ASGP-R) indicating targeted delivery of nanopar-
ticles. Moreover, the results also showed that nanoparticles conjugated to trianten-
nary galactosylated ligand provide best internalization effi ciency in comparison to 
mono- and diantennary galactosylated ligand [ 88 ]. Galactosylated liposomes were 
also used for delivery of small interfering RNA (siRNA) to the liver [ 64 ]. These 
galactosylated liposomes showed 1.9 times higher distribution of siRNA in hepato-
cytes in comparison to non-galactosylated liposomes [ 64 ].  

3.5.3.2    Mannose 

 Mannosylated nanocarrier system has been used for targeting mannose receptors 
which are highly expressed on alveolar macrophage cells which act as an important 
target for the treatment of diseases like lung infl ammation and visceral 
leishmaniasis. 

 In the past decade, Hasida and colleagues developed mannosylated liposomes to 
target alveolar macrophage cells. Liposomes were prepared with varying ratio 
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mannosylated to cholesterol derivatives to evaluate the targeting effi ciency to alveo-
lar macrophages [ 66 ]. In vitro uptake studies of fl uorescent-labeled Man-liposomes 
in alveolar macrophages showed signifi cantly higher uptake of Man-5.0- and Man- 
7.5-liposomes in comparisons to Man-2.5- and nude liposomes. However, this in 
vitro uptake of Man-liposomes was signifi cantly inhibited in presence of excess 
mannose indicating mannose receptor-mediated endocytosis of liposomes. Similar 
results were obtained in in vivo studies in rats, where internalization of Man- 
liposomes was increased with increase in mannose content [ 66 ]. In another study, 
dexamethasone palmitate incorporated in mannosylated liposomes (DPML) were 
prepared to target macrophages for the treatment of lipopolysaccharide-induced 
lung infl ammation in rats [ 89 ]. DPML showed marked reduction in infl ammatory 
markers including cytokine and TNF-α in comparison to free dexamethasone palmitate 
and nontreatment groups. In addition to this, DPML signifi cantly suppressed the 
activation of NF-κB and cause complete downregulation of phosphorylation of p38 
MAPK an important marker in lung infl ammation [ 89 ]. 

 Mannose-coated liposomes incorporated with antibiotic MT81 was tested against 
visceral leishmaniasis in hamsters [ 90 ]. In comparison to control liposomes or free 
MT8, mannose-coated liposomes were found to be more effi cient in eliminating 
intracellular amastigotes within splenic macrophages. The splenic parasitic load 
was reduced up to 79 % of the total parasite in mannose-coated liposomes, whereas 
at the same equivalent dose, the non-mannosylated liposomes or the free drug 
causes 55 and 50 % decrease in splenic parasitic load, respectively [ 90 ]. Similar in 
another study, mannosylated liposomes bearing amphotericin B showed maximum 
reduction in parasitic load up to 78 % in comparison to amphotericin B solution and 
drug-containing cationic liposomes which showed reduction of 42 and 61 %, 
respectively [ 91 ]. 

 Mannose functionalized at terminal end of tetra ( p -phenylene)- block -PEG 
polymer was synthesized for targeting  Escherichi coli . The polymersomes formed 
showed 800-fold increase in the binding affi nity towards pili of ORN 178  E. coli  
strain [ 92 ]. In the former, mannose recognized the specifi c lectin binding protein 
(concanavalin A) and showed higher inhibitory potency, whereas in the later study, 
galactose was unable to recognize the specifi c lectin binding protein. This signifi es 
the importance of ligand specifi city used for end group functionalization of 
polymersomes.   

3.5.4    Antibody-Based Targeting 

 Antibodies were initially believed as “targeting missiles” which hit their specifi c 
biological targets. However, their use is much more complex for targeting and 
biological properties than expected by the researchers. There are various antibodies 
which have been found to be very much effective and well-tolerable for the treatment 
of different malignancies. Monoclonal antibodies such as trastuzumab, gemtuzumab, 
and bevacizumab have been approved by FDA and have emerged as important 
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therapeutic agents as they have both targeting ability and anticancer activity. 
Other monoclonal antibodies such as anti-EGFR [ 93 ,  94 ], anti-VEGF [ 95 ], mAb2C5m 
[ 96 ], and 2C5 [ 72 ] were also used for targeting cancer cells as they specifi cally bind 
to the overexpressed receptors present on the surface of cancer cells. These monoclo-
nal antibodies facilitate the endocytic uptake of various nanoparticulate systems to 
improve their antitumor effi cacy. 

 Gold NPs bioconjugated with anti-EGFR monoclonal antibody (Ab) were 
prepared for targeting the epidermal growth factor receptor (EGFR) [ 94 ]. The 
in vitro EGFR-targeting properties of these NPs were demonstrated in EGFR +  and 
EGFR −  cells using ELISA and western blot assays. Using ELISA test, both free Ab 
and Ab-conjugated gold NPs showed concentration-dependent targeting in EGFR +  
cells but not in EGFR −  cells. Similar results were observed by western blot analysis 
wherein Ab-conjugated gold NPs inhibit the EGFR phosphorylation in the presence 
of EGF indicating the EGFR-targeting property of NPs. In in vivo pharmacokinetic 
profi le, Ab-conjugated gold NPs showed very similar results as that of uncoupled 
Ab indicating their suitability for EGFR targeting [ 94 ]. In another study, these anti- 
EGFR antibodies were coupled on the surface of polymersomes composed of 
mPEG-pep-PDLLA block copolymer using EDC/NHS chemistry. These antibody- 
coupled polymersomes showed enhanced endocytosis uptake within 3 days as 
compared to the polymersomes without anti-EGFR antibody [ 93 ]. 

 Anti-VEGF was used to functionalize dextran-coated supermagnetic iron oxide 
nanoparticles (anti-VEGF-NPs) to achieve active targeting against human colon 
cancer cells [ 95 ]. Anti-VEGF-NPs were evaluated by MRI after systemic injection 
to tumor-bearing mice, which showed 1.34-fold change in MRI signal as compared 
to control group without NPs injection. However, the difference in MRI signal was 
not signifi cant in mice treated with bare NPs indicating specifi c targetability of 
anti-VEGF- NPs towards colon cancer cells [ 95 ]. 

 Monoclonal antibodies, mAb2C5m and 2C5, were conjugated on the surface 
doxorubicin-loaded liposomes by Torchilin and coworkers [ 72 ,  96 ]. Nucleosome- 
specifi c monoclonal antibodies (mAb 2C5) had increased the cytotoxicity of 
doxorubicin- loaded liposomes by recognizing surface-bound nucleosomes in vari-
ous tumor cells. Further, the results of whole body gamma scintigraphic imaging 
indicate two- to threefold increase in the accumulation of doxorubicin in tumor cells 
when employed as immunoliposomes in comparison to nonspecifi c IgG-conjugated 
or plain liposomes [ 96 ]. Liposomes conjugated with monoclonal antibodies 2C5 
also showed improved cytotoxicity of doxorubicin in human brain U-87 tumor 
xenograft model [ 72 ]. 

 Brain targeting possesses one of the most complicated and challenging task in 
drug delivery due to the presence of blood–brain barrier (BBB). Pang et al. make 
use of monoclonal antibodies to develop drug carriers for brain targeting. 
Polymersomes composed of poly(ethyleneglycol)-poly(ε-caprolactone) (PEG- 
PCL) were conjugated with mouse-anti-rat monoclonal antibody OX26 (OX26-PO) 
for treatment of scopolamine-induced memory impairment [ 97 ]. 6-Coumarin loaded 
OX26-PO (IV route) reveals 2.62-fold increase in 6-coumarin concentration per 
gram of brain tissue as compared to the nonconjugated PEG-PCL polymersomes. 
The results were further confi rmed using NC1900 (a peptide) loaded OX26-PO. 
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Concentration of NC1900 per gram of brain tissue was increased by 2.36-fold when 
employed as OX26-PO as compared to the PEG-PCL polymersomes. Moreover, 
they further showed that surface density of conjugated antibody also plays an impor-
tant role in improving permeability of polymersomes across BBB [ 97 ]. 

 Monoclonal antibodies were also used for targeting infl ammatory vascular endo-
thelium cells. Polymersomes functionalized with an anti-ICAM-1, an antibody 
which specifi cally bind to vascular cell adhesion molecules, were prepared using 
modular biotin-avidin chemistry [ 98 ]. The adhesiveness between anti-ICAM-1 
functionalized polymersomes was measured using micropipette aspiration tech-
nique by quantifying the critical tension for detachment. It was found that the adhe-
sion strength increases in proportion to the surface density of anti-ICAM-1 
molecules, suggesting the possible application of functionalized polymersomes in 
targeting infl ammatory vascular endothelium cells [ 98 ].  

3.5.5    Peptide-Based Targeting 

 Although antibodies are found to be an interesting and viable option for targeting 
nanocarrier systems, they are highly immunogenic and produce deleterious side 
effects. They show poor in vivo mobility and therefore delay/reduce uptake into the 
desired target [ 99 ,  100 ]. Further, they have relatively large size and hence it is dif-
fi cult to attach multiple molecules onto each nanoparticle surface. This in turn indi-
cates that ligand molecule should have small size and peptides fulfi ll this requirement 
remarkably. Further, as compared to antibodies, peptides not only target the specifi c 
surface receptors but can also penetrate into cells or tissue to cause cell toxicity. 
Various peptides such as Tat, Tet 1, RGD, and PR_b have been used for targeted 
delivery of nanoparticles for different applications including therapy and diagnostic 
imaging. 

 Tet1 peptide functionalized polymersomes were prepared by Zhang et al. for 
targeting cochlear nerve in treatment of hearing loss and other neurological diseases 
[ 9 ]. Tet1 peptide specifi cally binds to the trisialoganglioside clostridial toxin recep-
tor expressed on the cochlea. Intracochlear administration of Tet1 functionalized 
polymersomes showed specifi c localization into the neurofi laments and migration 
to tractus spiralis foraminous region present in cochlea. They were also observed in 
satellite cells of spiral ganglion as well as in the nerve fi bers of CNS [ 9 ]. Another 
peptide which specifi cally binds to prestin, a unique protein in the inner ear that is 
solely expressed in sensorineural hearing loss, was used to functionalize polymer-
somes [ 101 ]. This peptide functionalized polymersomes composed of polyethylene 
glycol block poly-caprolactone (PEG-b-PCL) were studied for their targeting abil-
ity on outer hair cells (OHCs). Functionalized polymersomes showed abundant and 
specifi c internalization in OHCs and sparsely internalized in the other cells. In con-
trast, nonfunctionalized polymersomes were nonspecifi cally internalized by differ-
ent type of cells present in cochlear explants [ 101 ]. 

 Kokkoli and group utilized PR_b peptide for targeting prostate [ 102 ] and breast 
cancer cells [ 102 ]. PR_b peptide is a highly effective integrin targeting peptide that 
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mimics the cell adhesion-binding site in fi bronectin. This PR_b peptide was conju-
gated onto the surface of poly(ethylene oxide)-b-poly(butadiene) (PEO-PBD) poly-
mersomes and was found to be effectively internalized by prostate cancer cells after 
adhering specifi cally to α5b1integrins expressed on their surface. Internalization of 
polymer vesicles was found to be dependent on the surface concentration of PR_b. 
Cytotoxicity studies for 0 %, 1 %, 5 %, 10 %, and 50 % PR_b-functionalized poly-
mersomes were performed. It was found that internalization of polymersomes within 
the cancer cells was dependent on the surface concentration of PR_b with largest 
increase in cytotoxicity occurring when proceeding from 1 % PR_b to 5 % PR_b. 
Polymer vesicles functionalized with only 5 % (w/w) PR_b peptide achieved a 4.4-
fold increase in cytotoxicity compared to nonfunctionalized polymersomes [ 102 ]. 
These PR_b peptide functionalized polymersomes were used for delivery of siRNA to 
breast cancer cells [ 103 ]. PR_b peptide functionalized polymersomes undergoes more 
effective internalization in MCF10A and T47D breast cancer cell lines. In cancerous 
T47D cells, peptide functionalized polymersomes were sevenfold more effectively 
delivered than nonfunctionalized polymersomes. Moreover, these peptide functional-
ized polymersomes showed signifi cantly greater levels of delivery in the cancerous 
T47D cells as compared to the noncancerous MCF10A cells [ 103 ]. 

 Recently Stojanov et al. demonstrated brain targeting potential of polymersomes 
functionalized with ganglioside (G 23) and prion (P 50)-targeting peptide. 
Biodistribution studies in mice show signifi cantly higher accumulation of G 23 
functionalized polymersomes in brain in comparison with P 50 functionalized 
polymersomes. This could be due to the strong promotion of transcytosis of poly-
mersomes across BBB by G 23 peptide [ 104 ]. 

 NIR emissive polymersomes functionalized with cell permeable cationic peptide 
Tat demonstrated signifi cantly enhanced, time-dependent uptake by the dendritic 
cells [ 105 ]. The control NIR emissive polymersomes reaches half-maximal fl uorescent 
intensity at 7 h as against 5 h required for Tat-conjugated NIR emissive polymer-
somes. Moreover, the Tat-conjugated NIR emissive polymersomes were found to 
remain localized within the cells for at least 3 days [ 105 ].  

3.5.6    Glycoprotein-Based Targeting 

 Transferrin (Tf) and lactoferrin (Lf) are the glycoproteins which have a broad spec-
trum of functions particularly in the host defense mechanisms against infection and 
in severe infl ammation. This broad spectrum of biological functions relies on their 
interaction with numerous cells such as platelets, endothelial cells of mesencephalic 
microvessels, and dopaminergic neurons [ 106 ]. Both of these molecules have been 
shown to cross the BBB via transferrin receptor-mediated transcytosis using in vitro 
model of BBB (bovine brain capillary endothelial cells and astrocytes). 

 Transferrin (Tf)-conjugated lipopolyplexes (LPs) containing G3139, an anti-
sense oligonucleotide, were synthesized and evaluated in murine K562 xenograft 
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model [ 107 ]. G3139 causes downregulation of B-cell leukemia/lymphoma 2 
(Bcl- 2), a protein which makes leukemia cells resistant to apoptosis. Greatest reduc-
tion in Bcl-2 protein levels was observed for Tf-LP G3139 in comparison to free 
G3139 and nontargeted LP-G3139. The AUC values were ten times higher for 
Tf-LP G3139 and the terminal half-life of 8.5 h as against the 0.63 h of free G3139, 
indicating rapid clearance of free drug from the blood circulation. In addition to 
this, the tumor growth was signifi cantly suppressed in the mice treated with Tf-LP 
G3139 as compared to G3139 alone. However, contradictory results were observed 
in immunohistochemical staining for Bcl-2 protein, wherein free G3139 showed 
greater Bcl-2 downregulation as against Tf-LP G3139. The reported reason was the 
larger particle size of LPs (141 nm) which causes limited diffusion inside the solid 
tumor [ 107 ]. 

 In another study, lysosome-targeted delivery system based on ceramide-loaded 
Tf-liposomes (cTf-LPs) were prepared to induce apoptosis in cancer cells by stimu-
lating the lysosomal membrane permeabilization (LMP) [ 108 ]. The Tf-LPs showed 
signifi cantly higher fl uorescence as compared to plain liposomes (PL) in HeLa cells 
in vitro. However, in the presence of excess free Tf, the uptake of Tf-LPs was 
strongly decreased indicating that their internalization proceeded via TfR-mediated 
endocytosis. The percentage increase in number of apoptotic cells was found to be 
twofold higher in case of cells treated with cTf-LPs as compared to ceramic-loaded PL. 
LMP induction was shown by both ceramic and cTf-LPs; however, it was signifi cantly 
higher in case of cTf-LPs. cTf-LPs cause strong inhibition of tumor growth 
leading to twofold reduction in tumor weight in comparison to PL (cer- loaded) and 
Tf-LP (cer-free) [ 108 ]. 

 Pang and coworkers compared the relative superiority of Tf- and Lf-conjugated 
polymersomes (Tf- and Lf-PS) in brain drug targeting [ 68 ]. The results of in vitro 
uptake studies in mice revealed higher brain uptake of Tf-PS as compared to Lf-PS. 
Pharmacokinetics study showed a similar plasma concentration time profi le for both 
conjugated ligands. However, Tf-PS showed 1.84-fold increase in AUC in compari-
son to Lf-PS. Further, the elimination and distribution rate constant for Lf-PS was 
3.12- and 2.11-fold higher in comparison to Tf-PS [ 68 ]. 

 In another study, Yu et al. developed lactoferrin-conjugated self-assembled 
poly(ethylene glycol)-poly( d , l -lactic-co-glycolic acid) (PEG-PLGA) polymer-
somes [ 8 ]. They investigated brain targeting ability of Lf-PS by varying the densi-
ties of lactoferrin (number of lactoferrin molecules ranging from 59 to 268) on the 
surface of the polymersomes. The polymersomes with lactoferrin molecules 101 
were found to be optimum as demonstrated by BBB permeability surface area. 
Further, the plasma clearance of polymersomes was found to be inversely propor-
tional to the lactoferrin densities conjugated on polymersomes surface. Other 
parameters such as AUC and percentage of injected dose per gram of brain tissue 
were found to increase with increased in surface lactoferrin densities. However, at 
higher surface density, a saturation phenomenon was observed resulting in decreased 
brain tissue accumulation of polymersomes. The reported reason was saturation of 
lactoferrin-specifi c receptors present in brain [ 8 ].   
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3.6     Challenges and Future Perspective for Systemic 
Drug Targeting 

 Although from the past few decades there is progress in the development of targeted 
drug delivery systems against the tumor cells, the existence of drug delivery barriers 
serves as a major challenge in its development. This results in insuffi cient and heteroge-
neous drug delivery to the tumor tissue and thereby limiting their clinical application. 
The following challenges are needed to be overcome to achieve tumor targeting. 

3.6.1    Tumor Heterogeneity 

 The EPR effect is highly a heterogeneous phenomenon. The highly vascularized 
tissue that shows EPR effect is usually located at the periphery of the tumors and 
works well in the small tumors. However, in case of large tumors, the blood vessels are 
poorly perfused at the central area resulting in a diminishing EPR effect. As a result, 
the nanoparticles were able to deliver the drug only to the few layers of the tumor cells 
but not at the central area of the tumor tissue [ 109 ]. Moreover, the EPR effect is 
dependent on the size of nanoparticles and also on the porosity of the tumor vascula-
ture which varies from tumor to tumor [ 110 ,  111 ]. In order to deliver the drug effec-
tively to the large tumors, systemic approach needs to be designed for comprehensive 
characterization of tumor heterogeneity in different types of cancer cells as well as 
through different stages of tumor development. Further, new approaches/therapies 
should be developed to address unique dynamics of each patient specifi cally relevant 
for each type of malignancies.  

3.6.2    Tumor Interstitial Fluid Pressure 

 As there is the lack of lymphatic drainage in the tumor tissue, there is a high inter-
stitial pressure within the tumor tissue. This causes the effl ux of tissue fl uid against 
the direction of drug diffusion from blood vessel to the tumor tissue [ 112 ,  113 ]. 
Further, interstitial fi brosis in large tumors can also impede the diffusion of com-
pounds through tumors [ 114 ]. In addition to this, increased tumor interstitial fl uid 
pressure (TIFP) may facilitate the entrance of cancer cells into tumor blood vessels 
or into the surrounding normal tissue lymphatics, thereby aiding the metastatic pro-
cess [ 115 ]. Due to all these limitations, the delivery system fails to deliver the drug 
deep into the tumor tissue. A variety of approaches have been tried to enhance the 
delivery of therapeutic agents to tumor tissue by reducing TIFP. For instance, 
US Pat. No. 5484399 to DiResta et al. discloses process and device to reduce TIFP. 
The patent discloses an artifi cial lymphatic system (ALS) which includes a plurality 
of aspiration tubes, each having plurality of aspiration holes connected to a vacuum 
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source [ 116 ]. Other devices or process includes the use of aspiration probe and 
electroporation therapy [ 117 ]. As all these devices/processes have their own limitations 
and hence there exist a need in developing drug delivery system which can reduce 
effl ux of drug associated with high interstitial pressure and could increase the drug 
residence time in tumor tissue.  

3.6.3    Reduce Interactions 

 The specifi c interaction between the nanoparticles and cell surfaces are highly 
reduced within the tumor cells which affect the internalization of the nanoparticles, 
eventually reducing the payload of drug delivered to the tumor cells. Further, 
PEGylation of the nanoparticles can also reduce these specifi c interactions between 
the nanoparticles and the cells surfaces [ 87 ,  118 – 120 ].      
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4.1            FDD for Cancer Therapy 

    Before the concept of FDD is explored further, it is important to introduce a familiar 
term  “targeted drug delivery .” In the context of cancer therapy, targeted drug delivery 
means  “delivering therapeutic concentrations of anticancer drugs at the tumor site 
and to reduce/minimize deleterious effects on normal tissue”  [ 1 ]. Though there is an 
exhaustive list of strategies that could be employed to accomplish targeted drug 
delivery [ 1 ], keeping the scope of this chapter in mind, tumor targeting using 
systemically administered nanocarriers can be broadly classifi ed as  passive  or  active 
targeting  [ 2 ,  3 ]. Passive targeting exploits the unique tumor microenvironment character-
istics like leaky vasculature coupled with high interstitial fl uid pressure and poor lym-
phatic drainage for accumulation of the nanocarriers at the tumor site. This is referred to 
as the “ enhanced permeability and retention effect”  (EPR effect) [ 4 – 6 ]. Active target-
ing, on the other hand, employs tumor-targeting ligands, such as monoclonal antibodies 
(mAbs) and antibody fragments or non-antibody ligands (peptides or non-peptides), 
grafted onto the surface of the nanocarriers. These targeting moieties, in turn, selec-
tively bind to the receptors overexpressed on the surface of the tumor cells and/or 
angiogenic endothelial cells [ 6 ,  7 ]. Drug release from the nanocarrier at the tumor site 
then in turn depends on the complex interplay of tumor microenvironmental factors 
and the components of the drug carrier [ 8 ,  9 ]. The prospect of  fi ne tuning  this drug 
release to regulate drug release kinetics [ 10 ], by disrupting the nanocarriers mechan-
ically at the tumor site, using an external energy source such as  ultrasound (US) , 
is what marks the subtle difference between targeted and focal drug delivery. The 
concept of FDD for cancer therapy is  schematically represented below    (Fig.  4.1 ).
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   From the available literature, the two principal components that FDD employs are:

    1.     Drug carrier —This chapter will focus on “ liposomes ” as drug delivery agents.   
   2.     Focused ultrasound  [low (LFU) or high energy (HIFU)]—Focused ultrasound 

can be visualized akin to the phenomenon that occurs when sunlight is focused 
using a magnifying glass. The focused energy can obliterate matter and this is 
basically the same principle that FU employs. Briefl y, HIFU has been used to 
obliterate tissue and it basically does it via two main physical processes:  con-
version of mechanical energy into heat focally, where rate of heating >> rate of 
cooling,  and  acoustic cavitation , which is the combination of mechanical stress 
and thermal injury. The combination of the above factors causes a rapid tem-
perature elevation, up to 80 °C within seconds and will thus kill cells by coagu-
lative necrosis. In the interest of FDD, HIFU can also be used to disrupt lipid 
(liposome)/biological barriers (cell membrane) and this could be mainly attrib-
uted to the acoustic cavitation effect, in addition to the radiation and the thermal 
effects (when applicable) of US [ 11 ,  12 ]. This can aid site-specifi c drug deliv-
ery, as we will see in the due course of this chapter. LFU on the other hand is 
less destructive and can disrupt biological/lipid membranes without causing the 
lesioning effects of HIFU [ 13 ,  14 ]. LFU may thus prove to be a desirable modal-
ity for burst release of payload for several minutes, focused to small spatial 
locations via transient holes formed in the cell membrane in the order of about 

  Fig. 4.1    The concept of focal drug delivery in cancer therapy       
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100 nm [ 15 ], and provide a greater degree of spatial and temporal control over 
biochemical and passive tumor targeting [ 14 ]. However, it should be noted that 
LFU is diffi cult to focus and often dissipates near the body surface, thus sug-
gesting that it would only be benefi cial to treat superfi cial tumors (skin, head, 
neck, and gynecological); for deeper tumors, HIFU and HIFU-responsive deliv-
ery systems may be preferred [ 16 ].     

 Several recent studies also employ  magnetic resonance imaging (MRI or MR)  
as the imaging modality for FDD. In such studies, the MRI contrast agent like 
gadolinium (Gd) is encapsulated within the drug carrier. The MR imaging serves to 
pinpoint the area of interest, viz., the tumor area in cancer therapy that needs to be 
destroyed. The target region is identifi ed by a combination of sublesioning FU expo-
sures and monitoring local temperature rise using MR. Upon reliably identifying the 
focus region on the diagnostic image, higher therapeutic exposures of FU are used. 
MR lends the virtues of real-time imaging and temperature monitoring and thus 
lends more control to the procedure [ 17 ].  

4.2     Liposomes 

 Liposomes are microscopic phospholipid bubbles with a bilayered membrane 
structure [ 18 ]. Over the period of several decades, appreciable advances have been 
achieved in the fi eld of  liposomal drug delivery for cancer therapy . These can be 
classifi ed in several ways. One of those classifi cations is depicted as shown in the 
tree diagram below (adapted from Torchilin [ 19 ]) (Fig.  4.2 ).

4.2.1       Advancements in Liposomal Drug Delivery 

  Long-Circulating Liposomes 

 The rationale for developing long-circulating liposomes for tumor targeting was to 
exploit the EPR effect [ 4 ,  20 ,  21 ]. Briefl y put, it is the ability of macromolecules and 
other nanoparticles to accumulate in the tumor area due to its leaky vasculature and 
poor lymphatic drainage. The longer the liposomes are in circulation, the greater the 
chances of it passing by and accumulating in the target area. The most popular 
method of doing this is by coating the liposomal surface with polyethylene glycol 
(PEG), a biocompatible, inert polymer. It has been proposed that the PEG coat pre-
vents interaction of the liposomes with opsonins in the blood and thus prevents 
elimination by the mononuclear phagocyte system (MPS) [ 18 ,  22 ]. Doxil ®  is an 
FDA-approved PEGylated, doxorubicin-encapsulating liposomal delivery system. 
In an attempt to minimize the interference of PEG with cellular uptake, stimuli- 
detachable (low tumor pH, redox reactions) PEG conjugates have been developed 
[ 23 – 25 ]. However, recent evidence suggests against the complete inertness of PEG 
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by providing proof that it could lead to certain undesired effects such as the activation 
of the complement system [ 26 ,  27 ].  

  Targeting of Long-Circulating Liposomes 

 The most important rationale for attempts to target long-circulating, drug-loaded 
liposomes is to improve the tumor-targeting specifi city of the formulation, thereby 
increasing the drug concentration at the desired site of action, and reduce the 
systemic levels of the drug and its toxic sequelae in healthy tissues [ 28 ]. Liposomal 
targeting is an exhaustive topic, and it is impossible to cover all aspects associated 
with it here due to the scope of this chapter. However, a table with the popular 
targeting moieties used in conjunction with long-circulating liposomes is listed 
below for perusal along with the reference manuscripts that describe the same in 
greater detail    (Table  4.1 ).

     Intracellular Liposomal Delivery 

 Liposomes have been developed with an aim of bringing the drug/payload as close 
as possible to its target, e.g., cytoplasm, nucleus, etc. and two popular designs have 
been used.  pH-sensitive liposomes  can be formulated by incorporating pH-sensitive 

Liposomal Drug
Delivery for

Cancer Therapy

Long circulating
liposomes

Targeting of long
circulating
liposomes

Intracellular
liposomal
delivery

Liposomes for
Gene delivery

Liposomes as
immunological

vaccine adjuvants

Liposomes for
medical imaging

Liposomes for
miscellaneous
applications

  Fig. 4.2    Tree diagram depicting the advancements in liposomal drug delivery       
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components in long-circulating liposomes. The liposome will interact with the 
endosomal membrane after being endocytosed and, under the effect of low pH in the 
endosomes, release their drug payload into the cytoplasm [ 52 ]. Antisense oligonu-
cleotides and siRNA have also been delivered inside the cell cytoplasm using 
pH-sensitive liposomes [ 53 ,  54 ]. pH-sensitive liposomes in combination with 
targeting moieties like folate and transferrin have also been developed [ 55 ,  56 ]. 
The other approach is to employ  liposomes containing cell-penetrating peptides/
proteins (CPPs)  such as TAT peptide, penetratin, and oligoarginine. CPPs can be 
grafted onto the liposomal surface and have been shown to effectively deliver lipo-
somes inside cells [ 57 – 59 ]. In addition to these methods, liposomes grafted with 
mitochondriotropic amphiphilic cations in their membrane have been shown to 
specifi cally target mitochondria within intact cells [ 60 – 62 ].  

  Liposomes for Gene Delivery 

 The inherent in vivo instability and susceptibility to degradation of molecules like 
DNA siRNA, etc. is a problem in delivery and has attracted attention in recent times. 

    Table 4.1    Some examples of targeting moieties for liposomal preparations   

 Targeting moiety  Rationale for use in tumor targeting  References 

 Anti-HER2 monoclonal antibody 
(mAb) 

 HER2 receptor is overexpressed esp. in human 
breast cancer cells 

 [ 29 ] 

 Anti-nucleosome 2C5 mAb  Tumor cell recognition by nucleosomes bound to 
tumor cell surface 

 [ 30 – 32 ] 

 Anti-GD2 antibody  GD2 overexpressed in human melanoma and 
neuroblastoma 

 [ 33 ] 

 Fab fragment from humanized 
anti-EGFR mAb, anti- 
epidermal growth factor 
(EGFR) monoclonal antibody 

 EGFR is overexpressed on the surface of several 
tumors, e.g., colorectal tumor cells 

 [ 34 ,  35 ] 

 Anti-transferrin antibody, 
transferrin ligand 

 Transferrin receptors are overexpressed on the 
surface of many tumor cells 

 [ 36 – 40 ] 

 Folate  Folate receptor is frequently overexpressed in 
tumor cells 

 [ 41 – 44 ] 

 RGD peptide  Can bind to the integrins of the tumor vasculature  [ 45 ] 
 Phage coat fusion proteins  Specifi c against target cells, cheap prospective 

substitute for expensive and unstable mAbs 
 [ 46 ] 

 Fibroblast growth factor-binding 
peptide 

 Selective for tumors overexpressing fi broblast 
growth factor receptor (FGFR) 

 [ 47 ] 

 OX26 monoclonal antibody  Binds to transferrin receptor overexpressed on 
surface of tumor cells 

 [ 48 ] 

 Targeting antibody + endosome 
disrupting peptide 

 Improves cytosolic delivery and cytotoxicity of 
drug 

 [ 49 ] 

 Anti-P selecting antibody  Selective for areas of vascular infl ammation and 
application can be extrapolated to deliver 
pro-angiogenic drugs at that site 

 [ 50 ] 

 Ascorbate  Antitumor activity improves cytotoxicity of other 
chemotherapeutics when used in combination 

 [ 51 ] 
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Liposomes have been used to deliver DNA, siRNA, and oligonucleotides inside 
cells. PEGylated cationic liposomes have been used to condense and effi ciently 
deliver DNA for cancer therapy, both in vitro and in vivo [ 63 – 65 ]. Liposomes have 
been used for oligo delivery against neuroblastoma and consist of a cationic core 
with the oligo coated with neutral lipid and grafted with monoclonal antibody [ 66 ]. 
A combination of a proapoptotic peptide and Bcl-2 antisense oligo (KLAKLAK) 2  
in the same liposomal preparation has displayed synergistic effects in mice for cancer 
therapy [ 67 ]. Various liposomes (cationic, neutral, and anionic) have recently been 
used to deliver siRNA into cells for cancer therapy, and this seems to be a promising 
venture. Recently, novel SNALP liposomes have achieved great success in siRNA 
delivery [ 68 – 72 ]. 

 In addition to the above, liposomes have also been used as  immunological 
vaccine adjuvants  [ 73 ], in  medical imaging  [ 74 – 76 ],  antibody-directed enzyme pro-
drug therapy  (ADEPT) [ 77 ,  78 ], and  photodynamic therapy  (PDT) [ 79 – 81 ].   

4.2.2     Why Are Liposomes an Attractive FDD Tool? 
(Adapted from Allen et al. [ 82 ]) 

 One of the important considerations for focal delivery is that the carrier should not 
leak out the drug en route the target (tumor). Regulated drug release from liposomes 
can overcome/eliminate this and in turn prevent accidental off-target tissue damage 
due to drug extravasation. As discussed before, LFU and HIFU (components of 
focal delivery) can disrupt the lipid membranes (components of liposome) to facili-
tate release of the payload at the tumor site. Liposomes can be designed to be ther-
mally sensitive for exploiting the thermal/indirect effects of HIFU for focal delivery. 
Similarly, liposomes can be designed to be responsive to LFU (nonthermal/mechan-
ical/direct) for focal delivery (to be described later in the chapter). Liposomes can 
passively (via the EPR effect) or actively (using targeting ligands) accumulate at the 
tumor site which makes application of focused ultrasound easier by providing a nar-
row foci for the treatment. Liposomes provide hydrophilic as well as hydrophobic 
environments allowing for the encapsulation of water-soluble and water-insoluble 
drugs, preventing premature degradation and rapid kidney elimination of the small 
drug molecules and thus effectively altering drug PK and lowering the drug dose. 
Most importantly, several studies elucidated below have successfully shown the 
benefi ts of using focused ultrasound with liposomes for tumor targeting.  

4.2.3     Recent Advancements in LFDD 

 Headways are now being made to deliver chemotherapeutic drugs encapsulated in 
liposomes at the tumor site using US. A few examples of recent published literature 
on this issue are being discussed below. 
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4.2.3.1     HIFU-Mediated Liposomal FDD (Thermal Ultrasonic Effects 
Associated with Liposomal Drug Release) 

 The use of thermosensitive liposomes in conjunction with focused ultrasound for 
the delivery of anticancer drugs at the tumor site is surprisingly  not  a new concept. 
There are studies that go as far back as 30 years ago that successfully report this 
[ 83 ]. The successful delivery of methotrexate encapsulated in phase transition lipo-
somes to bladder cancer cells in combination with hyperthermia has been shown 
almost 2 decades ago [ 83 ]. A study comparing the benefi ts of the combination treat-
ment of the different  types  of liposomes and hyperthermia for antitumor activity has 
been reported, and it was shown that low temperature-sensitive liposomes (LTSL, 
trigger temperature ~39–40 °C) encapsulating doxorubicin, when combined with 
hyperthermia, exhibited best antitumor activity, over non-thermosensitive (no trig-
ger at physiological temperature range) and thermosensitive liposomes (trigger tem-
perature ~42–45 °C) [ 84 ]. The feasibility of using temperature-sensitive liposomes 
(TSLs) in conjunction with MR-HIFU for drug delivery was also shown [ 85 ]. The 
combination of thermosensitive liposomes and ultrasound phase arrays for thermo-
dynamic therapy (TDT) has potential for tumor-specifi c drug release [ 86 ]. Using a 
combination of Doxil and MR-guided HIFU, the delivery of therapeutic levels of 
doxorubicin to the rat brain has been reported. A good correlation between the MRI 
enhancement and the doxorubicin delivery to the brain parenchyma was seen, and 
thus this study successfully shows the development of a noninvasive method for the 
targeted delivery of doxorubicin to the brain at therapeutic levels using an MR-HIFU 
platform [ 87 ]. A combination of LTSLs with noninvasive, nondestructive pulsed 
HIFU exposures has demonstrated enhanced delivery of doxorubicin and thus its 
cytotoxic effects in tumors. In mice bearing adenocarcinoma tumors, liposomes 
encapsulating doxorubicin followed by pulsed HIFU, 0 h and 24 h after injection, 
showed better tumor growth inhibition than free doxorubicin [ 88 ]. 

 Frenkel has published a review where he has touched upon aforementioned stud-
ies describing HIFU-liposomal combination strategy for drug delivery to solid 
tumors [ 12 ]. In a proof-of-concept study, a combination of TSLs co-encapsulating 
doxorubicin and an MRI contrast agent ProHance ®  [Gd(HPDO3A)(H2O)] was 
employed to deliver the drug at the tumor site under the infl uence of HIFU. The use 
of TSLs in combination with HIFU-mediated hyperthermia led to higher uptake of 
the drug and the MR agent in HIFU-treated tumors as compared to control. Also, 
there was a linear correlation between the drug concentration, T 1  relaxivity (R1), and 
Gd concentration in the tumor [ 89 ]. A similar study reports an image-guided drug 
delivery using a combination of LTSLs (ThermoDox ® , Celsion corp. USA; currently 
in clinical phase III trials) and MR-HIFU in a Vx2 rabbit tumor model. It was shown 
that it was feasible to combine a clinical grade LTSL and MR-HIFU in a relevant 
rabbit Vx2 tumor model. Stable and spatially accurate mild hyperthermia with 
MR-HIFU-applied post-LTSL administration signifi cantly improved delivery of 
doxorubicin to the tumor tissue and spared the adjacent normal tissue [ 90 ]. A similar 
study using combination of LTSL and MR-guided HIFU was published by Negussie 
et al. [ 91 ] (Fig.  4.3 ).
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   It is clear from the above studies that the combination of TSLs used in conjunction 
with HIFU-mediated hyperthermia is a viable platform for focal drug delivery to the 
tumor. The MR added to this platform lends the virtues of real-time drug visualization 
and monitoring. These features will not only preclude any off-target effects but also 
potentially decrease the amount of the therapeutic drug needed for a similar antitumor 
effect. This augurs well for a translation into a clinical setting. 

 It should be noted that all the above studies employ HIFU for site-specifi c drug 
delivery by exploiting its thermal effects. However, high-frequency ultrasound or 
HFUS (wave frequency is in the order of MHz) has also been employed with acous-
tically active/echogenic liposomes (AAL)/(ELIP) to release their content at the 
desired site. Generally, these studies exploit the acoustic reception of specifi cally 
designed liposomes towards ultrasound for releasing their contents and not the 
thermosensitivity to ultrasound as the previous studies described. It has been pro-
posed that the  rarefaction  phase of the sound wave is responsible for causing stress 
that overcomes the elastic limit of the weakest surface in the liposome and causes 
the content release. The rate of release then in turn depends upon the intensity of the 

  Fig. 4.3    Doxorubicin and gadolinium concentrations (expressed in % injected dose/g) and ΔR1 
(1/s) in the tumor of HIFU-treated ( a ) and control ( c ) rats 7 h after time of injection. Doxorubicin 
and gadolinium concentrations (expressed in % injected dose/g) in blood of HIFU-treated ( b ) and 
control ( d ) rats. The error  bars  show the standard deviation of the doxorubicin extraction ( n  = 3 per 
sample), ICP-MS analysis (±5 % error), and the standard deviation of the ΔR1 within the region 
of interest (reproduced with permission)       
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ultrasound and the resealing of the liposome. An echogenic liposomal system was 
developed with calcein as the model drug entrapped in the presence of moderate 
concentration of mannitol during the initial freezing of the formulation. It was 
shown that the bulk of the liposomes thus, formulated, entrapped air and calcein in 
the same formulation and released it in response to HFUS. Also, the entrapment 
of the drug had no deleterious effect on the echogenecity of the liposome [ 92 ]. 
The interesting thing to note here is that since these liposomes are echogenic, they 
could, in theory, be visualized using US and thus this system has potential for real-time 
drug delivery monitoring. Recently, doxorubicin-containing liposomes were loaded 
onto lipidic microbubbles encapsulating air via biotin-avidin bonds to form 
Dox-liposome- loaded microbubbles. In the presence of HFUS, this system exhib-
ited greater melanoma cell killing in vitro as compared to plain doxorubicin lipo-
somes. It was also shown that the greater cytotoxic effect seen with this system was 
due to the greater drug release from the formulation and increased cellular uptake of 
the drug in the presence of US [ 93 ]. Klibanov et al. have reported a similar drug-
liposome- loaded microbubble system recently [ 94 ]. At this point an important point 
about the safety considerations of using HIFU or HFUS should be mentioned. It is 
known that focused ultrasound is safe as long as it doesn’t exceed the 720 mW/cm 2  
safety threshold. Recent studies show that HIFU causes acoustic cavitation 
(mentioned earlier in this chapter), i.e., an asymmetric violent implosion of micro-
bubbles (gas-fi lled bubbles) associated with an aqueous environment, and can cause 
rupture of phospholipid structures in close proximity [ 14 ]. The effect of this on 
normal mammalian cells needs to be investigated to completely rule out potential 
clinical issues associated with this platform especially when liposome-microbubble 
conjugate systems are used for drug delivery.  

4.2.3.2     LFU-Mediated Liposomal Focal Drug Delivery Systems 
(Nonthermal Ultrasonic Effects Associated with Liposomal 
Drug Release) 

 LFU is one of the most promising artifi cial triggers that could be employed for drug 
delivery [ 14 ], and a nice review has been published that describes this in detail [ 10 ]. 
As mentioned before in the introductory part of this chapter, LFU can achieve the 
needed disruption of the biological/lipid membranes (prerequisite for focal delivery), 
without causing the lesioning effects of HIFU, and it has been successfully shown 
to exhibit better spatial and temporal drug delivery control over passive/biochemical 
targeting. It has been demonstrated that LFU-mediated  microstreaming  leads to 
formation of transient pore-like disruptions in the plasma membrane (mainly com-
posed of phospholipids; an essential component of liposomes) and no cavitation 
effects are seen [ 14 ,  95 ]. There is currently limited literature reporting the use of 
LFU in combination with liposomes for FDD in cancer therapy. This is in stark 
contrast to HIFU-mediated FDD, and this is surprising since initial developments in 
both were made almost in parallel [ 96 ]. Hence, via means of this book chapter, a 
conscious effort has been made to explain how some prospective systems could be 
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employed in the future using LFU-mediated LFDD. Before moving onto the 
 “prospective”  systems, a brief account of a proof-of-concept study published by 
Ibsen this year has been briefl y described [ 14 ] to reiterate the fact that LFU can 
indeed be used in conjunction with liposomes for FDD. 

 Recently, development of a hybrid liposome-microbubble drug delivery vehicle 
has been reported that demonstrated the potential to incorporate and deliver hydro-
philic and hydrophobic therapeutics for drug delivery, in response to low-intensity 
pulsed ultrasound [ 97 ]. Building on this, Ibsen et al. in 2012 formulated SHERPAs or 
(shockwave-ruptured nanopayload carriers) encapsulated in a liposome. They showed 
that the SHERPA performed dual roles of delivering a drug to the tumor vicinity, and 
since it is associated with microbubbles, the application of LFU could rupture the 
system locally due to microstreaming and the drug then burst diffused along the 
concentration gradient into the tumor. They also proposed that drug uptake by 
the tumor tissue could be increased due to the added effect of sonoporation [ 14 ]. 
This approach seems promising for in vivo studies. To the best of our knowledge, 
this is currently the only study published with LFU for LFDD. 

 Moving on, a brief account is being presented below of the  current systems  employ-
ing a combination of  liposomal delivery  and  low-frequency ultrasound or LFUS . PEG 
lipids and detergents based on ethylene oxide polymers/oligomers grafted onto the 
liposomal surface increase the susceptibility of liposomes (unilamellar ca. 100 nm) to 
LFUS (20 kHz frequency) as compared to non-PEG liposomes of the same composi-
tion. Small <10 nm particles coexist with the structurally and chemically unaltered 
PEGylated liposomes, whereas this is not observed in non-PEGylated liposomal dis-
persions. This suggests that it is possible that under ultrasonic stress, the PEGylated 
liposomes undergo transient structural deformities to force a fraction of lipids out, 
forming smaller assemblies. The responsiveness of the PEG liposomes to LFUS 
correlated well with the maximum amount of PEG that could be incorporated [ 98 ]. 
In vitro studies with PEGylated phospholipid vesicles showed that liposomal leak-
age was higher with exposure to 20 kHz (LFUS) as compared to 1 or 1.6 MHz [ 99 ]. 
The same group also proved a similar effect in the release profi le of doxorubicin 
from Doxil ® . It was also found that the release of the liposomal payload could be 
enhanced by increasing the PEG concentration to 5 mol% [ 100 ]. Schroeder et al. 
tested the mechanism and feasibility of using LFUS in combination with sterically 
stabilized liposomes (SSLs) for targeted delivery. They showed that the ultrasonic 
amplitude infl uenced drug release from liposomes, and this in turn was due to tran-
sient cavitation (extra- and intra-liposomal media) that occurs above the energetic 
threshold near the liposomal membrane, causing rupture. Pulsed/continuous mode 
of LFUS could be used to release similar amounts of drugs from the liposomes, and 
drug release is via “dumping” through transient pores formed in the liposomal 
membrane during the time of LFUS application. LFUS does not alter the chemical 
integrity of the encapsulated drugs which was confi rmed via HPLC and a cytotoxic-
ity assay in murine adenocarcinoma C26 cell lines [ 101 ]. It was also suggested that 
the enhanced drug release in PEG- DSPE:phospholipid liposomes (1:10 mol ratio) 
was probably due to high ultrasonic energy absorption by the PEG moieties and 
focusing it near the liposomal membrane. Also, the contribution of the PEG part 
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closest to the lipid bilayer is important for the above effect and this requires further 
investigation [ 10 ]. Nano-sterically stabilized liposome (nSSL) encapsulating cispla-
tin has been developed and in conjunction with LFUS has proven to be a useful 
modality to deliver drugs like cisplatin which have low in vivo release rates, at the 
tumor site. This platform may, however, not add any advantage to deliver drugs like 
doxorubicin which exhibit good in vivo release rates when encapsulated in lipo-
somes [ 16 ]. It is important to note that in the systems described above, real-time 
imaging is not possible as compared to the MR-HIFU platform and this is a potential 
clinical limitation (Fig.  4.4 ).

   To summarize, the fi ndings from the above literature and a study recently 
published [ 10 ] can be combined to defi ne the parameters that infl uence US-mediated 
drug release from liposomes. These parameters should be optimized through further 
investigative work to develop potential LFDD systems (Fig.  4.5 ).

  Fig. 4.4    C26 tumors in the footpad of BALB/c mice were exposed to different treatments: (1) 
control, no drug, no LFUS ( upper image  in graph) ( fi lled diamond ); (2) control, saline (placebo) 
plus LFUS (5.9 W/cm2, 60 s,  broken lines ); (3) nSSL cisplatin injected intravenously without 
LFUS ( cross ); (4) nSSL cisplatin injected intravenously plus LFUS ( upper image  in graph) ( fi lled 
triangle ); (5) free (non-liposomal) cisplatin plus LFUS ( open triangle in between lines ); (6) free 
cisplatin without LFUS ( fi lled square ).  Insert —footpad of mice treated with nSSL cisplatin i.v., 
without ( top ) or with ( bottom ) LFUS. At day 29, using Student’s  t -test, a statistically signifi cant 
difference ( p  < 0.05) was demonstrated between animals in groups (4) and (5) and ( p  < 0.006) 
between group (4) and all other groups. Data points indicate mean footpad thickness of six mice, 
in two experiments, ±SD (reproduced with permission)       
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4.2.4         Prospective US-Mediated Liposomal FDD 

 In the studies described up to this point, only temperature-sensitive PEGylated or 
non-PEGylated and acoustically active ELIP have been employed. There is a pleth-
ora of untapped potential for US-mediated focal delivery using other types of lipo-
somes. It is reasonable to claim that using the other liposomes with US will share all 
the same aspects described by the studies above, and thus the idea of employing 
US in combination with say magnetic or light-sensitive liposomes for focal tumor 
delivery seems a promising extrapolation of the modality used above. Whether 
these liposomes can be employed with HFUS or LFUS or in combination with 
microbubbles for enhancement of ultrasound responsiveness and delivery remains 
to be investigated in the future. A fl owchart elucidating the concept is shown below 
(Fig.  4.6 ).

     1.    Actively targeted liposomes   
   2.    pH-sensitive liposomes   
   3.    Redox potential-sensitive liposomes              
   4.    Magnetic liposomes   
   5.    Light-responsive liposomes    

   Actively Targeted Liposomes + LFU 

 Long-circulating liposomes that have been grafted with tumor-targeting moieties 
(as described in Table  4.1  in this chapter before) will accumulate at the tumor site, 

+ US

US

mediated 

liposomal 

drug release

Ultrasound parameters

1. Amplitude

2. Cavitation

3. Hyperthermia

Liposomal membrane 
constituents

1. Lipid composition

2. Amount of PEG

3.Thermo-sensitive lipids

  Fig. 4.5    Parameters infl uencing US-mediated liposomal drug delivery       
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and subsequent application of US will disrupt the liposomal membrane and release 
the drug at the tumor site.  

  pH-Sensitive Liposomes + US 

 These liposomes are designed to take advantage of the acidic tumor microenviron-
ment for accumulation and the release of its contents in response to the low pH. The 
proposed combination of the low pH-stimuli responsive liposomes with US seems 
to have a sound rationale due to the dual benefi ts of the tumor-specifi c drug release, 
enhanced by both the inherent low pH-responsive characteristics of the formulation 
and mechanical intervention by US. Though described briefl y before in this chapter, 
it is imperative to discuss how pH-sensitive liposomes could be used in conjunction 
with US for focal delivery. One of the most well-studied examples of developing a 
low pH-sensitive liposome is by using fusogenic lipids like DOPE in the liposomal 
composition [ 102 ]. Long- circulating (PEGylated) liposomes containing DOPE 
have demonstrated their ability to deliver their payload into the cell cytoplasm [ 52 ]. 

Drugs like paclitaxel or doxorubicin and MRI contrast agent 
encapsulated in actively tumor targeted or stimuli responsive 

(low pH, light etc.) liposomes forming an inert moeity

Application of US to disrupt the liposomal membrane at the 
tumor site

Drug release enhanced due to the dual (active 
targeting/stimuli + mechanical rupture) action of the system 

MRI can be used to actively monitor the process

  Fig. 4.6    A fl owchart scheme explaining the concept of MRI-guided LFU-mediated liposomal 
focal drug delivery       

 

4 Liposomal Formulations for Focal and Targeted Drug Delivery in Cancer…



106

Low pH-stimuli-responsive liposomes consisting of terminally alkylated NIPAM 
( N -isopropylacrylamide) copolymer have been developed, which maintained pH 
sensitivity even after incubation with human serum [ 103 ]. Recently, promising 
“SMART” liposomes have been developed that can lose their PEG coating under 
acidic conditions, facilitating better interaction with the cell surface and thus inter-
nalization [ 24 ].  

  Redox Potential-Sensitive Liposomes + US 

 Exploiting the differences between cytosolic and extracellular GSH levels (cytosolic 
GSH >>> extracellular GSH, i.e., cytosolic environment is reducing relative to 
extracellular environment) marks the primary mechanism of these liposomes, and 
this fact can be extrapolated for tumor targeting since tumor tissue usually has 
higher levels of GSH as compared to normal tissue [ 104 ,  105 ]. Tumor targeting using 
liposomes that exploit these physiological differences between normal and tumor tis-
sue combined with US that will facilitate drug release at the tumor site seems to be a 
sound rationale for this combination. Redox-responsive long- circulating liposomes 
with disulfi de-linked (detachable) PEG coating (detachment by thiolytic cleavage) 
have been investigated for drug delivery [ 106 ]. Recently, as a proof-of-concept study, 
redox-responsive quinine-DOPE liposomes have been used to deliver a dye site 
specifi cally. The payload delivery depends on the mechanism of electron transfer 
which in turn depends on the overexpression of the enzyme quinine reductases 
(overexpressed in tumors) and can thus be used for tumor targeting [ 107 ]. Other 
redox-responsive liposomes have also been described [ 108 ].  

  Magnetic Liposomes + US 

 iposomes encapsulating magnetic nanoparticles so as to be capable of targeting 
under the infl uence of a magnetic fi eld have been used for tumor targeting, and this 
system in combination with US augurs well for site-specifi c localized drug release 
due to the dual mechanical forces of magnetism and US-mediated drug release. 
Magnetic adriamycin liposomes injected i.v. have been used to deliver the drug 
under the infl uence of an implanted magnet in an osteosarcoma model [ 109 ,  110 ]. 
Recently, a folate-targeted liposomal system has been developed that delivers the 
payload on the basis of magnetism-induced hyperthermia [ 111 ].  

  Light-Responsive Liposomes + US 

 Liposomes have been used to deliver photosensitizers to the tumor tissue, and then 
the tumor foci is irradiated with nonthermal light, which then is suggested to destroy 
tumor tissue without affecting the healthy tissue, by production of reactive oxygen 
species locally. If used in combination with US, this will facilitate the release of the 
photosensitizer payload from the liposomes at the tumor site and may increase the 
benefi t of the PDT for tumoricidal action. Several examples of liposomes for PDT 
(liposomes carrying the photosensitizer) and light-sensitive liposomes (release 

S. Essex and V. Torchilin



107

payload in response to light) have been mentioned in [ 80 ]. There is mention of a 
very interesting study where in a mouse osteosarcoma model, glucuronide-modifi ed 
long-circulating liposomes have been used to deliver a photosensitizer (BPD-MA) 
at the tumor site (systemic i.v. injection, passive targeting) and, upon subsequent 
illumination, exhibited signifi cant tumor regression as compared to the control 
group (BPD-MA solution or BPD-MA in conventional DPPG liposomes).    

4.3     Weighing the Benefi ts vs. the Limitations of Liposomal 
Focal Drug Delivery 

 The LFDD platform comprises of two essential components, i.e., the liposomes and 
the focused ultrasound. These platforms may incorporate an imaging modality 
especially MRI. It is only logical that any benefi t or limitation (current or prospec-
tive) associated with the platform will be a resultant of the benefi ts/limitations of the 
individual components or an amalgamation of the above. The benefi ts vs. limita-
tions listed below should be read as separate. They only have been listed as a com-
parative table for the reader to appreciate the pros vs. cons simultaneously. Some of 
these aspects are reviewed in (Table  4.2 ) [ 112 ,  113 ].

4.4        Non-Cancer-Related Liposomal FDD 

 This section of the chapter will focus on the applications of liposomal focal drug 
delivery in a non-cancer therapy setting. There are several studies that elucidate the 
simultaneous application of focused ultrasound and a liposomal delivery system to 
deliver drug specifi cally at the target site, i.e., by defi nition FDD. Some of these 
current systems will be described below. 

  LFDD in Cardiovascular Disorders 

 Most of these studies employ focused ultrasound in combination with ELIP. As 
described previously in this chapter, these are liposomes fi lled with gas like air or 
some other agent that makes the liposome acoustically refl ective for ultrasound 
imaging, and also application of ultrasound can stress and cause burst of the liposo-
mal bilayer to release its content at the target site [ 114 ]. ELIP are shown to retain 
properties exhibited by conventional liposomes and hence the rationale for co-
encapsulating drug/gene and a gas for site-specifi c delivery seems sound. For 
greater details on ELIP, the reader is referred to the recent review by Huang [ 115 ]. 
ELIP encapsulating tissue plasminogen activator (tPA-ELIP) combined with 
focused ultrasound effectively enhanced the thrombolytic effect of tPA in an in vivo 
rabbit aorta thrombus model. This treatment displayed earlier aortic recanalization 
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rates over control and empty ELIP liposomal treatments as demonstrated by the 
improved vessel blood fl ow. The authors propose that the use of ultrasound in this 
study to selectively visualize the clot will prove to be benefi cial in a clinical setting 
by avoiding off-target effects. However, the animal model used was an acute throm-
bosis model and so the fi ndings cannot be extrapolated to a chronic thrombosis 
model [ 116 ]. ELIP have been employed in gene therapy for atherosclerosis. 
A proof-of-concept study using fl uorescent-labeled oligodinucleotide (FITC-
NF-κB ODN) encapsulated in an ELIP has shown that the ODN can be released 

   Table 4.2    A comparative reading of benefi ts vs. limitations of focal delivery   

 Benefi ts  Limitations 

 This platform requires a drug delivery 
system that forms an inert moiety with 
the toxic drug; so there is no drug 
leakage; this augurs well for prevention 
of off-target side effects 

 Currently, no such liposomal delivery system exists 
that can boast of zero drug leakage en route the 
target, for focal delivery. Further advancements 
are required in this regard 

 Drug release kinetics at target site can be 
better regulated [ 95 ] 

 PEG which is employed widely to make liposomes 
long circulating has been recently shown to 
elicit immune response [ 26 ,  27 ] 

 Since the drug release is limited to the 
narrow target site, focal delivery 
necessitates a smaller dose for similar 
therapeutic effect 

 There is a limitation associated with focused 
ultrasound penetration. A clear acoustic path is 
needed from the skin to the target. Air, bone, 
and soft tissue may interfere 

 Real-time imaging of the therapy is 
possible using MRI guidance. MR 
thermometry allows localization of 
focus and temperature monitoring. 
Feedback control allows for precise 
control of hyperthermia 

 A lot of preparatory work is required before 
employing this technique, e.g., (a) MR thermometry 
has to be corrected for periodic respiratory 
motion for imaging abdominal organs 

 (b) Temperature elevations may vary for a given 
ultrasound power and duration and have to be 
corrected for uniformity 

 Personalized therapy is an exciting 
possibility, since the various parameters 
can be titrated depending on the type of 
tumor being treated 

 The MR-HIFU platform essential for focal delivery 
is expensive 

 One of the most important advantages of 
this platform is being either minimally/
noninvasive 

 Though HIFU has been the preferred modality for 
focal delivery with liposomes until now, it can 
cause severe internal burns if refl ected onto 
nontarget tissues 

 This method opens up a possibility of a new 
in vivo method of drug delivery (drug 
delivery to tumor down the concentration 
gradient due to burst release at tumor 
site), bypassing the need for endocytosis 
and endosomal escape [ 14 ] 

 LFU is safer, but it is diffi cult to focus and usually 
dissipates at the surface, limiting its use for 
deep tumors 

 The feasibility of this method has been 
established in several in vitro and a few 
in vivo models in cancer therapy 

 The use of image guidance for focal delivery, 
despite several years of efforts, is still in its 
infancy, and further improvements are needed 
for it to be indispensable for personalized 
cancer therapy [ 90 ] 
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effi ciently at the target site by application of HFUS, in vitro. NF-κB-signaling pathway 
regulates infl ammation and plays a key role in the pathogenesis of atherosclerosis 
and hence the authors propose that this system can be useful for atherosclerotic gene 
therapy [ 114 ,  117 ]. Another study has reported a novel thrombin encapsulating 
liposome-coated microbubble system that is responsive to pulsed HFUS. US-induced 
thrombin release from the microbubble-liposome system led to an accelerated 
EDTA containing canine blood clotting, in vitro. The authors propose that this sys-
tem possesses the advantage of greater drug loading inside the aqueous liposomal 
core over the common drug-on-shell approach [ 94 ]. A similar microbubble- 
liposome system in conjunction with ultrasound has been successfully developed 
for gene-mediated transfection of cardiomyocytes in vivo and has the potential for 
application in primary myocardial disease [ 118 ]. Recently, an ELIP system that 
releases its contents in response to an ultrasound trigger followed by exposure to 
clinically relevant matrix metalloproteinase (MMP-9) enzyme levels has been 
developed. MMP-9 is overexpressed in atherosclerotic plaques, and this system has 
been designed to exploit this enzyme as an external trigger, in addition to HFUS, to 
destabilize the liposome and release its contents at that site. This system could also 
be employed in a metastatic cancer setting since these types of cancer cells, too, 
overexpress MMP-9. The fact that this system can also be imaged using ultrasound 
adds to its benefi ts [ 119 ]. A liposomal system encapsulating nitric oxide for the 
inhibition of intimal hyperplasia (infl ammation of a vascular vessel due to injury) 
as a potential drug delivery platform in conjunction with ultrasound has been 
developed [ 120 ].  

  LFDD in Ocular Disorders 

 Pigment epithelium-derived factor (PEDF)-loaded immunoliposomes (INL) have 
been developed for the treatment of ocular neovascularization (CNV) which is a 
commonly seen pathological change in several intraocular diseases. PEDF is a 
potent angiogenesis inhibitor, but its delivery has been a problem. The treatment of 
the PEDF-loaded INLs along with ultrasonic irradiation showed the highest inhibi-
tion of CNV in a rat model over other appropriate controls. This system was shown 
to specifi cally deliver PEDF effi ciently into the endothelial cells of the CNV and 
had no off-target effects on the normal choroidal cells [ 121 ].  

  LFDD for Tissue-Specifi c siRNA Delivery 

 Recently, Takahashi et al. have reported an siRNA-loaded liposomal system (si- BLs) 
for site-specifi c, US-induced delivery. The liposomal system is based on the cationic 
lipid DOTAP and protected the siRNA from serum degradation. In vitro experi-
ments proved that upon application of HFUS, the intact siRNA was released from 
the liposome and exhibited specifi c luciferase gene downregulation. It was pro-
posed that this system could be administered i.v., imaged by US by entrapping gas, 
and could be potentially employed for site-specifi c siRNA delivery in various disease 
models [ 122 ].  
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  LFDD for Cerebrovascular Disorders 

 Currently, the only treatment for refractory cerebral vasospasm following aneurysmal 
subarachnoid hemorrhage is the direct intra-arterial infusions of vasodilators like 
papaverine. However, this method is invasive and its effi cacy is transient and hence 
needs repeated endovascular procedures. In an effort to overcome these limita-
tions, a novel ELIP encapsulating papaverine (PELIP) was designed. The rationale 
was that the system that could be potentially receptive to transcutaneous US beams 
focused to the internal carotid or vertebral arteries (noninvasive) and thus releases 
the drug site specifi cally. It was shown that the ELIP successfully encapsulated the 
drug and this procedure did not alter its biological activity, though the echogenec-
ity of the ELIP slightly decreased. The system also has the potential for real-time 
drug monitoring due to the fact that it could be visualized by US [ 123 ]. The 
response of this system to US in vitro has not been investigated yet. Also, whether 
this system confers any benefi t over the existing protocol in vivo needs to be seen. 
It should also be noted that though papaverine itself is hydrophobic, the hydro-
philic hydrochloride salt has been used in this study. The nature of the salt used 
may also play a signifi cant role in the drug release. Recently, an interesting study 
has been published that proves that under identical high-frequency US conditions, 
hydrophilic drugs can be better released from identical ELIP than hydrophobic 
drugs [ 124 ].  

  LFDD for Miscellaneous Applications 

 In addition to the applications described above, various lipid composition-based 
PEGylated liposomes (70–300 nm) have been developed as ultrasound (US) 
contrast agents that could also be employed as long-circulating, site-specifi c drug 
delivery agents. These liposomes have demonstrated comparable ultrasound refl ec-
tivity as compared to the commercially available US contrast agent, SonoVue ® . 
They have also shown to retain stable ultrasound contrast with homogeneous contrast 
for up to 2 weeks [ 125 ].   

4.5     Conclusions and Future Prospects 

 The aim of this chapter is to bring to the fore the current aspects associated with 
the modality of the liposomal delivery system in combination with focused ultra-
sound for focal drug delivery and proposing a strong possibility about similar 
future systems. Like any other system, it is bound to have advantages and limitations. 
The goal should be to further investigate the possibilities scientifi cally and employ 
this modality with a defi nite scientifi c temper where its use will augur better patient 
treatment.     
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5.1            Introduction 

 Evolution is a nonpareil truth of universe and polymers are no exceptions. In the 
midst of outcry of nanotechnology and genomic revolution, polymers are proliferating 
as a prominent tool for drug delivery. The exquisiteness of this bailiwick, “polymers 
in drug delivery,” is its longevity and self-transforming capability. From decades, 
polymers were part and parcel of classical drug formulations, as excipients for 
controlling the release rate of drugs or in circumventing the clearance of drugs. 
Now they have emerged as an advanced and sophisticated tool to target drugs for 
focal drug delivery. The importance of polymer architecture property relationships 
has gradually been realized and emphasized with development of various nanosystems 
and other related technologies. Polymers have unique cooperative properties that are 
not found with low-molecular-weight compounds, and there lies the root of their 
success. Such nano-constructs were fi rst proposed in the 1970s [ 1 ], developed preclini-
cally in the 1980s [ 2 – 4 ], and started entering the clinical pipeline in the 1990s [ 5 – 8 ]. 

 Historically, polymer chemists were successful in reaching the unmet needs of for-
mulation scientists and were able to come up with biocompatible, biodegradable, and 
therapeutics polymers including the “modern cousins” dendrimers. Nearly all essential 
polymers explored widely as “polymer therapeutics” [ 9 ,  10 ] encompass mainly fi ve 
types [ 11 – 18 ] of agents: (a) polymer–drug conjugate (PDC), (b) biologically active 
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polymers, (c) polymer–protein complex, (d) polymeric micelles, and (e) polymer–DNA 
complex (Polyplex). Schematic representation is shown in Fig.  5.1 .

   Polymer–drug conjugates came in realization by fi rst polymer conjugate of 
N-vinylpyrrolidone conjugates of glycyl- l -leucine-mescaline as a drug depot 
formulation in 1955 [ 19 ]. However, the original idea of covalently conjugating a 
low-molecular- weight drug to a hydrophilic polymeric carrier to increase its thera-
peutic effect was proposed by Helmut Ringsdorf in 1975 [ 1 ]. His idea was revolu-
tionized further by many authors, to espouse polymer–drug conjugate as an 
important area in advanced focal drug delivery. This chapter is confi ned to the scope 
of prominent role of polymers to formulate polymer–drug conjugate (PDC) for 
focal drug delivery. The chapter commences with historical milestones and later 
overlays characterization and applications followed by advantages and future 
prospects of polymer–drug conjugates.  

5.2     Historical Milestones 

 Hermann Staudinger, in 1953, was awarded Nobel Prize for demonstrating the exis-
tence of macromolecules, which he characterized as “polymers” [ 20 ]. Polymers are 
substances having high molar masses and are composed of a large number of repeat-
ing units called as “monomers.” There are both naturally occurring and synthetic 
polymers. Naturally occurring polymers from plant or animal origin are proteins, 

Drug

Polymer Chain Polymer Protein Complex Polymer DNA Complex
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  Fig. 5.1    Schematic representation of polymer therapeutics       
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starches, cellulose, chitosan, alginates, glycosaminoglycans, poly-b - hydroxybutyrate, 
latex, etc. Synthetic polymers are produced commercially on a very large scale and 
have a wide range of properties and uses. They include poly(lactic- co -glycolic acid) 
(PLGA), polyamidoamine (PAMAM) dendrimer, polyacrylate, polyamides, etc. 
Conjugation of drugs to polymers was foremost attempted in 1955 with poly(N- 
vinylpyrrolidone) using a dipeptide (glycyl-l - leucine) spacer [ 19 ]. Ushakov’s group 
synthesized numerous water-soluble polymer–drug conjugates in the 1960s and the 
1970s [ 21 ]. In the 1970s, de Duve et al. discovered that macromolecules localize in 
the lysosome following their incubation with cells [ 22 ]. The fi rst clinical trial for 
polymer–drug conjugate divinyl ether-maleic anhydride in 1960s was unsuccessful 
[ 23 ,  24 ]. However, this led to spurt of investigations on polymer–drug conjugates by 
incorporating various strategies to design rational formulations of polymeric drug 
conjugates that are stable in the bloodstream during circulation but could release the 
free drug specifi cally in the cells by the use of lysosomally degradable linkers. 
Nevertheless, the fi rst clear concept for the use of polymer–drug conjugates was 
presented by Ringsdorf in 1975 [ 1 ]. Further pioneer work was done in the 1980s by 
Duncan and Kopecek, who designed the fi rst targeted synthetic polymer–anticancer 
conjugates that successfully progressed to clinical trials [ 3 ,  4 ].  

5.3     Types of Polymers Used for Polymer–Drug Conjugate 

 Polymers can be classifi ed on the basis of many categories like (1) source (natural, 
semisynthetic, synthetic), (2) type of polymerization (addition, condensation poly-
mers), (3) molecular forces (elastomers, fi bers, thermoplastic, thermosetting, fl exible, 
rigid), and (4) degradability (biodegradable, non-biodegradable). Although, according 
to drug delivery point of view, polymers can be broadly classifi ed on the basis their 
architecture [ 25 ,  26 ] (Fig.  5.2 ) consisting four types: (1) linear polymers, (2) branched 
polymers, (3) cross-linked polymers, and (4) dendritic polymers.

5.3.1       Linear Polymer 

 Polyethylene is called a linear or straight-chain polymer because it consists of a 
long string of carbon–carbon bonds. These terms are misleading because the geom-
etry around each carbon atom is tetrahedral and the chain is neither linear nor 
straight. As the polymer chain grows, it folds back on itself in a random fashion to 
form structures of stack of pile, e.g., polyethylene glycol (PEG), chitosan, mannose, 
N-(2-hydroxypropyl) methacrylamide (HPMA), hyaluronic acid, etc. However, 
they are further classifi ed as homopolymer, diblock, triblock, and random polymer 
depending upon way of polymerization of two monomers.  
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5.3.2     Branched Polymer 

 Polymers with branches at irregular intervals along the polymer chain are called 
branched. These branches make it diffi cult for the polymer molecules to pack in a 
regular array and therefore make the polymer less crystalline and less dense. The 
amount and type of branching also affects physical properties such as viscosity and 
elasticity. Branches often prevent chains from getting close enough together for inter-
molecular forces to work effectively. They are further classifi ed into star-shaped poly-
mers, star-shaped block polymers or graft polymers, dendigraft, or even dendrimer 
[ 27 ]. However, dendrimers are considered as fourth type of polymer because of their 
conformational complexity.  

a

b

c

Homopolymer AB-type diblock copolymer ABC typer triblock copolymer

ABA triblock copolymer Random copolymer

Hyperbranched polymer Graft copolymer Star Shaped polymer Star Shaped copolymer

Dendrimer Dendrigraft copolymer

  Fig. 5.2    Polymers classifi cation according to their architecture. ( a ) Linear polymers, ( b ) branched 
polymers, and ( c ) crosslinked polymers          
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5.3.3     Cross-Linked Polymers 

 An additional type of polymer is known as the cross-linked polymer. Cross-linked 
polymers contain short side chains that connect different polymer chains into a 
“network.” They can also be subdivided into polymer network, interpenetrating 
polymer network, or semi-penetrating polymer network.    Cross-linked polymers are 
made fi rstly by adding cross-links between polymer chains that makes the polymer 
more elastic; later these polymer forms long chains, either branched or linear, that 
can form covalent bonds between the polymer molecules. Because cross-linked 
polymers form covalent bonds that are much stronger than the intermolecular forces 
that attract other polymer chains, the result is a stronger and more stable material. 
The higher the cross-linked polymer, the higher will be the viscosity and diffi culty to 
conjugate them, e.g., rubber.  

5.3.4     Dendritic Polymers or Dendrimer 

 This type of polymers can be classifi ed under branched type of polymers, where 
network of branches follows dendritic architecture [ 28 ]. Research on these branched 
polymers started in 1970 by Vogtle and co-workers [ 29 ]. They were successful in 
developing dendritic arrangement of low-molecular-weight amine with large molec-
ular cavities [ 29 ]. However, it was in 1984, when Tomalia and his team developed 
hyperbranched polymers with successive reaction of ethylenediamine to ammonia 
core, to produce a dendritic closed structure, reminiscence of a tree, whence 
dendrimers derive their name “Starburst Dendrimer” [ 30 ]. The word dendrimer is 
derived from the Greek words  dendri  (tree branch-like) and  meros  (part of) and was 
coined by Tomalia et al. [ 30 ]. Dendrimers are molecular (nano) architectures of 
well-defi ned size and number of terminal groups with certain symmetrical geometry, 
starting from a multifunctional core unit with structure branches in three dimensions 
from the inside outwards. These layers are designated as “generations,” wherein 
there is an increase in the molecular weight and surface functional groups with each 
new generation (Fig.  5.3 ). A dendrimer may be based on practically any type of 
chemistry, the nature of which can determine its solubility, degradability, and bio-
logical activity. Some of the commonly encountered types of dendrimers in biological 
applications are based on polyamidoamines [ 31 ], polyamines [ 32 ], polyamides 
(polypeptides) [ 33 ], poly(aryl ethers) [ 34 ], polyesters [ 35 ,  36 ], carbohydrates [ 37 ], 
etc. Dendrimers can function as drug carriers either by encapsulating drugs within 
the dendritic structure or by conjugating drugs to terminal functional groups via 
electrostatic or covalent bonds [ 38 ]. This high density of functional groups on 
surface can be used to conjugate targeting moiety to dendrimers. Most common 
terminal functional groups are amine in polypropylene imine (PPI) dendrimer, poly-
amidoamine (PAMAM) dendrimer, and polymelamine dendrimer, hydroxyl group 
in polyester dendrimer, and carboxylic groups in poly(glutamic acid) dendrimer or 
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in half generation PAMAM dendrimer. Apart from therapeutic drugs, dendrimers 
also serve as a unique platform for a variety of biotherapeutic and imaging agents 
[ 39 ]. Having a basic understanding of polymers will thus give us the opportunity to 
not only familiarize ourselves with the function of drug products but also possibly 
developing new formulations or better delivery systems.

5.4         Ringsdorf Model for Designing Polymer–Drug 
Conjugates 

 The concept of covalent polymer–drug conjugates was introduced by Helmut 
Ringsdorf in 1975, who called them synthetic polymeric drugs or pharmacologi-
cally active polymers [ 1 ]. Ringsdorf explained three main regions of PDC: a  hydro-
philic region , used to make the whole macromolecule soluble and nontoxic; a 
drug-bound region (fi xed) where drug is linked through a  labile bond or linker  that 
is stable during conjugate transport and able to release drug at an optimum rate on 
arrival at the target site; and a third area that comprises a transport system or a  hom-
ing device , whose function is to carry the whole cargo to the target cells or site of 
pharmacological action. Hence, one can consider the possibility of fashioning a 
polymeric drug with which one can separate different requisite requirements by using 
distinct areas along the polymer chain to accomplish specifi c effects. All the phases of 
drug action affected by polymer characteristics like (a) the pharmaceutical phase, e.g., 
by infl uencing disintegration time; (b) the pharmacokinetic phase, e.g., change in 
ADME of drug; and (c) the pharmacodynamic phase, e.g., by variations in drug–
receptor interactions and possible cell-specifi c effects (Fig.  5.4 ).

Drug in Cavities
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  Fig. 5.3    Schematic representation of dendrimer architecture       
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5.5        Classifi cation of Polymer–Drug Conjugates 

 Polymer–drug conjugate can be classifi ed in two major ways. One of that is inspired 
from Ringsdorf’s model for polymeric drugs. Another classifi cation is based on 
intrinsic activity of polymer used in designing PDC. 

5.5.1     Classifi cation of PDC Based on Ringsdorf’s Model 

5.5.1.1     End Group System 

 Simple linear polymers are explored to their maximum for end group conjugation. 
When attachment of drug is done on the terminal groups of polymers, then they are 
termed as end group PDC system. Polyethylene glycol (PEG) [ 40 ,  41 ] has been 
most widely used in end group synthetic PDC. All modifi cations on PEG are based 
on the replacement of the end hydroxyl group. Molecular weight of PEG chains and 
site of conjugation infl uence the fi nal properties of the conjugates like increasing 
elimination half-life, escaping reticuloendothelial system [ 42 ,  43 ], etc. 

 Dendrimers are also included in this category, where homing device or ligands and 
drugs are attached to terminal functional groups on the surface of dendrimers [ 44 ].  

5.5.1.2     Pendent Group System 

 This type of polymer–drug conjugate is purely based on the Ringsdorf model. 
Simple free radical copolymerization reactions lead to a range of different 
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  Fig. 5.4    Ringsdorf’s proposed model for polymer–drug conjugate       
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compositions of polymer. These polymers may present a single or multiple reactive 
pendant groups. The number of reactive functional groups can be generated by 
reacting copolymer with reactive groups like benzene ring in polystyrene, methyl 
group in polypropylene, and hydroxyl group in polyvinyl alcohol. Copolymers of 
HPMA are the best-studied pendant group system, and their anticancer drug conju-
gates have already entered early clinical trial pipeline [ 45 ]. HPMA monomers are 
copolymerized with drug or methacrylic monomer bonded through a pH sensitive 
or a stable, biocompatible peptide [ 46 – 49 ]. Ulbrich et al. [ 50 ] studied the effect of 
polymer chain modifi cation on HPMA polymer. The presence of carboxylic 
groups in the copolymer structure resulted in increase in doxorubicin (DOX) 
release rate to 15–20 %, while no such effect with introduction of positively 
charged groups was observed, when compared to the unmodifi ed conjugate. They 
also reported that the molecular weight and molecular architecture signifi cantly 
infl uenced the biodistribution and antitumor activities of their DOX conjugates in 
tumor-bearing mice [ 51 ].   

5.5.2     PDC Classifi cation on the Basis of Intrinsic 
Activity of Polymer 

 Some of the polymers attached to drugs are themselves biologically active. Hyaluronic 
acid is considered as a polymer that exhibits molecular weight- dependent biological 
activity. Low-molecular-weight hyaluronic acid elicits proinfl ammatory responses 
by modulating the toll-like receptor-4 or by activating the nuclear factor kappa B 
(NF-kB). In contrast, high-molecular-weight HA manifests an anti-infl ammatory 
effect via CD receptors and by inhibiting NF-kB activation and is also known to 
induce receptor-mediated endocytosis [ 52 – 54 ]. Chitosan is another polymer that 
shows antifungal activity [ 55 ]. This activity was also explored by Uher et al. [ 56 ]. 
On the other hand, there are other polymers with no biological activity but known to 
affect pharmacokinetic properties of drugs, e.g., HPMA, PLGA, polylactic acid, 
polyglycolic acid, and polyethylene glycol (PEG) [ 42 ,  57 ].   

5.6     Rationale Behind Design 

 PDCs are often termed as “polymeric prodrugs,” as “prodrugs” are chemical entity 
of an active parent drug with altered physicochemical properties like increased 
aqueous solubility and enhanced biodistribution while retaining the inherent phar-
macological properties of the drug. The utilization of prodrugs, to a certain extent, 
allows for the preservation of specifi c activity of a drug and targets its release to 
certain cells or their organelles. Plethora of rationale behind PDC designing makes 
this area charismatic. Every structural part of a PDC has a prominent role, but the 
most signifi cant parts are its polymeric backbone and spacer or linker. In general, 
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an ideal polymeric prodrug model consists mainly a combination of one or more 
components:

•    A polymeric backbone as a vehicle  
•   Linker(s) for hydrolysis of the biomolecule and versatility for conjugation  
•   One or more drugs of the biological active components  
•   An imaging agent  
•   Targeting moiety    

5.6.1     Polymeric Backbone 

 Polymeric backbone is selected on the basis of chemical nature (vinylic or acrylic 
polymers, polysaccharides, poly(α-amino acids), etc.), biodegradability, origin (either 
natural polymers or synthetic polymers), and molecular weight and lastly on the basis 
of ease of conjugation as polymers of high molecular weight may have high viscosity 
or can show high crowding effect [ 58 ]. Charge on polymer is an important criterion 
for selection, e.g., negatively charged polymers can stimulate coagulation in blood 
circulation, whereas positively charged polymers, e.g., polyethylenimine, chitosan, 
and PAMAM dendrimer known for effective cellular internalization can cause 
hemolysis and induce reticuloendothelial system (RES). Further, there are other 
requirements that should be kept in mind before selecting a polymer for PDC [ 59 ]:

•    Well-characterized structure.  
•   Hydrophilicity for intravenous drug delivery.  
•   Biocompatible (nontoxic and nonimmunogenic). Metabolic products generated 

from the parent polymers must also be biocompatible.  
•   Functionality to allow conjugation of the drug in suffi cient amounts.  
•   Allow for drug linkage, which is stable in circulation.  
•   Result in a construct that allows convenient administration.  
•   Eliminated from the body once they have performed their function or metabo-

lized to smaller fragments that are below the renal threshold and are subsequently 
eliminated.     

5.6.2     Linker 

 PDC have progressed to targeted type of drug delivery systems. They can selec-
tively target lysosomal component, tumor microenvironment, etc. to release their 
cargo specifi cally to the site where it was meant to be released by certain biological 
thresholds like acids, enzymes and temperature. The linkers have emerged as a key to 
open the ways to focal drug delivery. Linker is an important part of PDC. It should 
be stable in the blood circulation but needs to be degraded by any of the above-
mentioned biological triggers. There are many linkers available and studied. Linkers 
can be classifi ed on the basis of their length [ 60 ] and according to cleavable conditions 
(Table  5.1 ). These linkers are intensively presented by Wagner et al. [ 61 ].
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5.7         Physicochemical Characterization of Polymer–Drug 
Conjugates 

 Greco and Vicent explained the physicochemical characterization of PDC [ 62 ]. 
When compared to low-molecular-weight compounds, PDC are considered as rela-
tively diffi cult systems for absolute characterization. These systems are considered 
as intrinsically heterogeneous due to several reasons. First, most of the polymeric 
carriers lack monodispersity. Second, covalent conjugation of a drug to the carrier 
is often a random process, although optimization of reaction conditions ensures a 

   Table 5.1    Examples of different cleavable groups and their applications   

 Cleavage conditions  Cleavable group  Applications 

 Enzymes  TEV, trypsin, thrombin, cathepsin B, 
cathepsin D, cathepsin K, caspase 
matrix metalloproteinase sequences, 
phosphodiester, phospholipid, ester, 
β-galactose 

 Protein purifi cation, imaging 
enzyme activity and tumor, 
drug delivery, DNA 
sequencing, metabolite 
enrichment 

 Nucleophilic  Dialkyl dialkoxysilane, cyanoethyl 
group, sulfone, ethylene glycolyl 
disuccinate, 2N-acyl nitrobenzene 
sulfonamide, α-thiophenylester, 
unsaturated vinyl sulfi de, sulfonamide 
after activation, malondialdehyde 
(MDA) indole derivative, levulinoyl 
ester, hydrazone, acylhydrazone, 
alkyl thioester 

 Protein modifi cation and 
purifi cation, structural 
biology, imaging, synthesis 
of oligonucleotides 

 Reducing reagents  Disulfi de bridges, azo compounds  Protein modifi cation and 
purifi cation, structural 
biology, tumor targeting, 
imaging, visualization of 
PEG shedding, drug delivery 

 Photo-irradiation  2-Nitrobenzyl derivatives, phenacyl 
ester, 8-quinolinyl benzenesulfonate, 
coumarin, phosphotriester, bis-
arylhydrazone, bimane bi-thiopropionic 
acid derivative 

 Protein purifi cation, imaging 
protein activity, structural 
biology, drug delivery, DNA 
sequencing, metabolite 
enrichment 

 Electrophilic/acidic 
reagents 

 p-Methoxybenzyl derivative, tert- 
butylcarbamate analogue, dialkyl or 
diaryl dialkoxysilane, orthoester, 
acetal, aconityl, hydrazone, 
b-thiopropionate, phosphoramidate, 
imine, trityl, vinyl ether, polyketal, 
alkyl 2-(diphenylphosphino)benzoate 
derivatives 

 Protein purifi cation, structural 
biology, drug delivery 

 Organometallic and 
metal catalyst 

 Allyl ester, 8-hydroxyquinoline ester, 
picolinate ester 

 DNA sequencing 

 Oxidizing reagents  Vicinal diols, selenium compound  Structural biology 
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good degree of batch-to-batch reproducibility, the point of attachment of the drug 
within the chain remains uncontrollable in many cases. Attachment of a second 
drug to the same carrier complicates the matter even further. As a result, an adequate 
physicochemical characterization is somewhat diffi cult to achieve. Polymer molecular 
weight is another challenge to choose characterization technique. Polymers having 
molecular weight exceeding 100 kDa are provable by matrix-assisted laser desorp-
tion/ionization mass spectrometry (MALDI-ToF-MS). Further, molecular weight 
distributions are determined by MALDI-ToF [ 63 ]. Solution properties of polymer 
were also exploited by small-angle neutron scattering (SANS) to understand the 
aggregation process of pharmaceutical PDC formulation in solution form [ 64 ]. 
Small-angle neutron scattering (SANS) is another technique to elaborate the PDC 
structure, size, shape, even aggregation with other polymer chain or interaction with 
cell membrane [ 65 ,  66 ].  

5.8     Applications and Current Status of Polymer–Drug 
Conjugates in Drug Delivery 

 Among the new drug delivery systems, PDC have been considered as promising 
carriers for anticancer agents. To promote optimal targeting of cancer cells, several 
strategies for conjugation of drugs into polymer carriers have been developed. In 
PDC approach, drugs are conjugated to polymers as a means of allowing drugs to 
accumulate at the tumor site by the enhanced permeability and retention effect. 
PDCs have a lot of potential applications in pharmaceutical industries. In recent 
studies, it is reported that polymer–drug conjugates are not only applicable in cancer 
treatment but also in other therapeutic categories. In this section, the application 
part was classifi ed according to therapeutic categories and kind of targeting. 

5.8.1     Application of Polymer–Drug Conjugates in Cancer 

 Most of the PDC that entered into clinical trials belong to antitumor therapeutic 
category and that also with specifi c established chemotherapeutic agents, like pacli-
taxel, doxorubicin, and platinates. Results from early clinical trials of about a dozen 
PDC have demonstrated several advantages over the respective parent drugs, includ-
ing fewer side effects, enhanced therapeutic effi cacy, ease of drug administration, 
and improved patient compliance. Advanced conjugates containing experimental 
chemotherapy and novel polymer-based combinations are undergoing clinical studies 
after the successful studies on established molecules. Major responses have been 
observed in a variety of solid tumors, including gastric cancer, colorectal cancer, 
lung cancer, ovarian cancer, and breast cancer [ 67 ]. Clinical trials status of different 
polymer–drug conjugates is discussed in next the chapter (Table  5.2 ).
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5.8.1.1        HPMA–Doxorubicin Conjugate Named PK1-FCE28068 

 The fi rst polymer–drug conjugate-based chemotherapeutic drug to enter clinical 
trials in 1994 was an HPMA–doxorubicin conjugate named PK1-FCE28068 [ 68 ]. 
In this conjugate, doxorubicin was linked to the HPMA copolymer via a tetrapep-
tide chain comprised of Gly-Phe-Leu-Gly. It has a molecular weight of ~30,000 Da 
with doxorubicin loading of ~8.5 % (w/w). Designed peptidyl linker was to be 
hydrolyzed by thiol-dependent proteases after entering into lysosomes. In phase I 
trials, PK1 was given as a short infusion every 3 weeks, and it had a maximum toler-
ated dose of 320 mg/m 2  (doxorubicin equivalent) [ 69 ]. This targeted system showed 
nearly fourfold higher than the advised safe clinical dose of doxorubicin. Maximum 
tolerated dose of PK1-FCE28068 was also found higher then doxorubicin 
liposomes.  

5.8.1.2     HMPA Copolymer–Camptothecin (MAG–CPT, PNU166148) 

 Two selected properties of camptothecin (CPT) compounds limit its therapeutic 
effi cacy in humans: fi rst one is the instability of the lactone and second is its limited 
aqueous solubility. Conjugation of water-soluble polymer carrier resulted in 

   Table 5.2    Polymer–drug conjugates undergoing clinical trials and research      

 Conjugates  Indication  Company 

 HPMA–doxorubicin (PK1; FCE28068)  Lung and breast cancers  Pfi zer 
 HPMA–doxorubicin–galactosamine 

(PK2, FCE28069) 
 Hepatocellular carcinoma  Pfi zer 

 HPMA–camptothecin (PNU166148)  Solid tumors  Pfi zer 
 HPMA–paclitaxel (PNU166945)  Solid tumors  Pfi zer 
 HPMA–platinate (AP5346, ProLindac)  Ovarian, melanoma, and 

colorectal cancers 
 Access 

pharmaceuticals 
 HPMA copolymer–doxorubicin–

galactosamine (AP5280) 
 Cancer  – 

 PEG–camptothecin (pegamotecan)  Solid tumors  Enzon 
 PEG-SN38 (EZN-2208)  Solid tumors  Enzon 
 Cyclodextrin-based polymer–CPT (IT-101)  Solid tumors  Insert therapeutics 
 Carboxymethyldextran–exatecan (DE-310)  Solid tumors  Daiichi Sankyo 
 PG–TXL (CT-2103, Xyotax)  Lung, ovarian, colorectal, breast, 

and esophageal cancers 
 Cell therapeutics 

 PG–camptothecin (CT2106)  Colorectal, lung and ovarian 
cancer 

 Cell therapeutics 

 PEG–naloxone (NKTR-118)  Opioid-induced constipation  Nektar 
 HPMA–NPC1161  Leishmaniasis  – 
 k-Carrageenan–zidovudine  Antiviral  – 
 HPMA–prostaglandin E1  Osteoporosis and other 

musculoskeletal diseases 
 – 
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improved stability of its lactone ring and additionally higher aqueous solubility. 
In HPMA–CPT (MAG–CPT, PNU166148), CPT is conjugated to the copolymer at 
the C-20 hydroxyl group of CPT through an ester linkage. This conjugation helped 
in increasing the half-life of CPT up to 6 days which shows the betterment of drug 
as original reported half-life of CPT is only 1.3 h [ 10 ,  70 ].  

5.8.1.3     HMPA Copolymer–Paclitaxel (PNU166945) 

 In HPMA copolymer–paclitaxel (PNU166945), paclitaxel was linked to the same 
tetrapeptide linker that was used to create PK1 discussed in Sect.  5.8.1.1 . In a phase 
I clinical study in a small patient cohort, one patient with advanced breast cancer had 
a partial response. Some authors reported that dose-limiting toxicity of PNU166945 
(HPMA–PTX) was not observed at the studies dose levels up to 196 mg/m 2 , as pacli-
taxel equivalents; therefore, the maximum tolerated dose (MTD) was not reached. 
The plasma AUC of HPMA–TX increased from 318 to 450 h·μM corresponding to 
the starting dose of 80 mg/m 2  and escalating to 196 mg/m 2 . The concentration  C  max  
also increased from 40 to 75 μM, corresponding with the doses. The  t  1/2  and total 
clearance was about 6.0–6.5 h and from 0.5 to 0.9 L/h, respectively, for given doses. 
However, the trial study was discontinued due to severe neurotoxicity observed in rat 
studies [ 71 ]. This formulation showed toxicity consistent with commonly observed 
toxicities associated with paclitaxel [ 72 ].  

5.8.1.4     HMPA Copolymer–Platinate (AP5346) 

 Many platinum-based compounds, like cisplatin and carboplatin, are standard 
treatment regimens for various types of cancers. The dose-limiting toxicity of 
these platinates includes nephrotoxicity, neurotoxicity, and myelosuppression. 
1,2-Diaminocyclohexane (DACH) has received increasing attention in recent years 
because of its activity against cisplatin-resistant cancer cells. In AP5346, DACH–
platinum was bound to HPMA via a pH-sensitive chelate. A methacrylamide mono-
mer substituted with a triglycine aminomalonate group provided the primary binding 
site for the DACH–platinum moiety [ 73 ]. While negligible in neutral solutions, 
release of the DACH–platinum moiety was increased at low pH (tumor pH) so that 
platinum release was enhanced in environments such as the extracellular space of 
hypoxic tumors and the intracellular lysosomal compartment. The pharmacokinetics 
of AP5346 indicated a prolonged half-life ( t  1/2  = 72 h) and evidence of high antitumor 
activity. Additional human clinical trials are planned for this agent.  

5.8.1.5     PEG–Camptothecin (Pegamotecan) and PEG-SN38 (EZN-2208) 

 Pegamotecan was developed by Enzon Pharmaceuticals, Inc. The conjugate consists 
of two CPT molecules conjugated to a 40-kDa PEG using an alaninate ester linkage. 
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Free CPT must be cleaved from the PEG to give pharmacological action. The hydroxyl 
group (-OH) at the 20-position of CPT is the active portion of the molecule respon-
sible for the conformational changes between the active lactone. The 20-OH of CPT 
in pegamotecan, is blocked by the alaninate linker, which stabilizes the CPT mole-
cule into its active lactone conformation [ 74 ]. The main limitation of PEG as drug 
carrier is the presence of only two reactive groups per polymer chain, which leads 
to an intrinsically low drug payload. To overcome this limitation, the construction 
of a dendron structure at the PEG’s end chain has been proposed. Enzon is devel-
oping a conjugate of SN38, an active metabolite of CPT, with a 40-kDa PEG con-
taining four arms. EZN-2208 has shown activity in a panel of human tumor 
xenografts [ 68 ].  

5.8.1.6     Cyclodextrin-Based Polymer–CPT (IT-101) 

 IT-101 is a conjugate of CPT and a linear, cyclodextrin-based polymer (CDP) [ 70 ]. 
The components of CDP are beta-cyclodextrin and polyethylene-glycol (PEG). 
Camptothecin is covalently attached to CDP through a glycine linker, which pre-
serves CPT in its active form and increases its water solubility. Preclinical effi cacy of 
intravenous IT-101 (molecular weight ~90 kDa) demonstrated a signifi cant antitu-
mor effect with IT-101 in a range of mouse xenografts, including several tumors that 
were resistant to CPT [ 68 ]. Pharmacokinetic and biodistribution studies indicated 
that CDP–CPT conjugate gave prolonged plasma half-life, which led to enhanced 
distribution to tumor when compared to CPT alone. Taken together, research indi-
cated that IT-101 has good tolerability and antitumor activity against a wide range 
of tumors [ 75 ].  

5.8.1.7     Carboxymethyldextran–Exatecan (DE-310) 

 In DE-310, DX-8951 (exatecan mesylate, a CPT analogue) is linked to carboxy-
methyldextran (340 kDa) via a glycyl-glycyl-phenylalanyl-glycyl-peptidyl spacer. 
This peptide spacer is intended to provide sustained release of the active moiety 
DX-8951 within the tumor as a result of enzymatic cleavage of the peptide by 
cathepsin B and cathepsin L [ 76 ]. The results suggested that the mechanism by 
which DX-8951 is released from DE-310 in vivo is involved in the process of uptake 
of DE-310 into tumor or macrophages, digestion by intracellular lysosomal cysteine 
proteinase, and subsequent secretion of the drugs [ 77 ]. Neutropenia, thrombocyto-
penia, and grade 3 hepatotoxicity with veno-occlusive disease were dose-limiting 
toxicities. The apparent half-life of conjugated DX-8951, glycyl-DX-8951, and 
DX-8951 was 13 days. The observed long blood half-lives are not surprising, con-
sidering that DE-310 had the highest molecular weight among all polymer–drug 
conjugates tested so far.  
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5.8.1.8     PG–Gly–CPT (CT-2106) 

 CT-2106, a camptothecin (CPT) conjugate, is a new generation of topoisomerase I 
inhibitors designed to deliver higher, more effective chemotherapy to tumor tissue 
with less toxicity to normal tissues [ 78 ]. PG was an effective solubilizing carrier of 
CPT and stabilized the E-ring lactone structure in CPT. PG–CPT conjugate was 
obtained by directly coupling the hydroxyl group at the C20(S)-position of CPT 
with the carboxylic acid of PG [ 79 ]. When given intravenously in four doses every 
4 days at an equivalent CPT of 40 mg/kg, PG–CPT delayed the growth of estab-
lished H322 human lung tumors grown subcutaneously in nude mice. In mice that 
received intratracheal inoculation of H322 cells, the same treatment prolonged the 
median survival duration in mice by fourfold when compared with that in untreated 
control mice. These results showed that PG was as effi cient carrier of CPT [ 79 ]. 
Studies have systematically investigated the structural effects of the antitumor effi -
cacy of PG-bound CPT, including linkers between PG and CPT, the point of attach-
ment of PG on the CPT molecule, the polymer molecular weight, and drug loading. 
Coupling through the 20 (S)-hydroxyl group of CPT with or without a glycine 
linker yielded the most active conjugates, because this site is located in close prox-
imity to the lactone ring; thus, the E-ring lactone is better protected by the linked PG 
chains. However, the linkers affected the maximum drug payload; for example, only 
15 % (w/w) of CPT loading could be achieved for direct conjugation of PG–CPT by 
the ester linkage because of steric hindrance, whereas up to 50 % CPT loading could 
be achieved for the case with a glycine as linker. Increasing the molecular weight of 
PG from 33 to 50 kDa improved the antitumor effi cacy of PG–Gly–CPT, probably 
because of an increased plasma half-life and reduced renal clearance. CT-2106 
has a more manageable toxicity profi le compared with unconjugated camptothecin. 
The maximum tolerated dose is 25 mg/m 2  weekly given 3 of 4 weeks. This compound 
results in prolonged release of unconjugated camptothecin [ 80 ].   

5.8.2     Active Targeting with Polymer–Drug Conjugates 

 The major drawback of polymer–drug conjugates is the absence of specifi city for 
cancer cells. Although one of the well-known water-soluble paclitaxel conjugates, 
poly( l- glutamic acid)–paclitaxel has shown better antitumor effi cacy in vivo, but 
this “binary nanoparticle” also binds to the proteins and enzymes of normal cells. 
The development of ternary biomolecules is also underdevelopment to overcome 
the problem of nonspecifi c binding and to allow a drug to reach tumor cells specifi -
cally. Ternary nanomolecules are composed of three elements: (a) drug carrier, in 
most cases, a polymer; (b) a drug; and (c) a ligand. Many researchers have studied 
several targeting ligands such as antibodies, cytokines, and homing peptides to 
improve the tumor selectivity of polymeric drug carriers. 
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 Drugs conjugated to PG are also being extensively studied. Doxorubicin and 
daunorubicin have also been attached to PG and have shown activity in vivo against 
L1210 leukemia and B16 melanoma cells, although the cytotoxic effect was weaker 
than the free drug [ 81 ,  82 ]. Similar results in vivo have been reported when PG was 
conjugated with arabinofuranosyl cytidine, cyclophosphamide, and melphalan 
[ 82 ]. However, in vivo cytotoxic effect has been shown to be better than free drug 
for all these three drug–PG conjugates. Wosikowski et al. were able to show that 
methotrexate bound to human serum albumin enters cells by albumin-mediated 
endocytosis. They also observed that thymidylate synthesis was inhibited when 
KB cells expressing folate receptors were exposed to this conjugate. Polymer–drug 
conjugates can passively accumulate in the tumor tissue. However, it has been sug-
gested that the addition of a targeting moiety would increase selectivity by actively 
targeting the tumor. A number of strategies have been adopted to achieve active 
targeting, including the use of peptides such as melanocyte-stimulating hormone 
[ 83 ], EBV peptide to promote targeting to lymphocytes [ 84 ], RGD4C peptide to 
promote targeting to endothelial cells (α v β 3  integrin receptor) [ 85 ], luteinizing 
hormone- releasing hormone (LHRH) used to target LHRH receptors [ 10 ], antibod-
ies such as antitransferrin receptor antibody [ 57 ], or other ligands such as folate. 
However, to date only few clinical studies have been conducted on conjugates 
containing targeting agents. 

5.8.2.1     HMPA Copolymer–Doxorubicin–Galactosamine (PK2) 

 PK2 is a 27-kDa HMPA copolymer synthesized with 6.5 % mol/wt, <2 % free doxo-
rubicin, and 2 % mol/wt galactose, with effi cient targeting of the asialoglycoprotein 
receptor selectively expressed on hepatocytes and in hepatomas. In preclinical 
murine models, 80 % of an administered dose targeted the liver, associated with 
high anticancer activity. PK2 remained the only targeted polymeric conjugate to be 
tested clinically to date [ 57 ]. In phase I/II trial, the maximum tolerated dose of PK2 
was 160 mg/m 2 , with neutropenia being the dose-limiting toxicity. The toxicity pro-
fi le was similar to that seen for anthracyclines, but interestingly the maximum 
 tolerated dose was half of that of the nontargeted conjugate.  

5.8.2.2     HPMA Copolymer–DOX–Human Immunoglobulin Conjugate 

 The other targeted conjugate tested clinically is HPMA copolymer–DOX–human 
immunoglobulin (HuIg) conjugate [ 86 ]. Preliminary clinical experiments were car-
ried out in four patients with this HPMA conjugate. Antitumor activity was seen in 
some of the patients, but conclusions are diffi cult to draw since this trial was not 
carried out according to “Good Clinical Practice” (GCP) guidelines.   
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5.8.3     Polymer–Drug Conjugate Application in Other Diseases 

 Polymer–drug conjugates can also be used for the treatment of diseases other than 
cancer [ 87 ]. 

5.8.3.1     HPMA–Antileishmaniasis Conjugate 

 In 2001, the fi rst HPMA copolymer carrying an antileishmanial drug 8-(4-amino- 1-
methylbutyl) amino)-5-(3,4-dichlorophenoxy)-6-methoxy-4-methylquinoline (NPC1161) 
was proposed [ 88 ]. Later on, the same group improved this conjugate with the addi-
tion of N-acetylmannosamine to target the specifi c mannose receptor of macro-
phages [ 88 ]. Studies carried out in macrophages showed that the targeted conjugate 
had a high uptake as compared to the nontargeted conjugates. Domb et al. [ 89 ,  90 ] 
investigated a method to conjugate amphotericin B (AmB), a water- insoluble anti-
fungal and antileishmanial agent, to arabinogalactan via tosylate or mesylate deriva-
tives with an amine bond. The conjugates showed comparable inhibitory concentration 
values against the pathogenic yeast  Candida albicans  and against  Leishmania major  
parasites. Conjugates were about 60 times less hemolytic against sheep erythrocytes 
than the free drug and less toxic when injected intravenously to BALB/c mice. 
Similarly in another study, the contribution of aldehyde groups to the toxicity of 
polymer–drug conjugates, such as dextran-AmB was evaluated. It was found that 
oxidized dextran was toxic against the RAW 264.7 cell line with an IC50 of 3 μmol/
mL aldehydes. Modifi cation of aldehyde groups and their reaction with ethanol-
amine reduced the toxicity to least 15-fold [ 91 ].  

5.8.3.2    Zidovudine–Polymer Conjugates 

 A large number research groups are working on development of zidovudine (AZT) 
polymer conjugates for the treatment of HIV. The objective behind many of these 
has been to develop agents with higher potency along with improved toxicological 
profi le. However, only a few studies have investigated the potential of developing 
controlled release conjugates. One of these studies was described by Vlieghe et al. [ 92 ]. 
They used kappa-carrageenan as polymer carrier, and AZT was linked through an 
ester bond. In vitro studies using MT-4 cells showed that the conjugates displayed 
increased anti-HIV activity as compared to the free drug.  

5.8.3.3    Musculoskeletal Diseases 

 Bone-targeted HPMA copolymer conjugate with a bone anabolic agent prostaglandin 
E1 (PGE1) was designed for the treatment of osteoporosis and other 
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musculoskeletal diseases [ 93 ]. The specifi city of the conjugates by the skeleton was 
carried out by an octapeptide of  d -aspartic acid ( d -Asp8) or alendronate [ 94 ]. After 
attachment to bone, the PGE1 selectively released at the sites of higher osteoclast 
activity. On administration in anabolic dose range, the released PGE1 activates spe-
cifi c receptors on bone cell surface to attain net bone formation [ 95 ]. Remarkably, 
preferential deposition of  d -Asp8-targeted conjugate to the bone resorption sites 
was observed in ovariectomized rats. In vivo experiments on ovariectomized rats 
have proven the concept. Following a single intravenous administration of the 
HPMA copolymer–D-Asp8–PGE1 conjugate to ovariectomized rats, bone forma-
tion rates were substantially greater than controls. Obviously, a similar concept can 
be used for targeting bone cancer metastasis.  

5.8.3.4    Infl ammatory and Infectious Diseases 

 Wang et al. have proved in their research that macromolecular therapeutics specifi -
cally accumulates in infl ammatory tissues [ 96 ]. They gave the new targeting mecha-
nism “ELVIS” (Extravasation through Leaky Vasculature and the subsequent 
Infl ammatory cell-mediated Sequestration) [ 97 ]. This concept shows large potential 
of polymer–drug conjugates in the treatment of infl ammatory disease like osteoar-
thritis. Preliminary studies with polymer–drug conjugates to prevent scar tissue for-
mation have also been described [ 87 ]. They used a multivalent dendrimer conjugate 
of glucosamine or glucosamine-6-sulfate. They showed that PAMAM generation 
3.5-glucosamine inhibited synthesis of proinfl ammatory chemokines and cytokines. 
Also, PAMAM generation 3.5 glucosamine-6-sulfate blocked fi broblast growth 
factor-2-mediated endothelial cell proliferation and angiogenesis. More impor-
tantly, combination therapy with these two conjugates prevented scar tissue forma-
tion after glaucoma fi ltration surgery.    

5.9     Advantages of PDC 

 Polymer–drug conjugates offer several advantages over the free drug.

•     Enhanced Permeability and Retention (EPR) Effect : In order to stimulate tumor 
cell grow quickly and to satisfy the ever-increasing nutrient demands of tumor, 
tumor induces angiogenesis [ 98 ]. The blood vessels in the tumor are irregular in 
shape, dilated, leaky, or defective, and the endothelial cells are poorly aligned or 
disorganized with large fenestrations. This defective tumor architecture with 
other combinations of defi cient drainages results in a pooling of high-molecular- 
weight agents in the tumor tissue. This phenomenon is termed as EPR effect 
[ 99 ]. Passive accumulation of polymeric drug conjugate can be possible by 
selecting appropriate molecular weight of polymers.  

•    Escaping Reticuloendothelial System (RES) : Polymers can sterically shield high-
molecular- weight compounds such as antibodies from the antigen-presenting 
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cells (APCs), which initiate the immune response and reduce the immunogenic-
ity of immunogenic drugs. Increasing the molecular weight can increase the size 
of the drug and stave off its possibility of renal elimination hence increases the 
half-life and thereby prolonging the duration of action of drug. The increased 
plasma residence of PDC (compared to free drug) encourages passive accumula-
tion within solid tumor tissue. PEG is linear or branched polymer, exists in differ-
ent molecular weights and has been exploited to the most [ 100 ]. Many biologics 
secure their ways to get into the market like in Pegasys® (peginterferon alfa-2a) 
[ 101 ,  102 ], PEGINTRON® (peginterferon alfa-2b), Somavert® (pegvisomant) 
[ 103 ], Neulasta® (pegfi lgrastim) [ 104 ], etc.  

•   As Ringsdorf’s model predicted that hydrophilic portion of polymer carrier can aid 
in increasing the solubility of hydrophobic drugs thus can be easily  administered 
intravenously .  

•   Low-molecular-weight drugs enter cell cytoplasm via diffusion and are exposed 
to plasma membrane effl ux pumps, e.g., p-glycoproteins. Polymer assists 
 endosome- mediated internalization  of PDC drug conjugate assist drug entry into 
cell. Endosome encapsulation renders the effl ux of drug ineffective. These polymers 
also help to buffer the effect of pH in the endosomes [ 105 ].  

•    Targeting moieties  or homing devise contribute in active targeting of the drug 
and polymer provide easy sites for conjugating these ligands.     

5.10     Future Trends, Challenges and Opportunities 

 Although the pharmaceutical industry prefers to develop small-molecule anticancer 
agents that can be administered orally (patient compliant), macromolecular 
drugs like polymer conjugates are establishing their niche in modern chemotherapy. 
With recent studies polymer–drug conjugates showed a great hope for therapeutic 
problems. But they are also having many challenges in front of them like polymer 
architecture, drug combinations, and their characterization. These challenges and 
opportunities can be divided according to polymers, drugs, and diseases. Early 
works unveiled unexpected therapeutic benefi ts but raised new issues, in particular 
in relation to “system design.” A better understanding of how drug combinations 
impact on cellular and molecular mechanisms is needed to rationally design new 
therapeutics. In nutshell it is to be believed that the interdisciplinary scientifi c 
approach to the applications of PDCs will result in their translation into the clinic 
within this decade. 

5.10.1     Novel Polymers for Polymer–drug Conjugates 

 The development of polymeric carriers with better properties is an ongoing chal-
lenge. There is a need to develop high-molecular-weight biodegradable polymeric 
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carriers which can enhance the EPR-mediated tumor targeting. They have considerable 
potential for further evaluation as a treatment different type of cancers. On the other 
hand, there is also a need to move on from heterogeneous random coiled polymeric 
carriers towards better-designed polymer architectures. All the conjugates that have 
been tested clinically so far are linear. However, enormous research is going on 
developing the novel polymeric carries. These include hyperbranched polymers, 
star polymers, and dendrimers as of new carriers. 

5.10.1.1    Dendrimers in Polymer–Drug Conjugates 

 Dendrimers are novel fourth class of polymer, and hence, their comparison with 
well-known linear polymer–drug conjugates is of real interest (Table  5.3 ). Although 
dendrimer–drug conjugates are result of covalent bonds, but globular and 3D struc-
ture of dendrimer dendronized polymers provide monodisperse nanoscale geometry 
with high end group density at their surface which provides potential for high drug 
loading. They have been proven as attractive candidates for anticancer drug delivery 
and specifi c targeting moieties. Although dendrimer-based imaging agents have 
been evaluated clinically, there is still a need to establish the safety and chemical 
characteristics of many dendrimer structures drawing in preclinical development. 
VivaGel® is an example of poly- l -lysine dendrimer-based drug conjugate in clini-
cal development by Starpharma as a topical vaginal microbicide for HIV prevention 
[ 106 ]. The active ingredient of VivaGel® has been shown in scientifi c studies to 
inactivate and inhibit infection with viruses, including HIV and the genital herpes 
virus. Starpharma has a licence agreement with condom manufacturer Ansell 
Limited to develop a VivaGel®-coated antiviral condom and a licence agreement 
with Okamoto Industries Inc. in relation to the VivaGel®-coated condom for the 
Japanese market. Subsequently, Starpharma-completed animal studies demon-
strated that the Starpharma dendrimer–docetaxel formulation was signifi cantly 
more effi cacious than docetaxel in a breast cancer model. The improved effi cacy is 
understood to be due to a longer circulating half-life, extended release of the 
docetaxel, and targeting of the dendrimer–docetaxel construct to the tumor tissue. 

   Table 5.3    Difference between dendrimer and linear polymer–drug conjugates   

 Main properties  Dendrimers  Polymer–drug conjugates 

 Structure  Compact/globular (predefi ned molecular 
weight) with stringent structure control 

 Not compact and 
heterogeneous structure 

 Solubility  High aqueous solubility refi ne 
pharmacokinetic properties of drug 

 Low water solubility or 
depends on polymer 
attached 

 EPR effect  Nanosize increases the penetration and 
uptake by tumor tissue allow passive 
targeting 

 Depends on charge and 
molecular weight of 
polymer 

 Route of 
administration 

 Intravenous, intraperitoneal, ocular, transdermal, 
oral, intranasal, pulmonary, etc. 

 Mainly intravenous 
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Dendrimers are further used in brain targeting due to their positive charge and high 
functional group density to bind ligand on the surface. Leptin is a 30-amino acid 
peptide having ability to cross blood–brain barrier. Dendrigraft poly- l -lysine-PEG-
Leptin30 was synthesized and complexed with plasmid DNA yielding nanoparti-
cles. Complex found to be effecting and safe to deliver gene to brain [ 107 ]. Santos 
et al. [ 108 ] successfully functionalized generation 5 PAMAM dendrimer with 
hydrophobic alkyl chains that varied in length and number results into increased 
pDNA encapsulation and higher in vitro effi ciency. Higher density of terminal func-
tional groups on the surface allows conjugation of more than one type of ligands. 
Transferring (Tf) is a peptide that belongs to the transferrin family. Overexpressed Tf 
receptors on blood–brain barrier in Alzheimer’s and Parkinson’s disease are respon-
sible for its internalization in brain. A dual-targeting drug carrier (PAMAM–PEG–
WGA–Tf) based on the PEGylated fourth generation ( G  = 4.0) PAMAM dendrimer 
with Tf and wheat germ agglutinin (WGA) on the periphery and doxorubicin loaded 
in the interior was synthesized. Authors demonstrated that PAMAM–PEG–WGA–
Tf delivered 13.5 % of DOX in a period of 2 h, indicative of an enhanced transport 
ratio as compared to the ratio of 8 % for PAMAM–PEG–WGA, 7 % for PAMAM–
PEG–Tf and 5 % for free DOX in the same period of time [ 109 ]. Dendrimers also 
showed immense potential to change the physiochemical properties of drugs like 
solubility and permeability. D’Emanuele et al. [ 110 – 112 ] conjugated many drugs to 
different generations of PAMAM dendrimer and found promising results. The main 
successes of dendrimer resulted on their appropriate, consistent, and optimized 
design parameters addressing physicochemical limitations of classical drugs 
(e.g., solubility, specifi city, stability, biodistribution, and therapeutic effi ciency) and 
their ability to overcome biological issues to reach the right targets (e.g., fi rst pass 
effect, immune clearance, cell penetration, off target clearance, etc.). Improvement 
of pharmacokinetic (PK) and pharmacodynamic (PD) behavior of both drug–den-
drimer conjugates and drug–dendrimer encapsulated verses plain drugs demon-
strates their strong potential in medicine as nano carrier. Dendrimers have been 
evaluated as novel nano carrier in nearly all route of administration as presented in 
Table  5.4 . Although dendrimers are one of the promising area in polymer–drug 
delivery, they are still far away from successful  commercialization due to their 
generation dependent toxicity [ 127 ,  128 ].

5.10.2          Drug Combination in Polymer–Drug Conjugates 

 The use of polymer–drug conjugates has been generally limited to the delivery of a 
single drug. However, the polyvalency of polymeric carriers permits their use to 
deliver combination of different drugs. Drug combination has remarkable potential 
in future as it is becoming increasingly clear that multi-agent therapy is preferable 
for diseases such as cancer [ 129 ]. An HPMA copolymer carrying the aromatase 
inhibitor aminoglutethimide and the chemotherapeutic agent doxorubicin was the 
fi rst conjugate that combined endocrine therapy and chemotherapy agents on a 
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individual polymeric chain [ 6 ]. This conjugate displayed markedly increased antitumor 
activity in vitro in breast cancer cells, compared to the conjugate carrying only 
DOX, whose activity has been proven clinically [ 7 ]. Another group prepared a PEG 
conjugate containing the combination of epirubicin and nitric oxide (NO) [ 130 ]. 
The objective for this approach is twofold. First, epirubicin and nitric oxide (NO) 
have a synergistic effect. In addition NO displayed cardioprotective action which 
counterbalance epirubicin-induced cardiotoxicity. Using this concept of combina-
tion therapy, together with the use of targeting residues, Minko et al. have investi-
gated the feasibility of a two tier targeting of camptothecin (CPT)–PEG conjugates 
to LHRH receptors and cellular antiapoptotic defense using a synthetic analogue of 
Bcl-2 homology 3 (BH3) domain peptide [ 131 ]. The multicomponent hyper-
branched PEG polymer bearing an equimolecular amount of CPT, BH3, and LHRH 
moieties was almost a hundred times more cytotoxic and displayed enhanced anti-
tumor activity when compared with other synthetic analogues. An alternative approach 
is to combine a polymer conjugate carrying a single drug with standard chemotherapy 
(administered as a free drug). For example, a phase III clinical trials compared PGA–
paclitaxel + carboplatin versus paclitaxel + carboplatin [ 132 ]. The same conjugate has 
also been tested in combination with radiotherapy in a phase I trial for esophageal and 
gastric cancer [ 133 ]. In addition, combination of two conjugates each carrying a sin-
gle therapeutic agent have also been suggested. For instance, Minko and co-workers 
tested free CPT, CPT–PEG, CPT–PEG–BH3, or CPT–PEG–LHRH conjugates and 
the mixture of CPT–PEG–BH3 and CPT–PEG–LHRH conjugates in human ovarian 
carcinoma cell [ 57 ]. It was demonstrated that conjugation of CPT to PEG increased 
its proapoptotic activity and that further enhancement was achieved by using BH3 
peptide in a CPT–PEG–BH3 and LHRH peptide in a CPT–PEG–LHRH conjugates 
and their mixture. Also, Kopececk and colleagues found increased activity in vivo 
following administration of a mixture of an HPMA copolymer–DOX (chemotherapy) 
together with an HPMA copolymer–meso-chlorin e6 monoethylene diamine diso-
dium salt (Mce6) conjugate (photodynamic therapy) [ 134 ]. Another elegant combina-
tion therapy approach is the concept of polymer-directed enzyme prodrug therapy 
(PDEPT) and polymer–enzyme liposome therapy (PELT) [ 135 ]. In the case of 
PDEPT approach, two conjugates are administered sequentially: one carries an anti-
cancer agent (administered fi rst) and the other carries an enzyme capable of degrad-
ing the linker between the carrier and the anticancer agent.    Although combination 
PDC therapy accompanied with serious challenges like difference in loading capac-
ity of polymer, diffi culty in correlation of in vitro and behavior in vivo, and altered 
kinetics of drug release, Linker design to ensure optimum release kinetics for each 
drug depending on their molecular mechanism of action and careful selection of 
drug combination and its ratio. In addition there are substantial challenges for 
characterization of such complex constructs as every component must be quantifi ed 
in the presence of the others [ 136 ]. 

 These early research fi ndings brought out unexpected therapeutic benefi ts but 
raised new issues, in particular in relation to “system design.” A better understanding 
of how drug combinations impact on cellular and molecular mechanisms is needed 
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to rationally design new therapeutics. In nutshell it is to be believed that the inter-
disciplinary scientifi c approach to the applications of polymer–drug conjugate 
(PDC) will result in their translation into the clinic within this decade.      
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     Abbreviations 

   DDS    Drug delivery system   
  EPR    Enhanced permeability and retention effect   
  PBPK model    Physiologically based pharmacokinetic model   
  PD    Pharmacodynamics   
  PEG    Polyethylene glycol   
  PK    Pharmacokinetics   

6.1           Quantitative Aspects of Drug Distribution 
and Pharmacological Effects 

6.1.1       Pharmacokinetics 

 Pharmacokinetics (PK) refers to the time course of drug concentrations that are 
attained in different organs and tissues following drug administration. For the free 
(non-encapsulated) drug, the pharmacokinetics is governed by its physicochemical 
properties (size, shape, charge, lipid/water solubility, etc.) and the (patho)physio-
logical factors (volumes of body fl uids, size of body organs, their perfusion, pres-
ence of metabolic enzymes and transporters, etc.). However, encapsulation of the 
drug within the DDS masks its physicochemical properties and affects the pathways 
of its disposition (i.e., distribution and elimination) in the body (see Sect.  6.2  of this 
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chapter). Specifi cally, drug encapsulated within the DDS can be a subject to the 
enhanced permeability and retention (EPR) effect [ 1 ] that increases the deposition 
of drug/DDSs in the organs/tissues with damaged/fenestrated endothelial lining of 
the blood vessels (e.g., tumors and infl amed tissues) [ 2 ]. Due to release of the drug 
from the DDS in the systemic circulation and at the deposition/extravasation sites 
(see Fig.  6.1 ), the resulting pharmacokinetics of the drug/DDS system follows a 
hybrid trend with both the drug’s and DDS’s properties affecting the resulting phar-
macokinetic behavior of the drug.

   It should be noted that the drug is present in the body in multiple forms following 
its administration within the specifi c DDS. Therefore, analysis of its pharmacoki-
netics should be based on analytical methods that can quantify separately the DDS- 
encapsulated vs. unencapsulated (free) drug. However, analytical methods that are 
frequently used for assessment of drug/DDS pharmacokinetics not always can dif-
ferentiate between the free and encapsulated drug and frequently are suitable for 
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  Fig. 6.1    Pharmacokinetics and pharmacodynamics of local vs. systemic drug delivery. 
( a ) Kinetics of DDS degradation and drug release. Both the drug and the DDS can distribute and 
degrade in the systemic circulation or in specifi c organs and tissues. ( b ) The whole-body physio-
logically based pharmacokinetic model of drug/DDS disposition. Following systemic (IV) admin-
istration, drug/DDS can undergo extravasation, which can be reversible. Major organs of DDS 
accumulation are usually the lungs, liver, spleen, kidney, and the tumor. DDS degradation and drug 
release in the systemic circulation and in specifi c organs and tissues takes place leading to buildup 
of a gradient of drug concentrations within the body. The drug, DDS, and the products of their 
metabolism usually leave the body via the liver (CL H —hepatic clearance) and the kidneys (CL R —
renal clearance). Following local (intratumoral) injection, part of the drug/DDS can leave the injec-
tion site, reach the other organs and tissues, and undergo the same processes that were described 
for the systemic administration. Cells (in the systemic circulation or within the specifi c organs/
tissues) that are exposed to therapeutic levels of the drug for substantial period of time will undergo 
apoptosis and/or necrosis, giving rise to the desired or adverse drug effects. For the sake of clarity, 
only part of the organs/tissues and processes (release and degradation  arrows ) are shown       
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drug quantifi cation only in the systemic circulation (and not in the specifi c organs 
and body tissues). Use of these analytical methods can lead to biased or erroneous 
conclusions regarding the pharmacokinetic behavior of the drug/DDS.  

6.1.2     Pharmacodynamics 

 Pharmacodynamics (PD) refers to the mechanisms of pharmacological effects of 
the drug/DDS following their administration. These effects derive from the drug 
concentrations at the individual locations within the body (i.e., the pharmacokinet-
ics) and the concentration–response (PK–PD) relationship that refl ects the sensitiv-
ity of the cells and body structures/components to the drug. 

 Accumulation of the drug in the target organ/tissue (e.g., the tumor) is expected 
to lead to the desired pharmacological responses, while accumulation of the drug in 
other organs and tissues can lead to adverse effects (see Fig.  6.1b ). It is generally 
assumed that the pharmacological effects are derived from the drug concentrations 
alone. However, the DDS can also contribute to the pharmacodynamics of the drug- 
encapsulating DDS. Specifi cally, some of the DDSs are known to be toxic (e.g., 
cationic liposomes, carbon nanotubes, etc.), and their PK and PD properties should 
be taken into account for design of effi cient and safe DDSs.  

6.1.3     Targeted Drug Delivery for Enhancing the 
Administration Effi ciency and Clinical Effectiveness 

 Controlling the pathways of drug/DDS disposition can be an effi cient way to 
increase the drug concentrations and prolong the retention time of the drug at the 
target site and to decrease the drug concentrations at the sites where toxicity may 
occur. This will lead to enhanced magnitude of the desired effects (i.e., higher effec-
tiveness of drug treatment), reduced magnitude of adverse effects (i.e., less toxic-
ity), and higher effi ciency of drug administration [ 3 ]. To attain this goal, different 
approaches for enhanced drug delivery to the site of action have been developed. 
The drug/DDS can be administered systemically and can be designed to accumulate 
preferentially at the target site (e.g., in the solid tumor, see Fig.  6.1b ). Alternatively, 
drug/DDS can be focally injected into a specifi c target site (i.e., focal drug delivery) 
to form a depot of locally released drug. Both these approaches have specifi c advan-
tages and drawbacks that can affect their clinical applicability. Specifi cally, ability 
of the systemically administered DDSs to reach the target site can be limited, but 
these formulations can be more suitable for management of disseminated, multifo-
cal disease. On the other hand, focally injected DDSs can deliver high loads of the 
drug to the specifi c location, but they are not suitable for application to the deep 
sites that are not readily accessible for injection and are less suited for management 
of multifocal disease.  
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6.1.4     Drug Targeting Terminology 

 The major aim of both focal and targeted drug delivery approaches is to increase 
drug accumulation in the target tissue. However, it is diffi cult to attain this goal due 
to the processes of drug release and DDSs degradation in the body that lead to accu-
mulation of the drug in the organs and tissues that are outside the target site of action 
(see Fig.  6.1 ). As a result, many of the DDSs that are intended for targeted drug 
delivery fail to attain this goal. 

 In general, there is certain ambiguity and lack of clarity in the use of term “tar-
geting” in the context of drug delivery [ 4 ]. In this chapter, the term “ targeted drug 
delivery ” will be used to describe  preferential accumulation of the drug at the target 
site . This implies quantifi cation and comparison of the drug concentrations in the 
target tissue vs. other organs and tissues using suitable analytical methods. To attain 
targeted drug delivery,  active and passive targeting approaches  can be used.  Passive 
targeting  can be based on the EPR effect for enhanced drug/DDS accumulation in 
the tumor or infl amed tissue, while  active targeting  can be based on the formulation 
properties of the DDS (e.g., decoration of the drug or DDS with specifi c targeting 
residues) or application of external targeting signals (see Sect.  6.1.6 ). Use of active 
and passive targeting approaches not necessarily would lead to targeted drug deliv-
ery, and many of the currently available “targeted” DDSs apparently fail to attain 
preferential drug accumulation at the target site [ 4 ].  

6.1.5     Mathematical Modeling for Analysis of Drug Targeting 
and Optimization of Drug Treatment 

 Assessment of drug targeting should be based on quantitative assessment of drug/
DDS disposition following focal or systemic administration. The classical pharma-
cokinetic assessment of drug disposition is based on quantifi cation of drug concen-
trations in the central circulation only and calculation and analysis of the major 
pharmacokinetic parameters, such as volume of drug distribution ( V ) and the drug 
clearance (CL). Unfortunately, these parameters do not provide direct information 
on the targeting effi ciency and on the extent of drug accumulation at the target site 
vs. other tissues. 

 Extent of drug targeting can be established based on the sampling and measure-
ment of drug/DDS concentrations in different organs and tissues, including the tar-
get site (see detailed description of the targeting indexes in [ 3 ]). Due to the ethical 
and practical limitations, this sampling strategy is limited to the preclinical studies 
and cannot be applied in the clinical settings. Some studies, indeed, report quantifi -
cation of the drug in samples of different organs and tissues collected in experimen-
tal animals at one or more time points after the drug/DDS administration. Based on 
these measurements, the contribution of the individual formulation and (patho)
physiological factors that shape the kinetics of drug disposition (see Fig.  6.1  and 
Sect.  6.1.1 ) can generally be revealed using pharmacokinetic modeling techniques. 
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 Pharmacokinetic modeling is based on set of equations that describe the major 
processes that drug/DDS undergo in the body. The pharmacokinetic models for tar-
geted DDSs can be simple, consisting of only two compartments (i.e., the central 
compartment and the target site) [ 3 ,  5 ]. However, the more detailed, whole-body 
physiologically based pharmacokinetic (PBPK) models are being increasingly used 
to describe the disposition of the drug/DDSs [ 6 ]. An example of such PBPK model is 
graphically shown on Fig.  6.1b . It can be seen that this model consists of several com-
partments that represent the major organs and refl ects the physiology of the blood 
fl ow in the body. The parameters that are integrated into the equations that underlie 
this model derive from (a) the drug/DDS formulation properties (e.g., drugs’ physico-
chemical properties, DDS composition, drug release, and degradation rate constants; 
see Fig.  6.1a ), (b) physiologic factors (e.g., weight and perfusion of the individual 
organs), and (c) parameters that derive from both these groups of factors (e.g., drug/
DDS affi nity to the individual organs and tissues, elimination rate constants, etc.). 

 If the pharmacokinetic model refl ects properly the disposition behavior of the 
drug/DDS, it can be used to analyze the formulation and (patho)physiological 
parameters that affect the drug/DDS targeting to the site of action [ 7 ]. Simulations 
based on this model can be used to predict the effect of formulation changes (e.g., 
choice of the drug or change of the drug release rate) or of specifi c pathological 
conditions (e.g., patients with liver or cardiac diseases) on the extent of drug target-
ing. Currently, pharmacokinetic models are seldom used for rational design of 
targeted DDSs, and selection of the formulation properties is usually based on the 
empirical trial and error approach. It is expected that PBPK models will be increas-
ingly used for development of new targeted DDSs in the future and that their com-
plexity will increase to refl ect the accumulation of the detailed data on drug/DDSs 
disposition. Moreover, such PBPK models will be useful for prediction of effect of 
the combined (i.e., multifactorial) targeting approaches of drug/DDSs to the site of 
action (see Sect.  6.1.6 ).  

6.1.6       Major Approaches for Drug/DDSs Targeting 

 For the purpose of targeted delivery to the site of action, the drug can be encapsu-
lated, adsorbed, or chemically conjugated to different types of DDSs (e.g., nanopar-
ticles, liposomes, etc.; see Table  6.1 ). These DDSs can be administered either 
systemically (e.g., intravenously), or locally, into or in vicinity to the site of action 
(e.g., focal injection into the tumor, injection into the artery that supplies blood to 
the tumor). To enhance the targeting effi ciency of the systemically or locally admin-
istered DDSs, different approaches have been proposed (see Table  6.1 ). These 
approaches can be based on the design of the DDS (self-triggered targeting) or 
mediated by external signals (such as magnetic fi eld, ultrasound, local heating, and 
local activation/uncaging). Some of these approaches can be used in combination 
with additional techniques for enhancing the local permeability of the drug/DDS 
(such as use of promoter drugs that affect the local drug diffusion/convection).
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   It should be noted that there is overlap between the different types/classes of 
approaches that are presented in Table  6.1 . For instance, application of external 
forces, such as focused ultrasound, will increase the local drug/DDS permeability, 
in addition to increase of drug decapsulation. Unfortunately, enhanced local decap-
sulation of DDSs that can be attained using the above-described approaches will 
lead to increased elimination of the released drug and will not necessarily enhance 
the drug targeting to the site of action. Thus, detailed analysis of this “drug escape” 
and of the resulting targeting effi ciency of the individual targeting approaches and 
their combinations is required for rational development and clinical application of 
targeted DDSs. The subsequent sections of this chapter analyze in detailed and 
quantitative fashion the major pharmacokinetic and pharmacodynamic factors that 
govern the effi ciency of systemically and focally administered DDSs. This analysis 
is focused on the DDSs that are loaded with anticancer drugs and are intended for 
management of patients with solid tumors.   

6.2      Systemically Administered Anticancer 
Drug Delivery Systems 

 Systemically administered anticancer DDSs is a rapidly growing and developing 
group of approaches for cancer treatment. The major types of formulations that are 
used to encapsulate the anticancer agents are based on liposomes, nanoparticles, 

          Table 6.1    Major approaches for drug/DDS targeting to the site of action (on example of anticancer 
drug delivery to solid tumors)   

 Formulation 
types 

 Administration 
routes 

 Approaches 
for self-triggered 
targeting 

 Approaches 
for externally 
activated 
targeting 

 Approaches 
to enhance the 
intratumoral drug/
DDS permeability 

 Nanoparticles 
 Liposomes 
 Micelles 
 Bolavesicles 
 Polymer 

conjugates 
 Dendrimers 
 Carbon nanotubes 
 Pasty polymers 
 Hydrogels 

 Intravenous 
 Local (focal) 

injection 
 Intra-arterial 
 Intraperitoneal 

 DDS size 
 Decoration with 

targeting 
residues that 
can interact 
with molecules 
overexpressed 
in the tumor 
(vascular 
receptors and 
factors, 
apoptosis 
markers, etc.) 

 pH-dependent 
drug release 

 Enzyme- 
dependent 
drug release 

 Magnetic fi eld 
 Ultrasound 
 Local heating 
 Light-induced 

chemical 
activation 

 Sheddable 
PEGylation 

 Multistage drug 
release (e.g., 
DDS 
disintegration 
into smaller 
particles) 

 Promotor drugs 
(vascular 
damage, 
apoptosis 
induction, 
TGF-beta 
blockade, etc.) 
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polymer conjugates, dendrimers, and other carriers (see Table  6.1 ). For the purpose 
of targeted drug delivery, these formulations should encapsulate substantial amounts of 
anticancer drug, should be stable in the systemic circulation for suffi cient amount of 
time that will allow their accumulation in the target tissue, should effi ciently reach the 
target tissue, and eventually release the encapsulated drug. Many strategies have been 
proposed for the purpose of anticancer drug/DDS targeting to the solid tumors (see 
Table  6.1 ). As will be described below, the choice of the formulation type and the 
targeting approaches may signifi cantly affect the systemic and local pharmacokinet-
ics and pharmacodynamics of the drug/DDS following its systemic administration. 

6.2.1     Pathways of DDS Disposition Following Systemic 
Administration 

 Intravenously injected DDSs are exposed to a plethora of processes in the blood-
stream which can interfere with their targeting effi ciency (see Table  6.2 ). Specifi cally, 
the DDSs can undergo degradation and decapsulation in the systemic circulation, 
prior to reaching the target tissue. They may aggregate in the bloodstream with 
subsequent precipitation in the lungs (the fi rst organ that the DDSs encounter fol-
lowing IV administration) or in the other organs. The DDSs can be endocytosed and 
digested by the cells that are circulating in the blood or the cells that are lining the 
blood vessels. The remaining fraction of the DDSs that managed to avoid these 
processes can extravasate to reach the target site or other organs/tissues. For detailed 
analysis of the factors that affect the pathways of DDSs’ disposition, the readers are 
referred to several excellent recent reviews [ 4 ,  8 – 10 ].

   It can be seen, thus, that the chances of the individual DDS to reach the target 
tissue are low and drug targeting to the site of action requires blocking or avoiding 
the above mentioned interfering pathways. Effi ciency of the individual pathways 
listed in Table  6.2  can be substantially affected by the dimensions (size and shape) 
and the surface properties (charge, surface residues) of the DDS. For instance, the 
cells of the mononuclear phagocyte system (MPS) cells have their “preferences” for 

     Table 6.2    Major pathways 
of drug/DDSs disposition 
following systemic 
administration  

 Pathway 

 Release of the encapsulated drug 
 Degradation in the systemic circulation 
 Aggregation in the bloodstream 
 Uptake by mononuclear phagocyte system (MPS) cells 
 Uptake by the endothelial cells 
 Uptake by the red blood cells 
 Permeation to the target organ (the tumor) 
 Permeation to other organs and tissues 
 Interaction with the endogenous compounds 

(formation of “corona”) 
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the size, shape, and charge of the DDSs and will preferably endocytose the charged 
DDSs with diameter bigger than 200 nm [ 9 ,  11 ]. Similarly, the EPR effi ciency (see 
Sect.  6.1.1 ) in the tumor can be substantial for the DDSs with the diameter of 
20–200 nm and much less for formulations of other size [ 12 ]. Therefore, for the 
purpose of preferential drug/DDS delivery to the solid tumors, systemically admin-
istered formulations with the diameter of less than 200 nm should be designed. 

 It should be noted that intravenously administered DDSs can interact with and 
adsorb endogenous compounds on their surface, such as albumin, transferrin, and 
lipoproteins [ 9 ]. As a result of this interaction, protein coat or “corona” is formed on 
the surface of DDSs which affects its surface properties and effi ciency of the dispo-
sition pathways that were listed in Table  6.2  and can further reduce the chances for 
effi cient drug targeting. A popular strategy to block these pathways and to avoid 
“corona” formation is surface PEGylation of the DDSs. PEGylated DDSs are often 
referred to as “stealth” formulations, and PEGylation technology that forms inert 
steric barrier on the DDSs’ surface can indeed be used to prolong their residence in 
the bloodstream and increase the tumor targeting effi ciency [ 13 ].  

6.2.2      Strategies to Enhance the Distribution 
of the Drug/DDSs to the Solid Tumors 

 In addition to the choice of the DDSs’ size and PEGylation, several additional strate-
gies have been proposed to increase the accumulation of the drug/DDS in the tumors 
following systemic administration. These strategies can exploit the differences that 
exist between the tumor and other tissues, for instance, overexpression of specifi c 
surface molecules or enzymes, enhanced apoptosis, and reduced intracellular pH of 
the tumor cells (see Table  6.1 ). Alternatively, formulations can be designed to accu-
mulate and/or decapsulate locally under the infl uence of the specifi c external signal, 
such as magnetic fi eld, ultrasound, local heating, or light- induced chemical reaction. 
All the above-mentioned strategies can potentially enhance the extent of drug/DDS 
accumulation in the solid tumor. However, it is estimated that currently available 
DDSs accumulate only to a low extent in the tumor tissue, and more than 95 % of 
the IV-administered DDSs accumulate in other organs, in particular the liver, spleen, 
and lungs, and account for toxicity [ 4 ]. Moreover, even if the drug/DDS is able to 
reach the tumor, this will not necessarily lead to suffi cient exposure of the tumor 
cells to the drug and effective anticancer effects (see below).  

6.2.3      Intratumoral Disposition of the Drug Following 
Release from the DDS 

 In the case that the DDS successfully reaches the target tissue (the tumor) and 
extravasates there, it can exert the desired pharmacological effect. To this end, the 
drug should be released from the DDS and should reach its target: either permeate 
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to (or accumulate inside) the target cells (i.e., the cancer, stroma, or infi ltrating 
immune cells) or interact with soluble factors (e.g., anti-VEGF or anti-TNF-β anti-
bodies). It has been believed previously that effi cient delivery of drug/DDS into the 
tumor is suffi cient for mounting effi cient anticancer effects. However, recently it 
become evident that intratumoral drug disposition (i.e., ability to reach and interact 
with the target cells or soluble factors) is the critical factor for the effectiveness of 
the drug/DDS that has reached the tumor. 

 The term “intratumoral disposition” refers to the processes of drug/DDS transport 
and elimination in the tumor tissue. Drug/DDS can be transported in/from the tumor 
by diffusion (according to the gradient of the drug concentrations) and convection 
(movement with bulk of interstitial fl uid). In addition, drug can be metabolized by 
the cells in the tumor or can be captured by the soluble factors outside the cells. 
In addition to these processes, expression of effl ux transporters by the tumor cells 
(e.g., Pgp, BCRP, etc.) can reduce the transport of the drug into the cells, enhance 
the effi ciency of its intracellular metabolism, and reduce effectiveness of the anti-
cancer treatment. 

 Vascularization features of the solid tumors can promote DDSs accumulation in 
vicinity to the blood vessels due to the EPR effect, with subsequent degradation of 
the DDSs and release of the active drug (see Fig.  6.2 ). However, these features do 
not lead to homogeneous drug distribution through the tumor, but instead to genera-
tion of a gradient of the drug intratumoral concentrations which is higher in vicinity 
to the blood vessels (at the micrometer–millimeter ranges), and lower/negligible in 
the cells that are located far away from the blood vessels (see Fig.  6.2 ). Visual dem-
onstration of this intratumoral gradient based on the fl uorescent labeling of the drug 
with subsequent imaging can be found in several publications [ 8 ,  14 ,  15 ].

release/diffusion

degradation

DDS DDS DDS

DDS 
diffusion

drug
release

extra-
vasation

blood 
vessel

DDS 
degradation

drug
diffusion

degradation

Drug concentration gradient in vicinity
to a blood vessel

a b Expected gradient of drug 
concentrations in the solid tumor

blood 
vessels

  Fig. 6.2    Intratumoral disposition of systemically administered drug/DDS. Both the drug and the 
DDS can extravasate, distribute, and degrade in the tumor. Subsequently, a gradient of drug con-
centrations is generated within the tumor with high drug concentration in vicinity to the DDSs 
deposition near the blood vessels and low concentrations in the “deep” parts of the tumor. Cells 
that are exposed to therapeutic levels of the drug for substantial period of time will undergo apop-
tosis and/or necrosis. For the sake of clarity, only part of the morphological components (e.g., 
blood vessels) and processes (release and degradation  arrows ) are shown       
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   The resulting heterogeneity in the drug/DDS intratumoral distribution and 
ineffi cient exposure of “deep” parts of the tumor to the drug limits the therapeutic 
effi ciency of the anticancer treatment. It also demonstrates that experimental data 
on the intratumoral drug/DDS concentrations obtained with different analytical 
techniques should be interpreted with caution and that the “targeted drug delivery” 
term can be misleading, since the presence of substantial drug amounts in the tumor 
does not necessarily indicate effectiveness of the anticancer therapy. 

 Some particularly problematic aspects of limited drug/DDS intratumoral distri-
bution are the “jamming” effect [ 16 ] and increased interaction of the DDSs deco-
rated with active targeting residues with the cells that are in vicinity to the blood 
vessels [ 10 ]. Both these factors can further limit the permeability of the drug/DDS to 
the “deep” parts of the tumor and decrease the effectiveness of anticancer therapy.  

6.2.4     Ways to Enhance the Exposure of the “Deep” Tumor 
Parts to the Anticancer Drugs 

 To overcome the barriers for effi cient drug distribution within the tumor, several 
strategies are being investigated (see Table  6.1 ). Firstly, local application of the 
external targeting signals (see Sect.  6.2.2 ) can affect the blood fl ow and the tempera-
ture within the tumor and enhance permeability of the drug/DDS to the “deep” parts 
of the tumor. More sophisticated approaches include deprotection of the DDSs in 
the tumor via sheddable PEGylation [ 17 ], intratumoral degradation of the DDSs to 
release more permeable drug-encapsulating particles (i.e., multistage drug release 
approaches [ 18 ]). A promising approach is pre-treatment or co-administration of 
the anticancer drug/DDS with promoter drugs that affect the intratumoral blood 
fl ow and vascular permeability, induce apoptosis of cancer cells, or affect the func-
tion of the stroma cells [ 19 ]. 

 It should be noted that enhanced permeability of the tumor that is induced by 
many of the above mentioned approaches leads not only to enhanced drug/DDS 
permeability to the “deep” parts of the tumor but also to increased elimination of the 
DDSs and of the released drug from the tumor and may lead to reduction of the drug 
targeting effi ciency.  

6.2.5     Modeling for Rational Design of Tumor-Targeted DDSs 

 Design of the DDSs with high targeting effi ciency to the tumor tissue and effective 
anticancer activity is a challenging task that should take into account the complex 
interplay of parameters that govern the systemic and intratumoral drug/DDS dispo-
sition. Change of the individual formulation parameter can have profound effects on 
several stages/pathways of drug/DDS disposition. For instance, surface PEGylation 
of liposomes or nanoparticles reduces the magnitude of undesired pathways of 
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systemic disposition (e.g., aggregation, uptake by the MPS and endothelial cells; 
see Table  6.2 ) but also negatively affects the drug permeability to the “deep” parts 
of the tumor. In similar fashion, change of dimensions (diameter) of the nano-DDSs 
can systemically affect the biopharmaceutical, pharmacokinetic, and pharmacody-
namic parameters (e.g., the drug loading effi ciency and release kinetics, the effi -
ciency of the individual systemic and local disposition pathways, and anticancer 
treatment effectiveness). 

 These complex multifaceted effects of the formulation changes call for sys-
temic and quantitative analysis of factors that govern the systemic and local PK 
and PD of anticancer drug/DDSs. To this end, mathematical modeling analysis that 
incorporates the major drug, DDS, and tumor parameters (see Table  6.3 ) is war-
ranted. In addition to these parameters, the analysis should take into account the 
spatial heterogeneity of the tumor tissue (see Fig.  6.2 ) and tumor and patient vari-
ability factors [ 20 ]. For instance, it is well known that the extent of fenestration in 
the tumor vasculature is highly dependent on the tumor growth vs. vascular growth 
rate and the morphology of the specifi c tumor. Therefore, magnitude of the EPR 
effect in the specifi c tumor can range from high (Kaposi sacroma) to negligible 
(prostate or pancreatic cancer) [ 10 ,  12 ] and will affect the clinical effectiveness of 
anticancer DDSs.

   There are several examples of studies that attempted quantitative modeling 
analysis of drug/DDS disposition and reached conclusions regarding the design 
of anticancer drug/DDSs. Wittrup et al. analyzed the effects on drug/DDS size 
and decoration with targeting residues on their tumor uptake and provided quan-
titative predictions on the combined effects of these parameters [ 21 ]. Specifi cally, 
intermediate- sized targeting agents (MW ~ 25 kDa) were predicted to have the 
lowest tumor uptake, as compared to agents with smaller and bigger sizes. 
Based on the applied analysis, smaller agents can accumulate rapidly in the 

   Table 6.3    Major parameters that govern the intratumoral drug/DDS disposition and should be 
taken into account during design of effi cient anticancer therapies   

 Group  Parameter 

 Drug properties  MW 
 Lipophilicity (LogP) 

 DDS properties  Type and composition 
 Drug encapsulation effi ciency 
 Rate of drug release from the DDS 
 Surface properties of the DDS (zeta potential, decoration with 

targeting residues, PEGylation, etc.) 
 Tumor properties  Type and grade 

 Location and size 
 Vascularization and its heterogeneity, presence of necrotic regions 
 Fenestration of the capillaries 
 Overexpression of surface receptors/molecules 
 Presence of drug and DDS-metabolizing enzymes 
 Sensitivity to the drug 
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tumor but require high affi nity to the tumor antigens in order to be retained, 
whereas larger agents can have high retention even if their affi nity to the tumor 
is low [ 22 ]. Thurber and Weissleder applied systems approach to classify drug/
DDSs into four categories depending on whether their tumor uptake is limited 
by blood fl ow, extravasation, interstitial diffusion, or local binding and metabo-
lism [ 23 ]. 

 These and other modeling-based studies provide important insights into the 
interplay of parameters that govern the disposition of antitumor drug/DDSs. It is 
expected that more and more complex and detailed models will be applied to 
describe the complex interplay of these factors and to guide the design of antitumor 
DDSs. Specifi cally, it is expected that whole-body physiologically based models 
(see Fig.  6.1b ) will be increasingly used to analyze the drug/DDSs disposition (such 
as applied by Qin et al. [ 24 ]) and that these models will incorporate quantitative 
two- and three-dimensional analysis of drug/DDSs disposition based on noninva-
sive imaging techniques (e.g., PET, MRI, SPECT). 

 Based on the currently available data, it seems that quantitative modeling analy-
sis will be helpful for analysis and interpretation of the experimental data and for 
prediction of effect of the formulation changes on the drug/DDS disposition and 
will aid to the rational design of the anticancer treatments. However, it appears that 
the currently existing approaches for drug/DDS targeting to the tumor tissue have 
limited effi ciency and that new more potent targeting approaches are required to 
increase the effectiveness of anticancer treatment.   

6.3     Focal Anticancer Drug Delivery 

 To increase the drug concentrations in the tumor and limit the extra-tumoral 
effects, anticancer drugs can be delivered directly to the site of tumor. In order to 
form depot of the drug at the tumor site, focal DDSs are usually based on applica-
tion of either pre-formed or injectable implants, alone or in combination with 
tumor resection. For the general description of the types of implants that were 
proposed for focal drug delivery, the reader is referred to several recent reviews 
[ 25 – 28 ]. Majority of the focal DDSs that are presented in these reviews were 
evaluated in in vitro and preclinical settings, and only several types of focal DDSs 
have been approved for clinical use. The implants for focal drug delivery differ in 
their chemical composition, size, shape, number of layers, type of the encapsu-
lated drug/s, and the mechanisms and rate of drug release. For example, the 
Gliadel® wafers consist of carmustine-loaded microparticles (with the size of 
1–20 μm) that are compression- molded into wafers (14 mm diameter, 1 mm thick). 
Up to eight such wafers can be locally implanted into a brain cavity following 
resection of a brain tumor [ 29 ]. On the other hand, OncoGel® system is an aque-
ous solution of paclitaxel in biocompatible polymers that undergoes a reversible 
thermal gelation upon local injection to generate a thermosensitive, water-soluble 
implant [ 30 ]. 
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6.3.1     The Drug/DDSs Disposition Following Focal 
Administration 

 All the above mentioned formulation-related factors affect the intratumoral (and 
systemic) disposition of the anticancer drug following administration of the specifi c 
focal DDSs. The focal DDSs can be designed to release the encapsulated drug over 
a shorter or longer period of time (usually several hours up to several weeks or 
months). Moreover, the drug release can be constant (zero-order kinetics) or may be 
exhibiting a “burst effect” and/or multistage release kinetics. For example, release 
of carmustine from the Gliadel® wafers exhibits two phases: the induction period 
(“burst” release by diffusion of ~60 % of the drug over the fi rst ~10 h) followed by 
the erosion period (~5 days) [ 31 ]. Different types of mathematical models have 
been developed for analysis and prediction of the drug release from the focal 
implants (reviewed in [ 25 ]). 

 The intratumoral disposition behavior of the released drug is governed by the 
same processes, as previously described for the systemically administered DDSs 
(see Sect.  6.2.3 ). However, the resulting intratumoral gradient of anticancer drug 
concentrations is highly dependent on the DDS type. For systemically administered 
DDSs, therapeutic drug concentrations (i.e., drug concentrations that are suffi cient 
to exert cytotoxic effect) are obtained in vicinity to the DDSs deposition close to the 
blood vessels. On the other hand, for focally administered DDSs, therapeutic drug 
concentrations are attained in close vicinity to the DDSs (see Fig.  6.3  and images of 
intratumoral drug distribution in preclinical settings [ 32 – 34 ]).

   The major limitation of the currently existing focal DDSs is the very narrow (up 
to several millimeters) layer of the tumor tissue in vicinity to the DDSs that is 
exposed to the therapeutic drug concentrations [ 28 ]. The thickness of this layer is 
dependent on the balance between the release and disposition kinetics of the drug 
and can be reliably analyzed using noninvasive imaging-based or destructive ana-
lytical techniques (e.g., fl uorescence, MRI, radiolabeling) [ 34 ]. The ineffi cient 
intratumoral disposition of the drug poses a major limitation for the clinical effec-
tiveness of the focally administered DDSs. On the other hand, the drug that is escap-
ing from the tumor to other organs and tissues becomes effi ciently diluted. Therefore, 
the overall ratio of tumor vs. non-tumor drug concentrations for the focal DDSs is 
usually high (see examples in [ 35 ,  36 ]), and these systems are usually characterized 
by high safety (high therapeutic index).  

6.3.2     Modeling for Rational Design of Focal DDSs 

 Modeling analysis of the major factors that affect the intratumoral disposition of 
focally administered DDSs has been applied by several research groups, and several 
mathematical models have been developed for this purpose (reviewed in [ 28 ,  34 ]). 
For example, Fleming and Saltzman analyzed the intratumoral distribution of 
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carmustine eluted from Gliadel® implants [ 31 ]. Three pathways of drug transport 
were identifi ed: diffusion, convection derived from postoperative edema after the 
Gliadel® implantation (that resolved by 3 days after implantation), and an addi-
tional pathway (that was present in nonhuman primates, but not in rodents) that 
produced diffuse distribution of the drug through the entire brain. Simulations based 
on the two- and three-dimensional fi nite element models were consistent with 
enhanced drug penetration into the tumor after the implantation (5 mm at the end of 
the fi rst day) that reduced on subsequent days. 

 Tan et al. used a fi nite element 3D model of brain based on MRI reconstruction 
of brain geometry to compare the delivery of etanidazole to brain tumor from PLGA 
wafers with different drug release profi les [ 37 ]. Based on this model, zero-order 
release from the implant results in higher drug penetration depth and therapeutic 
index as compared to the double-burst profi le. A similar 3D model of brain has been 
used by Arifi n et al. to analyze the role of convective transport in carmustine intra-
tumoral distribution following Gliadel® implantation [ 38 ]. The authors concluded 
that convection is crucial for intratumoral distribution of carmustine and contributes 
to attaining therapeutic concentrations in the tissues adjacent to the implant during 
the fi rst postimplantation days. In additional publication, the authors used the same 
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  Fig. 6.3    Intratumoral disposition of the locally injected drug/DDS implant. This fi gure demon-
strates the major processes of intratumoral drug disposition following focal administration of an 
implant that degrades to form drug-loaded particles (DDSs), such as Gliadel®. The input of the 
drug from the implant and from the particles and its subsequent distribution and degradation lead 
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model to predict the effect of the drug physicochemical properties on the effi ciency 
of intratumoral disposition [ 39 ]. Under the same experimental conditions, the drug 
penetration into the tumor and buildup of effi cient concentrations was in the follow-
ing order: paclitaxel > 5-FU > carmustine > MTX. Simulations of intratumoral drug 
distribution using 2D model indicated that paclitaxel released from hydrogel 
(OncoGel®) and carmustine released from Gliadel® wafers are characterized by 
similar therapeutic penetration depth(1–2 mm) but lead to different duration of ther-
apeutically effective concentrations (30 days vs. 4 days, respectively) [ 40 ]. 

 Thus, the above mentioned mathematical models appear to be useful for analysis 
of the intratumoral drug disposition following focal drug/DDS administration, for 
identifi cation of the rate-limiting factors for drug disposition, and for choice and 
design drugs and implants with enhanced penetration depths and therapeutic indexes.  

6.3.3     Ways to Enhance Intratumoral Penetration of Focally 
Administered Drug/DDSs 

 The focal DDSs, which have been approved for clinical use (e.g., Gliadel® and 
OncoGel®), can substantially prolong the patient survival and are a valuable addi-
tion to the arsenal of anticancer treatments. Nevertheless, the currently existing 
focal DDSs have suboptimal performance which stems from the limited penetration 
depth of anticancer drugs from these implants into the surrounding cancer tissue. 

 To overcome this limitation, focal DDSs can be combined with additional 
approaches for enhanced intratumoral drug distribution (see Table  6.1 ). For exam-
ple, ultrasound may provide a useful tool to enhance delivery of therapeutics in the 
brain [ 41 ]. Similarly, radiofrequency ablation can be used to increase the penetra-
tion depth of anticancer agents to the brain and to prolong the duration of effective 
therapeutic concentrations in vicinity of the implant [ 34 ]. It is expected that math-
ematical models will be useful for the rational design of effi cient combination strat-
egies for focal anticancer drug delivery based on detailed analysis of intratumoral 
drug distribution. For instance, it has been predicted that antiangiogenic treatment 
has minimal effect on the convection by interstitial fl uid in the treatment domain 
and is not expected to enhance the penetration depth and duration of effective thera-
peutic concentrations in vicinity of the implant [ 39 ].   

6.4     Summary 

 Different approaches for targeted drug delivery for treatment of solid tumors have 
been developed. The types of formulations that are used for this purpose are based 
either on focal drug/DDS injection or on systemic administration of tumor-targeted 
drug/DDS. These two approaches can be used in combination with a plethora of 
targeting techniques and with treatments promoting the drug/DDS intratumoral 
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disposition. Currently available focally or systemically administered DDSs are 
characterized by low clinical effectiveness due to ineffi cient exposure of the target 
cells to the drug. 

 New strategies to enhance drug/DDS accumulation in the tumor (for the sys-
temically administered DDSs) and the intratumoral drug distribution (for both 
focally or systemically administered DDSs) are required to attain therapeutic drug 
concentrations in the target cells for suffi cient period of time and to increase the 
effectiveness of anticancer therapy. For rational design of these strategies, more 
detailed analysis of drug disposition following administration of focal or targeted 
DDS is required. 

 To this end, selective and sensitive analytical methods should be developed for 
analysis of the encapsulated and the free drug at the target site vs. other organs/tis-
sues/body fl uids and the resulting pharmacological effects. These methods should 
have high spatial resolution (i.e., be suitable for analysis of drug concentrations and 
effects in the different parts of the tumor, including the cells that are distant from the 
blood vessels). Based on these analytical methods, systemic analysis of the formu-
lation properties and their effect on the local and systemic pharmacokinetics and 
pharmacodynamics of the drug/DDS should be performed. Whole-body physiologi-
cally based mathematical models can be used to reveal the quantitative relationships 
between the studied parameters, to design new DDSs, to plan the preclinical and 
clinical studies, and to predict the anticancer effect for new types of DDSs and for 
different subsets of patients. It is expected that these analytical methods and math-
ematical models will be useful in design and development of new combined meth-
ods for enhanced permeation of the drug/DDS to the “deep” parts of the solid tumor 
that will increase the effectiveness of anticancer treatment.     
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7.1               Introduction 

 Gliomas are the most common primary tumor in the central nervous system. They 
arise from astrocytes, oligodendrocytes, or their corresponding precursors. They can 
be classifi ed histologically as astrocytomas, oligodendrogliomas, or tumors with 
both features known as oligoastrocytomas. Gliomas are divided into subcategories or 
clinical grades with grades I and II being benign tumors and grades III and IV (known 
as GBM) as the more malignant. GBMs not only develop from lower grade gliomas 
but also are thought to arise de novo [ 1 ]. The Cancer Genome Atlas Research 
Network determined that GBMs are heterogeneous intraparenchymal masses with a 
few outstanding and defi ning trademarks. These include a dysregulation of growth 
factor signaling by amplifi cation and mutational activation of receptor tyrosine 
kinase genes, the activation of the phosphatidylinositol-3-OH kinase (PI(3)K) 
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pathway, and the inactivation of the p53 and retinoblastoma tumor suppressor 
 pathways [ 2 ]. These data may lead to systematic and stratifi ed research and subse-
quent treatment options. The physiological barriers of the brain as well as the hetero-
genic properties and invasiveness of this tumor type have made brain tumor therapy 
challenging. Recurrence of malignant gliomas occurs most often within 2 cm of the 
original site of resection [ 3 ], leading to reoperations and additional treatments.  

7.2     Epidemiology of Primary Malignant Brain Tumors 

 Glioblastoma multiforme (GBM), a type of malignant brain tumor, is the most com-
mon brain tumor in adults [ 4 ], accounting for 60 % of all primary brain tumors [ 5 ]. The 
annual incidence of GBM in North America is 4–5 cases per 100,000 persons with the 
number of newly diagnosed patients being 10,000 people in North America and three 
million worldwide and with a peak incidence occurring in people over the age of 65 
[ 6 ]. Recent advances in diagnostic neuroimaging, surgical treatment, radiation therapy, 
and chemotherapy have improved median survival rates for people with GBM, pro-
longing survival from 9 months in the 1990s to 15–21 months currently [ 7 ,  8 ].  

7.3     Current Treatment Regimens for Malignant Primary 
Brain Tumors 

 The standard treatment for patients with newly diagnosed glioblastoma consists of 
maximal safe surgical removal of tumor mass, followed by 6 weeks of postoperative 
radiotherapy with concomitant systemic chemotherapy with the alkylating agent 
temozolomide (75 mg/m 2  daily), and complemented by 6 months of adjuvant 
temozolomide(150–200 mg/m 2 /day for 5 days of every 28 days). As discussed 
below, intraoperative implantation of BCNU-loaded chemotherapy (Gliadel) 
wafers further complements treatment in selected patients. A synergistic effect can 
be achieved when these strategies are combined effectively [ 8 ]. 

7.3.1     Surgical Resection 

 Despite multiple advances in our understanding of the pathophysiology, genetic 
pathways, and multifactorial nature of the tumor microenvironment of malignant 
gliomas, noninvasive therapies remain ineffective to date, and maximal safe micro-
surgical resection of accessible lesions still constitutes a vital component in the 
treatment of malignant gliomas. Besides providing defi nitive diagnosis through 
pathological analysis of the resected tumor and alleviating symptoms related to 
mass effect, the benefi ts of gross total resection when feasible have been shown to 
correlate with prolonged overall survival, increased progression-free survival, and 
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decreased dependence on supportive medications such as corticosteroids, thereby 
avoiding signifi cant side effects, among others. 

 Recently, several studies have provided further evidence of the advantageous 
effect of maximal safe gross total resection of gliomas. A retrospective large series of 
malignant gliomas including 416 patients surgically treated for initial or recurrent 
malignant glioma showed that removal of greater than 98 % of the visible tumor on 
MR imaging signifi cantly increased overall patient survival (median survival 13 
months vs. 8.8 months median survival for resections of less than 98 %,  p  < 0.0001). 
These results remained signifi cant when controlling for accessibility of the lesion for 
resection and patient performance status. Furthermore, the authors suggested that sub-
total resections that achieve at least 89 % removal of the lesion could also result in 
symptomatic benefi ts [ 9 ]. In 2008, Sanai and Berger [ 10 ] reported the results of a 
retrospective review of studies assessing the role of extent of resection of high- and 
low-grade gliomas. This analysis revealed 18 positive studies supporting the benefi ts 
of maximal safe gross total resection in high-grade gliomas. These results were 
further supported by the latest evaluation of the European Organization for Research 
and Treatment of Cancer-National Cancer Institute of Canada (EORTC-NCIC) 
study 26981–22981 (radiotherapy versus chemotherapy with temozolomide (TMZ)) 
that evaluated current “standard” treatments of glioblastoma [ 7 ]. In this study, patients 
who underwent radical resection and combined chemoradiotherapy presented sig-
nifi cantly longer overall median survival (18.8 months) than patients submitted to 
partial removal (13.5 months) or biopsy without resection and chemoradiotherapy 
(9.4 months). Similarly, Sanai et al. [ 11 ] recently presented a single institution, retro-
spective study of 500 patients with newly diagnosed glioblastoma treated with surgi-
cal resection, followed by standard chemotherapy and radiation. Multivariate analysis 
showed that the extent of resection of at least 78 % was an independent prognostic 
factor for improved outcome and resulted in median survival of 12.5 months. 
Progressive volumetric extent of resection determined by early postoperative MR 
imaging continued to be an independent prognostic factor for longer median survival, 
with 100 % extent of resection resulting in 16-month median survival. 

 Novel technologies such as intraoperative MRI (iMRI) [ 12 ] and fl uorescence- 
guided microsurgical resection [ 13 ] continue to increase our ability to achieve 
higher rates of maximal safe resection. Advantages of iMRI include identifi cation 
of residual tumor during resection, clarifi cation of anatomical landmarks distorted 
by manipulation during surgery, and accurate neuronavigational systems to guide 
further microsurgical resection. Fluorophores linked to tumor-specifi c antigens or 
proteins such as 5-aminolevulinic acid (ALA) have also been used with increasing 
frequency during glioma surgery, maximizing resection.  

7.3.2     Chemotherapy Regimens 

 In addition to surgery and radiation therapy, several chemotherapeutic agents have 
been used previously in the treatment of malignant gliomas, including lomustine, 
procarbazine, etoposide, carboplatin, tamoxifen, and irinotecan [ 14 ,  15 ], among 
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many others, with only modest effects in survival. Clinical    use of temozolomide, 
based on the 2005 multicenter, randomized trial by Stupp and colleagues, provided 
concrete evidence on the safety and effi cacy of an orally administered chemothera-
peutic agent in patients with histologically confi rmed glioblastoma [ 16 ]. 
Temozolomide acts by methylating DNA bases, which results in the formation of 
O6-methylguanine that activates and subsequently inhibits the cellular DNA mis-
match repair mechanism. These changes produce DNA double-strand breaks that 
result in apoptosis. The cellular repair enzyme O6-methylguanine-DNA methyl-
transferase (MGMT) removes these adducts and can counteract the effect of temo-
zolomide [ 17 ,  18 ]. Overexpression of MGMT therefore results in increased resistance 
to the drug. Resistance decreases with lower MGMT levels and is virtually absent 
in tumors in which the enzyme has been silenced by methylation of its promoter. 
This correlation has also been shown to carry prognostic signifi cance [ 19 ]. 
Temozolomide is generally well tolerated, with patients in one study receiving as 
many as 44 cycles of second-line treatment without cumulative toxicity [ 20 ]. In addition 
to temozolomide, BCNU-impregnated wafers can be placed intracranially at the site 
of tumor resection (Fig.  7.1 ).

   Antiangiogenic agents, i.e., bevacizumab, have been evaluated as an adjunct 
to chemotherapy. Bevacizumab is a humanized monoclonal antibody that inhibits 
vascular endothelial growth factor A (VEGF-A). This agent received FDA approval 
as monotherapy for the treatment of recurrent GBM [ 21 ], following the results of a 
randomized phase II study in patients with recurrent GBM at fi rst or second relapse 
(BRAIN) [ 22 ] and of a phase II single-arm study using bevacizumab monotherapy 
in heavily pretreated patients with recurrent GBM (NCI 06-C-0064E) [ 23 ]. There is 
an objective response rate of 26 %, PFS at 6 months of 36 %, and a median overall 
survival of 9.2 months for the monotherapy arm, as well as a 20 % response rate and 
a median duration of response of 3.9 months for the non-comparative study [ 24 ]. 
Treatment also resulted in a 50 % decrease in the use of corticosteroids due to 
reduced peritumoral edema [ 23 ]. A retrospective review of the effi cacy of bevaci-
zumab monotherapy as salvage treatment for alkylating agent refractory recurrent 
GBM reported PFS rates at 6 and 12 months of 42 and 22 %, with a partial radio-
graphic response in 42 % of patients. Toxicities associated with bevacizumab and 
other antiangiogenic agents include hypertension, proteinuria, fatigue, thromboem-
bolic events, and wound healing complications, among others [ 24 ]. Although these 
adverse events are rarely severe, rare life-threatening intracranial hemorrhages asso-
ciated with bevacizumab have been reported in 4.9 % of patients [ 24 ]. In addition, 
the antiangiogenic effect of bevacizumab on vascular permeability results in dimin-
ished contrast enhancement on CT or MRI scans, which may lead to overestimation 
of true antitumor activity and diffi culties in evaluating treatment responses.  

7.3.3     Radiation Therapy 

 A modest effect in survival has also been shown when chemotherapy is administered 
concomitantly with radiation therapy [ 25 ]. When treating gliomas with radiation 
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therapy, however, local recurrence results from biological intracellular and microen-
vironmental resistance of the tumor, as well as from inadequate targeting of the 
tumor site [ 26 ]. In addition, radiation toxicity is not infrequent and may result in 
necrosis, with associated injury to cortical and white matter structures leading to 
severe cognitive defi cits and in some cases focal neurological dysfunction from 
mass effect. Fractionated radiotherapy remains a vital component in the clinical 
treatment of malignant gliomas when used in combination with surgical resection 
and chemotherapy. Improvements in tumor-targeting technologies have increased 
its accuracy while minimizing the exposure of normal tissue resulting in fewer side 
effects. Experimental data of locally delivered radiation therapy has been encouraging 
but has not resulted in clinically tested effi cacious treatments.   

  Fig. 7.1    An illustration of combinatorial treatment for glioblastoma multiforme. Patients treated 
with temozolomide and Gliadel in addition to radiation therapy and surgical resection showed a 
median survival of 20.7 months [ 8 ]. For Domb’s Focal Controlled Drug Delivery (86143900)       
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7.4     Role of Blood–Brain Barrier (Neurovascular Unit) 
and the Tumor Microenvironment in Brain Tumor 
Pharmacotherapy 

 Although chemotherapy has been successful in treating many forms of cancers, 
several challenges exist when approaching the treatment of malignant gliomas. 
The main obstacles for the administration of systemic chemotherapy in treating 
malignant gliomas include the blood–brain barrier (BBB) [ 27 ], which normally 
consists of endothelial cells held together in tight junctions. These   , along with the 
basal lamina and adjacent astrocyte endfeet collectively form the neurovascular unit 
[ 28 ,  29 ]. The BBB creates a unique biochemical and immunological environment 
requiring high doses of chemotherapy to achieve penetration into the CNS, which 
can result in different forms of toxicity [ 30 – 32 ] and side effects. In its neuroprotective 
role, the BBB functions to hinder the delivery of these therapeutics to the brain. Many 
chemotherapeutic agents have large molecular structures, are charged or hydrophilic, 
and face signifi cant impedance on their way to the CNS [ 33 ,  34 ]. Once these therapeu-
tic agents do cross the BBB, it is in inadequate amounts, necessitating higher drug 
concentrations that often lead to toxicity. Furthermore, components of the BBB such 
as P-glycoprotein and multiple drug resistance protein 1 and 2 (MDR-1 and MDR-2) 
have limited drug penetration and induced resistance to certain chemotherapeutic 
agents [ 35 ,  36 ]. In order to circumvent the selective permeability of the BBB, 
different strategies such as vasoactive substances, carrier-mediated transporters, 
and localized exposure to high-intensity focused ultrasound, among others, have 
been tested with limited success [ 37 ].  

7.5     Challenges of Malignant Brain Tumor Therapy 

 Signifi cant and unique challenges are faced when treating malignant gliomas. Of 
particular note is this tumor type’s cellular heterogeneity which leads to rapid and 
aggressive relapse [ 38 ] after surgical resection. Radiotherapy is somewhat effective 
but limited by normal tissue toxicity. In addition, due to the blood–brain barrier’s 
protective and selective characteristics, standard chemotherapy has provided only 
modest improvements for glioma patients [ 38 ]. It is also thought that chemoresis-
tance and radioresistance may be attributable to a glioma stem cell population which 
may be responsible for this tumor type’s characteristically aggressive recurrence 
[ 38 ,  39 ]. Gliomas typically recur at the site of the initial tumor, usually within 2 cm. 

7.5.1     Treatment of Recurrent Tumors 

 Recurrent gliomas predominantly occur at the site of the original tumor [ 40 ]. Repeat 
surgery is conducted when feasible, in addition to chemotherapy and radiotherapy. 
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Radiotherapy can be in the form of traditional radiotherapy or stereotactic radiosur-
gery. Fractionated stereotactic radiosurgery can offer an accurate focused way to 
deliver radiation and sometimes spares normal tissue that would otherwise be at risk 
with conventional radiation. The combination of radiotherapy and chemotherapy is 
also utilized for the treatment of recurrent tumor. There have been several clinical 
trials using this combination with varying degrees of effi cacy. A retrospective anal-
ysis by Cuneo et al. which included [ 41 ] 63 patients with recurrent glioma who 
received stereotactic radiosurgery in addition to bevacizumab treatment showed that 
the combination was well tolerated and seemed associated with improved outcomes. 
A modifi ed temozolomide dosing regimen in combination with stereotactic radio-
surgery has also been explored for patients with recurrent glioma [ 42 ]. This combi-
nation can be associated with modest survival benefi ts as well as a low risk of 
complications. Many other agents that have shown promise in preclinical studies 
have been utilized for the treatment of recurrent glioma, such as gefi tinib, vande-
tanib, and sunitinib, with varying degrees of success [ 43 ]. However, due to the com-
plexity of this tumor type, clinical trials have not led to one overwhelming agent that 
has shown uniform or impressive effi cacy.   

7.6     Focal Drug Delivery Systems for Malignant Primary 
Brain Tumors 

7.6.1     Implantable Catheter Systems 

 Multiple alternatives to systemic delivery routes have been developed. Implantable 
intracranial catheter systems were among the fi rst to be tested clinically. These 
catheter/pump systems are surgically implanted into the brain at the resection cavity 
and permit the constant infusion of drugs over extended periods of time to the tumor 
bed but are prone to mechanical failure, infection, and obstruction from tissue debris 
and clots, with these complications often requiring a second intervention. 
Furthermore, when placed in solution, several drugs may change their chemical 
properties before reaching the desired site. Intracavitary balloon catheters have also 
been tested clinically. This system consists of an infl atable balloon catheter that is 
placed within the surgical cavity with a radiation source in solution that is delivered 
through the catheter into the surrounding brain tissue. After completion of therapy, 
the balloon is then removed and the catheter surgically explanted. Two studies 
found this type of catheter to be useful in the treatment of new and recurring GBM 
[ 44 ,  45 ], while another found the catheter to achieve the same median patient sur-
vival time and duration of functional independence similar to those achieved with 
resection plus whole-brain radiation therapy [ 46 ]. Another study explored the pos-
sibility of leakage from the balloon and raised signifi cant safety concerns [ 47 ]. 
Another catheter system used for brain tumor therapy is the Ommaya reservoir. 
This system introduced by Dr. Ayub Ommaya in 1963 consists of a catheter placed 
in one of the anterior horns of the lateral ventricles attached to a reservoir implanted 
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under the scalp. Chemotherapeutic agents are injected percutaneously into the reservoir 
and upon compression of the reservoir are delivered to the target. The Ommaya 
reservoir is commonly used in the context of meningeal dissemination, when tumor 
cells migrate to the brain surface and subarachnoid space via the cerebrospinal fl uid 
(CSF) and start to proliferate there [ 48 ]. This device allows for injection of thera-
peutic agents over an extended period of time but requires surgical intervention 
for removal in cases of infection or at the end of the therapeutic cycle and is not 
commonly used in the treatment of malignant gliomas.  

7.6.2     Convection-Enhanced Drug Delivery 

 Convection-Enhanced Drug Delivery (CEDD) is also a catheter-based delivery 
system that requires implantation into the resection cavity and removal at the end of 
the treatment. Drugs are delivered through one of the several catheters placed 
stereotactically within a tumor mass or around the resected cavity [ 49 ,  50 ]. CEDD 
utilizes continuous injection of a fl uid containing a therapeutic agent under positive 
pressure. Several preclinical studies in animal models of GBM have shown pro-
longed survival using a variety of chemotherapeutics. For instance, Lopez and col-
leagues showed that topotecan, a topoisomerase I inhibitor, administered by CEDD, 
signifi cantly improved survival [ 51 ]. In this study, a rat model of GBM was made by 
selectively targeting adult glial progenitors to overexpress platelet-derived growth 
factor (PDGF). These PDGF-driven induced tumors recapitulated the    histological 
features of the human GBM. Topotecan was then directly infused into the tumor and 
surrounding brain through the interstitial space via CEDD. Median survival of the 
control animals was 20 days, and animals given topotecan on days 1,4, and 7 by 
CEDD showed a median survival of 23, 31, and 54 days, respectively. In another 
study by Dickinson and colleagues [ 52 ], CEDD of liposomal nanoparticles contain-
ing gadolinium and the chemotherapeutic agent irinotecan (CPT-11) was examined 
in four laboratory dogs. Monitoring of CEDD was done by real-time sequential MRI, 
and volumes of distribution were calculated from these MR images and histology. 
Infusion variability was observed in the gray matter, and leakage into the ventricular 
and subarachnoid spaces was observed. Other complications included mild transient 
proprioceptive defi cits, focal hemorrhage in one dog, and focal and mild perivascu-
lar, nonsuppurative encephalitis in another dog. Although consistent delivery and 
minimal adverse effects were shown in this study, the authors also commented on 
problems associated with scale of delivery, chemotherapeutic effi cacy, and the 
potential for local and systemic toxicity. The pressure gradient and heterogeneity of 
drug distribution within the tumor itself might act as limiting factors in drugs delivered 
by this method [ 53 ]. These and other preclinical studies were the basis for completed 
and ongoing clinical trials. 

 A randomized phase III trial evaluated the survival of patients treated with cin-
tredekin besudotox (CB), a fusion protein comprised of human IL-13 and a mutated 
form of Pseudomonas aeruginosa exotoxin A (IL13-PE), delivered by CEDD and 

B.M. Tyler et al.



177

compared it with the survival of patients treated with Gliadel wafers [ 54 ]. This study 
enrolled patients at fi rst recurrence of GBM in 52 clinical centers worldwide. In the 
184 patients given CB, a median overall survival of 36.4 weeks was observed in 
comparison to a median overall survival of 35.3 weeks for the 92 patients in the 
control group given Gliadel wafers. No survival difference between CB adminis-
tered by CEDD and treatment with Gliadel wafers was observed, but future studies 
should include drug distribution assessment. Experience with the CEDD trials indi-
cates that a rigorously standardized and executed protocol must be applied in differ-
ent centers to ensure exact and reproducible drug delivery [ 55 ] and to ascertain that 
a biologically signifi cant effect can be accomplished by this method. An ongoing 
study is evaluating a novel antibody-based treatment, Cotara, delivered via CEDD 
that utilizes a radiolabeled antibody specifi c for a DNA/histone (H1) complex; the 
results of the phase I study showed feasibility and safety of this therapy, and further 
testing is currently ongoing [ 56 ,  57 ]. A phase I/II trial with 15 patients led by Lidar 
and colleagues analyzed CEDD of paclitaxel in patients with recurrent malignant 
glioma. Of the 15 patients, 5 had a complete response, and 6 had partial responses, 
resulting in a 73 % response rate. The treatment, however, was associated with a 
signifi cant incidence of treatment-associated complications [ 58 ]. 

 Despite encouraging successes in preclinical studies and early clinical testing, 
penetration of drugs delivered via CEDD remains limited as delivery occurs primarily 
into the inner necrotic or nonmigratory tumor core [ 49 ], with limited penetration to 
the outer edge of the tumor where gliomas tend to recur most frequently. Furthermore, 
infused agents may leave targeted areas and leak into either the ventricles or healthy 
sulci [ 59 ]. Improved penetration has been attempted with implantation of multiple 
catheter, but which also increases the potential for surgical morbidity [ 49 ].   

7.7     Controlled-Release Polymers and the Development 
of Gliadel 

 Another alternative method for local drug delivery involves the use of controlled- 
release polymers. The fi rst generation of these polymers involved nonbiodegradable 
diffusing matrices capable of incorporating and releasing macromolecules in a sus-
tained fashion. The second generation involved biodegradable polymers with simi-
lar release properties. In    1976, Langer and Folkman [ 60 ] reported the fi rst successful 
release of macromolecules from a polymer system in vivo. Nonbiodegradable 
implantable polymer systems are currently used in the treatment of GBM [ 61 – 63 ], 
glaucoma [ 64 ], dental disease prevention [ 65 ], contraception [ 66 ], and delivery of 
leuprolide, a GnRH analog used in the treatment of advanced hormone-responsive 
prostate cancers [ 67 ]. A biodegradable polymer permits drug delivery through a 
combination of polymer degradation and drug diffusion. One of the early biode-
gradable polymers to be introduced was the poly-lactide-co-glycolide (PLGA), 
which was rapidly introduced for clinical use in the development of absorbable 
surgical suture [ 68 ,  69 ] The PLGA polymers can also be shaped into injectable 
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microspheres, thus allowing direct intra-tumoral administration [ 70 ]. A biodegradable 
polymer with time-dependent erosion in addition to drug diffusion had to be devel-
oped in order to implement it in clinical trials for brain tumor therapy. This would 
eliminate the need for surgical removal and control the drug concentration through-
out a given time period. In 1985, Leong and colleagues [ 71 ] reported the develop-
ment of a poly(bis(p-carboxyphenoxy)-propane (PCPP): sebacic acid (SA) or 
PCPP:SA matrix. This copolymer could release incorporated drugs in a sustained 
fashion through the formation of dicarboxylic acids via a spontaneous reaction with 
water. The prevention of hydrolysis and enzymatic degradation is due to the poly-
mer’s extremely hydrophobic properties. Furthermore, zero kinetic degradation of 
the polymer matrix is conducive to the release of a biologically active drug for pro-
longed periods at steady concentrations. Without this quality, drugs would have half-
lives of a few minutes, similar to systemically administered agents. The degradation 
rate of the PCPP:SA polymer can be altered by changing the ratio between the mono-
mers of carboxyphenoxypropane (CPP) and sebacic acid (SA). Another important 
quality is that by varying temperature and pressure, this polymer can take on different 
forms such as wafers, rods, sheets, and microspheres [ 72 – 75 ]. These polymers caused 
only minimal infl ammatory reactions which are similar to the infl ammation observed 
with common surgical hemostatic implants, and a study done on cynomolgus monkeys 
showed no signs of behavioral, neurological, or hematological changes [ 76 ]. 

 Carmustine (BCNU) has been used as a systemic agent in the treatment of brain 
tumors with limited survival benefi t [ 77 ,  78 ]. BCNU can alkylate the nitrogen bases 
of DNA and has dose-limiting side effects such as bone marrow suppression and 
pulmonary fi brosis with a relative short half-life of less than 15 min. These proper-
ties made BCNU an ideal candidate for incorporation into a polymer matrix for 
intracranial delivery. In preclinical studies, BCNU was delivered via PCPP:SA 
polymers in order to determine the biodistribution of the drug [ 79 ]. Further studies 
in cynomolgus monkeys documented tumoricidal concentrations of intracranially 
released BCNU delivered by 20 % PCPP:SA polymers at 4 cm from the implantation 
site at 24 h, 2 cm on day 7, and 1.3 cm on day 30 post-administration [ 80 ]. A study 
done by Tamargo and colleagues [ 81 ] demonstrated that Fischer 344 rats implanted 
with subcutaneous and intracranial 9L gliosarcoma tumors experienced a statisti-
cally signifi cant improvement in survival after local delivery of BCNU when com-
pared with control animals treated with empty polymers or intraperitoneal injections 
of BCNU. All of these fi ndings paved the way for clinical testing of BCNU-loaded 
PCPP:SA polymers. 

7.7.1     Clinical Testing of Gliadel 

 Starting in 1987, a multicenter phase I/II clinical trial was initiated to assess the 
safety of 20:80 PCPP:SA BCNU-loaded polymers intracranially implanted in 
humans [ 82 ]. Only patients with recurrent malignant gliomas and previous surgical 
debulking were included. Other inclusion criteria included failure of standard 
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therapy, a Karnofsky performance score ≥60, and no exposure to nitrosoureas during 
the 6 weeks prior to polymer implantation. Twenty-one patients were enrolled and 
each given a maximum of eight wafers, each weighing 200 mg. The BCNU polymer 
was given in three different formulations: 1.93, 3.85, and 6.35 %. There was no 
evidence of systemic toxicity or signs of neurological deterioration following poly-
mer implantation. Further blood chemistry and urinalysis tests did not reveal any 
signs of bone marrow, hepatic, or renal injury. Treated patients experienced a 
median survival of 46 weeks after polymer implantation and 87 weeks after initial 
diagnosis. Of 21 patients with recurrent malignant gliomas, 8 (38 %) survived >1 
year. These positive results led to a phase III clinical trial [ 61 ]. This study investi-
gated 3.8 % BCNU PCPP:SA polymers (Gliadel) for treatment of recurrent malignant 
gliomas in 222 patients at 27 medical centers throughout North America. The selec-
tion criteria were identical to those used for the phase I/II study, with the additional 
provision that no chemotherapy was permitted 4 weeks preoperatively and no nitro-
soureas were allowed for 6 weeks prior to polymer implantation. One hundred and 
ten patients received BCNU wafers, while 112 patients received the placebo. Overall 
postoperative median survival was 31 weeks for the BCNU-treated group and 23 
weeks for the placebo group. The 6-month survival rate was 60 % in the treatment 
group and 47 % in the placebo group. There was a 50 % increase in the survival for 
glioblastoma patients treated with Gliadel in comparison with those treated with 
placebo. As shown in prior studies, the BCNU polymer treatment was confi rmed as 
being safe and effective, with no evidence of systemic toxicity. This was the pivotal 
study leading to the FDA approval of 3.85 % BCNU-loaded PCPP:SA wafer 
(Gliadel) for the treatment of recurrent glioblastoma in 1996. 

 In order to determine the safety and effi cacy of 3.85 % BCNU-loaded PCPP:SA 
polymers as an initial treatment of malignant brain tumors, a phase I/II study was car-
ried out with 22 patients who underwent surgical debulking and implantation of up to 
eight wafers [ 83 ]. All patients received standardized external beam radiation therapy 
postoperatively. The study showed a median survival of 42 weeks for the treatment 
group, with four patients surviving >18 months. This clinical study established that 
Gliadel was safe and well tolerated when combined with radiation therapy for patients 
with newly diagnosed malignant gliomas. These results prompted a phase III clinical 
trial [ 62 ]. The study, originally planned for 100 patients, was interrupted due to tem-
porary drug unavailability; therefore, 32 patients were entered in the study. The 
applied admission criteria were similar to the phase I/II study except that a histopatho-
logical diagnosis of a malignant glioma was required by intraoperative frozen sec-
tions. Five anaplastic astrocytoma and 27 glioblastoma patients were randomized to 
receive either placebo or BCNU wafers (61.6 mg of BCNU) after maximal surgical 
resections; patients also underwent radiation therapy. The median survival was 58.1 
weeks for the Gliadel-treated patients, whereas it was 39.9 weeks for the placebo arm 
( p  = 0.012). The subpopulation of glioblastoma patients had a median survival of 53.3 
weeks when treated with Gliadel versus a median survival of 39.9 weeks when treated 
with the placebo. The results further indicated the 1-, 2- and 3-year survival rates to be 
63, 31, and 25 %, respectively, for the Gliadel group in comparison with 19, 6, and 
6 % for the placebo group. As with prior studies, no signs of systemic or local toxicity 
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attributable to the polymer were noted. A third randomized, prospective, placebo-
controlled clinical study was then carried out to further defi ne the role of Gliadel as an 
initial therapeutic modality [ 63 ]. A total of 240 adult patients who underwent initial 
surgical resection for a high-grade malignant glioma were entered into the study. 
BCNU wafers (Gliadel) or placebo wafers were surgically implanted at the site of 
initial resection and followed by radiation therapy 2–3 weeks later. The primary end 
point for this study was survival; the median survival was 13.9 months for the intent-
to-treat group compared with 11.6 months for the placebo group. The study indicated 
that the overall risk of death during the 3–4 years posttreatment was reduced in the 
Gliadel wafer treatment group. Treatment with Gliadel resulted in a 27 % reduction in 
the risk of death over the course of the study. In the Gliadel group, 16 % of patients 
were alive at 2 years, and 9 % were alive at 3 years, compared with 9 and 2 %, 
respectively, in the placebo group. A subsequent preclinical study was conducted to 
improve the therapeutic effi cacy of Gliadel wafers [ 84 ]. This study showed that 
effi cacy can be enhanced by increasing the BCNU loading dose to 20 % without 
generating local or systemic toxicity. Based on these fi ndings, on February 26, 
2003, the FDA approved Gliadel for use in newly diagnosed patients with high-
grade malignant gliomas as an adjunct to surgery and radiation therapy. A National 
Institute of Health-funded dose- escalation trial at 11 medical centers in the USA 
was designed to evaluate the safety of Gliadel wafers between 6.5 and 20 % BCNU 
in patients with recurrent malignant brain tumors. This phase I/II escalation study 
established that the maximal nontoxic loading dose was 20 % [ 85 ].  

7.7.2     Further Clinical Experience with Gliadel 

 The relatively wide use of Gliadel has given rise to several recent studies further 
discussing its effi cacy in the management of malignant gliomas. Attenello and col-
leagues reported the 10-year institutional experience at Johns Hopkins on 288 
patients undergoing resection for malignant glioma and found that the Gliadel wafer 
was not associated with an increase in perioperative morbidity after surgical treatment 
for malignant astrocytoma [ 86 ] with Gliadel patients reaching a median survival of 
>13 months [ 62 ,  63 ]. Moreover, Gliadel increased median survival after revision 
resection for recurrent glioma to a median survival of 11.3 months, higher than was 
reported previously [ 61 ] and higher than the control in this study. Furthermore, rates 
of morbidity between Gliadel and non-Gliadel groups were similar, despite patients 
being slightly older in the Gliadel group. The report also mentions that the incidence 
of meningitis and CSF leaks with Gliadel are similar to those of control patients. 
There was no statistically signifi cant difference in the pulmonary embolism rate 
between Gliadel-treated patients and controls nor any difference in perioperative 
complications, CSF leaks, wound healing complications, postoperative seizures, 
symptomatic malignant edema, tumor bed cysts, or meningitis. 

 Chaichana and colleagues retrospectively examined the effi cacy of Gliadel in 
prolonging survival for patients aged 65 years or older [ 87 ]. With an average age of 
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73 ± 5 years, 45 patients treated with Gliadel were compared to 45 matched historical 
control patients. No differences were seen in pre- and perioperative variables, 
although patients treated with Gliadel demonstrated an 8.7-month survival rate, 
while median patient survival was 5.5 months in the matched control group. This 
prolonged survival of patients treated with Gliadel was also demonstrated in a sub-
group of the study with patients older than 70 years and 75 years who were given 
carmustine wafers than same-aged control patients. McGirt et al. reported that in 
those patients treated with temozolomide and Gliadel in addition to radiation 
therapy and surgical resection, a median survival of 20.7 months was reached with 
a 2-year survival rate of 36 % [ 8 ]. 

 Gliadel has also been tested against metastatic cell lines in animal models with 
good results [ 88 ], and a study in which Gliadel and radiation therapy were given 
together to patients with a single brain metastasis following surgical resection has 
also been reported [ 89 ]. This study was comprised of 25 patients with a single 
supratentorial metastatic lesion, who underwent surgical resection, Gliadel treat-
ment, and whole brain radiation therapy. There were no local recurrences, four 
patients relapsed in a different anatomical area in the brain, and two patients relapsed 
in the spinal cord. Median survival was 33 weeks; 33 % of patients survived 1 year, 
and 25 % survived 2 years.   

7.8     Other Polymer-Based Therapies 

7.8.1     Microspheres, Nanospheres, and Other Nanoparticles 

 Micro- and nanospheres have been tested as potential delivery systems for brain 
tumor therapy [ 90 – 92 ]. Ranganath and colleagues [ 93 ] demonstrated that paclitaxel 
microspheres achieved signifi cant tumor inhibition in glioblastoma xenograft mod-
els in mice. A 30-fold tumor inhibition and low proliferation index after 41 days of 
treatment was seen in nano-fi ber paclitaxel discs in mice when compared to con-
trols. In a different study, Gil-Alegre and colleagues manufactured biodegradable 
microspheres of BCNU at a mean size of 35 μm [ 94 ]. In vitro studies treating human 
glioblastoma cells showed a sustained release of BCNU from microspheres over a 
period of 21 days. The authors noted that 320 mg of microspheres contain 61.6 mg 
of BCNU, which is the same amount of BCNU contained in 1,600 mg or eight 
wafers of Gliadel. The authors proposed a stereotactic intracranial administration 
by needle injection, which could benefi t patients with lesions not amenable for 
resection or debulking. 

 An in vivo study in mice carried out by Benny and colleagues tested injections of 
225 μg of imatinib mesylate, a small-molecule tyrosine kinase inhibitor, loaded into 
PLGA microspheres, in mice orthotopically challenged with U87 and the GL261 
gliomas [ 90 ]. A single local injection of PLGA microspheres loaded with imatinib 
mesylate loaded at a low concentration led to 88 and 79 % reduction in subcuta-
neous (s.c.) U87 and GL261 tumors, respectively. Intracranial injections of the 
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same formulation led to a 79 % reduction in tumor volume in U87-implanted 
animals. Immunohistochemistry showed marked decrease in proliferation indices 
and tumor vessel density in the s.c. model and induction of apoptosis in an intracranial 
model [ 90 ]. 

 While the therapeutic use of nanospheres remains in developmental stages, the 
use of nanospheres as biomarkers in gliomas is rapidly evolving. Kantelhardt and 
colleagues were able to use target probes and demonstrate highly specifi c staining of 
tumor tissue compared with normal brain both in biopsies of high-grade and low- 
grade gliomas. They were also able to clearly distinguish tumor cells in low-grade 
biopsies where no enhanced MRI image was obtained [ 95 ]. By using gadolinium- 
containing endohedral fullerenes, which are highly effi cient nanosphere-particle 
contrast agents for MRI, and conjugating them to a tumor-specifi c peptide, Fillmore 
and colleagues [ 96 ] successfully targeted brain tumor cells overexpressing the IL-13 
receptor. A successful demonstration of the potential specifi c therapeutic targeting 
of tumor cells was achieved. This enhanced uptake refl ects increased specifi city of 
these targeted nanospheres to human glioma cells overexpressing the IL-13 recep-
tor. Another biomarker example which might help in the future treatment of gliomas 
is quantum dots, nanoparticles resistant to chemical and metabolic degradation, 
demonstrating long-term photostability that are detectable on MRI. Nance et al. 
describe how modifying the poly(ethylene glycol) coating of nanoparticles can 
increase penetration into brain tissue allowing for more rapid and effi cient diffusion 
[ 97 ]. Ardnt-Jovin and colleagues have shown a clear demarcation between brain and 
tumor tissue [ 98 ] by using glioma mouse models and human brain tumor biopsies. 
A further demonstration of effective delivery with signifi cant concentrations into 
brain tumor tissue was seen in orthotopically implanted mice. 

 Nanoparticles can be injected systemically and are able to cross the BBB to 
deliver a host of effi cacious substances, such as DNA plasmids, protein, vectors, 
RNA, and siRNA [ 99 ]. Synthetic siRNAs have been shown to silence genes in vivo 
that are important for the pathogenesis of GBM [ 100 ]. There are currently several 
early-stage clinical trials testing nanoparticles and liposomes in patients with malig-
nant gliomas.   

7.9     The Use of Microchips for Drug Delivery 

 Microchips are implantable reservoirs capable of delivering multiple agents at 
predetermined times. There are two types of microchips, active and passive. Both 
allow for programmed release of individual compounds, and neither manipulates 
the compound to be delivered chemically, thereby allowing the compound to remain 
in a bioactive and bioavailable state. Both chips are biocompatible and small enough 
in size for intracranial implantation in the rodent. 

 Active microchips, microelectromechanical systems (MEMS), utilize implantable 
solid-state silicon constructs that provide controlled release of multiple microreser-
voirs [ 101 – 103 ]. This system allows programming of delivery of different contents 
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from separate microreservoirs at specifi c periods of times, providing multiple 
combinations of drugs working together or being released at different time intervals 
[ 101 ]. In a study by Li et al., the MEMS device was used to locally deliver the 
chemotherapeutic agent, BCNU, to experimental tumors in rats [ 104 ]. This delivery 
resulted in dose-dependent inhibitory effects on tumor growth, as effective as equi-
potent subcutaneous injections of the same drug. An intracranial MEMS- based 
device has been developed to deliver the clinically utilized chemotherapeutic temo-
zolomide (TMZ) in a rodent glioma model [ 103 ]. The safety of implanting the 
device intracranially was confi rmed, and TMZ delivered from the device was effec-
tive at prolonging animal survival in a 9L rodent glioma model. Further optimiza-
tion using this MEMS device to deliver chemotherapeutic drugs in combination 
could be examined because of the unique capability of the device to precisely con-
trol the temporal release profi les of multiple substances. 

 Passive microchips are based on slow degradation of a thin polymeric membrane 
covering each reservoir of drug. This microchip could deliver multiple drugs on 
demand based on the specifi c brain tumor pathology of the patient. Kim et al. used 
a syngeneic Fischer 344 9L gliosarcoma rat model to study the tumoricidal effects 
of a microchip incorporating BCNU [ 105 ]. Tumors treated with 1.24 mg of BCNU 
showed signifi cant tumor reduction compared to empty microchip controls. More 
recently, Scott et al. used the passive microchip to locally release temozolomide to 
treat the rodent 9L intracranial gliosarcoma model [ 106 ]. These in vivo effi cacy results 
showed that the intracranial delivery of temozolomide from the microcapsule device 
prolonged animal survival. This drug delivery method may offer a unique form of 
treatment for brain tumors.  

7.10     Other Non-focal Therapies for Malignant Primary 
Brain Tumors 

7.10.1     Immunotherapy and Tumor Vaccines 

 Another proposed antiglioma strategy involves activation of the patient’s immune 
system against their cancer cells. First proposed by Coley in the late 1800s for the 
treatment of systemic sarcoma, heat-neutralized bacteria were injected to generate 
a potent infl ammatory response that would recruit suffi cient immune cells to favor 
recognition of tumor antigens by the native immune system resulting in acquired 
immunological memory and vigorous antitumor responses [ 107 ]. Following multiple 
promising preclinical experimental results, well-controlled clinical trials involving 
immunotherapy against cancer are currently underway. In 2010, the therapeutic 
cancer vaccine sipuleucel-T was shown to increase median survival from 21.7 to 
25.8 months in men with metastatic castration-resistant prostate cancer [ 108 ]. 
This prostate cancer vaccine involves harvesting the patient’s peripheral blood 
mononuclear cells, activating them with a recombinant fusion protein, and 

7 Treatment of Brain Tumors



184

reintroducing the activated cells back into the patient. Another recent immunotherapy 
trial involved a monoclonal antibody (ipilimumab) against cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4), which downregulates pathways of T-cell activation. 
Administration of ipilimumab in unresectable stage III or IV melanoma resulted in 
an increase in median survival from 6.4 to 10 months [ 109 ]. 

 There are numerous ongoing and completed clinical trials investigating the role 
of immunotherapy in the treatment of primary malignant brain tumors [ 110 ,  111 ]. 
These approaches can be grouped into three main categories. The fi rst involves har-
vesting the patient’s dendritic cells, activating them with tumor-associated antigens, 
and reinfusing them back into the patient. One example of this approach involves 
exposing harvested dendritic cells to peptides from the surface of autologous glioma 
cells [ 112 ]. Reintroduction of these dendritic cells resulted in T-cell infi ltration of 
the glioma in two of four patients who underwent reoperation after vaccination. 
The second involves harvesting the patient’s lymphocytes, nonspecifi cally activating 
them, and reinfusing them back into the patient. In a 40-patient trial using this 
approach, harvested peripheral blood mononuclear cells were incubated with inter-
leukin- 2 and reinfused back into the patient [ 113 ]. The last category involves 
directly injecting into the patient immune-stimulatory materials, such as inactivated 
tumor cells [ 114 ] and/or cytokines [ 115 ]. Although immunotherapy for primary 
malignant brain tumors seems promising based on preliminary results, randomized 
controlled trials are required to determine whether this approach can indeed increase 
median survival.  

7.10.2     Angiogenesis Inhibitors 

 In the early 1970s, Folkman and colleagues postulated that formation of new blood 
vessels or “angiogenesis” was a vital process for tumor growth and proliferation 
[ 116 ]. In 1989, the primary signaling factor responsible for angiogenesis was identi-
fi ed and named vascular endothelial growth factor (VEGF) [ 117 ,  118 ]. Eight years 
later, a humanized monoclonal antibody against VEGF was developed [ 119 ]. 
In clinical trials, addition of the anti-VEGF antibody bevacizumab to standard ther-
apies increased median survival in metastatic colon cancer from 15.6 to 20.3 months 
[ 120 ] and in non-small-cell lung cancer from 10.3 to 12.3 months [ 121 ]. 

 Glioblastoma is recognized as one of the most angiogenic tumors [ 122 ], and many 
angiogenesis inhibitors [ 123 ], including DC101 (a monoclonal antibody against 
VEGF receptor 2) [ 124 ], the tetracycline antibiotic minocycline [ 125 ], angiostatin 
[ 126 ], and endostatin, have been shown to be effective against brain tumors in animal 
models [ 127 ]. One of the fi rst clinical trials of an angiogenesis inhibitor in the treat-
ment of primary brain cancer was performed in the early 2000s and involved thalido-
mide [ 128 ,  129 ]. However, it was unclear whether the addition of thalidomide 
increased survival, and enthusiasm for this approach diminished. More recently, 
phase II clinical trials of bevacizumab and irinotecan in recurrent glioblastoma were 
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published [ 22 ,  130 ,  131 ], and the United States Food and Drug Administration (FDA) 
approved bevacizumab for the treatment of recurrent glioblastoma [ 23 ]. However, it is 
currently controversial whether bevacizumab is effective at increasing median sur-
vival in glioblastoma [ 132 ]. Bevacizumab is known to alter the BBB, resulting in 
changes of the enhancing tumor area on MR imaging [ 133 ], which is used to deter-
mine progression-free survival in phase II trials; therefore, potential masking of resid-
ual or recurrent tumor cells could occur. Although promising, further randomized 
controlled studies involving bevacizumab with median survival as the primary end 
point are required to clarify its benefi cial effects on glioblastoma.  

7.10.3     Gene Therapy 

 Gene therapy strategies have been investigated as possible candidates for brain 
tumor therapy. Gene therapy is defi ned as the “targeted transfer of genetic material 
into tumor cells for therapeutic purposes” [ 134 ]. There have been many promising 
gene therapy candidates over the last decade. Of these, retroviral and adenoviral 
vectors have been the most commonly used for delivery of antiglioma therapeutic 
genes [ 99 ]. One of the most commonly used strategies is the enzyme–prodrug 
suicide gene therapy system, which is designed to spare normal CNS cell types 
while maintaining high specifi city for tumor targeting with potential tumoricidal 
effects. Suicide gene therapy inhibits cell division by blocking DNA replication. 
Tumor cells are transfected with a gene that encodes for an enzyme that converts a 
systemically delivered prodrug into an active drug that is toxic to tumor cells [ 99 ]. 
This therapy may also induce the “bystander effect” which allows the toxic metabolites 
to kill tumor cells distal from the original tumor site and which were not originally 
transduced with the therapeutic gene [ 99 ]. While this has shown promise in prelimi-
nary animal models, that success has not yet translated as effectively in human clinical 
trials. A large phase III clinical evaluation of the herpes simplex virus type 1 thymidine 
kinase in combination with systemically administered ganciclovir included 248 
newly diagnosed GBM patients [ 135 ]. The therapy was shown to be well tolerated, 
but there was no signifi cant difference in survival between the group that received the 
gene therapy and the control group. The authors attributed the limited effi cacy to a 
poor rate of delivery of the HSV-tk gene therapy to tumor cells and commented on 
the need for new noninvasive methods for in vivo assessment of transduction rates 
as well as for improved delivery of the prodrug across the BBB to the transduced 
tumor cells. 

 To increase transduction effi ciency, conditionally replicating tumor-selective 
oncolytic viruses have been developed. These are tumor-targeting and replication- 
competent viruses that have also been extensively studied in both preclinical and 
clinical settings. The fi rst-generation trials have shown viral replication but with 
limited evidence of antitumor effi cacy [ 136 ]. These have now been modifi ed and are 
currently in phase I safety studies with optimism for future effi cacy.  
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7.10.4     Small-Molecule Inhibitors and Monoclonal Antibodies 

 Epidermal growth factor receptor (EGFR) is the most amplifi ed gene product seen 
in GBMs [ 137 ]. EGFR inhibition in GBM has included the use of small-molecule 
tyrosine kinase inhibitors, monoclonal antibodies, and immunotoxin conjugates. 
Although erlotinib, a reversible single-agent small-molecule tyrosine kinase inhibitor, 
showed promising preclinical results, it has not been proven effi cacious in clinical 
trials [ 138 ]. Despite the crucial role EGFR plays in GBMs, it remains a puzzle as to 
why these targeted therapies have not proven successful. Poor penetration across the 
BBB has been proposed as the main factor limiting the effi cacy of this approach in 
clinical trials. 

 Bevacizumab is a humanized IgG1 monoclonal antibody that selectively inhibits 
vascular endothelial growth factor (VEGF) and thereby inhibits angiogenesis. 
Bevacizumab was granted accelerated approval by the Food and Drug Administration 
(FDA) for the treatment of recurrent GBM in May 2009. Combining this antiangio-
genic agent with active chemotherapies such as TMZ or irinotecan may be an effective 
strategy to improve clinical outcomes for patients with GBM [ 139 – 141 ].   

7.11     Future Drug Delivery Strategies in Brain Tumor 
Therapy 

 In the past several years, a plethora of new devices, techniques, treatment strategies, 
and drug delivery methods have been investigated. Gliadel demonstrated the feasibility 
of using local controlled drug delivery to treat malignant brain tumors. Newer tech-
nologies and better therapeutic agents are currently being investigated. The develop-
ments of targeted micro- and nanospheres and the optimization of microchips 
loaded with different chemotherapeutic agents, antiangiogenic molecules, and 
immune system modulators will enable multimodal targeted therapies with poten-
tial higher effi cacy and minimal toxicity and side effects [ 142 ]. A more selective 
treatment regimen may be envisioned in which a patient has a tumor biopsy that is 
then analyzed in the laboratory, which results in personalized adjuvant therapy.     
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8.1            Introduction 

 The ongoing discovery, isolation, characterization, and synthesis of an ever- growing 
cohort of brain-derived neuropeptides have considerably transformed our knowledge 
base of the CNS. Neuropeptides represent a large class of potent neurotransmitters/
neuromodulators that play a critical role in diverse neurological and/or behavioral 
disorders that can be utilized in mono- or combinational therapies. Unfortunately, the 
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delivery of neuropeptides directly to specifi c brain sites has been a major hindrance in 
their therapeutic advancement. Rapid metabolism in nearly all tissue compartments 
and a paucity of blood–brain barrier penetration appear to be the two major hurdles 
in providing sustained neuropeptide bioavailability. Interestingly, primary olfactory 
neurons within the neuroepithelium constitute the only nerves in direct contact with the 
external environment exploitable for direct central nervous system (CNS) access. 
However, the nasal epithelium provides adequate CNS and systemic protection 
against airborne pathogens and other unwanted substances, yet the nasal cavity and 
its mucosal lining can serve as a locus for drug delivery to the brain and systemic 
circulation. Historically, the nasal administration of tobacco snuff, cocaine, and various 
hallucinogens and psychotropic drugs are well-known examples [ 1 ]. Utilization of 
the nasal epithelium for the delivery of clinically relevant peptides to the systemic 
circulation is a more recent accomplishment [ 2 – 7 ].  

8.2     Intranasal Nanoparticles: A Novel Way to Deliver 
Neuropeptides to the Brain 

 The delivery of neuropeptides directly to specifi c CNS targets using nanoparticles 
(NPs) represents the newest advance in drug delivery. Advantages of this means of 
circumventing the blood–brain barrier include ease of use, long-term compliance, 
uninterrupted delivery, ease of dosing, and treatment schedules [ 4 ,  8 – 16 ]. However, 
several signifi cant transolfactory barriers must be traversed. Solutes entering the 
nasal cavity are destined for three regions: (1) vestibular, (2) respiratory, and (3) 
olfactory. The olfactory region is the most functionally crucial site for direct access 
to the brain. Three major barriers to neuropeptide bioavailability exist in this region: 
(1) the presence of tight junctions between sensory and supporting cells, preventing 
epithelial transport to the submucous space; (2) a mucous layer containing protec-
tive proteolytic/hydrolytic enzymes that impart an enzymatic barrier to nasally 
administered drugs and neuropeptides; and (3) a mucous layer clearance that infl u-
ences time-dependent neuropeptide absorptive (uptake) availability. Following 
olfactory neuronal uptake, neuropeptides are susceptible to further degradation dur-
ing anterograde transneuronal transport as they are presumably carried by axonal 
microtubules in the olfactory neuron to primary CNS targets, namely amygdala, 
piriform, and entorhinal cortices. Next, suffi cient sustained neuropeptide release at 
these targets is necessary for the desired pharmacological effect [ 9 ,  10 ,  17 – 21 ].  

8.3     Nasal Pathways to the Brain 

 The vestibular region in the nasal cavity functions primarily in fi ltering airborne 
particles from entering the nasal passages and plays a minor role in the eventual 
transport of odorants and drugs. The respiratory area is the largest of the three areas, 
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and its ciliary epithelium serves as a removal system to particles that have been 
deposited on the mucous layer, and the fi ltered air will be delivered by the trachea 
to the lungs. This region facilitates transport of drugs and peptides to the systemic 
circulation via the lungs. For targeted delivery, the olfactory epithelium is the most 
functionally crucial site for direct access to the brain. This region is the key objec-
tive for intranasal drug delivery to specifi c sites within the CNS. The olfactory 
region is surprisingly free of signifi cant respiratory airfl ow and is responsible for the 
sensory function of smell that relies mostly on diffusion of odorant to this region [ 9 , 
 14 ,  16 ,  20 ]. The olfactory mucosa is composed of two components, olfactory epi-
thelium and lamina propria. The olfactory epithelium consists of four principal cell 
types: receptor cells (primary olfactory neurons—cranial nerve I), supporting (sus-
tentacular) cells, basal (stem) cells, and duct cells (Bowman’s gland). The receptor 
cell is a unique bipolar neuron (5–7 μm) whose dendrites form a terminal knob-like 
swelling from which nonmotile cilia extend into an overlying layer of mucus to 
become the site of interaction between the olfactory stimulus and receptive cell. The 
unmyelinated axons of olfactory neurons are between 200 and 400 nm in diameter 
and are among the smallest in the nervous system. These neurons project directly 
into the CNS through the cribriform plate at the skull base to their primary synapse 
in the olfactory bulb. Consequently, they are the only neurons directly contacting 
both the external environment and the CNS. Remarkably, receptor neurons also 
undergo continuous turnover every 30–60 days by some estimations and as long as 
1 year in others and are derived from a transformed basal (stem) cells that are capa-
ble of regeneration after damage. These receptor cells are responsible for primary 
olfactory transduction of chemosensory input to the CNS. This is accomplished 
through odorant-binding protein interactions with G-protein-coupled receptors and 
second-messenger signaling cascades that have been recently characterized [ 22 –
 26 ]. Supporting cells are columnar and attach by foot-like processes at the basal 
lamina. Their apical pole is covered with microvilli that extend into the overlying 
mucus. Human supporting cells interact with mucus by releasing material into and/
or absorbing material from the mucous layer. Additionally, sustentacular cells sur-
round the receptor neurons making tight junctions with them forming a physical 
transport barrier. Supporting cells appear to play a variety of functions including 
receptor cell insulation and structural support, transport of substances, regulation of 
potassium concentration of the extracellular fl uid, and maintaining a transmem-
brane permeability boundary. Basal (stem) cells are pyramidal shaped and generally 
found near the basal membrane. These are true stem cells capable of postnatal neu-
rogenesis as evidenced by mitotic fi gures in the lower epithelial region. Two types 
of basal cells have been identifi ed, and it is thought that the globose basal cells 
(GBC) replenish the primary olfactory receptor cell. Finally, duct cells of Bowman’s 
glands secrete xenobiotic enzymes to the mucous layer. Indeed, the majority of 
xenobiotic-metabolizing enzymes in the olfactory epithelium have been localized to 
the duct and acinar cells of    Bowman’s glands and sustentacular and basal cells. This 
component of the olfactory mucosa provides an essential neuroprotective function 
much like the blood–brain barrier while at the same time providing for detoxifi ca-
tion, metabolism, clearance, and chemosensation. The mucous layer is renewed 
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every 10–15 min, and the pH of mucosal secretions ranges between 5.5 and 6.5 in 
adults and 5.0 and 6.7 in children. The mucous layer entraps substances that are 
cleared from the nasal cavity via cilia. Mucus moves through the nasal cavity at 
approximately 5–6 mm/min with a particle clearance nearly every 20 min [ 17 – 19 , 
 26 ]. This role is vital for survival in most animal species. The second component of 
the olfactory mucosa is the lamina propria. This region contains axon fascicles, 
blood vessels, connective tissue, and Bowman’s gland acini. Bowman’s glands are 
the primary source of proteolytic/metabolic enzymes in mucous and serous secre-
tions in the mucosa. Myoepithelial cells encompass the acini and contain actin fi la-
ments that aid in moving secretory product toward the duct. The unmyelinated 
receptor axons form larger unbranched bundles, pass through the basal lamina becom-
ing ensheathed by Schwann cells as they terminate axodendritically in spherical neu-
ropils called glomeruli in the olfactory bulb [ 22 ,  23 ].

    Following nasal administration, anatomical distribution of neuropeptide and/or 
nanoparticle uptake can be classifi ed as (1) olfactory nerve pathway, (2) olfactory 
epithelial pathway, and (3) systemic pathway. The fi rst two pathways are    direct 
specifi c (receptor cells, olfactory neurons) and nonspecifi c (nonneuronal olfactory 
epithelium, paracellular) CNS routes, respectively. The third (respiratory epithe-
lium, support cells, etc.) is systemic and is not essential to the present discussion 
since unprotected neuropeptides do not cross the blood–brain barrier appreciably 
unless given in very high doses.  

8.4     Cellular Pathway of Olfactory Transduction 
and Transneuronal Transport 

 There have been signifi cant advances in the molecular biology of olfactory trans-
duction. It begins when known or novel volatile odor molecules are inhaled and 
contact the mucous layer. Odorants bind to odorant-binding proteins that deliver the 
molecules to the receptor cell. Molecules that bind to metabotropic (G-protein- 
coupled) receptors can be internalized at the time of receptor activation, and others 
can be transported to the cytosol by endocytosis [ 8 ,  25 ,  27 ]. Data on the uptake 
mechanism(s) for non-odorant compounds is limited [ 8 ,  27 ]. Like other neurons, 
solutes that enter the primary olfactory dendrites are transported anterogradely by 
either slow (200 mm/day) or fast (410 mm/day) mechanisms via microtubules 
through the axon to the nerve terminal in the olfactory bulb [ 9 ,  28 ]. Within the lay-
ered bulb, an extensive network of axodendritic and dendo-dendritic convergence 
takes place especially in the glomerulus wherein continued anterograde transneuro-
nal transport occurs [ 24 ,  29 ]. The axons of efferent mitral and tufted  neurons and 
afferent neurons from locus coeruleus, raphe, and anterior olfactory nucleus form 
the fascicles of the olfactory tract that emerges from the glomerular layer. Solutes 
transported anterogradely (mitral and tufted cells) travel at the approximate rate of 
410 mm/day [ 9 ,  14 ,  28 ,  29 ], whereas retrogradely transported solutes perhaps to 
locus coeruleus and raphe nuclei travel at the rate of approximately 200 mm/day 
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[ 28 ,  29 ]. During intraneuronal transport to the axon terminal, peptides are  susceptible 
to further degradation by cytosolic and lysosomal peptidases through the ubiquitin-
proteasome pathway [ 30 – 32 ]. The fate of transported solutes through the olfactory 
pathway is presently speculative. The question of suffi cient basal solute release 
verses synaptically induced terminal release remains to be determined. Several 
studies have confi rmed the process of transneuronal transport, but the mechanism 
has yet to be defi ned. Collectively, the data suggest that transneuronal transport 
requires receptor-mediated uptake or nonspecifi c endocytosis into olfactory sensory 
cells, followed by microtubular transport through the axon, with subsequent release 
and uptake in association with synaptic specializations [ 8 ,  9 ,  29 ,  33 ]. Primary limbic 
sites innervated by olfactory tract fi bers include the amygdala, piriform cortex, 
entorhinal cortex, and secondarily the adjacent  hippocampal formation through the 
perforant pathway [ 9 ,  29 ]. The relationship between these structures in human neu-
rodegenerative and affective disorders is well documented. Many types of solutes 
are thought to follow this pathway, such as viruses, dyes, metals, and proteins [ 8 ,  9 , 
 29 ,  35 ]. For the olfactory epithelial pathway, solute is thought to enter the olfactory 
epithelium somewhere other than the receptor neuron. Here the solute may enter 
supporting cells or Bowman’s gland via pinocytosis or diffusion, or it may enter via 
paracellular transport through cell junctions into the intercellular fl uid [ 9 ,  13 ,  20 , 
 27 ,  33 ,  36 ]. If the solute crosses the basal membrane and enters the lamina propria, 
it can enter the perineural space around the olfactory nerve where it can travel to the 
subarachnoid space containing CSF or enter capillaries of the forebrain circulation. 
Solutes in the CSF can enter the brain parenchyma through the pial surface before 
absorption through the arachnoid villi of the sagittal sinus [ 9 ,  13 ,  20 ,  27 ,  33 ]. 
Neuropeptides entering the systemic circulation are actively metabolized. Thus, 
these two large compartments would in effect limit neuropeptide CNS bioavailabil-
ity by metabolism and dilution.

8.5         Impediments to Intranasal Neuropeptide 
Uptake and Transport 

 Successful intranasal CNS delivery requires reasonable amounts of neuropeptide 
uptake by receptor cells through the neuroepithelial mucosal surface. Key barriers 
to neuropeptide bioavailability exist in this region of the nasal cavity. The fi rst bar-
rier is the mucous layer that is viscous and stationary. This seromucous layer, pro-
duced primarily from Bowman’s glands, contains several proteolytic/hydrolytic 
enzymes that provide an enzymatic barrier to nasally administered drugs and espe-
cially peptides which are rapidly degraded by specifi c and nonspecifi c exo- and 
endopeptidases [ 14 ,  20 ,  22 ,  27 ,  37 ]. The second barrier is related to mucous layer 
clearance. The longer a drug or peptide can remain intact in the mucous layer, 
the greater the probability of being taken up by neural elements of the olfactory 
epithelium [ 9 ,  20 ,  22 ,  27 ]. Several approaches to improve nasal absorption have 
been examined. These include physicochemical (molecular weight, osmolarity, pH, 
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drug distribution), pharmaceutical (lipophilicity, peptidase and protease inhibitors, 
absorption enhancers), and physical (mucociliary clearance reduction, droplet size, 
site of deposition) strategies. The delicate balance between neuroprotection and 
enhanced uptake is similar in concept to opening and closing the blood–brain bar-
rier [ 14 ,  20 ,  38 ,  39 ]. Since it is well established that viruses can gain access to the 
CNS intranasally, it is imperative that the mucosal barrier be maintained. Ideally, 
neuropeptide delivery should mimic chemosensory initiation.  

8.6     Problems Related to Neuronal and Transneuronal 
Neuropeptide Delivery 

 Two major issues relevant to neuropeptide delivery involve the metabolism or inac-
tivation of the neuropeptide during transport. Intraneuronal transport mechanisms 
have been well defi ned [ 28 ,  40 ]. The subneuronal organelle most likely responsible 
for both fast and slow axonal transport is the microtubule. In anterograde transport, 
materials being moved include membrane-associated enzymes, vesicle-packaged 
neurotransmitters, and neuropeptides. The vesicles are attached to microtubules 
through kinesins. These molecular motors are specifi c for anterograde transport 
along the tubules [ 40 ]. During transport it is likely that unprotected (non-vesicular) 
neuropeptides would be continuously exposed to cytosolic degradative enzymes 
[ 32 ]. This would signifi cantly diminish neuropeptide bioavailability and storage at 
the axon terminal. Thus, a delivery mechanism that could perhaps mimic vesicular 
protection would enhance bioavailability. Another major delivery question involves 
transneuronal transport. The mechanism(s) underlying transneuronal transport is at 
best speculative. One key issue is whether the neuropeptide crosses from one neu-
ron to another at synapses between the two or if the second neuron takes up the 
peptide that diffuses from the presynaptic neuron at extra-synaptic sites. In the case 
of the primary olfactory cell afferent to mitral/tufted cell synapse, it has been sug-
gested that the neuroanatomical relationship favored transfer primarily or most effi -
ciently at the primary afferent to mitral/tufted cell dendritic synapse. However, the 
possibility of non-synaptic diffusion must also be considered [ 29 ,  35 ,  41 ,  42 ]. A 
more diffi cult problem involves the mechanism of retrograde transneuronal trans-
port as seen from the receptor to such distant pathways as the raphe and diagonal 
band. It has been suggested that raphe and diagonal band fi bers synapse upon pri-
mary afferent fi bers or upon dendrites of mitral/tufted cells and thus are in a position 
to take up peptide from one of these two neuro-elements [ 29 ]. Perhaps even more 
signifi cant to this process is the amount of neuropeptide inactivation during trans-
neuronal transport. It is known that specifi c and nonspecifi c membrane-bound and 
extracellular enzymes present in the synaptic environment are responsible for signal 
termination through rapid neuropeptide metabolism [ 30 ,  32 ,  43 ]. This barrier would 
most likely impact the quantity of neuropeptide available for transneuronal postsyn-
aptic uptake. One method to overcome these metabolic diffi culties during transport 
is to develop metabolically stable peptide analogs. Another would be to protect the 
neuropeptides during transport.  
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8.7     Issues Related to Neuropeptide Release 

 Direct evidence for neuropeptide release in specifi c target tissues following intranasal 
application has not appeared. The major diffi culty here is obviously related to tissue 
levels derived from direct olfactory pathways or indirectly through the CSF. Moreover, 
increased tissue levels of a given neuropeptide do not refl ect increased release following 
intranasal administration. It has also been shown that the transneuronal pathway is 
variable and that agents reach the CNS as late as 24 h after administration in the nasal 
cavity [ 29 ,  41 ,  42 ,  44 ]. Of equal signifi cance is the presence of suffi cient densities of 
specifi c receptors at the primary and secondary olfactory tract target sites. The sup-
position being that neuropeptides mediate their physiological and pharmacological 
effects through G-protein-coupled receptors and that suffi cient ligand receptor 
interaction must occur to elicit the desired pharmacological effect and to sustain it. 
Accordingly, pharmacokinetics of doses is also an important consideration. No 
information is currently available suggesting methods of enhancing transported 
neuropeptide release at olfactory pathway target sites. Evidence for defi ning and 
infl uencing these parameters is meager and only  beginning to emerge.  

8.8     Proof of Concept 

8.8.1     Thyrotropin-Releasing Hormone (Protirelin) 

 Clinically, thyrotropin-releasing hormone (TRH) has shown effi cacy in the treat-
ment of affective disorders and suicidal ideation [ 45 – 49 ]. Moreover, what is note-
worthy in these studies is that the TRH effects in both depression and suicidal 
ideation were rapid in onset showing clinical effects within hours of intrathecal 
TRH delivery [ 45 – 47 ,  49 ]. This rapid onset of effect is particularly signifi cant since 
it is well known that no drugs are presently available to provide rapid intervention 
against suicidality [ 50 ]. Extensive preclinical and clinical studies strongly support 
the role of TRH as a novel antidepressant/mood stabilizer [ 48 ,  49 ] and antiepileptic 
in patients with infantile spasms, Lennox-Gastaut syndrome, and myoclonic sei-
zures, suggestive of a novel antiepileptogenic drug. Moreover, this anticonvulsant 
effect has lasted up to 5 years posttreatment [ 51 ]. TRH has shown positive cognitive 
effects in Alzheimer’s patients as well as other forms chemically induced neurode-
generation [ 48 ]. Such disorders arise in the brain and are potentially treatable with 
TRH therapy. Thus, the simple TRH tripeptide would serve as a prototype for the 
delivery of more potent TRH analogs and other larger more complex neuropeptides 
to the brain. 

 Methods developed to deliver neuropeptides via liposomes and capsular carriers 
have not been effective. We incorporated TRH into a surface-eroding biodegradable 
polyanhydride copolymer as a sustained-release microdisk carrier for stereotaxic 
implantation. We used the rat kindling model of focal epilepsy to assess sustained 
TRH release in situ. A single TRH microdisk (3.6 μg TRH) implanted stereotaxically 
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into the seizure focus (amygdala) signifi cantly suppressed kindling expression 
when evaluated by the number of stimulations required to reach each seizure stage 
and to become fully kindled (8.63 ± 0.92 vs. 16.17 ± 1.37; mean ± SEM). Two indices 
of seizure severity, after discharge duration (stimulated, 87.40 ± 5.47 vs. 51.80 ± 15.65; 
unstimulated amygdala, 89.60 ± 5.55 vs. 48.67 ± 15.8) and clonus duration (71.2 ± 5.94 
vs. 29.40 ± 8.87), were also signifi cantly reduced by a single microdisk implant. 
Fifty days after initiation of the study, a signifi cant reduction in clonus duration 
(53.90 ± 3.27 vs. 40.09 ± 4.14) still remained in the TRH-implanted groups. These 
data support the use of sustained-release carriers for potential neuropeptide delivery 
to site-specifi c CNS loci [ 52 ]. We have recently demonstrated that intranasal delivery 
of a TRH analog was able to attenuate seizures in the amygdala- kindled rat. Kindled 
rats received a TRH analog (3Me-H TRH; 10 −9 , 10 −8 , 10 −7  M) intranasally 60 and 
30 min prior to amygdala stimulation. The afterdischarge duration (ADD) and sei-
zure stage was compared to control kindled animals receiving physiological saline 
intranasally. We demonstrated that intranasal application of 3Me-H TRH at 30 and 
60 min, but not at 90 or 120 min prior to stimulation, resulted in a concentration-
dependent reduction in total seizure ADD. Additionally, the analog had signifi cant 
concentration-dependent effects on behavioral stages I through IV (partial) and 
stage V (generalized) seizures when given at 30 and 60 min but not at 90 or 120 min. 
The data indicate that bioavailability of the TRH analog from the nose to the seizure 
focus (target) in the amygdale was suffi cient to affect seizure activity when delivered 
30 and 60 min prior to giving a seizure stimulus, but when the TRH analog was 
delivered 120 or 90 min before the seizure stimulus, bioavailability at the seizure 
focus (target) was insuffi cient to affect seizure activity (e.g., EEG). The results 
provide additional proof of principle that intranasal delivery of TRH analogs may 
be a viable means to suppress temporal lobe seizures and perhaps other seizure 
disorders. However, our results indicate that even using a metabolically stable TRH 
analog, unprotected TRH has unsustained target bioavailability beyond 60 min, 
most likely because of metabolism [ 53 ]. 

 In order to determine if neuropeptide-loaded NPs delivered intranasally could 
have an impact on kindling development (epileptogenesis) as was seen with the 
microdisk implant, we pretreated two groups of rats with either TRH-NPs or 
control- nanoparticles (control-NPs) 7 days before kindling. On day 8, kindling 
stimulations were initiated along with intranasal NP treatment and continued once 
a day until the subjects became fully kindled (permanently epileptic) or up to 20 
stimulations. As can be seen in Fig.  8.1 , the afterdischarge duration (ADD) of the 
TRH-NP-treated group was signifi cantly attenuated from 10 to 13 stimulations. 
Moreover, the number of stimulations required to reach the fully kindled state (four 
consecutive stage V seizures) was signifi cantly prolonged in the TRH-NP group 
(Fig.  8.2 ). This trend was evident at stage IV ( P  < 0.08) and became signifi cant by 
stage V with the transition to kindling permanence being most affected in the 
TRH-NP group (Fig.  8.2 ). These fi ndings provide quantifi able electrophysiological 
data demonstrating that suffi cient TRH was delivered by the nanoparticles from the 
nose to the seizure focus in the amygdala to signifi cantly reduce the afterdischarge 
duration (EEG, ADD) recorded at that site. This EEG data appears in three reports 
in which we use the kindling paradigm. In each study we record EEG activity by 

M.J. Kubek et al.



0

20

40

60

80

100

120

140

A 1 2 3 4 5 6 7 8 9 10 11 12 13

A
D

D
 (

+
/-

S
E

M
)

Stimulation Number

*

*

*
*

(7)

(3)
(3)

(2) (1)
(1)

(1
)

(7)

(7)

(7)

(6)

(2)

  Fig. 8.1    Intranasal TRH-NP effect on ADD in the amygdala during kindling. Once an ADT 
(60–120 μA) was achieved, animals received daily treatments of either control-NPs ( n  = 8) or TRH-
NPs ( n  = 8) for 7 days before initiation of kindling. Treatments were administered bilaterally into 
each posterior nasal cavity through implanted nasal ports using a sterile 50 μl Hamilton syringe. 
Animals received either control-NPs (100 nm; 200 μg PLA/50 μl) or TRH-NPs (   100 nm; 20 μg 
TRH to 200 μg PLA/50 μl) over 4 min. On day 8 and for each day thereafter until either fully kin-
dled or until day 20, the animals received daily intranasal treatments before receiving a kindling 
stimulus 3 h later. The ADD from each EEG was used to determine the duration of each seizure of 
both experimental and control animals. The ADD for the TRH-NP group ( red triangles ) was signifi -
cantly lower than the control-NP group ( black squares ) as kindling progressed. Initially, both groups 
consisted of eight rats each, and subjects were removed from further stimulation once fully kindled 
(four consecutive stage V seizures), thus accounting for the decreasing subjects in    () beyond the 
sixth stimulation. Statistical analysis was performed on data from stimulations 1–13 using repeated 
measures ANOVA. Vertical bars represent means ± SEM (* P  < 0.05) (from [ 34 ] with permission)       
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  Fig. 8.2    Intranasal TRH-NP effect on kindling stage. The number of stimulations (#) required to 
become fully kindled (permanently epileptic) was signifi cantly greater for the TRH-NP group ( red 
bars ) than for the control-NP group ( black bars ). The number (#) of stimulations needed to reach 
stage V kindling was signifi cantly greater for the TRH-NP group ( red bars ) than the control-NP 
group ( black bars ). A trend toward suppression of kindling development was evident as early as 
stage IV ( P  < 0.08) with this intranasal dose of TRH-NPs. Statistical analysis was performed on 
data using the Mann–Whitney test. Vertical bars represent means ± SEM kindled = number of 
stimulations to achieve four consecutive stage V seizures (* P  < 0.05) (from [ 34 ] with permission)       
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depth electrodes in both the ipsilateral (stimulated, kindling) amygdala and the 
contralateral amygdala (mirror focus). Our initial report demonstrated that direct 
implantation of sustained-release TRH from a polyanhydride microdisk in the 
kindling focus (amygdala) provided proof of concept that sustained delivery of 
suffi cient TRH to the seizure focus (assessed by bilateral EEG recording in the 
amygdalae) could signifi cantly attenuate kindling development by recording 
reduced ADD as well as kindling stage (behavior) [ 52 ]. Our more recent report 
demonstrated that intranasal administration of TRH-loaded biodegradable sustained- 
release nanoparticles given 3 h before a kindling stimulus provided suffi cient TRH 
to the kindling seizure focus (assessed by bilateral EEG recording in the amygdala) 
to signifi cantly attenuate kindling development via ADD and kindling stage [ 54 ]. 
By administering TRH nanoparticles intranasally and producing an attenuation 
of kindling development, similar to our direct delivery of TRH microdisks to the 
seizure (kindling) focus, provides additional proof of concept that the intranasal 
administered NPs were capable of delivering suffi cient TRH to the seizure focus 
(amygdala), the site from which the seizure is stimulated. This electrophysiological 
and behavioral outcome provides convincing physiological data for TRH localization 
to the seizure focus after nasal nanoparticle delivery. Additionally, the data show 
that intranasal delivery of an unprotected TRH analog can attenuate seizures in the 
amygdala-kindled rat, also demonstrating more acute nose to amygdala delivery of 
enough TRH to affect seizure EEGs (ADD) from that focus [ 53 ]. Moreover, our 
nanoparticle results show that we have increased TRH bioavailability at the target 
since the anticonvulsant effect is evident 3 h after nasal deliver, while with the TRH 
analog, the effect lasted only 60 min following intranasal application. Another 
important outcome related to enhanced bioavailability in the nanoparticle study was 
seen when TRH-NPs were switched to control-NP, wherein it took an additional 
3–10 stimulations for the TRH-treated animals to become fully kindled [ 54 ]. 

 Collectively, our results reveal that the effective dose at the amygdale (target) is 
in the microgram range.    Moreover, the microdisks contained ~4 μg TRH at the sei-
zure focus, while with the intranasal nanoparticles, we delivered 20 μg TRH/day 
over a similar time frame; the ratio of delivery dose to target level should be in ratio 
of about 5:1. 

 Taken together, our results strongly suggest that intranasal administration of 
sustained-release anticonvulsant neuropeptide nanoparticles may be a viable new 
means to suppress temporal lobe seizures. Moreover, these results provide in vivo 
proof of concept for intranasal nanoparticle drug delivery [ 34 ,  54 ]. 

 The availability of NPs loaded with a fl uorescent dye has been a signifi cant tool 
in determining uptake and distribution in nose-to-brain studies. Our goal was to 
determine the location of Nile red released from 560 and 100 nm-sized poly(lactic 
acid) ( d -PLA) NPs within the brain parenchyma following intranasal delivery and 
the time course for its presence using fl uorescence microscopic visualization. 
Intranasal delivery of 88–102 and 560 nm NPs loaded with Nile red fl uorescent dye 
was given to a series of animals. Uptake and transport into the brain occurred with 
the 88 and 102 nm particles but not the 560 nm particles (control = 560 nm particles 
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at 24 h postdelivery) (Fig.  8.3 ). Using the NIH ImageJ software, it was determined 
that the smaller particles were observed to transport and deliver the lipophilic Nile 
red dye to several seizure-sensitive areas of the rat brain at different rates (Fig.  8.4 ). 
These included the olfactory bulb (OB) and tract, septal nuclei (SN), insular cortex 
(GI), hippocampus (HC), and thalamus (TH) to cite a few. It was also found that 
the peak fl uorescence occurred between 24 and 48 h after delivery (Figs.  8.3  and 
 8.4 ). The data also indicate that the peak delivery with these nanoparticles is vari-
able, suggesting different transport pathways and intracellular traffi cking. On the 
other hand, the apparent lack of uptake of the larger NPs is interesting. Given that 
Nile red is a lipophilic dye routinely used for specifi cally staining intracellular 
lipid- containing organelles, the possibility that Nile red was fi rst released into the 
mucus and then transferred to the olfactory epithelium is reasonable. Moreover, 
since the surface area-to-volume ratio is much larger for the smaller NPs than the 
larger NPs, it’s possible that dye release from the larger particles was much less 
and therefore undetected. To address this question, an in vitro study by Xu et al. 
[ 55 ] incubated Nile red-loaded PLGA NPs (NR/NP 300 , 283.7 ± 2.2 nm) in phos-
phate-buffered saline (PBS, pH 7.4) containing hydrophobic or amphiphilic 
components that NR/NP300 would encounter in the cell-culture medium. NR/

  Fig. 8.3    Representative whole brain horizontal sections of Nile red fl uorescence in the rat brain 
following intranasal nanoparticle delivery (control = fl uorescence from 560 nm NPs 24 h post- 
intranasal delivery). For the intranasal uptake analysis, 130 digital images were captured for each 
sample at 4× magnifi cation and montaged to reconstruct an entire horizontal brain section 
(Bioquant Imaging, Nashville, TN). The NIH ImageJ pixel-based analysis software program (NIH, 
Bethesda, MD) was used to analyze fl uorescence intensity generated from a single image (from 
[ 34 ] with permission)       
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NP300 was incubated in PBS, PBS containing 10 % fetal bovine serum (FBS/
PBS), or PBS containing 2.4 mg/ml of liposomes (liposome/PBS). FBS was included 
to represent the amphiphilic components in the culture medium. Liposomes were 
used to mimic the lipid cellular membrane. These release buffers were separated 
from NR/NP300 after timed incubation, and the Nile red fl uorescence in each buf-
fer solution was measured. A moderate level of Nile red fl uorescence was detected 
in FBS/PBS. Much stronger Nile red fl uorescence was detected in liposome/PBS 
as early as in 1 h and signifi cantly increased after 3 h. On the other hand, Nile red 
fl uorescence was negligible in PBS, which indicated lack of Nile red release in 
PBS in the absence of FBS or liposomes. To determine whether Nile red was 
directly transferred from NR/NP300 to liposomes or serum proteins via contact or 
released from NR/NP300 in PBS fi rst and then picked up by them, NR/NP300 was 
incubated in PBS fi rst, and the supernatant was separated from NR/NP300 and 
then incubated with liposomes. No fl uorescence was detected in the liposome 
solution, which confi rmed that Nile red release in PBS was indeed negligible. To 
evaluate the Nile red release relative to the total encapsulated dye, the release 

  Fig. 8.4    Mean fl uorescence intensity in anatomical subregions of the brain over time. Images were 
converted into 8-bit images and background was subtracted. Anatomical subregions of interest 
(ROI) were generated within ImageJ to allow for analysis of pixels contained within the olfactory 
bulb (OB:  black bars ), septal nuclei (MSLS:  red bars ), thalamus (TH:  green bars ), granular insular 
cortex (GI:  purple bars ), hippocampus (HP:  blue bars ), and deep mesencephalic nucleus (DpMe: 
 orange bars ) of all brains ( n  = 3 for 0, 12, 24, 48, 72, and 96 h). A region of interest was defi ned using 
polarized light images of the sections corresponding to horizontal section from Paxinos and Watson. For 
consistency, we chose to analyze the horizontal sections corresponding to −5.32 mm ventral to bregma 
on the atlas. From each ROI, the mean and maximum fl uorescence intensity was generated from a 
histogram depicting 256 possible grayscale Units (0 = darkest, 256 = brightest). The mean value of 
fl uorescence indicates the overall fl uorescence within an ROI [ 34 ] (from [ 34 ] with permission)          
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experiment was repeated with NR/NP100 and NR/NP300 in the same media for 3 h, 
and the released Nile red was extracted to chloroform and subjected to the HPLC 
analysis. Since it was noted in a previous experiment that a signifi cant fraction of 
aggregated proteins and liposomes were excluded during fi ltration, which was per-
formed to ensure complete removal of NR/NPs from the release medium, the extrac-
tion was performed without fi ltration. NR/NP100 showed a modest release of Nile 
red in PBS but 50 % (in the fi rst hour) and additional 25 % (in 1–3 h) of Nile red in 
FBS/PBS or liposome/PBS. The % Nile red from NR/NP300 was relatively lower 
than NR/NP100 in all three media, which would be explained by the lower surface 
area-to-volume ratio. Importantly, Nile red release from NR/NP300 was negligible 
in PBS. In FBS/PBS and liposome/PBS, NR/NP300 released 16.4 and 25 % in 3 h, 
respectively. The two release experiments consistently show that Nile red is not 
released into aqueous solutions. 

 Since it is known that the mucus that coats the olfactory epithelium contains 
mostly H 2 O, and mucopolysaccharides, antibodies, enzymes, salts, and odorant- 
binding proteins, but no lipids or albumin-like proteins, our results suggest that the 
lipophilic dye is not signifi cantly released from the particles in the nasal cavity and 
absorbed by the olfactory epithelium but that the smaller particles are most likely 
taken up transcellularly or paracellularly and transported to various sites and deliver 
the dye while the larger NPs are shunted to lymphoid tissue. 

 The data also suggest that the peak delivery with these nanocapsules is variable. 
 Also, we have conducted uptake studies on cultured hippocampal neurons 

(Fig.  8.5 ). Both fl uorescence microscopy and confocal microscopy of dye-loaded 
and dye-attached NPs provided additional data on the uptake and transport of NPs 
in neuronal processes. Since we used serum- and lipid-free culture medium in these 
studies, we would infer, based on the work by Xu et al. [ 55 ] cited above, that the 
fl uorescent staining in our cultured neurons was primarily the result of NP endocy-
tosis and transport, while some of the dye could be transferred to a small proportion 
of glia that remain in the culture.

   By utilizing a highly specifi c antibody to TRH that has been used for both immu-
nocytochemistry and radioimmunoassay [ 56 ], we have developed a novel immuno-
cytochemical method to detect the transport and distribution of the TRH-NPs in the 
brain. With our specifi c TRH antibody, we have been able to visualize TRH-NPs in the 
brain, while control-NPs are undetectable (Fig.  8.6 ). This new method provides 
us with the technology to specifi cally determine the uptake, time course, distribu-
tion, and concentration of TRH-NPs as well as other neuropeptide nanoparticles 
throughout the CNS. This technology provides a very powerful semiquantitative 
tool that can help determine dose–response relationships necessary to reach phar-
macological effects. It also provides a method to follow the distribution of intrana-
sally delivered nanoparticles in tissue compartments outside the brain.

   Additionally, we have developed in vitro assays to test the bioactivity of the 
TRH-NPs using cultured hippocampal neurons (Fig.  8.7 ). This system provides a 
means to continuously assess both the bioactivity and the potency of the nanoparticle 
preparations over time in storage.
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   In summary, the data provide proof of concept for intranasal nanoparticle delivery 
of clinically relevant neuropeptides, where the target receptors are concentrated, 
particularly in the forebrain, and the therapeutic effect is directly related to CNS 
function, such as in affective illness, PTSD, PTE, and neural recovery. Moreover, 
our results show that this approach increases transport through the BBB and that 
release of neuropeptides/drugs at specifi c sites can be achieved using intranasal 
delivery of biodegradable neuropeptide-loaded nanoparticles to induce a rapid and 

  Fig. 8.5    Uptake of 100 nm Nile red NPs ( a ) and 20 nm polystyrene green fl uorescent beads ( b ) 
into individual hippocampal neurons in vitro. Fetal hippocampal neurons were grown in serum- 
free medium containing Neurobasal supplemented with 2 % B-27 (Gibco, Grand Island, NY). This 
combination has been shown to reduce glia to less than 0.5 %. Media 1 consisted of Neurobasal 
medium, B-27 supplement, 200 mM  l -glutamine (Sigma), basic fi broblast growth factor (BFGF) 
(50 μM/12 ml), and Normocin (2 μg/ml), an antibiotic, as additional components, which further 
optimize neuronal growth and select against microbial contamination. After 14 days in culture, the 
differentiated neurons were removed from the incubator, and the media was carefully aspirated 
from the culture dishes to remove cellular debris. A 1 mg/ml stock solution of Nile red NPs (10 mg/
ml PLA) was diluted with Media 1 to provide a fi nal amount of 50 ng/ml media (500 ng/ml PLA). 
A 10 mg/ml stock solution of control-NPs was also diluted to provide a fi nal amount of 500 ng/ml 
PLA and served as a nonfl uorescent nanoparticle control. Neurons were incubated with either Nile 
red NPs (100 nm) or 1 × 10 14  polystyrene FluoSpheres (20 nm) for 5 h and then washed with PBS. 
Cells were fi xed using 10 % formalin and viewed using a fl uorescence microscope (Texas Red/
FITC fi lter) at 60× magnifi cation. Panel ( a ) A representative image of neuronal uptake of 100 nm 
Nile red NPs before or during release of Nile red NPs ( arrows  indicate individual NPs before or 
during release of Nile red within a process of a neuron). Panel ( b ) A representative image of neu-
ronal uptake of 20 nm yellow–green fl uorescent polystyrene FluoSpheres ( arrows  indicate indi-
vidual FluoSpheres within a process of a neuron). Control-NPs were unable to be detected (data 
not shown) [ 34 ] (from [ 34 ] with permission)       
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sustained therapeutic effect. Levels of unprotected intranasal neuropeptides reported 
to access the CNS are very low, with concentrations in the brain and CSF compart-
ments in the nM and pM range, or from 0.1 to 0.01 % bioavailability [ 4 ,  33 ,  57 ]. 
Although these levels can be biologically active (as we have shown) [ 53 ], it is 
important to develop ways to deliver and release suffi cient sustained and controlled 
quantities preferentially to specifi c CNS targets while avoiding potential dosing that 
may yield CNS and/or systemic side effects in order for the nose-to-brain delivery 
route to be successful [ 10 ,  58 ]. We now have published data to support this concept 
using TRH-NPs [ 34 ,  54 ]. 

 The mechanism whereby TRH exerts its rapid onset on affect in man is not clear. 
We and others have published data showing that TRH can modulate release of such 
“classical” neurotransmitters as glutamate, serotonin, dopamine, and acetylcholine. 
Additionally, since TRH binds to a G-protein-coupled receptor, the probability that 
it affects downstream events through second-messenger signaling is considerable. 

 Collectively, our preclinical studies provide proof of concept for intranasal delivery 
of biodegradable NPs as a novel platform to bring heretofore undeliverable neuro-
peptide candidate drugs to therapeutic use in the CNS. Our method is to combine a 
biodegradable surface-eroding polyanhydride and TRH into a TRH-loaded nano-
structure (±100 nm) matrix formulation for intranasal delivery. The TRH is released 
from the NP surface in a controlled manner that is proportional to the rate of polymer 
hydrolysis. The NPs will be delivered to the olfactory epithelium using a refi llable 
nasal atomizer that deposits vapor to the olfactory neuroepithelium. 

 There are two unique features in our treatment strategy that should enable thera-
peutic success. 

  Fig. 8.6    Immunostaining of TRH nanoparticles 30 min following intra-amygdalar injection. 
A 10 μl Hamilton syringe (Hamilton Co. Inc., Whittier, CA) loaded with 10 μl (1 μg/1 μl) TRH-
NPs was inserted into the  left basolateral amygdala (BLA)  using stereotactic coordinates from the 
atlas of Paxinos and Watson (incisor bar: −3.3 mm; anterior–posterior   ). ( A ) Image from a 30 μm 
section depicting injection site of control-NPs (100 nm) in the right basolateral amygdala (BLA) 
of a rat at 5× magnifi cation. ( B ) Image from the same section depicting the injection site of TRH-
NPs (100 nm) in the left BLA at 5× magnifi cation. ( C ) Image of the injection site of control-NPs 
in the right BLA shown at 40× magnifi cation. ( D ) Image of the injection site of TRH-NPs in the 
left BLA shown at 40× magnifi cation. Note the intense staining exclusively at the injections sites 
of the TRH-NPs [ 34 ] (from [ 34 ] with permission)       
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 First is the polymer. Although they are more complex to synthesize and load, 
polyanhydride NPs protect the peptide (TRH) from metabolism during uptake and 
neuronal transport. They also erode from the surface, releasing the peptide at a 
controlled rate specifi ed by the polymer matrix undergoing hydrolysis. So the rate 
of peptide delivery is proportional to the erosion characteristics of the polymer 
surface. Thus, drug delivery and NP hydrolysis (degradation) are closely linked. 
On the other hand, with capsular-based NPs, such as polylactides (PLA) and 
poly(lactide-co- glycolides) (PLGA), most of the peptide is released at fi rst as a 
burst and then at a slower rate, but the capsule biodegrades at a much slower rate. 
This results in residual polymer buildup that can become toxic in the brain over time 
after multiple applications. Also, the porosity of the capsular NPs makes them less 
capable of protecting the encapsulated peptide from metabolism. Presently, these 
polymers are not FDA approved for CNS use, but are used in proof of concept CNS 
delivery studies. 
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  Fig. 8.7    Effect of 100 nm TRH-NPs on glutamate toxicity as measured by cell counts in cultured 
fetal hippocampal neurons. Cultured fetal (E17) hippocampal neurons were either untreated or 
exposed to varying concentrations of TRH-NPs (100 or 10 μM) and/or 500 μM Glu for 18 h. After 
18 h, cell viability was assessed using the trypan blue exclusion method. Cells treated with 500 μM 
Glu alone experienced a signifi cant reduction in cell viability relative to untreated control as indi-
cated by an  asterisk . Cell viability in samples co-treated with 500 μM Glu and either 100 μM or 
10 μM TRH-NPs was not signifi cantly ( P  < 0.05) different compared to untreated control as indi-
cated    by a  double plus . Samples treated with 100 μM TRH-NPs signifi cantly (<0.05) protected 
neurons from cell death relative to the negative control (500 μM Glu alone) as indicated by a 
double  asterisk , and although not signifi cant, a tendency for protection was evident in the presence 
of 10 μM TRH-NPs. Data are expressed as mean ± SEM and represent a minimum of fi ve replica-
tions for each treatment [ 54 ] (from [ 54 ] with permission)       
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 Second is the nasal applicator. The newer nasal atomizers are designed to 
 selectively and reproducibly reach the human olfactory neuroepithelium while nasal 
breathing with little exposure to the respiratory nasal epithelium. This device- 
enabled property enhances olfactory epithelium NP residence time and improves 
the probability of NP uptake into the olfactory epithelium and hence into the CNS. 
Most other nasal sprays basically target the respiratory epithelium which is directed 
mainly toward the lungs.      
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9.1            Introduction 

 The inner ear is composed of the cochlea and vestibular system, which are isolated 
from the middle ear (tympanic cavity) by the round window and oval window 
(Fig.  9.1 ). The cochlea transduces sound as electric signals via the hair cells and 
sends electrical stimulation to the brain through the auditory nerve. The vestibular 
system senses linear acceleration through the hair cells in the utricle and saccule and 
senses head movement though the hair cells in the ampulla of the semicircular 
canals. Disorders of the inner ear can result in symptoms of the cochlea, including 
sensorineural hearing loss, tinnitus, and ear fullness, and a common symptom of the 
vestibular system caused by inner ear diseases is vertigo. The most common inner 
ear diseases, which can signifi cantly reduce the life quality of human beings, are 
sudden sensorineural hearing loss, congenital hearing loss, and Meniere’s disease, 
among others. Sudden sensorineural hearing loss has an estimated incidence 
between 5 and 20 per 100,000 persons per year [ 1 ]. Meniere’s disease affects 
approximately 0.19 % of people in the USA, and it has a prevalence as high as 
0.513 % in the Finnish population [ 2 ]. Large-scale newborn hearing screening 
studies have shown that the prevalence of congenital hearing loss among newborns 
in China varies from 0.5 to 3.8 % [ 3 ,  4 ]. The carrier rate of genetic mutations in the 
newborn population in China is 2.05–2.29 % [ 4 ,  5 ].

   The two windows isolating the inner ear from the middle ear provide excellent 
approaches for inner ear drug delivery via the tympanic cavity, although the round 
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window was previously considered to be the only drug pathway from the middle 
ear to the inner ear because the oval window is occupied by the stapes (Fig.  9.1 ). 
In comparison to systemic administration, intratympanic delivery has a signifi cantly 
lower risk of inducing adverse effects in the body because of the minimum exposed 
drug dosage. Focal drug delivery in inner ear therapy was fi rst described by 
Schuknecht more than 50 years ago to induce chemical vestibulectomy using intra-
tympanic administration of streptomycin for the control of intractable vertigo due to 
unilateral Meniere’s disease [ 6 ]. Since then, intratympanic delivery of steroids was 
also fi rst reported by Itoh to treat Meniere’s disease [ 7 ]. Today, intratympanic delivery 
of steroids is a common therapy for idiopathic sudden sensorineural hearing loss. 
Recently, a multicentre, randomised clinical trial showed that intratympanic 
methylprednisolone is as effective as oral prednisone for the treatment of idiopathic 
sudden sensorineural hearing loss [ 8 ]. 

 Direct cochlear drug delivery can be used in combination with cochlear implan-
tation to bypass damaged cochlear hair cells, which is the only effective treatment 
for severe to profound hearing loss and is a critical intervention in deaf children to 
facilitate language acquisition. The effi cacy of currently available cochlear implan-
tation is far from perfect. Aimed to promote regeneration of the spiral ganglion cells 
and periphery processes, which constitute the fi rst station to receive electrical 

  Fig. 9.1    Illustration of the ear. The ear is composed of the outer ear, middle ear, and inner ear. 
The middle ear (ME) is isolated from the outer ear by the tympanic membrane (TM), and it com-
municates with the pharynx via the Eustachian tube. The inner ear communicates with the middle 
ear through the oval and round windows. The hair cells in the cochlea transduce the sound into an 
electrical signal that is sent to the brain through the spiral ganglion cells and the cochlear nerve 
(coch N). The hair cells in the ampullary cupula of the semicircular canals (SCCs) and the macula 
of the utricle and saccule transduce the motion into an electric signal that is sent to the brain via the 
vestibular nerve (vest N).  EAC  external auditory canal       

 

J. Zou



217

signals from the electrodes of cochlear implants, modifi cation of cochlear implant 
electrodes for direct drug delivery to the inner ear was reported [ 9 ]. Further, the 
biocompatibility of different biomaterials with potential application in the next 
generation of cochlear implantation has been reported in rats [ 10 ]. 

 Details on different methods for focal drug delivery in inner ear therapy will be 
discussed in this chapter. The advantages and disadvantages of each technique will 
also be compared.  

9.2     Intratympanic Perfusion 

9.2.1     Transtympanic Injections Using Needles 

 Transtympanic injections using needles are simple and standard procedures in ear 
clinics, which were fi rst reported by Weber-Liel in 1879, in which several com-
pounds, including silver nitrate and common salt, among others, have been tried to 
treat otitis media [ 11 ]. As focal drug delivery in inner ear therapy, transtympanic 
injections using needles should be performed according to the following procedure. 
The patient sits in a chair, and the tympanic membrane is anaesthetised with a 
topical anaesthetic such as “EMLA” cream (lidocaine 2.5 % and prilocaine 2.5 %) 
or a drop of phenol. Penetration should be performed at the posterior-inferior quadrant 
of the tympanic membrane using a 25- or 26-gauge spinal needle, and 0.5–0.7 ml of drug 
should be injected (Fig.  9.2a ). To prevent air bubble generation during injections, an 
additional perforation should be made at the anterior-inferior quadrant of the 
tympanic membrane (Fig.  9.2b ). The patient should be asked to lie down for 
15–30 min with the treated side up and to avoid swallowing or coughing.

   Transtympanic injection of poly(e-caprolactone)-block-poly(ethylene glycol) 
polymersomes using a needle induced distribution of the polysomes into both the 
cochlea and vestibule of rats [ 12 ].  

  Fig. 9.2    Illustration of a transtympanic injection using a needle. A traditional transtympanic 
injection ( a ) is performed by penetrating the needle through the posterior-inferior quadrant of the 
tympanic membrane (1 in  b ). An additional perforation is created on the tympanic membrane (2 in 
 b ) to release any air bubbles generated during the injection       
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9.2.2     Transtympanic Catheter Injections 

 In 2010, She et al. reported intratympanic methylprednisolone perfusion by trans-
tympanic catheter injection to treat refractory sudden sensorineural hearing loss [ 13 ]. 
During the procedure, the patient should be placed in the supine position with the 
heads tilted approximately 45° away from the surgeon. After topical anaesthesia 
(1 % tetracaine solution), the tympanic membrane is penetrated at the posterior- 
inferior quadrant under a microscope or endoscope, and a microcatheter (1.4 mm in 
diameter) is inserted into the tympanic cavity through the perforation. The exterior 
end of the catheter is placed onto the mastoid process and fi xed with plastic adhesive. 
The external ear canal is packed with carbasus iodoformata (iodoform gauze) to 
prevent infection (Fig.  9.3 ). Slow perfusion of 0.5 ml of drug is undertaken into the 
tympanic cavity through the catheter, and the patient is instructed to remain in the 
supine position with the treated side up for at least 15–30 min and to avoid swallowing 
or coughing.

9.2.3        Trans-Eustachian Tube Catheter Injections 

 Yamazaki et al. reported intratympanic gentamicin therapy for Meniere’s disease in 
1988 via trans-Eustachian tube catheter injection (the authors claimed that it began 
in 1974) [ 14 ]. Liu et al. applied an MRI contrast agent, and Zhang et al. delivered 

  Fig. 9.3    Illustration of transtympanic catheter injection. The insertion point of the catheter (2) is 
at the posterior-inferior quadrant of the tympanic membrane, which is the same as that in transtym-
panic injections using needles. The external ear canal is packed with carbasus iodoformata 
(iodoform gauze) (3). The outer end of the catheter is connected to a vein-detained needle (1).  CL  cone 
of light,  M  malleus,  PF  pars fl accida,  U  umbo       
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dexamethasone into the tympanic cavities of patients with Meniere’s disease using 
the same technique [ 15 ,  16 ]. In practice, the patient is placed in the supine position at 
30° and then turns the head approximately 45° away from the sagittal line, towards 
the ipsilateral ear. After identifying the pharyngeal opening of the Eustachian tube, 
using either a 30 °C or 70°nasal endoscope, a catheter (made from 19-gauge 
SPIROL ® Spring-reinforced epidural catheter, Becton Dickinson and Company, 
New Jersey, USA) is inserted, which is connected to a 1-ml syringe and is primed 
with the defi ned drug, into the pharyngeal opening of the Eustachian tube (Fig.  9.4 ). 
Then, 0.5–0.7 ml of drug solution is injected into the tympanic cavity. After the 
injection, the patient is instructed to remain in the supine position with the treated 
side up for at least 15–30 min and to avoid swallowing or coughing.

9.3         Organ-Targeted Delivery 

9.3.1     Round Window Diffusion-MicroWick Device 

 In 1999, Silverstein reported a new inner ear therapeutic system for delivering 
medication directly to the round window membrane, which is called the MicroWick 
[ 17 ]. With this system, a small wick is inserted through a tympanic membrane 
vent tube into the round window niche (Fig.  9.5 ). Once the wick has been inserted, 
the patient can self-administer eardrops into the ear canal, where they are absorbed 
by the wick and are transported to the round window membrane and to the inner 
ear fl uids.

  Fig. 9.4    Illustration of trans-Eustachian tube catheter injection.  ETPO  pharyngeal opening of the 
Eustachian tube,  Cath  catheter       
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9.3.2        Round Window Diffusion-Gelatine Sponge 

 In 1998, Arriaga and Goldman reported administration of dexamethasone onto the 
round window membrane with an absorbable gelatine sponge to treat Meniere’s dis-
ease [ 18 ]. Additionally, Husmann et al. applied a gentamicin-soaked gelatine sponge 
to the round window membrane and established an animal model for the study of 
ototoxicity [ 19 ]. In the application, surgery is performed. Following tympanotomy 
and lysis of round window adhesions, a gelatine sponge pledget soaked in drug is 
placed in the round window niche, and the wound is sealed. The tympanic cavity can 
also be fi lled with drug solution. In 2008, Zou et al. fi rst reported that round window 
delivery of lipid nanocapsules using a gelatine sponge pledget induced a suffi cient 
distribution of nanoparticles into the inner ear in rats [ 20 ]. A biocompatibility study 
showed that administration of lipid nanocapsules did not cause hearing loss, 
nanoparticle application-related cell death, or morphological changes in the inner 
ear at up to 28 days of observation. The cochlear neural elements, such as synapto-
physin, ribbon synapses, and S-100, were not affected by the administration of lipid 
nanocapsules [ 21 ].  

  Fig. 9.5    Illustration of the round window diffusion-MicroWick device. The MicroWick device (1) 
is inserted through a ventilation tube (2) that is installed on the tympanic membrane and touches 
the round window niche (3). The drug ( green ) is delivered via the MicroWick device and is thought 
to enter the inner ear through the round window       
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9.3.3      Oval Window Diffusion-Polyimide Microlumen 

 Zou et al. reported novel vestibular selective delivery of the MRI contrast agent 
gadolinium-tetra-azacyclo-dodecane-tetra-acetic acid (Gd-DOTA) via oval window 
diffusion by epitympanic injection using high-performance polyimide microlumen 
(HPPM) in 2012. The mechanism of the procedure is that the drug that is injected 
into the epitympanum diffuses along the thin epithelium, coating the ossicles to the 
oval window, and then enters the vestibule [ 22 ]. Rather than a watertight seal, the 
annular ligament across the stapediovestibular joint in the oval window is a porous 
structure, composed of fi brillin, 36-kDa microfi bril-associated glycoprotein, and 
hyaluronic acid [ 23 ]. To prepare the injection device, the HPPM is cut (inner diam-
eter 121.92 μm, outer diameter 180.34 μm, MicroLumen Inc., Florida, USA) into 
30-mm pieces with a bevelled tip at one end, which is connected to polyethylene 
tubing (inner diameter 0.28 mm, outer diameter 0.61 mm, PEIO, Becton Dickinson 
and Company, New Jersey, USA), and sealed with Loctite Super Attak Plastic glue 
(Henkel, Germany). The other end of the catheter is connected to an insulin syringe 
(Becton Dickinson and Company, USA) through a 27-gauge needle. The tubing is 
primed with the drug to be administered. Under a microscope, the tympanic mem-
brane is penetrated on the lateral wall of the lateral attic compartment using a 
25-gauge needle, and the HPPM is inserted through the perforation (Fig.  9.6 ). 
Approximately 2.5 μl (half scale of the syringe) of drug is manually injected into the 
epitympanum over 1–2 s.

9.3.4        Tympanic Medial Wall Diffusion 

 To further reduce the volume of drug that is delivered into the tympanic cavity, 
Zou et al. reported a novel method of ultrasmall-volume administration of Gd-DOTA 
to the medial wall of the middle ear cavity of rats using HPPM in 2011 [ 24 ]. 
The injection device was created in the same manner as that used in oval window 
diffusion (see that in Sect.  9.3.3 ). The tympanic membrane was penetrated at the 
upper edge of the posterior upper quadrant with a 25-gauge needle, and the HPPM 

  Fig. 9.6    Illustration of vestibular selective drug delivery via oval window diffusion. An epitym-
panic injection is performed by inserting high-performance polyimide microlumen (HPPM) 
through the pars fl accida (PF).  CL  cone of light,  M  malleus,  U  umbo       

 

9 Focal Drug Delivery in Inner Ear Therapy



222

was inserted through the hole until it touches the medial wall of the middle ear 
cavity. A total of 2.5 μL of drug solution was injected onto the medial wall of the 
middle ear cavity. The animals remained in the lateral position with the injected ear 
upward for 15 min.   

9.4     Direct Cochlear Drug Delivery: Next-Generation 
Cochlear Implant 

 In 1999, Carvalho and Lalwani fi rst reported that cochleostomy followed by intra-
cochlear infusion, as a model system for continuous direct cochlear drug delivery, 
was well tolerated by the auditory system of guinea pigs. Different therapeutic 
agents, including neurotrophins, growth factors, anti-infl ammatory drugs, and viral 
gene therapy vectors, were infused into the cochlea over a prolonged period of time, 
resulting in auditory insult limited largely to the region of surgical trauma [ 25 ]. 
Trying to improve the effect of cochlear implantation, Paasche et al. modifi ed the 
cochlear implant electrode for direct drug delivery to the inner ear [ 9 ]. A novel 
cochlear implant electrode is under development with the support of the European 
Union Framework Programme projects, NanoEar and NANOCI [ 26 ,  27 ]. The 
NANOCI project is a continuation of NanoEar, aimed to develop a neuroprosthesis 
with a gapless interface with auditory nerve fi bres. The neurites will be attracted and 
guided by an innovative, nanostructured gel matrix, containing diffusible and 
surface- bound neurotrophic compounds towards the functionalised, neurotrophic 
electrode array surface. Within the NanoEar project, Tet1-functionalised PEG-b- 
PCL polymersomes showed cochlear nerve targeting after direct cochlear adminis-
tration [ 28 ]. Superparamagnetic iron oxide nanoparticles, hierarchically coated with 
oleic acid and Pluronic F127 copolymers (POA@SPION), were demonstrated as a 
sensitive contrast agent in inner ear MRI after direct cochlear delivery [ 29 ]. SPION 
will be used as an MRI tag to visualise dynamic release of BDNF and BDNF 
mimetic molecules from the next-generation cochlear implant electrode into the 
cochlear perilymph as part of the NANOCI project.  

9.5     Advantages and Disadvantages of Different 
Delivery Methods 

 Transtympanic injections using needles constitute a simple and effi cient method for 
focal drug delivery in inner ear therapy, but the injection volume is the largest 
among focal drug delivery methods. The MicroWick device is capable of inducing 
sustained, selective cochlear drug delivery, but with a high risk of middle ear infection 
and obvious trauma. Trans-Eustachian tube catheter injections are noninvasive, but 
the patient can suffer from the insertion of tubing through the Eustachian tube, and 
the procedure is complicated. Transtympanic catheter injections are capable of 
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mediating sustained delivery, but the volume is large. Round window diffusion using 
a gelatine sponge makes it possible to deliver a drug constantly and selectively to 
the cochlea, but an operation is required to enter the middle ear. Oval window diffu-
sion by an epitympanic injection using HPPM is an excellent, minimally invasive, 
and selective vestibular drug delivery method, but it lacks clinical application. 
Tympanic medial wall diffusion using HPPM is minimally invasive with an 
ultrasmall volume of drug being administered, but it requires clinical data to support 
its effi cacy. Direct cochlear drug delivery, in combination with next-generation 
cochlear implantable electrodes, is the future of deafness therapy, but no product 
has yet appeared on the market.     
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10.1            Anatomy and Function of the Eye 

 The eye is the organ of sight and the most precious part of a human body, which is 
spherical hollow globe in structure. Broadly we can categorize its structure into two 
subheadings: (1) anterior segment and (2) posterior segment. The anterior segment 
is the front site of the eye, which mainly consists of the pupil, cornea, iris, ciliary 
body, aqueous humor, and lens, whereas the posterior segment is the back of the eye 
that consists of the vitreous humor, retina, choroid, macula, and optic nerve 
(Fig.  10.1 ). The cornea is the clear front window of the eye, which transmits and 
focuses light into the eye. The iris is the colored part of the eye, which helps to regu-
late the amount of light that enters the eyes. The pupil is the dark center in the middle 
of the iris, which determines how much light will be permitted into eye, and also it 
changes its size to accommodate the amount of light that is available. The lens, which 
is the transparent structure inside the eye, focuses the light rays onto the retina. 
The aqueous humor is a thin watery fl uid that fi lls the space between the cornea and 
the iris (anterior chamber). This fl uid nourishes the cornea and lens and gives the eye 
its shape. In the posterior chamber, the vitreous humor is a transparent, colorless, 
gelatinous mass which fi lls the middle of the eye. The retina is the nerve layer that 
lines the back of the eye and senses light which creates impulses that are sent through 
the optic nerve to the brain. Macula is a small area in the retina that contains special 
light-sensitive cells. The macula allows us to see fi ne details clearly. The optic nerve 
connects the eye to the brain. The optic nerve carries the impulses formed by the 
retina to the brain, which interprets it to image. The choroid is the middle layer of 
the eye that contains blood vessels and connective tissues which supply nutrients to 
the inner portion of the eye.
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10.2        Delivery Routes for Ocular Drug Delivery 

 Ocular drug delivery is one of the most challenging delivery system encountered by 
a pharmaceutical scientist due to its unique anatomy and physiology. The distinctive 
and complex structure of the eye restricts the entry of any foreign substances includ-
ing drug. The anterior and posterior positions though juxtaposed to each other are 
very different in their anatomical and physiological features. Apart from that both 
of them function independently and in tandem upon application of an ocular prepa-
ration. The drug delivery to the eye is mainly classifi ed into anterior and posterior 
segments. Conventional drug administration systems such as eye drops, suspen-
sions, and ointments are not considered favorable for vision-threatening ocular dis-
eases. Nearly about 90 % marketed ophthalmic formulations are in the form of eye 
drops which mainly target the anterior segment of the eye disease [ 1 ]. These topi-
cally applied drugs are generally washed off from the eye by various defensive 
mechanisms such as blinking, lid closure due to refl ex blinking, lacrimation, and 
nasolacrimal drainage which results to low ocular bioavailability of drugs. In addition, 
drug binding to tear proteins and to conjunctival mucin also inactivates a portion of 
the administered dose. Further loss can arise through physical means. During 
administration, a part of an aqueous drop instilled is inevitably lost by over fl ow/
drainage, as the conjunctival pouch can accommodate only few microliters of added 
fl uid [ 2 ,  3 ]. Apart from the human cornea comprising of epithelium, substantia pro-
pria also restricts the ocular entry of drug molecules [ 2 ]. As a result of these factors, 
<5 % of administered drug enters the eye. Moreover, alternative approaches like 
incorporation of permeation enhancers/cyclodextrins and increasing the viscosity of 
solutions did not provide any signifi cant improvement. Also many drug effl ux 
pumps have been identifi ed and signifi cant enhancement in ocular drug absorption 
was achieved following their inhibition or evasion. But prolonged use of such inhibitors 
may result in undesirable effects [ 4 ].  

Pupil

Cornea

Lens
Iris

Retina

Viterous
chamber

Sclera Choroid 

Optic nerve

Conjuctiva

  Fig. 10.1    Structure of the eye       

 

F. Dilnawaz and S.K. Sahoo



227

10.3     Nanotechnology-Based Ocular Drug Delivery System 

 For ophthalmic drug delivery, controlled and sustained release of the drug delivery 
has become one of the major focuses of the pharmaceutical industry. Additionally, 
in clinical therapeutics, maintaining adequate concentration of drugs at the site of 
action is the main concerned factor. But the physiological constraints imposed by 
the protective mechanisms of the eye lead to poor absorption of drugs with a very 
small fraction of the instilled dose penetrating the cornea and reaching the intraocu-
lar tissues. The anatomy, physiology, and biochemistry of the eye render this pre-
cious organ to be highly impervious to foreign substances [ 5 ]. A signifi cant 
challenge to the pharmaceutical scientist is to circumvent the protective barriers of 
the eye without causing permanent tissue damage; therefore, much attention has 
been given towards the development of newer, more accurate delivery system with 
high therapeutic effi cacy. In this regard, attention has been shifted towards the 
recent emergence of nanotechnology-based drug delivery approach. Nanotechnology 
plays a crucial role in the development of drug delivery vehicle, which has the 
potentiality to revolutionize the prevention and treatment of various ocular diseases. 
Nanoparticles are solid, colloidal particles loaded with macromolecular substances 
that vary in size from 10 to 1,000 nm. Smaller particles are better tolerated by the 
patients than larger particles; therefore nanoparticles of smaller size (<200 nm) 
may represent very comfortable ophthalmic prolonged action delivery systems [ 6 ]. 
The major objective of clinical therapeutics is to provide and maintain adequate 
concentration of drugs at the site of action. In ocular drug delivery, the physiological 
constraints imposed by the protective mechanisms of the eye lead to poor absorp-
tion of drugs with very small fractions of the instilled dose penetrating the cornea 
and reaching the intraocular tissues [ 5 ]. Conventional ophthalmic solution, suspen-
sion, and ointment dosage forms no longer constitute optimal therapy for these indi-
cations. In this aspect, nanoparticulate formulation represents one of the promising 
drug carriers for ophthalmic applications. These nanoparticulate formulations are 
showing a better application as compared to conventional drug delivery systems [ 5 , 
 6 ]. The benefi ts of having the drug in the form of nanoparticulate forms are reduc-
tion in the amount of dose, drug release for a prolonged period of time, higher drug 
concentrations in the infected tissue, longer residence time of nanoparticles on the 
cornea surface, and reduction systemic toxicity of drug [ 5 ,  6 ]. Various nanoparticulate 
formulations such as nanoparticles, nanosuspensions, cationic nanoemulsions, ionto-
phoresis, dendrimers, nanocapsules, liposomes, solid lipid nanocarriers, niosomes, 
and cyclodextrins are developed for the signifi cant improvement of ophthalmic drug 
delivery (Fig.  10.2 ).

10.3.1       Nanoparticles 

 Nanoparticle-based drug delivery system has demonstrated promising results in 
ophthalmic drug delivery over the last decade, consisting of various synthetic 
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biodegradable materials, such as natural or synthetic polymers, lipids, phospholipids, 
and even metals. Mostly various biodegradable polymers, polylactides (PLAs), 
polycyanoacrylate, and poly ( d ,  l -lactides), and natural polymers, like chitosan, 
gelatine, sodium alginate, and albumin, can be used effectively for effi cient drug 
delivery to the ocular tissues [ 7 ,  8 ]. Drugs can be either integrated in the matrix or 
attached to the surface. At cellular level the nanoparticles are endocytosed/phagocy-
tosed by cells, which results in the internalization of the encapsulated drug. Studies 
conducted by Bourges et al. in rabbits have shown that nanoparticles of different 
sizes and with different surface charges when injected into the vitreous migrate 
through the retinal layers and tend to accumulate in the retinal pigment epithelium 
(RPE) cells. After a single intravenous injection, they observed the presence of 
nanoparticles for a period of 4 months [ 9 ]. The movement of nanoparticles takes 
place because of rupture of the internal limiting membrane (ILM) along with the 
modifi cation of the vitreous interface structure secondary to the presence of the 
PLA and poly ( d ,  l -lactide-co-glycolide) (PLGA). The infl ammatory reactions fol-
lowing the injection contribute the transretinal movement of the nanoparticles into 
vitreous cavity and settling on the ILM. With these fi ndings novel drug delivery 
systems targeting to the posterior segment of the eye and RPE cells of the retina in 
particular were thought for the development. Moreover, the bioavailability of the 
drug increases when encapsulated in nanoparticulate formulations. Also there is 
report of retention of polystyrene nanospheres (made from nonbiodegradable 
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polymers) in neuro- retina and RPE even after 2 months of single intravenous injection 
in rabbits [ 10 ]. Nanoparticles made up from natural polymers such as chitosan are 
quite effective in intraocular penetration of some specifi c drugs, because of its inti-
mate contact between corneal and conjunctival surfaces [ 5 ]. Polyethylene glycol 
(PEG)-coated poly-epsilon-caprolactone (PECL) nanoparticles also demonstrated 
greater corneal penetration [ 11 ]. For improvement of adhesion to the corneal surface, 
the nanoparticles were coated with different polymers. PECL nanoparticles were 
coated with chitosan; the bioavailability of encapsulated indomethacin was doubled 
[ 12 ]. Furthermore, the biodegradable, nontoxic, and nonantigenic properties of albu-
min were taken into account for an effi cient drug delivery system. For the treatment of 
chronic cytomegalovirus retinitis (CMV), albumin nanoparticles serve as a very effi -
cient drug delivery system because they did not induce infl ammatory reactions in the 
retinal tissue nor disturb the organization of the surrounding ocular tissues, as greater 
amount of charged amino acid allows the adsorption of drug ganciclovir (GCV) [ 13 ].  

10.3.2     Nanosuspensions 

 Nanosuspension is a submicron colloidal dispersion used for poorly water-soluble 
drugs suspended in appropriate dispersion medium. The nanosuspension method is 
exploited for the drug compounds that form crystals with high energy, which makes 
them insoluble in either organic (lipophilic) or hydrophilic media. Nanoparticle 
suspensions prepared from inert polymeric resins can be utilized for drug delivery 
vehicle as they are capable of prolonging drug release and enhancing bioavailability. 
As these carriers do not irritate the cornea, iris, or conjunctiva, they act as an inert 
carrier for ophthalmic drugs [ 14 ]. Polymeric nanoparticle suspensions prepared 
from Eudragit RS 1001 and RL 1001 polymer resins loaded with fl urbiprofen (FLU) 
prevent myosis during extracapsular cataract surgery. FLU is a nonsteroidal anti-
infl ammatory drug (NSAID) that inhibits cyclooxygenase and therefore antago-
nizes papillary constriction during intraocular surgery. The positive charge on the 
nanoparticle surface facilitates their adhesion to the corneal surface [ 15 ]. Therefore, 
a nanosuspension in ophthalmic pharmaceutical formulations is an attractive area, 
which offers a great possibility to overcome the inherent diffi culties associated with 
ocular drug delivery [ 16 ]. In an experimental approach, Sakurai et al. (2001), stud-
ied the effi cacy of the ibuprofen (IBU)-loaded nanoparticles in vivo in rabbit eye 
after inducing ocular trauma. After application of nanoparticle suspension, the drug 
level of the aqueous humor was higher as compared to control aqueous eye drop 
showing no signs of toxicity towards ocular tissues [ 10 ].  

10.3.3     Cationic Nanoemulsions 

 The cationic nanoemulsion technology is more effi cient at delivering the appropri-
ate concentrations of bioactive molecules to the eye. The bioadhesiveness of 
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nanosystems and the electrostatic interaction prolong the residence time on the 
ocular surface [ 17 ]. The electrostatic interaction was created between the nega-
tively charged cells of the ocular surface and with positively charged delivery vehi-
cles. Most widely used cationic lipids for the manufacturers of the cationic 
liposomes or cationic emulsions are stearylamine, oleylamine, poly(ethylenimine) 
(PEI), and poly- l -lysine (PLL) [ 18 ,  19 ]. Oleylamine, the cationic lipid, has been 
used to manufacture ophthalmic emulsions [ 20 ], but this lipid has stability con-
cerns due to its primary amine function and an unsaturated site in the aliphatic 
chain. However, PEI and PLL organic polymer has a high density of amino groups 
that can be protonated at physiological pH; the polycation is very effective in bind-
ing DNA and can mediate the transfection of eukaryotic cells [ 21 ]. Cationic lipids, 
DOTAP ( N -(1-(2,3-dioleoyloxy) propyl)- N , N , N  trimethylammonium) chloride, 
and DOPE (dioleoyl phosphatidylethanolamine) represent another potential class 
of cationic agents that are well tolerated and biodegradable. Hagigit and colleagues 
showed that using DOTAP was better than the seminatural lipid oleylamine to 
make stable cationic emulsions. Moreover, DOTAP cationic emulsion enhanced 
the penetration of antisense oligonucleotides after either topical ocular instillations 
or intravitreous injection [ 22 ]. Cyclosporine A, a highly lipophilic immunomodu-
latory drug, is widely used by ophthalmologists for its recognized therapeutic 
potential for the treatment of ocular diseases (dry eye, allergy, and infl ammation) 
[ 23 ]. Clinical trials of cationic emulsions loaded with cyclosporine A have demon-
strated higher effi cacy and safety in patients with dry eye disease. Using the cat-
ionic nanoemulsion technology, Novagali Pharma has developed few products, i.e., 
Cyclokat and Cationorm (treatment of dry eye symptoms), Vekacia (treatment of 
vernal keratoconjunctivitis), and Catioprost (treatment of elevated intraocular pres-
sure (IOP) due to glaucoma) [ 19 ].  

10.3.4     Iontophoresis 

 Ocular iontophoresis recently has received signifi cant interest due to its noninvasive 
nature of delivery of drugs across cornea and sclera. For iontophoresis the ions of 
importance should be charged molecules of the drug, which requires a mild electric 
current to drive the ions into cells or tissues. Following application of iontophoresis 
technique, the positively and negatively charged nanoparticles were shown to dis-
tribute to the inner ocular tissues such as retina and vitreous humor by increasing the 
bioavailability and decreasing the adverse effects of the drugs. Studies conducted 
reveals that positively charged nanoparticles have shown higher penetration effect 
than negatively charged nanoparticles [ 24 ]. With this mode of delivery, the potential 
side effects associated with intraocular injections and implants can also be over-
comed. Encouraging results are obtained with the use of transcorneal iontophoresis 
of ciprofl oxacin hydrochloride (ocular infection), gentamicin (pseudomonas kera-
titis), and antisense oligonucleotides (treatment of angiogenesis in cornea) in ocu-
lar therapy [ 25 ,  26 ]. Using iontophoresis technique, dexamethasone phosphate, 
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methylprednisolone (posterior segment infl ammation), carboplatin (retinoblastoma), 
and methotrexate (infl ammatory diseases and intraocular lymphoma) were also 
successfully delivered in affected ocular tissues [ 24 ,  27 ]. For transscleral iontopho-
resis, a system OcuPhor™ has been designed with an applicator, dispersive elec-
trode, and a dose controller for release of drug [ 28 ]. This device can also release the 
active drug into the retina–choroid. A similar device called Visulex™ has also been 
designed to allow selective transport of ionized molecules through sclera [ 29 ]. 
Iontophoretic application of antibiotics to the eye also increases the bactericidal 
activity; as a result the severity of disease is reduced. Moreover, application of 
anti- infl ammatory agents also reduced the vision-threatening side effects [ 30 ,  31 ].  

10.3.5     Dendrimers 

 Dendrimers are a macromolecular system made up of a sequence of branches 
around an inner core. They are attractive macromolecular compounds for drug 
delivery because of their nanometer size range, ease of preparation and functional-
ization, and their ability to display multiple copies of surface groups for biological 
recognition processes [ 6 ,  32 – 34 ]. Because of these multifaceted properties, they are 
used as a valuable vehicle for ophthalmic drug delivery. Recently much attention 
was given to poly(amidoamine) (PAMAM) dendrimers, which are liquid or semi-
solid polymers having several amine, carboxylic, and hydroxyl surface groups, 
which increase with the generation number (G0, G1, G2, and so on). Its character-
istic branched a unique structure; PAMAM dendrimers are able to solubilize effi -
ciently poorly water-soluble drugs into their inner core tiers of branch cells with 
radial connectivity to the initiator core and an exterior or surface region of terminal 
moieties [ 35 – 37 ]. Research efforts of Vandamme and coworkers revealed that for 
improving residence time of pilocarpine in the eye was increased with PAMAM 
dendrimers having carboxylic or hydroxyl surface groups [ 38 ]. In another study, 
Shaunak et al. used carboxylated PAMAM dendrimer (G3.5) to synthesize 
dendrimer- glucosamine (DG) and dendrimer-glucosamine 6-sulfate (DGS) conju-
gates with immunomodulatory and anti-angiogenic properties, respectively. These 
two conjugates were used together for the clinical validation of wound healing after 
glaucoma fi ltration in rabbit model to increase the long-term success of the surgery 
and prevent scar tissue formation. Rabbits treated with DG and DGS showed mini-
mal scar tissue formation compared to placebo-treated animals with no clinical, 
hematological, biochemical toxicity, or microbial infections during the whole 
experimental period. These results suggest that DG and DGS are effective for safe 
ocular administration [ 39 ]. For normal eye development ocular neovascularization 
is essential, but it leads to blindness when it is not well controlled. The effective 
angiogenic factor involved in ocular neovascularization is vascular endothelial 
growth factor (VEGF). A sense oligonucleotide named ODN-1 was reported to have 
potent anti-VEGF activity. Wimmer et al. designed and synthesized lipid–lysine 
dendrimers for the delivery of ODN-1 into the nuclei of retinal cells [ 40 ]. In another 
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study Marano et al. reported the ability of lipid–lysine dendrimers to deliver ODN-1 
into cells which causes a reduction in VEGF expression in a rat model. This 
dendrimer/ODN-1 complexes even remained active for up to the period of 2 months 
after injection, indicating the prolonged delivery of ODN-1 dendrimer complex [ 41 ]. 
Furthermore, ophthalmological examinations of injected rat eyes illustrated no 
signifi cant toxicity and damage. These results altogether demonstrated the lipid–
lysine dendrimers to be biocompatible ocular gene carriers for prevention of ocular 
neovascularization. Furthermore greater possibilities utilizing dendrimers as oph-
thalmic drug delivery vehicles can be explored.  

10.3.6     Nanocapsules 

 Polymeric nanocapsules were developed for ocular delivery to increase the corneal 
penetration of drugs delivered and on the other hand to prevent any systemic side 
effects. Calvo et al. studied the effi cacy of chitosan (CS)-coated and PLL-coated-
PECL nanocapsules as ocular drug carrier. The high positive surface charge of CS 
and PLL along with mucoadhesiveness of CS signifi cantly increased the concentra-
tion of indomethacin cornea and aqueous humor, compared to uncoated particles as 
well as commercial eye drops. The above formulated nanocapsules also displayed 
good ocular tolerance [ 42 ]. The poly(epsilon-caprolactone) (PCL) polymer was 
used for the formulation of nanocapsule for testing of IOP in intraocular hyperten-
sive-induced rabbits. These formulated nanocapsules displayed better therapeutic 
results by decreasing of IOP as compared to commercial aqueous eye drops (carteol 
eye drops). Also, the incorporation of the carteol drug into nanocapsules decreased 
cardiovascular side effects in comparison with aqueous eye drops, thus showing 
reduction of undesired noncorneal absorption [ 43 ]. In another study, nanocapsule 
formulated with an oily core of  Migliol 840  (M840) coated with PECL was evalu-
ated for topical ocular administration of cyclosporin A (CyA). The thick spongeous 
polymer coating around the oily nanodrops increased the levels of CyA up to fi ve 
times than that of oily solution of CyA up to 3 days [ 12 ]. Using polyisobutylcyano-
acrylate (PIBCA) and PECL polymers, nanocapsule of metipranolol base (a β 
blocker) was formulated for ocular delivery to prevent the systemic side effects of 
glaucoma [ 44 ].  

10.3.7     Liposomes 

 Liposomes are membrane-like vesicles that consist of one or more concentric 
phospholipid or cholesterol bilayers designed to carry lipophilic drugs either into the 
core or into the bilayer [ 45 ]. Depending upon the chemical composition, lipo-
somes can have positive, negative, or neutral surface charge. However, the positively 
charged liposomes have greater affi nity towards precorneal drug retention and drug 
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bioavailability, as the corneal epithelium is thinly coated with negatively charged 
mucin to which the positively charged surface of the liposome absorbs strongly. Also 
coating with bioadhesive polymers to liposomes prolongs the precorneal retention of 
liposomes [ 46 ]. Thermosensitive liposomes were also used for light-targeted diagno-
sis and therapy of chorioretinal neovascularization in age-related macular degenera-
tion (AMD), showing the possibility of targeting neovascular areas of the eye [ 46 ]. 
The main problem associated with the anterior portion of the eye is the mucus 
barrier that incorporates the ocular tear fi lm. This defensive mechanism represents 
the main limitation to the liquid formulations for ophthalmic therapy. Moreover, 
liposome- and chitosan-based nanoformulation increases the retention of drug on the 
ocular surface to facilitate penetration across the corneal epithelium. Diebold et al. 
(2007), formulated a complex of liposomes and chitosan (CS) nanoparticles to over-
come the ocular mucosal barrier which also exhibited negligible toxicity in vitro and 
a good tolerance in vivo [ 47 ]. Similarly immunoliposomes are generated by conju-
gating antibodies to the lipid bilayer for site-specifi c and sustained release; immuno-
liposomes could act as improved vehicles for drug delivery in treatment of ocular 
drug delivery [ 48 ]. For ocular disease antisense oligonucleotides can be encapsu-
lated in the liposomes which are effi ciently targeted to the retina to treat CMV retini-
tis. Studies done by Bochot et al. demonstrated retention of larger amount of 
administered phosphodiester (16-mer oligothymidylate) (pdT16) oligonucleotides 
into the vitreous and retina–choroid even after 15 days as compared to release from 
solution [ 49 ]. In another study, fl uconazole liposomal formulation was evaluated in 
the candidal keratitis model in rabbits. Rabbits treated with fl uconazole-encapsulated 
liposomes were having higher healing rate than rabbits treated with fl uconazole solu-
tion [ 50 ]. Kawakami et al. (2001), formulated liposome for ocular delivery of tiliso-
lol for topical administration as well as intravitreally to the rabbit eye. After 
administration retention of liposomes was increased which resulted in higher drug 
concentration in the vitreous body compared to free tilisolol [ 51 ]. Similarly, 
Abrishami et al. (2009) prepared nanoliposomes of bevacizumab which illustrated 
greater effi cacy than free drug, showing sustained release of bevacizumab for a period 
of 6 weeks in rabbit model [ 52 ]. Therefore liposomal formulation showed potentiality 
in ocular drug delivery system.  

10.3.8     Solid Lipid Nanocarriers 

 Solid lipid nanoparticles (SLNs) are colloidal particles developed as an alternative to 
emulsions, liposomes, and polymeric nanoparticles for the delivery of hydrophilic, 
lipophilic, and/or poorly water-soluble drugs [ 53 ]. The formation of SLNs from a 
single type of lipid (homolipid) suffered low encapsulation effi ciency due to drug 
bursting due to crystallization of the lipid into ordered β modifi cation; however to 
overcome this condition, a mixture of lipids (heterolipids) is used for SLNs which 
do not form a highly ordered crystalline arrangement by modifying the polymorphic 
properties of the single lipid [ 54 ]. Youshia et al. (2012) formulated SLN loaded with 
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methazolamide (MZA) using the Compritol ®  and cetostearyl alcohol (CSA) for 
treating glaucoma. Administration of MZA-loaded SLN in rabbit eye illustrated 
higher pharmacological response and more sustained release effect with decrease in 
ocular pressure as well as no visual irritation than the MZA solution [ 55 ]. Liu et al. 
(2011), synthesized SLN of baicalin (BA) (BA-SLN) for ocular drug delivery sys-
tem. The BA-SLN illustrated corneal permeability with sustained release activity 
better than the ophthalmic solution of baicalin in isolated rabbit cornea [ 56 ], whereas 
the in vivo ocular irritation of BA-SLN was tested by pathological section observa-
tion using rabbits. Cavalli et al. (2002) used SLN of tobramycin (TOB) as a carrier 
for topical ocular delivery. The TOB-SLN showed signifi cantly higher bioavail-
ability in aqueous humor than the TOB commercial eye drops, illustrating the 
effi cacy of the formulation [ 57 ]. Başaran et al. (2010), formulated cyclosporine-A-
loaded cationic SLN for ocular delivery, which is mainly used for corneal transplan-
tation and dry eye syndrome. The in vivo studies in sheep revealed availability of 
the formulation in aqueous and vitreous humor for 48 h depicting ocular penetration 
with good controlled prolonged release profi le [ 58 ].   

10.4     Ocular Photodynamic Therapy 

 Photodynamic therapy (PDT) is an evolving and innovative approach for treating 
ocular neovascular disorders of the eye. In treating neovascularization or abnormal 
endothelial proliferation in the back of the eye, a colloidal carrier containing a 
photosensitizer is to be injected intravenously to facilitate the localization of the 
carrier in the neovascular region due to enhanced permeability and slow clearance 
of colloidal carriers from such regions (Fig.  10.3 ). Thereafter, subsequent activation 
of the photosensitizing compound via a nonthermal laser light generates highly 
reactive singlet oxygen ( 1 O 2 ) in order to prompt light-induced cytotoxicity [ 59 ]. 
Effectiveness of PDT is dependent upon an abundant supply of molecular O 2 , which 
ensures its usefulness in living tissue [ 60 ]. The photosensitizer molecule after acti-
vation can be administered either intravenously or as a topical drop. The AMD is the 
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leading cause of loss of vision, for which a long-term therapeutic strategy is required 
because they are chronic and progressive [ 61 ]. Liposomes possess characteristics 
that are favorable for ocular PDT. Liposomal formulation are also established 
nanocarriers for drug and gene delivery. However, the liposomes can also entrap 
photosensitizers with different physicochemical properties [ 62 ]. Clinically PDT is 
now facilitated through a liposomal formulation Visudyne ® , an FDA-approved 
light- sensitive delivery system. The photosensitizer verteporfi n (a benzoporphyrin- 
derivative monoacid ring A) is the principal ingredient of Visudyne ® . Liposomal 
formulation of Visudyne ®  is selectively retained in neovascular spots of the eye, 
which allows targeted therapy. Likewise, Photofrin ®  is currently approved by the 
FDA for treatment of other cancers including ocular with safety profi le. The active 
ingredient of Photofrin ®  is the photosensitizer, porfi mer sodium, often referred to as 
dihematoporphryin ether (DHE). In preclinical trials, DHE demonstrated a distinct 
ability of localization in ocular malignancies, particularly corneal neovascularization 
(CNV) [ 63 ]. Integration of DHE into liposomal formulation will enhance the therapeu-
tic approach. Ionic dendritic porphyrin loaded in PEG-block-poly( l -lysine) micelles 
has been shown to be a viable delivery system for ophthalmic applications [ 59 ]. In a 
rat model PDT with dendritic porphyrin-loaded PEG-block-poly( l -lysine) micelles 
was administered for the treatment of CNV. These dendritic porphyrin- loaded micelles 
specifi cally accumulated in the CNV sites as early as 15 min after the injection and 
continued till 24 h, whereas free dendritic porphyrin concentrated in CNV sites up to 
4 h following injection but disappeared within 24 h due to its negatively charged 
periphery indicating the success of using dendritic porphyrin- loaded micelles for 
PDT [ 64 ]. In another approach light-induced gene transfer may be delivered through 
the use of dendritic porphyrin-coated non-viral vectors. Nishiyama et al. (2005), 
formulated pDNA/polycation polyplex which was enveloped with the photosensitizer, 
anionic dendritic phthalocyanine, and functionalized with a nuclear localization 
signal. The nuclear localization signal enabled the transport of the complexes to the 
nuclei [ 65 ]. The formulated complex was injected into the eyes of rat and laser irra-
diated, as a result of which there was appreciable gene expression in the conjuncti-
val tissue with reduced level of light-induced cytotoxicity [ 59 ].

10.5        Nano-Vehicles Ocular Imaging 

 Nanotechnology-based therapeutic applications have great potential for improving 
clinical management of ocular disease. Engineering particles to the nanoscale can 
infl uence the manner and effi ciency in which organic or inorganic materials interact 
with biological systems. For this reason, signifi cant efforts in the fi eld of nanomedi-
cine have also been directed towards the development of nanoscale imaging agents. 
The clinical approaches take the advantage of the unique properties such as con-
trolled release, site specifi city, and stability. These features reduce the therapeutic 
dose as well as off-target effects which usually contribute to toxicity. For this 
purpose imaging agents are manipulated on the nanoscale level to home specifi cally 
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to the dysfunctional tissues to aid in the early detection of disease [ 66 ]. In ocular 
therapeutics, the specifi c arena in which the nanoscale contrast agents are poised to 
improve disease detection and management involves vascular diseases of the retina. 
Retinal vascular diseases such as diabetic retinopathy and neovascular AMD are the 
leading causes of blindness, and efforts to improve diagnostic and prognostic ocular 
imaging techniques are needed to improve the effi cacy of clinical management [ 67 ]. 
In diabetic retinopathy the endothelial dysfunction and subsequent retinal capillary 
dropout is the critical event in disease progression. Colloidal semiconductor quan-
tum dots (QDs) have received much attention due to their unique optical properties 
which can be effi ciently used for highly sensitive cellular imaging. Using nanotech-
nological approach the molecular level can be imaged by QD. Tantrum et al. (2012) 
used PEG-coated QD to prolong the circulation time and reduce immunorecogni-
tion and clearance by the reticuloendothelial tissues such as liver and spleen [ 67 ]. 
Further the pegylated QD were surface functionalized by specifi c biomarker of 
endothelial infl ammatory responses, such as intercellular adhesion molecule 
(ICAM-1) and vascular cell adhesion molecule (VCAM-1), which are known to be 
upregulated in streptozotocin (STZ) rat model. Multispectral molecular fl uores-
cence imaging of retinal vessels illustrated increased QD binding in STZ-induced 
diabetic rat model due to enhanced expression of ICAM-1 and VCAM-1 [ 68 ]. This 
combination of QD surface design elements offers a promising new in vivo approach 
to specifi cally label vascular cell and biomolecules of interest in retinal imaging. 
Another consequence outcome of endothelial dysfunction in diabetic retinopathy is 
leukostasis, in which endothelial cell surface infl ammatory molecules provoke the 
cascade on rolling, arrest, and extravasation of leukocytes on and across retinal ves-
sel walls [ 69 ]. To study this particular event, Jaygopal et al. formulated antibody-
functionalized QD probes. The QD was decorated with RP-1 (marker of rat 
neutrophils) which was used for targeting circulating leukocyte subpopulations to 
study their role in retinal vascular diseases such as diabetic retinopathy and uveitis 
using STZ animal models. Apart from that, another major vision-threatening 
complication of diabetes is proliferative diabetic retinopathy, which is character-
ized by aberrant growth of blood vessels (angiogenesis) above the inner limiting 
membrane into the vitreous. To preserve the vision of the patient, early detection of 
this disease component therefore becomes crucial. To study this process Boron PLA 
nanoparticles were formulated which exhibited oxygen-sensitive properties; spe-
cifi cally these nanoparticles were capable of emitting long-lived, green phosphores-
cence (i.e., “glow in the dark” emission) which is responsive to oxygen 
concentrations, and also these probes can also be useful for imaging hypoxia in 
retinal tissue noninvasively [ 70 ,  71 ]. To ensure optimum delivery of therapeutic 
agents in the eye and detailed information of the transport mechanism and elimina-
tion pathways, Kim et al. (2005) studied Gd-DTPA (Magnevist) release from a 
polymer-based implant in rabbit vitreous using T1-weighted magnetic resonance 
imaging (MRI). The concentration of Gd-DTPA varies from high values near 
implant to low values away from implant. This regional concentration throughout 
the vitreous will have clinical signifi cance to treat eye diseases using a single posi-
tional implant [ 36 ]. Studies were also carried out for improving the imaging 
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properties of poly ( N -isopropylacrylamide) (PNIPAM) nanoparticles by physically 
embedding quantum dots in hydrogel nanoparticles. These quantum dots encapsu-
lated PNIPAM nanoparticles that have superior intratumoral accumulation ability in 
subcutaneous melanoma tumor implantation model. These bifunctional nanode-
vices with a quantum dot core and hydrogel shell would aid tumor imaging and drug 
delivery, respectively, through which intraocular tumor imaging and treatment 
could be explored. Spherical gold nanoparticles are used as potential photoacoustic 
imaging (PAI) contrast agents [ 72 ]. These nanoparticles show distinctive absorp-
tion bands in the visible range; when the gold nanoparticles are extended to a rod 
shape, the absorption wavelength shifts to the NIR region. The intense optical 
absorption, minute dimension, nontoxicity, and inertness of gold make the formu-
lated nanoparticles ideal candidates for imaging due to surface plasmon oscillation 
of free electrons. These gold nanorods can be targeted to specifi c biomolecules or 
can be coated with PEG to avoid agglomeration or attachment to the tissues.  

10.6     Conclusions and Future Perspectives 

 Nanotechnology based approach towards the development of injectable, topical, 
implantable, transscleral etc. holds signifi cant promise for opthalmic therapy. The 
nanocarrier vehicles have successfully improved the drug bioavailability in a con-
trolled and sustained release manner. The advantages enforced by nanotechnologi-
cal approach in improving imaging agent for ophthalmic disease might expand the 
clinician’s tool kit for therapeutic diagnosis which may be helpful in the assessment 
of therapeutic response.     
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11.1            Introduction 

 Nucleic acid-based therapy has drawn much attention as a novel approach for the 
management of various ocular diseases. Studies carried out over the last 2 decades 
have clearly demonstrated the promise of using nucleic acids, such as DNA, siRNA, 
AS-ODN, and aptamer, in treating acquired as well as inherited ocular diseases. 
Rapid progress in nucleic acid therapy for ocular disease treatment has brought 
two products in the market: Vitravene and Macugen [ 1 ,  2 ]. Vitravene is an AS-ODN 
that was approved by the US Food and Drug Administration (FDA) in 1998 for the 
treatment of cytomegalovirus (CMV) retinitis in AIDS patients [ 1 ]. Macugen is an 
aptamer-based therapeutics, which was approved by the FDA in 2000 for treating 
wet age-related macular degeneration (AMD). The reasons that the eye is advanta-
geous over other organs for nucleic acid therapy is due to the well-defi ned structure 
of the ocular cavity, the presence of the blood-retinal barrier, ease to anesthetize 
ocular tissues, and less immune reaction which enables the use of immunogenic or 
proinfl ammatory vectors [ 3 ]. 

 During the last 20 years, wide varieties of viral and nonviral vectors have been 
employed for nucleic acid delivery to the ocular cavity. Nonviral vectors are rela-
tively safe and include cationic lipids, polymers, or peptides that can spontaneously 
condense negatively charged nucleic acids to nanoscale complexes. In this regard, 
cationic lipids along with neutral lipids have been frequently utilized to form 
“lipoplex” on condensation of nucleic acids. Due to positive charges on its surface, 
lipoplex can facilitate nucleic acid transfer through the negatively charged cell 
membrane. Although nonviral vectors do not elicit immune reactions, their application 
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is compromised due to the presence of their inherent toxicity and low transfection 
effi ciency. In contrast, viral vectors are very effi cient in delivering nucleic acids 
and are able to prolong the production of therapeutic proteins in ocular tissues. 
Although effective, their use has always been limited due to immune reactions [ 3 ]. 
In addition, both nonviral and viral vectors can only deliver nucleic acids in a 
nonspecifi c manner to the whole ocular cavity, leading to undesired toxicity and 
reduced therapeutic effect. 

 Another approach for ocular nucleic acid therapy is physical delivery, which also 
provides site-specifi c delivery into a specifi c compartment in the eye. Over the past 
few years, physical delivery methods have made signifi cant strides in their efforts to 
increase the delivery of nucleic acids to affected sites in the eye. These delivery 
methods apply electric fi eld or high-speed bombardment to facilitate nucleic acid 
entry into target ocular tissues. The most commonly used physical delivery methods 
include electroporation, sonoporation, iontophoresis, and gene gun [ 3 ,  4 ]. 

 The aim of this chapter is to introduce the structure of the eye, the major types of 
nucleic acids for the treatment of ocular diseases, and various strategies that have 
been used to achieve site-specifi c delivery of nucleic acids to the eye.  

11.2     Structure of the Eye 

 The spherical shape of the eye can be divided into the anterior and posterior seg-
ments. The anterior segment consists of the conjunctiva, iris, cornea, ciliary body, 
and lens. The posterior segment includes the sclera, vitreous humor, retina, and 
choroid. Each part of the two segments has a unique functionality for vision, and 
each of them affects drug delivery to specifi c site of the ocular cavity in their own 
unique way (Fig.  11.1 ).

11.2.1       Anterior Segment 

 Drug applied topically on the eye is absorbed either via corneal or non-corneal 
(conjunctival-sclera) route and then translocated towards the intraocular tissues. 
The cornea plays a vital role in the absorption of lipophilic drugs, whereas the con-
junctiva exhibits propensity for hydrophilic drugs. 

11.2.1.1     Cornea 

 The cornea is the exterior, avascular, and transparent part of the eye which forms an 
immune and mechanical barrier, thus shielding the eye from pathogens and physical 
injuries. It also assists in transmitting light to the back side of the eye, particularly 
to the retina by transmitting visible light through the lens [ 3 ]. The cornea consists of 
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fi ve layers: epithelium, stroma, Descemet’s membrane, Bowman’s membrane, and 
endothelium. Each layer possesses a different polarity that ultimately affects drug 
permeation rate to the anterior chamber [ 3 ,  5 ]. Among them, the epithelium, stroma, 
and endothelium layers play essential roles in drug permeation. The outermost epi-
thelium layer (5 μm thickness) has tight junctions and is lipophilic in nature, which 
restricts the entry of drugs, particularly hydrophilic macromolecules such as nucleic 
acids. The stroma is responsible for the maintenance of transparency of the cornea by 
synthesis of collagens and proteoglycans. Its hydrophilic nature is a hurdle for the 
absorption of hydrophobic drugs. Another important layer is the endothelium, 
which is composed of hexagonal cells and presents underneath the stroma. It allows 
transport of macromolecules between the aqueous humor and the stroma [ 5 ].  

11.2.1.2     Conjunctiva 

 The conjunctiva is a thin transparent membrane that covers the outer surface of the 
eyeball and is a key player for the absorption of hydrophilic drugs. It prevents the 
absorption of hydrophobic drugs. For example, it has been observed that the absorp-
tion of hydrocortisone through the conjunctiva was ~70-fold lower than its corneal 
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  Fig. 11.1    Schematic structure of the eye       
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absorption [ 6 ]. In addition, compared to the cornea, the larger surface area and the 
presence of leaker tight junctions in the conjunctiva make it a preferable absorption 
route for hydrophilic drugs, especially nucleic acids.  

11.2.1.3     Aqueous Humor 

 The anterior chamber is fi lled with aqueous humor produced by the ciliary epithelium 
in the posterior chamber. The formation rate of aqueous humor is approximately 
2–3 μL/min which decreases in case of uveitis, retinal detachment and ciliochoroidal 
detachment, and aging [ 7 ].  

11.2.1.4     Iris 

 The iris is a circular-shaped structure located behind the cornea but ahead of the 
lens, holding the pupil on its center. It is responsible for controlling the amount of 
light reaching the retina by expanding or contracting the pupil. The color of an eye is 
the color of the iris which depends on the pigment of the iris stroma, the cell density 
of the iris stroma, and the pigment of iris pigment epithelium (IPE). The iris stroma 
contains numerous blood vessels, connective tissues containing collagen fi bers, and 
myelinated and nonmyelinated nerve fi bers. The irides of different colors contain 
the same amount of melanin pigment. Therefore, certain therapeutic molecules 
that have higher binding affi nity to melanin requires careful consideration in ocular 
delivery because melanin binding may affect drug absorption in the anterior ocular 
tissues [ 8 ].  

11.2.1.5     Lens 

 The lens is a biconvex structure in the anterior chamber that helps focus images on 
the retina. It is located directly behind the pupil and is enclosed in an elastic and 
fi brous capsule suspended by suspensory ligaments from the ciliary body. The lens 
capsule is a transparent basement membrane that completely surrounds the lens and is 
rich in type IV collagen and other matrix proteins [ 9 ,  10 ].   

11.2.2     Posterior Segment 

11.2.2.1     Sclera 

 The sclera is a 0.5–1 mm thick layer above the choroid and composed of collagens 
and proteoglycans. It protects inner ocular organelles and plays an essential role in 
drug absorption. The major part of the sclera is present in the back of the eye and is 
mostly composed of loose collagen fi bers. The particle radius of a drug plays a critical 
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role in its absorption in the sclera. It is postulated that the bigger the radius, the less 
the scleral absorption [ 5 ]. The absorption of therapeutic molecules through the sclera 
is also inversely proportional to its thickness. Although the surface area of the sclera 
is approximately 16–17 cm 2 , only the thin part near the equator can be utilized for 
transscleral nucleic acid delivery [ 11 ].  

11.2.2.2     Bruch’s Membrane: Choroid 

 The choroid is a layer consisting of blood vessels and is located between the sclera 
and the retina. It is made of different types of collagens, particularly collagen type 
I–V, IX, XI, and XII. The Bruch’s membrane and the choroid layers are diffi cult to 
separate and therefore they are studied together in in-vivo drug delivery. Presence of 
melanin and lipoidal plasma membrane in the choroid, Bruch’s membrane offers 
more resistance than the sclera. In addition, the continuous blood fl ow in the cho-
roid also limits the entry of nucleic acids into the retina [ 12 – 14 ].  

11.2.2.3     Retina 

 The retina is a neurosensory component present in the posterior segment of the eye. 
The retina consists of fi ve major cell types including photoreceptor cells, glial cells, 
retinal pigment epithelium (RPE) cells, interneurons, and ganglion cells [ 15 ]. These 
cells are arranged in a very systematic way in separate layers that are involved in visual 
functions. Histologically, the retina consists of the following layers: the RPE layer, 
photoreceptor layer, external limiting membrane, outer nuclear layer, outer plexiform 
layer, inner nuclear layer, inner plexiform layer, ganglion cell layer, nerve fi ber layer, 
and inner limiting membrane [ 15 ]. Among them, the RPE, photoreceptor, and ganglion 
layers play important roles in drug delivery. The RPE cells make a single layer of 
cuboidal epithelium that consists of tight junctions and work as a blood-retinal bar-
rier between the outer retina and choroid blood supply. Photoreceptors help in pho-
totransduction, a process of transforming visual photo- waves into nerve impulses. 
These photoreceptors consists of rods (~77–107 million) and cones (~5 million). 
On the other hand, the ganglion layer contains approximately 1.2 million ganglion cells 
along with other cell types, such as astrocytes, amacrine, and pericytes [ 15 ,  16 ]. 

 The macula is an oval-shaped, yellow spot that is highly pigmented and present in 
the middle of the retina. It helps in maintaining detailed and sharp vision. The fovea, 
located in the center part of the macula, contains the highest density of cones which 
are responsible for the most visual acuity. 

 To deliver macromolecules (>100 kDa) to the retina, intravitreal injection can be 
used to directly deliver the therapeutic cargos to the vitreous fl uid. For example, 
the anti-VEGF monoclonal antibody Avastin (mw ~150 kDa) exhibits good absorp-
tion in the RPE when injected in the vitreous fl uid. In addition, it has been postu-
lated that nanoparticles with a diameter of 200 nm can easily penetrate into the RPE 
after intravitreal injection [ 5 ]. Drugs are absorbed through the RPE by intracellular 
and paracellular pathways.  
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11.2.2.4     Vitreous Humor 

 The vitreous humor is a clear, gel-like fl uid that makes up for more than 70 % of the 
volume of the eye. Hyaluronic acid and some inorganic and sugar components 
are the major components of the fl uid [ 17 ]. The presence of collagen fi bers and 
hyaluronic acid makes the vitreous humor more viscous compared to water.    

11.3     Nucleic Acids for Ocular Delivery 

11.3.1     Naked DNA 

 Circular plasmids or naked DNAs are negatively charged macromolecules with a 
molecular weight larger than 2,000 kDa [ 3 ]. Although these macromolecules can be 
directly injected into the ocular tissues, the negatively charged surface and suscep-
tibility to nuclease degradation limit their therapeutic effi cacy. As a result, these 
molecules are either condensed into nanosized complex using cationic materials or 
transfected by the use of gene gun, a physical method of delivering nucleic acids to 
desired cells. Cationic lipids and polymers not only neutralize the negative charges 
of DNA to facilitate cell entry but also improve the in vivo stability of DNA. 

 Although cationic biomaterials and physical methods are less immunogenic and 
safe, their transfection effi ciency is usually low and vanishes in a short period of 
time. By contrast, several viral vectors, such as adenovirus (AdV), adeno-associated 
virus (AAV), and lentivirus, have been successfully utilized because of their high 
capability to transduce ocular tissues [ 18 ].  

11.3.2     Antisense Oligonucleotide 

 AS-ODNs are 15–20 nucleotide DNA sequences that can bind to their complemen-
tary mRNAs encoding undesired proteins [ 19 ]. Upon hybridization by reverse com-
plimentary, AS-ODNs either block the translation or induce the degradation of the 
target mRNA.  

11.3.3     siRNA 

 RNA interference (RNAi) is a process of silencing a target gene by small interfering 
RNA (siRNA) of 21–23 nucleotides, which can bind to their complementary mRNA 
and trigger the degradation. Briefl y, in the cytoplasm of cells, siRNA molecules 
are unwound by the Dicer enzyme, and the antisense strand matches with the com-
plementary mRNA sequence with the help of the RNA-induced silencing complex 
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(RISC), leading to degradation of the mRNA [ 1 ]. Due to its specifi c and potent 
knockdown of target genes, siRNA holds considerable promise as a novel therapeu-
tic approach. However, the clinical application of siRNA is hampered due to its poor 
serum stability, poor cellular uptake, and rapid renal clearance.  

11.3.4     Aptamer 

 Aptamers are nucleic acids, either RNA or DNA, screened in vitro for high binding to 
a vast variety of targets, such as proteins, cells, and nucleic acids, by a process called 
Systematic Evolution of Ligands by Exponential Enrichment (SELEX). The binding 
affi nity of aptamers to their targets is comparable to antibodies. Aptamers can 
also exert inhibitory effects by binding to the functional domain of a protein [ 1 ]. 
The stability and bioavailability of aptamers in the ocular tissues can be improved 
by PEGylation and backbone modifi cations, such as 2′- O -methylation [ 1 ,  20 ].   

11.4     Nucleic Acid Delivery to the Anterior 
Segment of the Eye 

 The effi cacy and selectivity of ocular nucleic acid delivery depend on two important 
factors: the type of vector and the mode of administration. The most commonly 
utilized vectors include viral vectors, such as AAV, AdV, retrovirus and lentivirus, 
and nonviral vectors, such as polyethylenimine, cationic lipoplexes, and polymeric 
micelles. The selection of a suitable vector is determined by the inherent traits of the 
vector and its ability to transfect the desired ocular cells. In general, viral vectors are 
more effective in delivering nucleic acids as compared to nonviral vectors [ 21 ]. 
In addition, the capability of viral vectors to accommodate tissue-specifi c and 
inducible promoters makes them more selective to target-specifi c tissues or disease 
conditions. For instance, adenoviruses containing the E-selectin promoter (a tumor 
necrosis factor-inducible promoter) specifi cally deliver nucleic acids to the corneal 
epithelium [ 22 ]. Despite the effectiveness and selectivity of viral vectors, their 
inherent toxicity promotes the use of nonviral vectors for nucleic acid delivery. 

 Administration mode also has a considerable impact on the delivery and selectivity 
of nucleic acids. In principle, the administration mode is solely dependent on the 
site of action in the eye. Two administration modes have been applied so far for 
ocular delivery of nucleic acids: systemic and direct ocular administrations. Clinical 
investigations have demonstrated that systemic delivery is mainly compromised by 
the blood-retinal barrier which impedes entry of nucleic acids to the eye. By con-
trast, direct ocular administration is advantageous due to its local delivery, and it can 
be further categorized into invasive and noninvasive methods. The noninvasive 
administration methods include topical instillation and physical methods. Invasive 
administrations include various ocular injections into different sites of the eye. 
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11.4.1     Topical Administration Using Penetration Enhancers 

 Topical instillation is the most convenient and patient-friendly method for ocular 
nucleic acid delivery. This method allows direct instillation of nucleic acids on the 
ocular surface for absorption. Owing to their negative charge and high molecular 
weight, nucleic acids do not effectively enter into the corneal epithelium layer 
through passive diffusion, leading to limited therapeutic effi cacy of topical instil-
lation [ 23 ]. To overcome this hurdle, several penetration enhancers, such as ethyl-
enediaminetetraacetic acid (EDTA) and cytochalasin B, have been utilized to open 
the tight junctions to a certain extent to allow better drug absorption [ 24 ,  25 ]. These 
penetration enhancers are applied before topical instillation of nucleic acids. For 
instance, polymeric micelles containing the pKera 3.2-LacZ gene were successfully 
delivered into the stroma cells by topical instillation after applying 5 mM EDTA to 
the eye [ 26 ]. This study suggested the role of EDTA in opening the tight junctions 
of the corneal epithelium layer, which facilitates micelles to enter the stroma.  

11.4.2     Ocular Injection 

 Another frequently used approach for ocular nucleic acid delivery is ocular injection, 
which is capable of delivering both naked and formulated nucleic acids. 
Subconjunctival, intrastromal, and intracameral injections are the most commonly 
employed injections for nucleic acid delivery into the anterior segment of the eye. 

11.4.2.1     Subconjunctival Injection 

 Subconjunctival injection is less invasive and delivers drugs under the conjunctival 
membrane that lines the inner surface of the eye lid. This injection has been used to 
deliver nucleic acids to the conjunctiva and cornea. For instance, Wen et al. have 
shown high expression levels of rAd-p21 DNA in conjunctival fi broblast (the target 
cells in glaucoma fi ltration surgery) after administering the DNA through subconjunc-
tival injection [ 27 ]. Similarly, subconjunctival delivery of siRNA against vascular 
endothelial cell growth factor (VEGF) gene exhibited signifi cant inhibition of herpes 
simplex virus (HSV)-induced angiogenesis and keratitis [ 28 ].  

11.4.2.2     Intrastromal Injection 

 Intrastromal and intracameral injections are other frequently used injections to 
deliver genetic materials to the cornea in the anterior eye [ 3 ]. Intrastromal injection 
delivers drugs into the stromal layer of the cornea, which is diffi cult for nucleic 
acids to reach by topical instillation. Intrastromal injection can also be used to 
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deliver vectors containing a tissue-specifi c promoter, which allows long-term and 
robust gene expression in the corneal stroma. As the largest layer of the cornea, the 
stroma mainly consists of keratocyte cells, which express a stroma-specifi c keratin 
sulfate proteoglycan, keratocan. The 3.2 kb keratocan promoter can specifi cally 
drive the transgene expression in the corneal stroma cells. Carlson et al. constructed 
an adenoviral vector containing the 3.2-kb keratocan promoter to transfect the 
EGFP gene into the stromal keratocytes using intrastromal injection [ 29 ]. EGFP 
expression was observed in the corneal stroma and lasted for 3 weeks. By contrast, 
the naked pCMV-EGFP plasmid DNA that does not contain the keratocan promoter 
did not exhibit EGFP expression in the corneal stroma [ 29 ].  

11.4.2.3     Intracameral Injection 

 The corneal endothelium layer is generally transfected with nucleic acids either 
ex vivo or by the use of intracameral injection. The endothelium layer can be main-
tained for several weeks in ex vivo culture, thus allowing easy transfection [ 30 ]. 
Recent progresses in intracameral injection have allowed researchers to selectively 
deliver nucleic acids to the endothelium layer without disrupting the stromal and 
epithelium layers of the cornea [ 31 ]. Bainbridge et al. have shown a 12-week GFP 
expression in mouse corneal endothelium after an intracameral injection of a lenti-
virus encoding the GFP reporter gene [ 32 ]. By contrast, the rat corneal endothelium 
layer was only transfected up to 25 % when an HSV vector encoding the LacZ 
reporter gene was delivered by intracameral injection. This observation indicates 
the importance of vectors in transfection effi ciency while using the same injection 
method. Although HSV-mediated LacZ reporter gene transduction was low by 
intracameral injection, it was still higher compared to the ex vivo transfection in the 
cornea cells [ 31 ,  33 ,  34 ]. This might be attributed to the site-specifi c delivery of 
nucleic acids by the intracameral injection, which selectively delivers the drugs to 
the endothelium layer.   

11.4.3     Physical Method 

 The potential immune risk of viral delivery systems and the low transfection effi -
ciency of nonviral delivery systems have created an urgent need for alternative 
delivery strategies for nucleic acids. Physical methods including electroporation, 
iontophoresis, gene gun, and ultrasound-mediated nucleic acid delivery methods 
have emerged as promising alternatives for ocular nucleic acid delivery. Gene gun 
technology is used to transfect naked nucleic acids to the epithelium layer of the 
cornea, while electroporation, iontophoresis, and sonophoresis are used to deliver 
nucleic acids to the inner parts of the anterior portion of the eye, such as the corneal 
endothelium and the stromal layer. 
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11.4.3.1     Gene Gun 

 Gene gun technology is utilized for selective delivery of nucleic acids to target 
cells using high-velocity gold microparticles coated with the nucleic acids [ 35 ]. 
The ability of the gene gun to transfect a wide variety of cells, including dividing 
and nondividing cells, makes it a promising and versatile strategy in ocular nucleic 
acid delivery. 

 Regardless of the ease of using gene gun, its ability to penetrate only the upper 
surface of the tissue, uncontrolled delivery, and relatively high cost limit its clinical 
applicability. In addition, the use of gene gun is infl uenced by several other factors, 
such as the cell density, the amount of force, and the coating amount of nucleic acids 
on the particle surface [ 36 ]. There are several successful reports demonstrating 
the use of gene gun for ocular nucleic acid delivery. For example, IL-4 and IL-10 
plasmid DNAs were successfully transfected into mouse corneal epithelium using 
gene gun to treat HSV-1 infection [ 37 ].  

11.4.3.2     Electroporation 

 Electroporation utilizes a high voltage (>100 V/cm) for a very short period of time 
(100 μs to 20 ms) to induce reversible destabilization of cell membrane and conse-
quently generates hydrophilic pores [ 4 ]. These pores open for a very short period of 
time (40–200 ms) and allow the entry of nucleic acids into the cells. The electro-
poration technique allows targeted delivery of nucleic acids to the anterior ocular 
cavity. For example, plasmid DNA encoding the lacZ gene was specifi cally delivered 
to the corneal endothelium layer by using electroporation. To achieve endothelium 
layer-specifi c delivery, a circular electrode was placed on the corneal surface, enabling 
current fl ow with varying intensities ranging from 5 to 40 V/cm. The galactosidase 
expression was restricted within the ring-shaped area of the corneal endothelial layer. 
The expression was visible from day 1 and lasted until day 21. In addition, the expres-
sion was voltage dependent (6.45 % expression at 20 V as compared to 0.09 % at 5 V) 
[ 38 ]. Similarly, a plasmid encoding the tissue plasminogen activator (tPA) gene was 
delivered to the corneal endothelium for the treatment of intracameral fi brin forma-
tion in YAG laser-generated animal model. High tPA expression was observed after 
4 days in target area of the cornea without any infl ammation, which signifi cantly 
reduced the fi brin formation. In addition, the opacity in the cornea of the treated eye 
was signifi cantly lower than the untreated eye [ 39 ]. 

 In addition to endothelium, electroporation has also been utilized for targeted 
delivery of nucleic acids to the corneal stroma. For example, Oshima et al. injected 
a plasmid DNA encoding the GFP gene under a CMV promoter to the corneal 
stroma of adult Brown Norway rats, followed by applying electric pulses with vari-
ous intensities using a bipolar linear stainless steel electrode. The transgene expres-
sion was only observed in the stromal keratocytes without apparent cell damage in 
the treated cells. The direct stereomicroscopy of the fl uorescence using real-time 
imaging confi rmed the gene expression in the corneal stroma as early as day 1 and 
lasted for 15 days [ 40 ].  
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11.4.3.3    Iontophoresis 

 Iontophoresis is a noninvasive method for the delivery of nucleic acids to the eye. 
In this method, a low electric voltage (~10 V or less) is applied to enhance the ionized 
drug penetration into ocular tissues. Ionized nucleic acids are applied to the eye with 
a cathode, while an anode is kept elsewhere in the body to complete the circuit [ 4 ]. 
The electrode arrangement makes an electric circuit in the body and facilitates the 
ionized drug penetration in ocular tissues. There are three mechanisms involved in 
drug penetration by using iontophoresis [ 4 ,  41 ]. The fi rst mechanism is the Nernst–
Planck effect, where drugs are internalized by electro-repulsion. For example, the 
internalization of negatively charged nucleic acids at cathode is caused by electro- 
repulsion which creates a fl ux and facilitates penetration of ionized molecules. 
The second mechanism is called the electroosmotic fl ow, in which a voltage differ-
ence is imposed across the negatively charged ocular membrane at physiological 
pH, inducing a bulk fl uid fl ow. This mechanism is mostly employed for the penetra-
tion of non-charged or high-molecular-weight molecules. The third mechanism is 
the damage effect caused by electric currents (0.5–1.5 mA/cm 2  or less), leading to 
increased tissue permeability [ 41 ]. 

 Ever since the advent of this technique, several modifi cations have been carried 
out in iontophoretic devices to minimize the risk of ocular damage caused by these 
devices. The three most commonly utilized devices for iontophoresis are coulomb- 
controlled iontophoresis (CCI), mini ion iontophoretic unit, and eyegate. CCI allows 
constant drug absorption regardless of the change in resistance caused by damaged 
ocular tissues. It has been observed that applying continuous current to a damaged 
tissue may change the hydration level and thus the resistance of the damaged tis-
sues, which consequently alter the drug absorption. CCI is designed in such a way 
that can adjust changes in resistance and allow constant drug fl ow. Mini ion ionto-
phoretic units are commercially available devices that use disposable hydrogels to 
deliver charged nucleic acid drugs following transscleral iontophoresis. Eyegate is 
an annular-shaped silicon iontophoretic device that is designed to fi t closely to the 
eye contour and palpebral opening. The annular well of the device simultaneously 
accommodates electrode and drugs supplied through the silicon tubing. One of the 
two silicon tubes generates slight suction pressure to the device, which allows its 
attachment to the conjunctiva or sclera and consequently ensures constant drug fl ow 
[ 11 ,  42 ]. 

 Generally, nucleic acids are ineffi cient to penetrate into the corneal deeper layer 
regardless of their formulation [ 43 ]. Therefore, iontophoresis technique has been 
explored as an alternative to deliver nucleic acids to the deep anterior segment of 
the eye. For instance, transcorneal iontophoresis of fl uorescence (CY5)-labeled 
antisense oligonucleotides (AS-ODN) against the vascular endothelial growth fac-
tor (VEGF)-R2 receptor (KDR/Flk) to the rat cornea showed signifi cant high fl uo-
rescence in all layers of the cornea [ 44 ]. The absorption of nucleic acids to the 
corneal layer can further be augmented by the use of positively charged nanoparti-
cles. These nanoparticles are capable of condensing negatively charged nucleic 
acids and can further enhance the transfection effi ciency through negatively charged 
membrane by the use of transcorneal iontophoresis. The positively charged 
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nanoparticles can rapidly penetrate to the deep anterior tissues and retain up to 12 h 
[ 45 ]. However, highly negative glycosaminoglycan in the cornea stromal may impede 
the corneal iontophoresis of positively charged molecules [ 4 ,  46 ].    

11.5     Nucleic Acid Delivery to the Posterior 
Segment of the Eye 

 There is an imperative need to develop effective delivery systems of nucleic acids to 
manage rapidly progressive ocular diseases, such as diabetic retinopathy, AMD, and 
retinitis pigmentosa. However, the complex physiological and anatomical structures of 
the eye make the delivery of nucleic acids to the posterior segment very challenging. 
The acellular nature of the vitreous fl uid and long diffusion distance are few reasons 
that limit the use of delivery strategies designed for the anterior segment of the eye. 
Widely used delivery methods, such as intravitreal injection, are unable to deliver 
naked nucleic acids to retinal tissues to a suffi cient extent. Intravitreal injection 
delivers naked nucleic acids into the vitreous humor, where the majority of the 
nucleic acids are degraded before reaching the retina. In addition, posterior-segment 
ocular diseases, such as AMD, require multiple injections which increase the 
chances of retinal detachment and endophthalmitis. Therefore, posterior-segment 
drug delivery is usually formulated by various novel controlled delivery systems, 
such as nanoparticles and liposomes, with the aid of ocular injection or physical 
delivery [ 11 ]. For effi cient and targeted delivery of nucleic acids to the posterior 
segment of the eye, a number of factors, such as the type of injection, viral serotype, 
specifi c gene promoter, delivery methods, and specifi c formulation, need to be 
 carefully investigated. 

11.5.1     By the Aid of Injection 

 Subretinal, intravitreal, and periocular injections are mostly used for nucleic acid 
delivery to the posterior segment of the eye (Fig.  11.2 ).

11.5.1.1      Subretinal Injection 

 Subretinal injection is the most commonly used strategy for the effi cient delivery of 
genetic materials into the photoreceptors and RPE cells. High degree of immune 
privilege and low infl ammation at the injection site makes the subretinal space an 
ideal site for ocular nucleic acid delivery [ 47 ]. The fl uid delivered using subretinal 
injection is easily absorbed by RPE cells without causing the deformation of ana-
tomical structure. Both viral and nonviral nucleic acid delivery systems have been 
investigated for the treatment of posterior ocular malfunctions. Viral vectors have 
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shown relatively prominent effect and therefore been utilized to transfect different 
retinal cell types. For example, a rAAV vector encoding the RPE-specifi c protein 
65-kD (RPE65) gene induced 3-year expression of the gene in the RPE65-defi cient 
eyes of Briard dogs after a single subretinal injection. The RPE65 gene encodes for 
the RPE cell membrane-associated proteins, which are mainly involved in retinoid 
metabolism. The mutation in the RPE65 causes severe retinal dystrophy which is 
related with meager vision at the time of birth and complete loss of vision in early 
childhood. A similar study using rAAV expressing RPE65 complementary DNA 
(cDNA) was conducted in human patients. A signifi cant improvement in visual 
functions was observed without causing any adverse effects [ 48 – 50 ].  

11.5.1.2    Intravitreal Injection 

 Intravitreal injection is directly applicable in human patients and routinely applied 
for the delivery of Macugen, Avastin, and Lucentis for the management of AMD. 
Transfection of retinal ganglion cells (RGC) and Muller cells is effi ciently achieved 
by use of intravitreal injections. However, delivery of AAV using intravitreal injec-
tions causes more host immune response as compared to subretinal injections. 
For instance, a signifi cant high antibody response was observed in dogs when AAV 
vectors encoding the GFP gene was administered intravitreally [ 51 ]. 
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  Fig. 11.2    Schematic representation of different injections used to deliver nucleic acids to specifi c 
ocular segments       

 

11 Site-Specifi c Ocular Nucleic Acid Delivery



256

 Degeneration of the RGC layer results in Leber hereditary optic neuropathy 
(LHON), which is a maternally inherited visual dysfunction caused by mutations in 
several genes of the mitochondrial respiratory NADH-ubiquinone oxidoreductase 
complex (complex I). Obstruction in the complex I system results in decreased 
energy production with enhanced reactive oxygen species formation which ulti-
mately leads to cell degeneration [ 52 ]. Intravitreal injection specifi cally delivered 
an AAV vector encoding the NDI1 gene to RGCs and protected them from degen-
eration in a rotenone-induced murine model of LHON [ 52 ]. 

 A single intravitreal injection is not suffi cient for the treatment of posterior 
ocular diseases because of the high instability of nucleic acids in the vitreous fl uid. 
Therefore, to overcome these limitations, nucleic acids are either chemically con-
jugated with amphiphilic molecules such as polyethylene glycol (PEG) or formu-
lated into nanocarriers. PEG conjugation enhances the stability of nucleic acids, 
leading to prolonged activity in the vitreous fl uid. For example, an RNA aptamer 
against VEGF, when conjugated with PEG and administered intravitreally, showed 
80 % decrease in retinal neovascularization. In addition, the half-life of this conju-
gate was 94 h in the vitreous fl uid, and its active form was maintained for 28 days 
in the vitreous fl uid. The PEG-modifi ed RNA aptamer has shown signifi cant thera-
peutic outcomes in human patients and was approved for marketing under the 
brand name Pegaptanib (EYE001 ® ) [ 23 ,  53 ]. In another approach, the stability of 
nucleic acids was improved by formulating them into nanocarriers, such as lipo-
somes, polyplexes, and nanoparticles. Liposomes have been used to enhance the 
effi cacy of intravitreally administered nucleic acids by protecting them from deg-
radation. It has been observed that liposomes can deliver oligonucleotides up to 
50 % to the RGC and retinal cells for 3 days without any toxicity [ 54 ]. The only 
problem associated with liposomes is transient clouding which may interfere with 
the normal visual function [ 23 ]. Polyplexes and nanoparticles are the other nano-
carrier systems that can condense negatively charged nucleic acids by electrostatic 
interactions.  

11.5.1.3    Periocular Injections 

 Intravitreal injection, although effective, is limited due to endophthalmitis and 
retinal detachment. Therefore, the periocular route has emerged as a safe and least 
painful alternative to deliver nucleic acids to the posterior segment of the eye. The 
periocular injection delivers nucleic acids to the posterior segment of the eye by use 
of subtenon, peribulbar, and retrobulbar routes [ 55 ]. To evaluate the feasibility of this 
route, periocular injection of adenoviral vector (AdPEDF.11) encoding pigment 
epithelium-derived factor (PEDF) was utilized for the treatment of choroidal neovas-
cularization (CNV) in a pig CNV model (thickness of the sclera is akin to human). 
High expression of PEDF protein was observed in choroid, which signifi cantly 
reduced the extent of CNV [ 56 ].   
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11.5.2     By the Aid of Virus 

 It has been observed that viral vectors are more effective in nucleic acid delivery for 
a prolonged period of time. Among various viral vectors, AAV vectors show the 
most promising potential in this regard. AAV vectors are present in six different 
serotypes containing their unique virion shell proteins, which differ in their binding 
affi nity to different cell types in the retina [ 57 ]. For instance, the transfection effi -
ciency of AAV4 and AAV5 in the retina is relatively high as compared to other 
serotypes, such as AAV1, AAV2, and AAV3. This could be attributed to the different 
viral capsids which mediate the binding of AAV to target cells [ 57 ,  58 ].  

11.5.3     By the Aid of Tissue-Specifi c Promoter 

 The promoter sequence is an important determinant of cell-specifi c nucleic acid 
delivery and has been utilized extensively in the case of most widely used viral vectors 
AAVs. In recent studies, three promoters have been investigated in terms of their 
specifi city to transduce nucleic acids in specifi c cell types. These promoters are 
(1) CMV promoters which transduce high gene expression in retinal neurons, 
Muller cells, and vascular endothelial cells with less extent to RGCs [ 57 ], (2) opsin 
promoters which drive nucleic acid expressions in photoreceptors [ 59 ], and (3) 
chicken β-actin (CBA) promoters which are utilized for transduction in retinal neu-
rons. Cell-specifi c transduction capability of these promoters allows controlled 
nucleic acid delivery to the affected retinal cells to achieve maximum outcome with 
minimal toxicity.  

11.5.4     By the Aid of Physical Method 

11.5.4.1    Ultrasound-Targeted Microbubble 

 Ultrasound contrast agents (microbubbles) are novel ultrasound-mediated nucleic acid 
delivery systems with reduced density as compared to water. These compressible 
and elastic microbubbles contain gases with low diffusivity and low blood solubility. 
Shell of the microbubbles is generally prepared by lipids, albumin, and polysaccha-
rides. Among them, two of the albumin-based microbubbles, Albunex and Optison ™ , 
have already been approved as contrast agents [ 60 – 62 ]. 

 These bubbles are fi lled with gases that allow the refl ection of ultrasound waves 
and therefore can be utilized as contrast agents. The compressed gas in the micro-
bubbles is expanded by certain predefi ned ultrasound waves, leading to the collapse 
of the bubbles and the creation of a cavitation effect. This process enables high 
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permeability of cell membrane and can also be used to release entrapped genetic 
drugs inside the microbubbles [ 60 ,  63 ]. Cationic lipid-coated microbubbles have been 
mostly utilized for the delivery of negatively charged nucleic acids. These cationic 
lipids condense the nucleic acids either inside or on the surface of the microbubbles 
through electrostatic interaction [ 63 ]. 

 CNV is a vision-threatening disease in the posterior segment that has been 
traditionally treated with genetic materials encoding the PEDF gene using either 
liposome or AAV vectors. However, these traditional delivery methods have shown 
toxicity and low transfection effi ciency in targeted tissues [ 64 ,  65 ]. In a recent 
approach, ultrasound-mediated microbubbles destruction (UTMD) has been uti-
lized to deliver the PEDF gene into the retina of rats. In this study, rats were treated 
by infusing the PEDF gene entrapped either in microbubbles followed by ultrasound 
exposure or in liposomes (PEDF + Lipofectamine). Western blot, quantitative real-
time PCR (qPCR), and immunofl uorescence staining revealed high PEDF expression 
mediated by ultrasound/microbubbles in the retina up to 28 days post- transfection. 
The PEDF gene transfer of the microbubbles was signifi cantly higher, safer, and more 
effective as compared to that of the Lipofectamine. In addition the UTMD-mediated 
gene transfer showed effective inhibition of CNV in the rats [ 66 ].  

11.5.4.2    Electroporation 

 Electroporation is a relatively safe and effective delivery method that has shown a 
great potential in the delivery of nucleic acids to the retina. The retina has the neu-
rosensory function which can be defi ned as a part of the CNS. Therefore, develop-
ment of an effi cient nucleic acid delivery to the glial and neuronal cells could be a 
prolifi c approach to study gene function. The ventricular cells of the eye during its 
developmental phase differentiate into seven retinal cell types, which include one 
type of glial cell and six types of neurons. The glial cells are the only retinal cells 
whose axons leave the retina and form the optic nerve to transmit the visual infor-
mation to the brain [ 67 ]. Therefore, electroporation could be a useful tool to deliver 
nucleic acids into the retinal cells. For instance, intravitreal injection of a plasmid 
encoding the GFP gene followed by 5-min electroporation was able to enhance the 
transfection effi ciency in the RGC cells. The gene transfer was carried out using a 
round concave anode (kept on the sclera) and a cathode electrode (attached to cor-
neal side) with fi ve consecutive electric pulses of 12 V/cm and pulse span of 99 ms. 
Gene transfection using this technique was retained for 21 days with the maximum 
intensity on day 7 [ 68 ].   

11.5.5     Iontophoresis 

 Iontophoresis is another physical technique that has been extensively investigated as an 
effi cient, noninvasive, and safe approach for conveying nucleic acids to the retina. 

R.S. Shukla and K. Cheng



259

A better understanding of the ocular structures, their response to electric current, 
and the availability of several best-fi t devices that can penetrate drug into the deep 
tissues have made iontophoresis the most effi cient technique for posterior ocular 
nucleic acid delivery. Several proof-of-concept experiments have been carried out to 
reveal the potential of this method. For example, Souied et al. have administered a 
plasmid encoding the GFP gene into the retina by the aid of iontophoresis. In this 
study, researchers fi rst optimized various parameters of iontophoresis to sustain 
the GFP expression and consequently used the optimized parameters for the trans-
fection of the cGMP-phosphodiesterase β-subunit (β-PDE) cDNA in the rd1 mouse, 
which is an animal model for autosomal recessive retinitis pigmentosa caused by 
mutation in the β-PDE gene. High expression of GFP and β-PDE was observed in 
the retina and photoreceptors of the mouse. The high expression of β-PDE in the 
photoreceptors has rescued the morphology of damaged photoreceptor cells without 
any adverse effect [ 69 ].   

11.6     Conclusions 

 In recent years, the progress in the delivery of nucleic acids has taken a signifi cant 
stride towards the treatment of various ocular diseases. The advent of several bio-
technology techniques along with novel delivery systems has made tissue-specifi c 
delivery more convenient. Several viral and nonviral delivery systems have been 
used to deliver nucleic acid therapeutics. Nonviral systems include various formula-
tions made of lipids and polymers. Although some of the formulations have shown 
enhanced and prolonged absorption in the anterior segment of the eye followed by 
topical instillation, the targetability of these formulations to the posterior segment is 
still dependent on invasive injections. Some of these injections, such as intravitreal 
injections, are patient incompatible and prone to cause endophthalmitis and retinal 
detachment. To minimize these side effects, physical delivery methods have emerged 
as an alternative. These methods are noninvasive and can be used alone or in com-
bination to target nucleic acids to desired ocular tissues. However, the use of wave 
and current energy-generating devices makes these methods inconvenient. 
Therefore, developing small and patient-friendly devices becomes critical to the 
future success of the physical delivery strategy.     
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12.1  Introduction

Iontophoresis is a noninvasive technique that involves the application of a mild electric 
current to enhance the penetration of hydrosoluble molecules into and through 
tissues [1]. It has been extensively investigated over many years for the transdermal 
delivery of several therapeutic agents including, among others, opioids [2, 3], anti-
emetics [4], antihypertensives [5], and steroids [6]. The patient-friendly transdermal 
route avoids degradation in the gastrointestinal tract and potential first-pass metabo-
lism. Although the skin does contain metabolizing enzymes, drug molecules 
encounter a significantly less challenging enzymatic barrier [7], which represents a 
major advantage for the delivery of molecules prone to metabolism including 
peptides and proteins [8].

A distinctive feature of this technique is the control over drug delivery achieved 
by regulating parameters such as the intensity of the applied current, the duration of 
current application, the drug concentration, and the surface area in contact with the 
active electrode compartment. In addition to fast onset and offset times, iontophore-
sis can be used to enable targeted delivery to specific tissues while minimizing 
systemic distribution of drugs with a narrow therapeutic index. The risk of irritation at 
the site of application is decreased by the use of low current densities. These proper-
ties make iontophoresis very attractive not only for systemic therapy through 
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transdermal delivery but also for the targeted treatment of local conditions by topical 
delivery to the skin or to the eye. In addition to providing significant advantages 
for the treatment of dermatological conditions, e.g., those requiring very toxic ther-
apeutic agents, such as skin cancers, targeted cutaneous delivery may also be useful 
for the delivery of cosmeceuticals. Iontophoresis allows the active ingredients to 
transit the outermost skin layer, the stratum corneum (SC)—the main barrier against 
molecular transport—and reach the viable epidermis and/or the dermis more rapidly 
and in greater amounts.

Local therapies are also preferred in the case of ophthalmic diseases due to 
possible toxicity following systemic administration and the low bioavailability due 
to the blood–retina barrier. Although local administration of eye drops is the most 
convenient way to deliver drugs to the human eye, topical treatment frequently dis-
plays poor efficacy due to the presence of protective mechanisms—lacrimal secre-
tion and the blinking reflex cause rapid drainage of the formulation—resulting in a 
short residence time and necessitating multiple dosing. An even greater challenge is 
encountered when the drug must exert its action in the posterior structures of the eye 
such as the vitreous and retina. In addition to the side effects often associated with 
systemic administration, intravitreal injections present serious potential complications 
including retinal detachment, vitreous hemorrhage, endophthalmitis, and cataract. 
Given this scenario, ocular iontophoresis represents a promising and less invasive 
alternative to overcome these penetration barriers and to target drug delivery to the 
anterior or posterior segments of the eye using, respectively, the transcorneal or 
transscleral routes. However, in contrast to transdermal iontophoresis, which has 
been studied for several decades, it is only in the last 20 years that this technique has 
been investigated for drug delivery to ocular tissues. Nevertheless, several application 
devices have been developed, and in January 2012 an iontophoresis-based ocular 
therapy for the treatment of anterior uveitis entered Phase III clinical trials.

In this chapter the basic concepts and transport mechanisms behind iontophoresis 
are presented, and recent studies investigating topical iontophoretic delivery to the 
skin and transcorneal and transscleral iontophoresis are reviewed and discussed. 
Advantages, disadvantages, and limitations of this technique for cutaneous and ocular 
drug delivery are summarized in Table 12.1.

12.2  Basic Concepts and Transport Mechanisms

Molecular transport during iontophoresis can be attributed to three component 
mechanisms: (enhanced) passive diffusion, electromigration (EM), and electroos-
mosis (EO), an electrically induced convective solvent flow (Fig. 12.1). Assuming 
that each phenomenon is independent, the total iontophoretic flux of a molecule can 
be described by the sum of the fluxes due to these three processes (Nernst–Planck 
theory) [9]:

 J J J JTOT EM EO= + +P  (12.1)

T. Gratieri and Y.N. Kalia



265

Table 12.1 Advantages and disadvantages/limitations of iontophoresis for targeted drug delivery

Advantages Disadvantages/limitations

Cutaneous Noninvasive Only for hydrophilic drugs
Skin remains intact Current limited to 0.5 mA/cm2

Controlled delivery High costs
Higher drug penetration across the stratum 

corneum
May need long application periods 

for some molecules
Rapid onset and offset
Targeted delivery: reduction of possible toxic 

effects
Ocular Noninvasive, avoids risk of infections or 

ulcerations
Administration should be done in a 

clinic, which may increase cost
Good drug penetration to anterior and posterior 

segment of the eye
No sustained half-life: frequent 

administrations may be needed
Possibility of using higher current density due 

to low tissue resistance
Duration of current application 

should be short

Fig. 12.1 Iontophoresis using an Ag/AgCl electrode system. The anodal compartment is used to 
deliver cationic (D+) or neutral (N) drugs, while the cathodal compartment is host to negatively 
charged drug molecules (D−). Application of an electric potential causes a current to flow through 
the circuit. At the anode–solution interface, the Ag and Cl− react to form insoluble AgCl (releasing 
an electron), which is deposited on the electrode surface; electroneutrality requires loss of a cation 
or entry of an anion into the electrode compartment. In the cathodal chamber, Cl− ions are released 
from the electrode and here electroneutrality requires either that an anion is lost from the chamber 
or that a cation enters the chamber from the skin. Electromigration (EM) transports the cations and 
anions from the anodal and cathodal compartments, respectively, and into the biological mem-
brane. Under physiological conditions, electroosmosis (EO) transports neutral molecules along 
with cations in the direction of counterion motion to neutralize membrane charge
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where JTOT is the total flux, JP is the passive flux, and JEM and JEO are the fluxes 
resulting from EM and EO, respectively. The role of passive diffusion in iontophoretic 
delivery is usually minor compared to the two other mechanisms [10].

12.2.1  Electromigration

Electromigration refers to the ordered movement of the ions in the presence of an 
electric field applied by a power source. The electric current is distributed with the 
aid of two electrodes. Most iontophoretic studies are performed employing revers-
ible electrodes Ag/AgCl (Fig. 12.1). Inert electrodes, such as carbon or platinum, 
are also used but to a lesser extent and mainly in ocular iontophoresis. In this case, 
the surface electrochemistry involves the electrolysis of water:

 Attheanode : 2 4 42 2H O H O e→ + ++ −

 

 At thecathode OH: 2 2 22 2H O e H+ → +− −

 

The problem with inert electrodes is that electrolysis of water causes the pH to 
drop/increase at the anode/cathode which might result in irritation or a significant 
decrease in delivery due to the generation of competing ions. Since ocular iontopho-
resis is performed for a very short time (usually <20 min), the impact of pH changes 
and competing ions is assumed to be less.

According to Faraday’s law, the flux of each ion due to electromigration in the 
iontophoretic system at steady state is given by [1, 9, 11–13]

 J
It

AFzEM = D

D

 (12.2)

where I is the applied current (Amperes), tD is the transport number of the drug, A is 
the cross-sectional area through which transport occurs, F is Faraday’s constant 
(Coulombs/mole), and zD is the drug valence. The rate of drug delivery is propor-
tional to the ability of the drug to function as a charge carrier, which is expressed by 
the transport number (0 < tD < 1). This parameter describes the fraction of the total 
charge transported by each species and is a measure of their relative efficiency as 
charge carriers. The transport number of a drug depends on its mobility and concen-
tration and how these compare with the corresponding properties of the other charge 
carriers present in the system [14–16].

12.2.2  Electroosmosis

The skin has an isoelectric point of ~4–4.5 [17], and at physiological pH it is nega-
tively charged and acts as a cation-selective ion-exchange membrane. The cornea and 
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sclera are also cation selective under physiological conditions and have pIs of 3.2 [18] 
and between 3.0 and 4.0 [19, 20], respectively. As a consequence, under the influence 
of an electric field, a convective solvent flow is generated in the direction of counter-
ion flow to neutralize membrane charge, i.e., in the anode to cathode direction [21–24] 
(Fig. 12.1). The electroosmotic flux (JEO) of a drug may be expressed as

 J V cEO w D= .  (12.3)

where VW is the linear velocity of the solvent flow and cD is the concentration of 
the drug in the vehicle [25]. The practical consequence of EO is that it contributes 
to the permeation of cations but opposes the movement of anions. Furthermore, 
under physiological conditions, neutral molecules can also be transported from the 
anode into the body [26].

12.3  Iontophoresis for Topical Skin Treatments

In both dermatological and cosmeceutical applications, the goal of cutaneous ionto-
phoresis is to increase skin retention without increasing permeation so that the pos-
sible side effects of the active agents are reduced. Thus, drugs should ideally cross 
the stratum corneum and reach the viable epidermis in the desired amounts while 
avoiding entry into the circulatory system in the dermis (Fig. 12.2).

Fig. 12.2 Human skin histology depicting the stratum corneum (main barrier for drug penetration), 
viable epidermis, and dermis. For topical skin treatments, drugs (D) should ideally be localized in 
the epidermis
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Fully integrated prefilled iontophoretic devices, containing the drug reservoir, 
electrode systems, and microelectronics, can be miniaturized and placed on the 
skin in a similar way to traditional passive transdermal patches. A second type of 
prefilled system consists of a single use disposable iontophoretic patch which is 
attached to a reusable controller (containing the microelectronics and power source). 
Alternatively, the compartment containing the active electrode can be filled with the 
drug formulation just before use. The return electrode can be held by the patient or 
placed anywhere in the body (Fig. 12.3). Some recent examples of dermatological 
and cosmeceutical applications of iontophoresis are described below.

12.3.1  Dermatological Applications

12.3.1.1  Local Anesthesia

The first prefilled iontophoretic patch that reached the market employed lidocaine for 
local anesthesia. LidoSite (Vyteris, Inc.) allowed fast (10 min) and deep anesthesia 
(6–10 mm). Epinephrine, a vasoconstrictor, was delivered concomitantly with the 
anesthetic in order to reduce local blood flow and hence drug clearance. The patch 
included Ag/AgCl electrodes in a hydrogel matrix containing 10 % lidocaine and 
0.1 % epinephrine [27].

12.3.1.2  Psoriasis and Atopic Dermatitis

Psoriasis is an inflammatory condition of the skin characterized by (1) vascular 
changes where the papillary blood vessels become dilated, resulting in redness or 

Fig. 12.3 Iontophoretic devices applied on the skin: (a) LidoSite® (lidocaine HCl/epinephrine 
topical iontophoretic patch) from Vyteris Inc., (b) handheld iontophoretic device used for the 
treatment of herpes labialis (reproduced with permission from [52]), and (c) active electrode filled 
prior to use and a separate return electrode is placed at a different body site
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erythema; (2) inflammation, with leukocyte influx to the epidermis and release 
of proinflammatory cytokines; (3) hyperproliferation of the keratinocytic layer (acan-
thosis); and (4) altered epidermal differentiation (parakeratosis) [28]. Atopic dermatitis 
is another inflammatory skin condition marked by intensely pruritic, eczematous 
changes that occur chronically with periods of remissions and flares [29]. Several 
recent studies have proposed iontophoresis for the topical delivery of drugs with 
anti-inflammatory properties that could act on at least one of the events that character-
izes these diseases in order to minimize skin lesions and associated symptoms.

Topical corticosteroids are often prescribed for the treatment of psoriasis and 
atopic dermatitis due to their vasoconstrictive, anti-inflammatory, immunosuppres-
sive, and antiproliferative effects [30]. Skin deposition of mometasone furoate, a 
potent corticosteroid, loaded in a sodium deoxycholate gel formulation was 
improved following anodal iontophoresis at 0.5 mA/cm2 applied for 6 h in porcine 
skin in vitro (~1.7-fold enhancement over passive delivery; although the absolute 
values are not described in the report, it is possible to infer from the graph that the 
passive amounts deposited in the epidermis are approximately 1 μg/mg). Since drug 
permeation was not observed, iontophoresis was suggested as a suitable method for 
increasing skin accumulation of the molecule [30].

Methotrexate is a hydrosoluble drug existing mostly in the ionized form at physi-
ological pH, which possesses antineoplastic activity and is also effective for treating 
psoriasis, since it inhibits mitotic activity and hence hyperproliferation of the epidermal 
cells and its iontophoretic delivery has been extensively studied [31–33]. The use of 
aqueous solutions (from 2.0 to 3.0 mg/ml) and different concentrations of NaCl in the 
donor compartment was reported to result in enhancement of the amounts permeated 
across healthy porcine skin in comparison to the amounts accumulated within the 
membrane after cathodal iontophoresis. Skin deposition values ranged from 2.3 to 
6.25 μg/cm2 after 24 h of passive diffusion and from 3.7 to 10.9 μg/cm2 after 10 h 
iontophoresis at 0.5 mA/cm2, while permeated amounts ranged from 0.6 to 2.9 μg/cm2 
and from 11.6 to 207.0 μg/cm2 after, respectively, passive and iontophoretic delivery. 
The highest value (enhancement ratio of ~100) was obtained for cathodal iontophore-
sis at 0.5 mA/cm2 in the absence of NaCl in the donor compartment [31]. It is obvious 
that the absence of NaCl in the formulation removes the competition from Cl− ions 
which will now only be present in solution due to cathodal electrochemistry as AgCl is 
reduced and chloride ions are released (Fig. 12.1). Iontophoresis at 0.5 mA/cm2 for 
10 h from acrylic acid and 1:1 acrylic acid/acrylamide hydrogel resulted in approxi-
mately equivalent deposition and permeation, 1.5 μg/cm2. The amount of methotrexate 
retained in the skin was not significantly affected by either hydrogel composition or 
drug concentration in the loading solution (120 or 200 μg/ml) [33]. A case of palmer 
psoriasis treated with iontophoresis of methotrexate has also been reported. 
The lesion on the right palm which received iontophoretic treatment showed very 
good (>75 %) improvement at the end of 4 weeks, whereas the left palm lesion 
which did not receive any treatment remained the same [34].

The cutaneous iontophoretic delivery of the E-selectin antagonist CGP69669A, 
a sialyl Lewisx-glycomimetic, that lowers/blocks leukocyte trafficking, and hence 
has a potential therapeutic role for inflammatory disorders, has recently been 
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demonstrated in porcine and human skin in vitro [35]. The experiments showed that 
while passive delivery was negligible, cumulative permeation of CGP69669A could 
be controlled by current density (69.73 ± 9.51, 113.97 ± 26.80, and 160.44 ± 13.79 μg/
cm2 at 0.1, 0.3, and 0.5 mA/cm2, respectively) and drug concentration (37.42 ± 13.13, 
78.96 ± 23.13, and 160.44 ± 13.79 μg/cm2 at 1, 3, and 5 mg/ml, respectively). 
Moreover, skin deposition was enhanced (threefold) when using a 2 % hydroxy-
ethyl cellulose gel [35].

Transcription factors are critical components in the machinery that regulates gene 
expression. By blocking transcription factors responsible for promoting the inflamma-
tory pathway, topical decoy oligodeoxynucleotides (ODNs) may offer a targeted 
treatment for atopic dermatitis. In vitro transdermal delivery and epidermal accumula-
tion of fluorescein isothiocyanate (FITC)-nuclear factor-kappa B decoy was demon-
strated in murine skin using pulsed current iontophoresis. The iontophoretic delivery 
of NF-kappa B decoy ODN significantly reduced the increase in ear thickness in a 
murine model of skin inflammation, caused by phorbol ester as well as protein and 
mRNA expression levels of tumor necrosis factor-alpha (TNF-alpha) [36].

Cutaneous iontophoresis was also able to deliver naked anti-IL-10 siRNA 
effectively to the epidermis in a rat model of atopic dermatitis in which the skin was 
sensitized with ovalbumin to stimulate IL-10 mRNA expression; there was a significant 
reduction (73 %) in the level of IL-10 mRNA [37].

12.3.1.3  Skin Cancer

Topical Chemotherapy

Topical iontophoresis of antineoplastic agents is an interesting alternative for the 
local treatment of skin cancer with reduced systemic toxicity. It has been studied 
for the delivery of 5-fluorouracil [38], cisplatin [39], and methotrexate [31–33] 
(Sect. 12.3.1.2) and, more recently, the percutaneous absorption and retention of 
doxorubicin (DOX) [40]. Although passive permeation of DOX in porcine skin 
in vitro was negligible (values were under the limit of detection of the methodol-
ogy—6.14 ng/ml), anodal iontophoresis at 0.5 mA/cm2 for 6 h resulted in cumula-
tive permeation of 150 ng/cm2 across porcine skin in vitro. The amount of drug 
retained in the skin was also significantly improved from less than 5 μg/cm2 of DOX 
in the stratum corneum after passive delivery to ~20 and 80 μg/cm2 when a drug 
solution and a hydroxyethyl cellulose gel, respectively, were used with iontophore-
sis. The presence of a strong interaction between the gel and the negatively charged 
stratum corneum probably hindered permeation to the deep skin layers, and lower 
DOX levels were found in the viable epidermis (~1.5 μg/cm2). The incorporation 
of a cationic polymer (chitosan) in the drug formulation reduced retention in the 
stratum corneum (~5 μg/cm2), probably due to a decrease of the skin’s negative 
charges when iontophoresis was applied. It was also demonstrated that the direct 
application of electrical current to melanoma cells in culture increased DOX cyto-
toxicity by nearly threefold [40].
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Photodynamic Therapy

Topical Photodynamic Therapy (PDT) is a convenient and less invasive therapy for 
skin diseases such as actinic keratosis, psoriasis, and nonmelanoma skin cancers 
including basal cell carcinoma and squamous cell carcinoma. In topical PDT a 
photosensitizer (PS) is administered through the skin and accumulates in the tissue. 
The subsequent exposure of the tissue to light at the maximum absorption wavelength 
of the PS starts a photochemical reaction producing reactive oxygen species and 
ultimately killing the cells. The most studied drug for topical PDT is 5-aminolevulinic 
acid (5-ALA), which itself is not a PS agent but is a precursor of the photosensitive 
protoporphyrin IX. Its cutaneous permeation has been studied for more than 15 
years [41]. 5-ALA is a hydrophilic molecule and a zwitterion at physiological pH. 
Using iontophoresis, therapeutic levels of PpIX can be achieved in the epidermis in 
10 min or less (0.065 μmol/cm2 of PpIX from a 2 % solution after 10 min iontopho-
resis at 0.255 mA/cm2) [42]—a much shorter time than in the absence of current 
application [43].

The iontophoretic delivery of 5-ALA, through porcine skin in vitro, as a function 
of pH, and the principal mechanisms responsible for its electrotransport have been 
determined [44]. It was found that 5-ALA iontophoresis at pH 7.4 is a linear func-
tion of concentration over the range 1–100 mM. However, since 5-ALA exists prin-
cipally as a zwitterion (pKas of 4.05 and 8.9), at pH 7.4 the mechanism of 
electrotransport is primarily electroosmosis, with little or no contribution from elec-
tromigration. When the pH of the topically applied vehicle was reduced to 4.0, the 
net alA flux was similar to the flux at pH 7.4 (~ 50 nmol/cm2 h). At pH 4.0, 50 % of 
the acidic groups are ionized and 5-ALA has greater cationic character and electro-
migration is enhanced. However, the net negative charge of the skin is neutralized 
and the electroosmotic flow is reduced. In this way the increased electromigration 
was balanced by a decrease in electroosmosis. In an attempt to optimize 5-ALA 
iontophoretic delivery, reduction of the NaCl concentration in the anode led to a 
three- to fourfold increase in 5-ALA flux [45]. The amount of 5-ALA delivered into the 
skin (epidermis + dermis) was fourfold greater with iontophoresis than after passive 
application of a DMSO formulation (~0.4 μmol and ~0.1 μmol, respectively) [45]. 
Another strategy to improve iontophoretic delivery was to use 5-ALA esters, which 
have a net positive charge under physiological conditions and may be transported 
via electromigration. The in vitro iontophoresis of a homologous series of 5-ALA 
esters (methyl, ethyl, butyl, hexyl, and octyl) has been evaluated. A more than 
50-fold enhancement of delivery of the methyl ester compared to the zwitterionic 
parent 5-ALA was observed (~4.5 and 0.065 μmol/cm2 h, respectively), an effect 
that gradually decreased with increasing chain length. It was also found that the 
delivery of methyl-ALA into the skin was also considerably enhanced over that of 
5-ALA itself: a sevenfold increase in the amount found in the SC (42 nmol 
compared with 6 nmol) and an 18-fold enhancement in the viable tissue (180 nmol 
compared with 10 nmol) [46].

An alternative approach is to iontophorese the photosensitizing agent directly; 
this has the advantage that cutaneous levels of the photosensitizer are not dependent 
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on the efficiency of skin metabolism for conversion of 5-ALA into the active 
molecule. This has been demonstrated for the meso-tetra-[4-sulfonatophenyl]-por-
phyrin (TPPS4) and meso-tetra-(N-methylpiridinium-4-yl)-porphyrin (TMPyP), 
negatively and positively charged porphyrin derivatives, respectively [47, 48]. 
In vivo experiments in male Wistar rats showed that 10 min of iontophoresis 
delivered TPPS4 more quickly and homogeneously to deeper skin layers than pas-
sive administration [47]. The positively charged TMPyP showed higher passive and 
iontophoretic delivery than the negatively charged TPPS4 from a hydroxyethyl cellu-
lose gel containing 5.0 mg/g of porphyrin at pH 5.5 across porcine skin in vitro (23.4 
and 276.9 nmol/cm2, for TMPyP for passive and iontophoretic delivery at 0.5 mA/cm2, 
respectively, in comparison with 1.2 and 4.1 nmol/cm2 for TPPS4). Moreover, in vivo 
experiments indicated homogeneous distribution of TMPyP around and in the 
nuclei of the skin cells, suggesting its potential use in topical PDT [48].

Phthalocyanines are second-generation PS porphyrin derivatives that have a 
higher molar absorptivity than porphyrins at wavelengths that allow greater penetration 
of light in normal tissues (typically at 670–690 nm). Cathodal iontophoresis was 
used to transport significant amounts of zinc phthalocyanine tetrasulfonic acid 
(ZnPcS(4)) to the viable epidermis (55 μg/cm2), and in vivo experiments showed 
homogeneous accumulation in rat skin even with only 15 min of iontophoresis [49].

All these studies show that iontophoresis offers an enormous potential for the 
topical treatment of skin cancers. However, more in vivo studies are necessary to 
evaluate both the efficiency of treatment and the potential risks. It is extremely 
important to ensure that antineoplastic drugs accumulate in the tumor without entering 
the systemic circulation in significant amounts [50].

12.3.1.4  Herpes Labialis

Recurrent herpes labialis is a relatively common disease affecting approximately 
20–40 % of the adult population and is caused by the herpes simplex 1 virus. 
Treatments currently available include aciclovir (ACV) and related drugs (e.g., 
valaciclovir (VCV) and penciclovir) administered either orally or topically as ointment 
or creams [51]. As oral therapy normally results in low bioavailability and topical 
creams and ointments in inadequate penetration of the drug into the target site of 
infection, the basal epidermis, iontophoresis has been studied as a means to increase 
local drug concentration and provide faster healing. Indeed, a pilot study with 200 
patients with an incipient cold sore outbreak at the erythema or papule/edema lesion 
stage showed that 10 min iontophoresis of a cream formulation of 5 % ACV resulted 
in a superior therapeutic outcome and 1.5 days reduction in healing time. 
Furthermore, among a subset of subjects treated in the erythema stage, there was a 
3-day decrease in healing time compared to individuals who received a placebo 
formulation [52]. Previous studies demonstrated that ACV 5 % cream applied 5 
times daily for 4 days (20 administrations), initiated within 1 h of the onset of signs 
or symptoms of a recurrent herpes labialis episode, resulted in only 0.5–0.6- day 
decrease in healing time [53]. Iontophoresis of a 5 % ACV gel formulation for 
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10 min in hairless rats was approximately fourfold greater than passive delivery 
(30.70 ± 4.83 and 7.83 ± 1.59 μg/cm2, respectively). The drug level achieved in the 
underlying skin layers (epidermis and dermis) following 10 min of iontophoresis 
was 29.27 ± 3.53 μg/cm2, while no drug was detected in this skin compartment 
following 10 min of passive delivery. At 24 h post-iontophoresis, ACV levels in the 
SC decreased with a corresponding increase in the underlying skin due to drug 
migration. In this way, iontophoretic delivery of ACV resulted in a drug depot [54]. 
It has also been demonstrated that only the ACV in the water phase of the formula-
tion is available for transport. In this way, when pH 11 gels (glycerin and water 
based) were applied to rabbit skin in vivo, they exhibited a statistically significant 
increase of ACV in the dermis in comparison to neutral cream formulations (AUC0–60 
of 143.7 ± 33.3 and 8.83 ± 1.47 mg/l min from the gel without preservatives and 
stabilizers and the neutral cream, respectively). This is because at pH 11 most of the 
drug (~98 %) in the formulation was negatively charged (pKa 9.25) and therefore 
cathodal iontophoresis benefited from electromigration [51]. However, it is impor-
tant to highlight that a pH of 11 is irritant to the skin and would not be tolerated, 
especially if the application site contains any lesions, which are very characteristic 
of herpes labialis.

Valaciclovir (VCV) is the l-valyl ester prodrug of ACV. It possesses three ionizable 
groups with pKa values of 1.90, 7.47, and 9.43. Consequently, VCV is 50 % proton-
ated at physiological pH [55]. A preliminary in vitro study across porcine skin indi-
cated that iontophoresis of VCV was significantly more efficient than that of ACV. 
While the charged nature of the prodrug, VCV, enabled it to be more efficiently 
iontophoresed into the skin than the parent molecule, ACV, only the latter was 
detectable in the receptor chamber, suggesting that VCV was enzymatically cleaved 
into the active metabolite during skin transit. In this way, the cumulative permeation 
of ACV after 1, 2, and 3 h of VCV iontophoresis at 0.5 mA/cm2 and using an aque-
ous 2 mM (similar to 0.06 %) formulation was 20 ± 10, 104 ± 47, and 194 ± 82 μg/cm2, 
respectively (cf. nonquantifiable levels, 0.1 and 1.0 ± 0.7 μg/cm2 after ACV ionto-
phoresis) [55].

12.3.1.5  Hyperhidrosis

Hyperhidrosis is a disorder of excessive sweating beyond that required for thermo-
regulation and with respect to ambient conditions. Current therapeutic strategies 
include topical medications (most commonly aluminum chloride), tap water ionto-
phoresis, injections of botulinum toxin, local surgical approaches, and systemic 
medications (including glycopyrrolate and clonidine) [56]. More recently, studies 
have also been performed that involve iontophoresis of therapeutic agents. The con-
cept of using iontophoresis to treat hyperhidrosis was first introduced to the medical 
literature in 1936, and a report in 1952 demonstrated the efficacy of tap water 
iontophoresis for treating 113 patients with palmar and plantar hyperhidrosis [56]. 
The mechanism is currently believed to involve changes in the resorption of sodium 
ions by the sweat ducts as both the sodium concentration and sweat volume have 
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been shown to decrease following iontophoresis [57]. In contrast, the mechanism of 
action of topical aluminum salts is related to obstruction of distal sweat gland ducts. 
While aluminum salts are used in regular antiperspirants, hyperhidrosis sufferers 
need a much higher concentration to be able to treat the symptoms of the condition 
effectively [58]. The need for greater amounts of aluminum salts and the different 
mechanism related to the effects of tap water iontophoresis justify the combining of 
these two treatment strategies. In a clinical study, iontophoresis of 1 % aluminum 
chloride applied for 30 min to one hand of 12 patients with palmar hyperhidrosis for 
four successive days showed significant hypohidrosis from the 3rd day until the 
4th week posttreatment (p < 0.04) which was lower than the other control hand 
treated topically with the same solution (but without iontophoresis) [58].

In addition, a case report on the successful iontophoresis of botulinum toxin A to 
treat two patients appeared in 2004 [59]; this was followed by a pilot study per-
formed in 8 patients who were refractory to conventional therapy. In this study one 
hand was treated by iontophoresis of botulinum toxin type A, whereas the other 
received saline iontophoresis; thus, each patient served as its own control. Nine sites 
were treated on each hand with a total dose of 15 mA min charge passed per site 
(maximum current 2.5 mA). Palmar sweating was assessed by a starch iodine test 
and by gravimetry and was reduced in the botulinum-treated hand [60]. It is believed 
that the toxin works by inhibiting the release of acetylcholine at the neuromuscular 
junction and affecting the postganglionic sympathetic innervation of sweat glands 
[61]. Botulinum toxin A is a two-chain protein with a 100 kDa heavy chain joined 
by a disulphide bond to a 50 kDa light chain and has a pI of 6.06. An in vitro study 
found the toxin in hair roots, sebaceous glands, and arrector pili muscle fibers of 
Wistar rats after only 10 min of iontophoresis [62].

12.3.2  Cosmeceutical Applications

Iontophoresis can also be used to target the delivery of cosmeceutical active 
ingredients into the skin, increasing concentrations in the viable epidermis. Short-
duration iontophoresis (20 min) was shown to enhance deposition of sodium ascor-
byl phosphate (NaAP) porcine skin in vitro from a gel formulation (0.10 ± 0.04 and 
0.74 ± 0.27 μg/mg tissue, for iontophoretic and passive treatments, respectively) 
[63]. The study was performed using an electrotreatment device (tmt systemTM, 
Mesoestetic Laboratories, Barcelona, Spain), which used a pulse duration of 320 μs 
and frequency of 1,200 Hz. The system combines the use of a low voltage to gener-
ate a constant direct current across the skin with the application of a high-frequency 
voltage to create microchannels in the skin that would also enhance passive diffu-
sion [63]. In another study, iontophoresis using a commercially available apparatus 
(Aqua Puff, Toshiba Medical Supply Co., Tokyo Japan) using a pulsed waveform 
(1 kHz, 60 % duty cycle) at 10 V for 20 s enhanced percutaneous absorption of 
[14C] ascorbic acid (1 mg/ml) in rat skin, as demonstrated by the increase in 
radioactivity [64].
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Despite the interest from the skin care industry in using iontophoresis for the 
topical cutaneous delivery of active cosmeceuticals and the positive results demon-
strated either in vitro or in animals [63, 64], the criteria used to evaluate efficacy in 
many clinical studies are subjective, e.g., overall patient satisfaction. Some clinical 
studies describe the application of iontophoresis for the delivery of an active ingre-
dient to one side of the face, the so-called split-face studies, but the control is solely 
the formulation without the active ingredient passively applied to the other side. 
That was the case for studies performed with ascorbic acid in a moisturizing formu-
lation for the treatment of photoaged skin [65] and in solution for the treatment of 
melasma [66]. Even though in the latter study, the treated site showed a significant 
decrease in pigmentation, the effect of iontophoresis to improve the delivery of 
ascorbic acid and its contribution to the efficacy of the treatment could not be deter-
mined. The results obtained so far on the use of iontophoresis for cosmetic purposes 
merit further investigation into the potential of this technique to increase the pene-
tration of other actives used for rejuvenation. Further research on vehicles that could 
facilitate administration as well as guarantee drug stability is also required.

12.4  Ocular Iontophoresis

Ocular iontophoresis was first reported in 1908 by the German investigator Wirtz, 
who passed an electric current through electrolyte-saturated cotton sponges placed 
over the eye globe for the treatment of corneal ulcers, keratitis, and episcleritis [67]. 
In the last 20 years, there have been an increasing number of studies using this tech-
nique for the delivery of antibacterials, antifungals, antimetabolites, corticosteroids, 
and even macromolecules, including siRNAs, to ocular tissues [20, 68–73].

There are two different approaches for ocular iontophoresis—transcorneal and 
transscleral—which are used to deliver drugs to the anterior or posterior segments 
of the eye, respectively (Fig. 12.4). The anterior segment consists of the front one- 
third of the eye that includes the pupil, cornea, iris, ciliary body, aqueous humor, 
and lens, while the posterior segment consists of the back two-thirds of the eye—the 
vitreous humor, retina, choroid, macula, and optic nerve [74].

As with cutaneous iontophoresis, the drug is placed in the electrode compart-
ment bearing the same charge and the return electrode can be placed anywhere on 
the body to complete the electrical circuit; usually it is positioned on the forehead. 
Several applicators have been developed in the last few years. For transcorneal 
iontophoresis, typically either a modified eye cup is filled with the drug solution 
[75] or a drug-loaded hydrogel pad is used [76]. These systems are also used 
for transscleral iontophoresis, but the eye cups contain an opening to avoid contact 
with the cornea. Such annular-shaped probes deliver the drug through the sclera, 
surrounding the cornea, which is the case of the EyeGate® II system (EyeGate 
Pharmaceuticals) (Fig. 12.5) [77]. Alternatively, the OcuPhor™ system (Iomed) 
and Visulex™ system (Aciont Inc.) are lens-shaped devices that are inserted into the 
inferior cul-de-sac for transscleral iontophoresis [78].
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Since the cornea and sclera have a lower resistance than the skin, higher current 
densities can be tolerated. Transscleral iontophoresis at 5.0 mA/cm2 for 10 min in 
rabbits showed no retinal detachment, abnormal histological findings, or other intra-
ocular complications [79]. It has been reported in mice that although application of 
an iontophoretic current density of 5.7 mA/cm2 for 10 min was acceptable, an 
increase to 8.5 mA/cm2 caused some lesions, scleral burns, and corneal vasculariza-
tion [80]. Tolerance studies in humans gave similar outcomes to the studies in ani-
mals and showed the maximum tolerated iontophoretic current to be 5.5 mA/cm2 
(applied for 20 min). It was shown in the same study that half this current density 
could be applied for double the time (i.e., 40 min) without clinically significant side 
effects [78]. Recent clinical studies into transscleral iontophoresis applied a current of 
up to 3.5 mA for 3 min. Over the course of the study, 87 % of the patients experienced 
at least one adverse event including ocular hyperemia, keratitis, ocular discomfort, 
and conjunctival edema. Nevertheless, the majority of adverse effects were reported 

Fig. 12.4 Schematic illustration of transcorneal and transscleral iontophoresis. Adapted from 
Eljarrat-Binstock and Domb [67]

Fig. 12.5 Illustration of EyeGate® II delivery system used for transscleral ocular iontophoresis 
(EyeGate Pharmaceuticals, Inc., Waltham, MA)
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as being resolved without sequelae within 24 h, and no severe adverse events or 
effects on visual acuity were observed [77]. In a similar clinical study using the 
same applicator device and iontophoresis for 4 min for the treatment of anterior 
uveitis, it was observed that a lower current (1.6 mA) provided greater efficacy, 
faster outcome, and the fewest number of patients who required rescue therapy. 
Therefore, although it might be acceptable to use much higher current densities, a 
clinical evaluation should be performed to optimize the iontophoretic parameters 
[69]. Although the current density is not provided in the two publications mentioned 
above, another paper describes the device as a hollow cylinder with inner diameter 
of 14 mm and active contact surface area between the eye and the applicator of approx-
imately 1 cm2 [20]; hence, it can be estimated that current densities of ~3.5 mA/cm2 for 
3 min or 4 min were used in the clinical trials.

12.4.1  Transcorneal Iontophoresis

Topical ocular treatments must overcome the challenge of the short residence time 
of a formulation due to the eye’s protective mechanisms, such as lacrimal secretion 
and blinking reflex. In addition, they must also contend with the impermeability of 
the cornea, in which the tight junctions present in the epithelium form the major 
barrier to delivery. Transcorneal iontophoresis has therefore been investigated as a 
means to provide higher drug permeation through the cornea to target diseases 
affecting the cornea itself (keratitis, corneal ulcers) as well as the whole anterior 
segment of the eye (aqueous humor, ciliary body, iris, and lens), with the potential 
of treating conditions such as dry eye, glaucoma, and ocular inflammations [67].

Macromolecules such as oligonucleotides have been delivered by iontophoresis 
in proof-of-concept studies. Fluorescence microscopy was used to confirm delivery 
of labeled siRNA and dextrans of up to 70 kDa into the cornea of mice after ionto-
phoresis for 1 min at 25 mA/cm2. Even though the current density was extremely 
high, it was reported that visual examination did not show any corneal damage [75]. 
Another study reported the delivery of single-stranded cyanine 5 (Cy5)-labeled anti-
sense oligonucleotides targeting vascular endothelial growth factor (VEGF-R2) 
receptor to all corneal layers in rat eyes using iontophoresis at 0.3 mA for 5 min 
[81]; the dimensions of the applicator were not reported.

Transcorneal iontophoresis has also been studied for the delivery of small mol-
ecules such as ciprofloxacin, commonly used to treat infections in the anterior 
chamber of the eye [82]. It has been shown that after a short time (5 min) of trans-
corneal iontophoresis, a drug reservoir is formed, which slowly releases the drug 
into the aqueous humor, eliciting a sustained therapeutic effect. The study also 
showed that after iontophoresis for 5 min, the drug concentration in the receiver 
compartment fluid in in vitro studies (using excised porcine corneas) or in aqueous 
humor in ex vivo studies (using whole porcine eyes) was not significantly higher 
than the control (in which electric current was not applied). However, 6–12 h after 
iontophoresis for 5 min, the concentrations of drug in aqueous humor in ex vivo 
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studies were ~six- and ~fivefold higher than the control (130.12 ± 78.99 ng/ml), 
respectively, which may be assumed as evidence of a reservoir that slowly releases 
the drug when iontophoresis is applied. Moreover, it was also observed that increasing 
the current density from 0.75 mA/cm2 to 6.25 mA/cm2 increased the drug loaded in 
the cornea ~sixfold (~20 and 120 ng/mg, respectively). The application of the higher 
current did not show any sign of loss of vision and abnormal discharge, redness of 
eye, or edema [82]. Transcorneal iontophoresis of gentamicin sulfate in rabbits 
using a current intensity of 1 mA for 60 s showed that peak gentamicin concentra-
tions in the cornea (363.1 ± 127.3 μg/g) and in the aqueous humor (29.4 ± 17.4 μg/ml) 
were reached at 0 and 2 h after the iontophoretic treatment, respectively. The peak 
gentamicin concentrations after a single iontophoresis treatment were 12–15 times 
higher than those obtained after subconjunctival gentamicin injection or after topical 
eye drop instillation every 5 min for 1 h and much higher than in no-current controls 
[70]. In a subsequent study using an experimental animal model of Pseudomonas 
keratitis, it was demonstrated that iontophoresis applied for just 60 s was able to 
lower the Pseudomonas count in the cornea (the logarithmic values of Pseudomonas 
colony-forming units (CFUs) were 2.96 ± 0.45 and 6.29 ± 0.45, respectively, for the 
iontophoretic and the control groups, the latter receiving eye drops of 1.4 % gentamicin 
every hour for 8 h) [83].

Despite the promising results, transcorneal iontophoresis has not yet been studied 
in randomized, clinically controlled studies.

12.4.2  Transscleral Iontophoresis

Transscleral iontophoresis overcomes the lens–iris barrier and delivers drugs 
directly into the vitreous and retina through the choroid or indirectly via the sys-
temic circulation or the anterior chamber. The iontophoretic device is placed on the 
conjunctiva, over the pars-plana area to avoid current damage to the retina [84]. 
It represents a potential alternative to multiple intravitreal injections or systemic 
therapy used for posterior ocular disorders, such as endophthalmitis, uveitis, retini-
tis, optic nerve atrophy, pediatric retinoblastoma, and age-related macular degenera-
tion (AMD) [67]. It has been studied for the delivery of a number of low molecular 
weight antibiotics—including gentamicin, cephazolin, ticarcillin, amikacin, and 
vancomycin—and steroids, including dexamethasone and methylprednisolone.

Transscleral delivery of dexamethasone phosphate and dexamethasone has shown 
promising results in healthy [71] and endotoxin-induced uveitis animal models 
[85], with short application times, on the order of a few minutes (4 min). Since 
dexamethasone lacks a charged group and has limited aqueous solubility (0.1 mg/ml), 
negatively charged micellar carrier systems prepared with taurocholate and egg 
lecithin have also been developed for its transscleral iontophoretic delivery [86]. 
Iontophoresis at 10 mA/cm2 for 20 min using excised human sclera in vitro resulted 
in higher cumulative amounts in the sclera (from ~80 to 200 μg/cm2) in comparison 
with the passive control using the same carrier system (~50 μg/cm2) [86]. 
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Dexamethasone phosphate, however, seems to be a more suitable candidate for 
iontophoresis. It is a prodrug of dexamethasone that is readily converted to dexa-
methasone in vivo. Dexamethasone phosphate possesses 2 acidic protons that allow 
the production of highly water-soluble formulations of a charged species within the 
pH range of 5.5–7.4. It has successfully been used in clinical trials for the treatment 
of dry eye [77] and noninfectious anterior uveitis [69]. Both studies were conducted 
using the EyeGate® II device (EyeGate Pharmaceuticals) and dexamethasone phos-
phate solution at 40 mg/ml (EGP-437). Previous studies in rabbits using this device 
demonstrated that iontophoresis of EGP-437 for 5 min and current densities of 2, 4, 
and 6 mA/cm2 achieved significantly higher drug concentrations in the aqueous and 
vitreous humor (~20 nmol of drug in each) than those obtained with either topical 
or intravenous administration, but there was no increase in delivery upon further 
increasing the current density [20].

The penetration of methylprednisolone hemisuccinate into the ocular tissue in 
rabbits after cathodal iontophoresis at 2.6 mA/cm2 for a maximum of 10 min was 
investigated using drug-loaded hydrogels mounted in a portable iontophoretic device. 
Significantly higher methylprednisolone levels were found 2 h after iontophoresis as 
compared to the passive control groups. It was reported that 178.59 ± 21.63 μg/g, 
6.74 ± 2.38 μg/ml, and 2.71 ± 0.57 μg/ml were found in the retina, aqueous humor, 
and vitreous, respectively, while nondetectable concentrations were found 2 h after 
an i.v. infusion of 10 mg/kg of methylprednisolone in all evaluated ocular tissues 
and fluids [72].

Transscleral iontophoresis has also been investigated for the delivery of high 
molecular weight model molecules and therapeutics for which the only feasible 
administration route so far would be intravitreal injections or intraocular implants 
[19, 68, 87]. Bevacizumab (Avastin) (MW 149 kDa) is an essentially non-charged 
recombinant humanized IgG1 monoclonal antibody that inhibits angiogenesis by 
binding with high affinity to human vascular endothelial growth factor. It is used in 
ophthalmology (off-label) for the treatment of neovascularization in diseases such 
as diabetic retinopathy and age-related macular degeneration (wet form). Anodal 
iontophoresis of fluorescein isothiocyanate (FITC)-bevacizumab (2.5 mg/ml) using 
a current density of 3.8 mA/cm2 for 2 h across excised human sclera in vitro 
resulted in a 7.5-fold enhancement of flux over passive permeation (37.01 ± 9.37 
and 4.92 ± 6.73 μg/cm2 h) [87]. Although it was suggested that, based on recent data 
from human volunteers, bevacizumab might be active at doses as low as 12.5 μg, the 
main limitation of the technique would be the long application time for iontophoresis 
to achieve a significant enhancement in drug transport (1 h). Although fluorescence 
microscopy showed that superior penetration was achieved after 30 min, it is still 
necessary to consider the dynamic barriers that would be present in vivo; therefore, 
more experiments are necessary [87].

Indeed, this is true for the majority of the studies performed so far. Despite the 
promising results obtained with transscleral iontophoresis, a possible limitation of 
the technique for the treatment of chronic eye diseases is the fast clearance of the 
drug from the eye to the systemic circulation through the episcleral vessels and the 
conjunctival lymphatic system, resulting in the need for repeated iontophoretic 
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administration. Also, short-duration transscleral iontophoresis is not expected to 
deliver drugs directly to the posterior segment of eye due to the long path length 
from the application site to the back of the eye. As mentioned above, the applicator 
is normally placed on the conjunctiva, over the pars-plana area to avoid current 
damage to the retina, and therefore, the ocular dynamic barrier may be all the more 
relevant for drug delivery. Evidence of this are the huge differences in the amounts 
of drug delivered in vitro or ex vivo through excised membranes and the amount deliv-
ered in vivo [20, 88]. Nevertheless, it is clear that both the physicochemical properties 
of the drug molecules and iontophoretic parameters such as current density, area avail-
able for diffusion, and application time have a major impact on drug penetration and 
distribution in the vitreous. Each drug and protocol has to be evaluated separately in 
order to determine its potential in treating different ophthalmic disorders.

12.5  Conclusions

Targeted iontophoresis appears to offer significant benefits for local therapy. It can 
quickly and effectively deliver significant amounts of drug and active ingredients in a 
controlled manner to the upper layers of the skin through an intact stratum corneum, 
without compromising skin physiology. The ability to administer drugs noninva-
sively is of particular interest in the treatment of ocular diseases since the risk of 
serious complications and infections may be significantly reduced. The results from 
animal and clinical studies demonstrate that iontophoresis may enable effective 
treatment of patients with dermatological and ophthalmic diseases. Therefore, it is 
hoped that more systems will enter into clinical trials in the coming years.
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13.1            Introduction 

 The human mouth is a unique organ that hosts various functions for daily life. It 
is the portal to the gastrointestinal tract, responsible for chewing and swallowing 
food materials. It also coordinates with pharyngeal and laryngeal structures to 
generate various sounds for communication through language. For such diverse 
functions, oral cavity is equipped with heterogeneous tissue types such as teeth, 
tongue, lips, palate, gingiva, and vestibule. Regarding the microbial fl ora, oral 
cavity is one of the most densely populated sites of the human body and more than 
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500 isolated microorganism species. These microorganisms colonize oral surfaces 
where they form a microbial consortium referred as dental plaque or oral biofi lm 
[ 1 ]. Due to its unique anatomic location and structure, the mouth is the home for 
diseases such as dental caries, gingivitis, periodontitis, oral ulcers, aphthous sto-
matitis (canker sores), oral mucositis, oral herpes (cold sores), oropharyngeal can-
didiasis, and vesiculobullous mucosal disease. There has been tremendous 
progress during the past few decades in improving treatment of these diseases/
conditions. 

 Oral route is a favored site for the administration of drugs for patients and clinicians. 
The drug delivery in the oral cavity can be broadly divided into three categories: (a) 
sublingual, (b) buccal, and (c) local/topical drug delivery. In this chapter, we have 
discussed local drug delivery methods available to treat localized oral lesions and 
oral manifestations of systemic diseases. The main advantage of local/topical 
drug delivery is the ability to deliver the bioactive agent directly to the site; on the 
other hand, combating harsh physiological conditions and poor retention and 
maintaining required concentration of drug at the site are the major concerns for 
local/topical drug delivery. It is primarily due to the limited interaction of the drug 
with the host epithelium and mechanical removal due to the action of body fl uids, 
mucosal turnover, and dislodging forces during processes such as chewing, drinking, 
and swallowing.  

13.2     Requirements for Local Drug Delivery 
to the Oral Cavity 

 Retention of drug at the site/lesions with proper doses and duration to achieve thera-
peutic effi cacy and with limited side effects are the major concerns for local drug 
delivery to the oral cavity. Oral cavity has been an interesting potential site for the 
drug delivery since past, but with the evolution of permeability enhancers, poly-
mers, bioadhesive/mucoadhesive systems, etc., it is being explored more than ever 
and presents a possible method by which the retention of dosage forms at the site of 
application may be enhanced [ 2 ]. Formulations that are designed for the topical/local 
use in the oral cavity:

•    Should be easy to administer and retention at the site of application for desired 
period of time  

•   Should offer controlled release of drug at the site  
•   Should release drug in an unidirectional way toward the mucosa or multidirec-

tionally in saliva  
•   Should not cause any irritation or inconvenience to the patient  
•   Should not interfere with the normal physiological functions     
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13.3     Formulations for Local Drug Delivery to the Oral 
Cavity 

 The formulations for topical/local drug delivery are available in the form of (a) solids 
(tablets, troches, wafers, lozenges, and microparticles), (b) semisolids (gels, pastes, 
fi lms, and patches), and (c) liquids (sprays, solutions, mouthwashes). The formulations 
for topical/local drug delivery are available in conventional, mucoadhesive, and 
other forms. Buccal mucoadhesive formulations are alternative to the conventional 
oral medications as they can be readily attached to the buccal cavity retained for a 
longer period of time and removed at any time. Buccal adhesive drug delivery 
systems includes matrix tablets, fi lms, layered systems, discs, microspheres, oint-
ments, and hydrogel systems [ 2 ,  3 ]. 

13.3.1     Solid Formulations 

 Solid formulations such as tablets and lozenges dissolve into the saliva utilizing the 
whole surface area of the oral cavity for local application and absorption. In general, 
they are used for oropharyngeal candidiasis, mucositis, xerostomia, etc. Drawbacks 
of tablets and lozenges include variation due to differences in saliva production and 
sucking intensity, accidental swallowing, and short exposure time. Mucoadhesive 
tablet formulations are better in this respect as they can be readily attached to the 
buccal cavity retained for a longer period of time and removed at any time. With this, 
they adhere to the mucosa and hence increase the exposure time [ 3 ]. 

13.3.1.1     Tablets 

 Several conventional and bioadhesive tablet formulations are developed for local or 
systemic drug delivery. While conventional tablets are sucked upon, the bioadhesive 
tablets are placed directly onto the mucosal surface and adhere to the buccal mucosa 
in the presence of saliva. Bioadhesive tablets are designed to release the drug either 
unidirectionally targeting buccal mucosa or multidirectionally into the saliva. 
Although tablets have been demonstrated excellent bioadhesiveness, their size is a 
major limitation for tablets due to the requirement for the dosage form to have inti-
mate contact with the mucosal surface, e.g., OraMoist ®  (Fig.  13.1 ), Salix ® , and 
Corlan ®  pellets. OraMoist ®  is a timed-release oral disc containing xylitol and 
enzymes that adheres to roof of the mouth and has a moisturizing effect for about 
4 h [ 4 ], whereas Salix ®  is a saliva-stimulating lozenge containing sorbitol, malic 
acid, and sodium citrate. Corlan is a mucoadhesive buccal tablet containing hydro-
cortisone 2.5 mg and acacia gum as a bioadhesive polymer [ 5 ].
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13.3.1.2        Microparticles/Microspheres 

 Over the last 25 years, research on microparticles has surfaced to attain the unmet 
needs in drug delivery. Microspheres are defi ned as homogeneous, monolithic par-
ticles in the size range of about 1–1,000 μm and are widely used as drug carrier for 
controlled-release formulations. They have greater encapsulation effi ciency and 
greater stability. Microparticles can be made from biocompatible and biodegradable 
materials. Bioadhesive microparticles offer the same advantages as tablets in terms 
of drug delivery and adhesiveness, but their physical properties enable them to make 
intimate contact with a lager mucosal surface area. The small size of microparticles 
compared with tablets makes them less likely to cause local irritation at the site of 
adhesion and the uncomfortable sensation of a foreign object within the oral cavity. 
ARESTIN    ®  is one such formulation for the treatment for periodontitis and contains 
microspheres that are fi lled with the minocycline hydrochloride.  

13.3.1.3     Wafers 

 Wafers are also available as a periodontal drug delivery system for the treatment of 
microbial infections associated with periodontitis. The delivery system is a compos-
ite wafer with surface layers possessing adhesive properties, while the bulk layer 
consists of antimicrobial agents, biodegradable polymers, and matrix polymers, 
e.g., PerioChip ®  [ 6 – 8 ].  

13.3.1.4     Lozenges 

 Lozenges are also used for the delivery of drugs that act topically within the mouth 
including antimicrobials, corticosteroids, local anesthetics, antibiotics, and antifungals. 

  Fig. 13.1    OraMoist ®  mucoadhesive tablet for dry mouth       
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Conventional lozenges produce a high initial release of drug in the oral cavity, which 
rapidly declines to subtherapeutic levels; thus, multiple daily dosing is required. 
Slow-release bioadhesive lozenge is available that offers the potential for prolonged 
drug release with improved patient compliance. Researchers have investigated 
bioadhesive lozenges as a means to deliver antifungal agents to the oral cavity, e.g., 
Mycelex ®  Troche, containing 10 mg clotrimazole, a synthetic antifungal agent for 
topical use in the mouth [ 9 ,  10 ].   

13.3.2     Semisolid Dosage Forms 

 Gels, fi lms, and patches are common forms of semisolid dosage forms for drug 
delivery in the oral cavity. 

13.3.2.1     Gels 

 Gels have been widely used in the delivery of drugs to the oral cavity. These are 
mainly used as protecting barriers and drug vehicles for the damaged mucosa from 
applied stresses. Advantages of gel formulations include their ability to form inti-
mate contact with the mucosal membrane and their rapid release of drug at the 
absorption site. A limitation of gel formulations lies on their inability to deliver a 
measured dose of drug to the site. They are therefore of limited use for drugs with 
narrow therapeutic window. Gel-forming bioadhesive polymers include cross- 
linked polyacrylic acid that has been used to adhere to mucosal surfaces for extended 
periods of time and provide controlled release of drugs [ 2 ].  

13.3.2.2     Patches and Films 

 Flexible fi lms may be used to deliver drugs directly to a mucosal membrane. They also 
offer advantages over creams and ointments in that they provide a measured dose of 
drug to the site. Buccal adhesive fi lms are already in use commercially, for example, 
Zilactin used for the therapy of canker sores, cold sores, and lip sores [ 11 ,  12 ].   

13.3.3     Liquid Dosage Forms 

 Various solutions in the form of solutions and mouthwashes are available for the use 
in the oral cavity for the treatment of halitosis, dentinal hypersensitivity, plaque 
inhibitors, etc. Viscous liquids are also used to coat buccal surface either as protectants 
or as drug vehicles for delivery to the mucosal surface [ 13 – 15 ]. Gel formulations 
have also been widely used in drug delivery to oral cavity. Advantages of gel 
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formulations include their ability to form intimate contact with the mucosal 
membrane and their rapid release of drug at the absorption site. Corsodyl dental gel 
containing 1 % chlorhexidine digluconate in hydroxypropyl methylcellulose is used 
in the management of gingival and periodontal disease. Traditionally, pharmaceuti-
cally acceptable polymers were used to enhance the viscosity of products to aid 
their retention in the oral cavity. Dry mouth is treated with artifi cial saliva solu-
tions that are retained on mucosal surfaces to provide lubrication [ 2 ]. Mouthwashes 
and oral rinses predominantly focus on their use in the local delivery of antimicro-
bial agents.   

13.4     Disease-Specifi c Local Drug Delivery to the Oral Cavity 

13.4.1     Periodontitis 

 The probabilities of some oral conditions are very high even in an otherwise healthy 
patient, e.g., gingivitis and periodontitis [ 16 – 19 ]. Periodontal disease is more severe 
condition in which the bone and the periodontal ligament are also affected. 
Periodontal diseases are a general term which encompasses several pathological 
conditions affecting the tooth supporting structures, characterized by destruction 
of the periodontal ligament, resorption of the alveolar bone, and the migration of the 
junctional epithelium along the tooth surface. The clinical signs of periodontitis are 
changes in the morphology of gingival tissues, bleeding upon probing, as well as 
periodontal pocket formation, which provides an ideal environment for the growth 
and proliferation of anaerobic pathogenic bacteria [ 20 ]. Periodontal diseases include 
conditions such as chronic periodontitis, aggressive periodontitis, systemic disease- 
associated periodontitis, and necrotizing periodontitis [ 1 ]. The treatment of this condi-
tion is complex and needs a multidirectional treatment approach, and it is usually 
treated with both drugs and surgical means. Systemic antimicrobial therapy has 
been advocated for the treatment of severe forms of periodontitis. However, side 
effects including hypersensitivity, gastrointestinal intolerance, and the development 
of bacterial resistance are also a matter of concern. There are several systemic and 
local formulations available for the treatment of periodontitis, but controlled drug 
delivery fi ts well into the treatment philosophy as it seeks to deliver sustained high 
concentrations of antimicrobial agents into the periodontal pocket at a fraction 
of the dose required for the systemic drug administration. Table  13.1  presents some 
of the commercially available local drug delivery products for the treatment of 
periodontitis.

   Tetracycline fi bers were the fi rst commercial product as controlled-release for-
mulation for the treatment of periodontitis (in 1994). Actisite ®  treatment is a 10-day 
site-specifi c course of antibiotic periodontal therapy, indicated as an adjunctive 
therapy to scaling and root planing for reduction of pocket depth and bleeding on 
probing in patients with adult periodontitis. Actisite ®  periodontal fi ber is made up of 
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biologically inert, nonresorbable fl exible plastic copolymer of ethylene and vinyl 
acetate impregnated with 12.7 mg tetracycline hydrochloride, which is released 
continuously over a period of 10 days. In Actisite ®  treatment, the fi ber is placed into 
the affected gingival pocket and secured by an adhesive which needs removal after 
10 days. Actisite ®  delivers a continuous local concentration of tetracycline to the 
individual pockets for a specifi c therapeutic length of time, with little systemic 
exposure [ 20 ,  43 ]. 

 As an alternative to Actisite®; Periodontal Plus AB™ and PerioCol-TC have also 
been introduced for the treatment of gingival and periodontal diseases as new bio-
degradable local drug delivery systems. These are tetracycline-impregnated fi brillar 
collagen that contains tetracycline hydrochloride in collagen fi brils. It is biodegrad-
able and hence does not require removal and has shown to release tetracycline for a 
period of 8–12 days in vitro [ 44 ,  45 ]. 

 Doxycycline is a broad-spectrum antibiotic synthetically derived from oxytetra-
cycline. It is marketed as ATRIDOX ®  (doxycycline hyclate). This is a subgingival 
controlled-release product composed of a two-syringe mixing system. Syringe A 
contains 450 mg of the ATRIGEL ®  Delivery System, which is a bioabsorbable, 
fl owable polymeric formulation composed of 36.7 % poly( d , l -lactide) (PLGA) 
dissolved in 63.3 %  N -methyl-2-pyrrolidone. Syringe B contains 50 mg of doxycy-
cline hyclate, which is equivalent to 42.5 mg doxycycline. The reconstituted prod-
uct is a pale yellow to yellow viscous liquid with a concentration of 10 % doxycycline 
hyclate. Upon contact with the crevicular fl uid, the liquid product solidifi es and then 
allows for controlled release of the drug for a period of 7 days. However, during 
medication, the patient may be more sensitive to the sun; hence prolonged sun exposure, 
tanning booths, and sunlamps should be avoided [ 20 ,  45 ]. 

 Another means of treating mild periodontal lesions is the use of PerioChip ®  
(chlorhexidine gluconate). This is a small, orange–brown, rectangular chip (rounded 

   Table 13.1    Products in clinical use for periodontitis   

 Active agent  Product  Description  References 

 Tetracycline fi ber  Actisite ®  (25 % 
tetracycline HCl) 

 Nonresorbable fi ber  [ 21 ,  22 ] 

 Periodontal Plus AB™  Resorbable fi ber  [ 23 ] 
 PerioCol-TC  Resorbable fi ber 

 Chlorhexidine chip  PerioChip ®  (2.5 mg)  Biodegradable chip  [ 6 – 8 ,  24 ,  25 ] 
 PerioCol-CG (2.5 mg)  Biodegradable chip  [ 26 ,  27 ] 
 Chlo-Site (1.5 % CHX)  Biodegradable gel  [ 28 ] 

 Doxycycline 
polymer 

 ATRIDOX ®  (10 %)  Biodegradable powder in syringe 
system 

 [ 29 ] 

 Minocycline  Dentomycin (2 %)  Biodegradable gel  [ 30 – 32 ] 
 Periocline (2.1 %)  Biodegradable gel  [ 33 – 36 ] 
 ARESTIN ®   Biodegradable microspheres in 

syringe system 
 [ 37 – 40 ] 

 Metronidazole gel  Elyzol    (25 %)  Biodegradable gel  [ 32 ,  41 ,  42 ] 
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at one end) for insertion into periodontal pockets. Each PerioChip ®  weighs about 
6.9 mg and contains 2.5 mg of chlorhexidine gluconate in a biodegradable matrix of 
hydrolyzed gelatin (cross-linked with glutaraldehyde). PerioChip ®  also contains 
glycerin and purifi ed water [ 46 ]. PerioChip ®  has been shown to be an effective 
and safe adjunctive treatment for reduction of pocket depth in patients with adult 
periodontitis with scaling and root planing. PerioChip ®  is recommended for use in 
periodontal pockets where the pocket depth is ≥5 mm. PerioChip ®  may be used as 
a part of a periodontal maintenance program, which includes good oral hygiene and 
scaling and root planing. Once in place, PerioChip ®  dissolves naturally in 7–10 days 
and does not need removal. PerioChip ®  releases chlorhexidine in vitro in a biphasic 
manner, releasing about 40 % of the molecule within the fi rst 24 h and the remain-
der, in an almost linear fashion, for 7–10 days. The concentration of chlorhexidine 
released from the PerioChip ®  can be determined in the gingival crevicular fl uid. 
Clinical results vary among patients, but clinical evidence has shown signifi cant 
reduction of probing pocket depth, compared with those treated with scaling and 
root planing alone, at 9 months after initial treatment [ 20 ]. Other subgingival 
chlorhexidine products available in the market are PerioCol-CG (chip) and Chlo- Site 
(1.5 % chlorhexidine gel) [ 45 ]. 

 ARESTIN ®  microspheres is a subgingival sustained-release product contain-
ing the antibiotic minocycline hydrochloride incorporated into a bioresorbable 
polymer, poly(glycolide-co-dl-lactide) or PGLA, for professional subgingival 
administration into periodontal pockets for the treatments for periodontitis. Each 
unit dose cartridge delivers minocycline hydrochloride equivalent to 1 mg of 
minocycline free base. These microspheres release the antibiotic over time. 
ARESTIN ®  is indicated as an adjunct to scaling and root planing procedures for 
reduction of pocket depth in patients with adult periodontitis. It may be used as 
part of a periodontal maintenance program, which includes good oral hygiene and 
scaling and root planing. Its application is painless and it is completely resorbed 
over time. Since it is bioadhesive preparation, it does not require any retention 
dressings [ 45 ,  47 ]. 

 Some sustained-release gel formulations containing 2 % minocycline have also 
been commercialized such as Dentomycin ®  and Periocline ® . These require multi-
ple applications (3–4 applications every 2 weeks) [ 20 ]. Dentomycin is a bioabsorb-
able system which contains 2 % minocycline HCl in a matrix of hydroxyethyl 
cellulose, aminoalkyl methacrylate, triacetin, and glycerin in the form of a gel. 
Magnesium chloride is added to modify the drug release properties. It is catego-
rized as a sustained- release system and provides high drug concentration, subgin-
givally, for 24 h [ 48 ]. A topical medication Elyzol ®  contains an oil-based 
metronidazole 25 % dental gel (glyceryl mono-oleate and sesame oil). It is applied 
in viscous consistency to the pocket, where it is liquidized by the body heat and 
then hardens again by forming crystals in contact with water. The vehicle biode-
grades after the active drug has been released over a period of short time [ 45 ]. 
There is also a strip which is pre-impregnated with metronidazole for placement in 
pockets [ 20 ,  45 ].  
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13.4.2     Oral Ulcers 

 Mouth ulcers are small painful sores that form in the mouth [ 49 ,  50 ]. Most people 
have at least one attack of mouth ulcers in their lifetime, but mouth ulcers are more 
common in women and those under the age of 40. Up to one in fi ve people has 
repeated attacks of mouth ulcers. More than a third of people with recurrent mouth 
ulcers have a family history of the sores. This fi gure rises to over 80 % if both parents 
suffer from frequent mouth ulcers. 

 There are three main types of aphthous ulcers: (a) minor ulcers are small and 
non-scarring, usually heal without any treatment within 2 weeks. Minor ulcers are 
the most common type of ulcers and constitute about 75 % of all mouth ulcers. (b) 
Major ulcers are 1 cm in diameter or larger; usually only one or two appear at a 
time. They can be very painful, cause diffi culty in eating, heal slowly, and may leave 
scars. They have raised borders and may last for 2 weeks to several months, about 
10 % of the ulcers are of this type, and (c) herpetiform ulcers are multiple tiny ulcers 
that can be very painful particularly if they fuse to form a large ulcer that can last for 
1 week to 2 months. Despite their name, they have nothing to do with the herpes 
virus. There are also other similar conditions that cause problems in the mouth such 
as stomatitis (sore mouth) and yeast, bacterial, or viral infections. 

 Minor mouth ulcers are usually caused by damage to the mouth from accidental 
biting of the cheek, vigorous tooth brushing, sharp teeth, or fi llings. Although there 
may be no evident reason for recurring ulcers, factors that can increase the risk 
include trauma due to excessive brushing or chewing of hard food, anxiety and 
stress, and certain foods such as chocolate, coffee, nuts, strawberries, and cheese. 
Many women also experience ulcers during their menstrual period. Quitting smoking 
can initially trigger mouth ulcers in the fi rst few weeks after withdrawal, but this 
then tends to settle down. Certain medical conditions can also make mouth ulcers 
more likely such as vitamin B 12  defi ciency, viral infections, iron defi ciency, celiac 
disease (intolerance to a protein called gluten, found in wheat, rye, and barley), 
Crohn’s disease, Reiter’s syndrome (urethral discharge followed by conjunctivitis 
and arthritis), and HIV infection. Occasionally, ulcers can be due to medication 
such as painkillers, such as ibuprofen and aspirin, nicorandil, and beta-blockers that 
are used in heart conditions [ 51 ]. 

 Usually protective gels or oral pastes containing local anesthetics are used to 
form a protective covering over ulcers to promote healing and reduce the pain sensa-
tion for minor ulcers. ORABASE paste contains adrenocorticoid, hydrocortisone 
acetate in base composed of gelatin, pectin, and sodium carboxymethylcellulose in 
Plastibase (plasticized hydrocarbon gel) [ 52 ]. By virtue of its superior adhesive 
properties, ORABASE ®  paste adheres tenaciously and remains in intimate contact 
with mucous membranes of the mouth and gums, protecting the affl icted area in the 
mouth against further irritation from chewing, swallowing, and other normal mouth 
activity. It acts like an invisible bandage [ 53 ]. 

 Triamcinolone belongs to the class of corticosteroids and used as adjunctive 
treatment for temporary relief of symptoms associated with oral infl ammatory 

13 Local Drug Delivery to the Oral Cavity



294

lesions and ulcerative lesions resulting from trauma. Marketed products are Oracort 
and Oralone ®  (triamcinolone acetonide dental paste, USP 0.1 %); when applied 
directly to the affected areas, it decreases infl ammation and protect the damaged 
mucosa from further injury. Oracort E additionally contains 3 % lidocaine to further 
diminish the pain sensation due to ulcers. The ointment is adhesive and attaches 
itself to the mucosa, prolonging the action. 

 One of the products used to treat major ulcers or aphthous ulcers is Canker 
Cover ™ . The tablet-like patch contains herbal ingredients to soothe the sore. This is 
an adhesive patch that acts as a protective cover over the ulcer and promotes heal-
ing. It attaches to the ulcer and remains in place for 8–10 h, and then it liquefi es to 
a gel. A published clinical study has showed that the Canker Cover oral patch healed 
78 % of the participant’s sores within 8–12 h (one patch), and the average overall 
healing time was 1.5 days, compared to a typical canker sore healing time of up to 
14 days [ 54 ]. Some other marketed products for the treatment of canker sores are 
Cankermelts Discs, Canker-Rid ® , Zilactin-B Canker Sore Gel, Canker-X, etc.  

13.4.3     Cold Sores/Herpes Labialis 

 Approximately 20 and 40 % of the population is estimated to suffer from episodes 
of recurrent herpes labialis [ 55 ]. It is infection of the lip by herpes simplex virus 
(HSV-1). Herpes labialis infection occurs when the HSV-1 comes into contact with 
oral mucosal tissue or abraded skin of the mouth. Infection by the type 1 strain of 
HSV-1 is most common; however, cases of oral infection by the type 2 strain are 
increasing. An outbreak typically causes small blisters or sores on or around the 
mouth commonly known as cold sores or fever blisters. The sores typically heal 
within 2–3 weeks, but the herpes virus remains dormant in the facial nerves. Cold 
sores are the result of the virus’s reactivating in the body; it reactivates periodically 
(in symptomatic people) to create sores in the same area of the mouth or face at the 
site of the original infection. During reactivation, the virus travels down the nerves 
to the skin where it may cause blisters (cold sores) around the lips, in the mouth, or, 
in about 10 % of cases, on the nose, chin, or cheeks. Reactivation may be infl uenced 
by stress, menstruation, sunlight, sunburn, fever, dehydration, or local skin trauma 
[ 56 ]. Surgical procedures such as dental or neural surgery, lip tattooing, or derm-
abrasion are also common triggers. Besides systemic antiviral therapy, once-daily 
valacyclovir (Valtrex ® ) therapy and few topical therapies are available; these include 
Zovirax ®  (acyclovir 5 %) [ 56 ], Abreva ®  (docosanol 10 %) [ 57 ], and Denavir ®  
(penciclovir 1 %) to shorten the healing time and duration of tingling, pain, burning, 
and/or itching symptoms and are available as cream or pump [ 58 – 61 ]. Abreva conceal 
is a nonmedicated clear invisible patch that is placed on the sore, and it covers the 
cold sore and prevents spread of infection and helps people to use makeup to hide the 
sore [ 62 ]. It changes the cell membranes of healthy, uninfected cells. These changes 
help prevent the cold sore virus from getting into healthy cells so the viral particles 
cannot spread to new cells. This is the only FDA-approved drug to shorten the 
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duration of cold sores and speed healing time [ 63 ]. Zovirax ®  Ointment 5 % is a 
formulation for topical administration. Each gram of Zovirax ®  Ointment 5 % 
contains 50 mg acyclovir in a polyethylene glycol base. Denavir (penciclovir 1 % 
cream) is a topical antiviral cream for the treatment of recurrent cold sores in adults. 
This prescription product is applied every 2 h while awake for 4 days, starting as 
soon as possible after the fi rst sign or symptom of herpes labialis [ 64 ]. Zilactin cold 
sore gel is another pain-relieving bioadhesive gel, containing 10 % benzyl alcohol 
that relieves discomfort for up to 6 h. Orajel™ Single Dose is a new cold sore 
treatment that provides instant pain relief, and healing begins with just one dose. 
The Touch-free applicator helps clean the site of the cold sore and the affected area. 
Orajel™ Single Dose’s one-time vial is mess-free, convenient, and easy to use. 
Topical pain reliever is used to numb the affected area. This numbing allows you to 
effectively treat the skin around the cold sore without pain or irritation. It contains 
benzalkonium chloride 0.13 % and benzocaine 5 % [ 59 ,  65 ].  

13.4.4     Oral Malodor 

 Oral malodor is a common complaint worldwide among dental patients [ 66 ,  67 ]. 
Oral malodor reduces an individual’s confi dence during social interactions. The oral 
cavity has a suitable environment for the numerous bacteria which colonize the 
mouth to induce odor. This condition derives in most cases from the proteolytic 
activity of anaerobic Gram-negative oral bacteria such as  P. gingivalis ,  F. nucleatum , 
and  P. intermedia . These bacteria reside in various locations within the oral cavity 
(e.g., tongue dorsum, interdental space, periodontal pockets, faulty and leaky resto-
rations, and tonsils) and break down salivary and oral proteins into their amino acid 
building blocks. Some of these amino acids (e.g., methionine and cysteine) are 
further metabolized, yielding malodorous volatile sulfi de compounds (VSC) such 
as methyl mercaptan and hydrogen sulfi de. 

 The tongue dorsum, especially its posterior portion, is considered the key location 
for this process. Therefore, the treatment regimen includes in most cases the daily 
use of tongue scrapers and mouthwashes. The treatment of halitosis can include a 
combination of mechanical and chemical strategies to neutralize or suppress odor, 
and rinsing in addition to gargling with an effi cacious mouthwash is advised. 
Mechanical treatments such as tongue scraping or teeth brushing with oral preparations 
are recommended. A recent Cochrane systematic review found tongue scrapers to 
have short-term effi cacy in controlling halitosis. Indeed, the use of tongue scrapers 
apparently has little effect on the bacterial load of the tongue, as well as being 
unpleasant and inducing in many cases a strong gag refl ex [ 68 – 70 ]. Several over-
the-counter mouthwashes and sprays are available that include chlorhexidine, 
triclosan, etc. to combat oral malodor. However, some mouthwashes containing 
chlorhexidine have adverse side effects such as tooth staining. 

 Active ingredients in oral care preparations play an important role in neutralizing 
or suppressing vomit odor and mainly rely on their antimicrobial effi cacy toward 
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oral cavity microbes. However, some of these compounds, such as essential oils and 
botanical extracts, contribute to fl avoring the preparations and are more benefi cial 
than other ingredients as they do not have staining effect on teeth and are believed 
to be safer than synthetic agents. Furthermore, a combination of active ingredi-
ents enhances oral deodorant activity and stability as well as having an anticaries 
effect [ 71 ]. 

 In addition to the incorporation of multifunctional ingredients into mouth rinses 
and dentifrices, other preparations have also been introduced. Breath refreshing 
lipsticks [ 72 ] and biofi lms have been developed for more convenient use in order to 
regain the individual’s confi dence and to stop oral malodor [ 71 ]. SmellX (Fig.  13.2a ) 
is a palatal patch designed to treat halitosis and to provide daylong relief from mal-
odor. The patch is applied to the palate (Fig.  13.2b ). This places it right above and 
in direct contact with the tongue dorsum, thus allowing sustained release of the 
active ingredients directly to the target site.

   The adhesive polymers hydroxypropyl cellulose and carbopol are mixed in a 
ratio of 4:1, each patch weighing 250 mg. The active ingredients are echinacea 
( Echinacea angustifolia ), mastic gum ( Pistacia lentiscus ), lavender ( Lavandula 
angustifolia ), and sage ( Salvia offi cinalis ). The adhesive tablet containing the herbal 
formulation is effective in reducing oral malodor and VSC levels. This new delivery 
system has two distinct advantages: adhesiveness and sustained release. The adhe-
siveness of the tablet enables it to stay in place, thus maintaining constant contact 
with the target site. Furthermore, it allows patients to carry on with their regular 
activities (e.g. eating, drinking, and talking) without interference, in contrast to 
breath mints and lozenges. The slow dissolution of the tablet enables sustained 
release of the active ingredients, facilitating prolonged exposure of bacteria to the 
active ingredients and improving their effectiveness [ 68 ].  

a b

  Fig. 13.2    ( a ) Clinically used SmellX and ( b ) location for placement of palatal patch       
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13.4.5     Oral Infections 

 Oropharyngeal candidiasis is a commonly encountered problem in daily clinical 
practice. Oropharyngeal candidiasis is a very common localized infection of the 
mucus membranes of the oropharynx that is most commonly caused by the patient’s 
own commensal  Candida albicans . Candida is a fungus present in the mouths of up 
to 60 % of healthy people. In most people, untreated candidiasis persists for months 
or years unless associated risk factors are treated or eliminated. It is the most com-
mon opportunistic infection affecting patients with human immunodefi ciency virus 
(HIV), hematological malignancies, diabetes, corticosteroid use, and long-term use 
of broad-spectrum antibiotics and patients with immunocompromised status [ 73 ]. 
Various systemic and topical treatment options are available for patients with 
oropharyngeal candidiasis. In general, systemic therapy is convenient and very 
effective treatment modality; it includes amphotericin B and azole antifungal agents. 
Topical therapies for oropharyngeal candidiasis are considered preferable to systemic 
therapies in most patient populations, available in form of troche, oral suspension, 
and buccal tablets. However, traditional topical therapies have limitations including 
short contact time with the oral mucosa and the need for multiple doses each day 
[ 73 ,  74 ]. 

 Oral suspensions are marketed as Bio-Statin, Mycostatin, Mycostatin Pastilles, 
Nilstat (Nystatin), NOXAFIL ®  (Posaconazole), and Sporanox (Itraconazole) to 
swish and swallow. Patient is instructed to place half of the dose in one side of the 
mouth, swish it around the mouth, gargle, and swallow and then repeat with the 
remaining half of the dose in the other side of the mouth. Patient is advised to keep 
the liquid in mouth for as long as possible before swallowing and avoid eating for 
5–10 min after using the medication [ 73 ,  75 ]. 

 Mycelex Troche is a large, slowly dissolving tablet (lozenge) containing 10 mg of 
clotrimazole dispersed in dextrose, microcrystalline cellulose, povidone, and mag-
nesium stearate. It is sucked fi ve times per day until it is completely dissolved in the 
mouth. The troches should be allowed to dissolve slowly in the mouth; usually it 
takes 30 min. 

 Miconazole mucoadhesive tablet are being marketed as Loramyc ® , Lauriad ® , 
and Oravig™ for the treatment of oropharyngeal candidiasis. Each    buccal tablet 
contains 50 mg miconazole and hypromellose as bioadhesive polymer; it is advised 
to use it once daily for 14 consecutive days. Once applied, it stays in position and 
gradually provides sustained local release of miconazole over a period of several 
hours with just one daily application [ 76 – 78 ]. 

 Miconazole offered in 50 mg dosage strength and provides patients with a fl avor-
less, odorless, and convenient treatment option that does not interfere with daily 
activities such as eating and drinking. These are found as effective as clotrimazole 
troches in the treatment of oropharyngeal candidiasis in patients with HIV and with 
head and neck cancer [ 76 ,  77 ]. A    low-dose mucoadhesive miconazole nitrate 10 mg 
is available under the brand name Tibozole [ 79 ]. Study has shown that therapy with 
topical mucoadhesive tablet is effi cient and well tolerated than the systemic 
 antifungal therapy and oral gels [ 78 ,  80 ,  81 ].  
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13.4.6     Extraction Wounds 

 Following extraction of a tooth, the blood clot is formed within an hour in the 
socket. The raw open wound overlying the dental socket takes about 1 week to heal. 
Thereafter, the socket will gradually fi ll in with soft gum tissue over a period of 
about 1–2 months. Final closure of the socket with bony remodeling can take 6 
months or more. Following extraction, systemic therapy is recommended for patient 
that includes antibiotics and anti-infl ammatory drugs. Bleeding is common in fi rst 
hour, but its likelihood decreases as time passes, and usually stops after 24 h. 
Besides systemic therapy, post-extraction local antibiotic therapy is also available in 
the form of cones that are fi tted in the extraction socket and provide antibiotic cov-
erage, local homeostasis, and socket preservation. These are resorbable cones that 
contain collagen. Examples of some available dental cones are as follows. 

 PARASORB ®  Cone Genta contains 22.4 mg equine, native collagen fi brils and 
16 mg gentamicin sulfate. PARASORB ®  Fleece Genta HD is a sponge of 
2.5 × 2.5 × 0.5 cm that contains 35 mg native equine collagen fi brils and 25 mg genta-
micin sulfate. GENTA-COLL ®  resorb is a hemostyptic collagen sponge that contains 
the aminoglycoside antibiotic gentamicin for local protection from infections. These 
dental cones produced without chemical additives support and promote body’s own 
bone regeneration in an effective way. The naturally structured collagen fi brils activate 
clotting like endogenous collagen. Within short period of time, blood vessels grow 
into the collagen of the cone, thus connecting it to the surrounding tissue. This leads 
to unhindered development of new bone due to suffi cient vascularization [ 82 ].  

13.4.7     Xerostomia 

 Saliva possesses many important functions including lubrication of the oral cavity, 
control of pH, mechanical cleansing action, antimicrobial activity, removal of food 
debris from the oral cavity, remineralization, and maintaining the integrity of the 
oral mucosa. Xerostomia is defi ned as dry mouth resulting from reduction or 
absence of salivary fl ow that may or may not be associated with decreased salivary 
gland function. It is not a disease but a symptom of various medical conditions, e.g., 
a side effect of a radiation to the head and neck, Sjögren’s syndrome, or a side effect 
of a wide variety of medications. According to a systematic review, the prevalence 
of self-reported xerostomia in population-based samples ranged from 0.9 to 64.8 % 
in 2006 [ 83 ]. Xerostomia is often a contributing factor for both minor and serious 
health problems. It can affect dental, nutritional, as well as psychological health. 
Xerostomia    decreases oral pH that can lead to dental caries, parotid gland enlarge-
ment, cheilitis, infl ammation or ulcers of the tongue and buccal mucosa, oral can-
didiasis, salivary gland infection (sialadenitis), halitosis, and cracking and fi ssuring 
of the oral mucosa. Oral candidiasis is one of the most common oral infections seen 
in association with xerostomia. Other common problems associated with xerosto-
mia include constant sore throat, burning sensation, diffi culty speaking and swal-
lowing, hoarseness, and/or dry nasal passages [ 84 ]. 
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 Individuals with xerostomia often complain of problems with eating, speaking, taste 
disorders, painful tongue, swallowing, and wearing dentures. Denture wearers may 
have problems with denture retention, denture sores, and the tongue sticking to the 
palate. There are several products available to provide assistance in the management of 
xerostomia. These products range from saliva substitutes and stimulant products 
designed to minimize dental problems [ 85 ]. A variety of formulations can be seen in 
the form of chewing gums [ 86 – 88 ], solutions, sprays, gels, and lozenges as mentioned 
in    Table  13.2    http://www.drymouth.info/consumer/TreatmentForDM.asp    .

   OraMoist ®  is a mucoadhesive patch that adheres to the roof of the mouth or 
inside the cheek. It slowly dissolves, releasing ingredients that moisten the mouth. 
In most cases, the patch fully dissolves in 2–4 h but can also last overnight [ 104 ].   

13.5     Conclusions 

 The current market offers a wide variety of therapeutic products for local drug delivery 
in oral cavity to combat challenges in day-to-day practice for dental practitioners. 
The dynamic conditions of the oral cavity and the use of advanced research and 
available scientifi c solutions are presented in this chapter. Incorporation of bioadhe-
sive polymers, gels, microspheres, and nanoparticles has improved the means of 
local drug delivery to the oral cavity, and it has enormous potential to counter the 
dynamic environment of the oral cavity.     

   Table 13.2    Salivary stimulants   

 References 

 Mechanical stimulants  Sugarless gums  Biotene  [ 89 ] 
 Extra  [ 90 ] 
 Trident  [ 90 ] 

 Chemical stimulants  Solutions  Optimoist  [ 91 ] 
 Electrical stimulants  Electronic stimulator 

of saliva 
 Salitron  [ 92 ] 
 E-stim  [ 93 ] 

 Pharmacological 
stimulants 

 Drugs  Salagen (Pilocarpine HCl)  [ 94 ] 
 Evoxac (Cevimeline HCl)  [ 94 ,  95 ] 

 Oral moisturizers/
salivary substitutes 

 Sprays  Xerolube  [ 96 ] 
 Optimoist  [ 91 ] 
 BioXtra  [ 97 ] 

 Solutions  Salivart  [ 98 ] 
 Oralube  [ 99 – 101 ] 
 Xerolube  [ 96 ] 
 Plax  [ 102 ] 
 Biotene  [ 103 ] 

 Gel  Biotene oral balance gel  [ 97 ] 
 BioXtra  [ 97 ] 

 Tablet  OraMoist ®  mucoadhesive tablet  [ 104 ] 
 Salix ®   [ 105 ] 
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14.1            Introduction 

 The term “biofi lm” is used to describe communities of microorganisms attached to a 
surface, biofi lm. The organisms are usually spatially arranged in a three- dimensional 
structure and enclosed in a matrix of extracellular material derived both from the 
cells themselves and from the environment [ 1 ]. Research in recent years has revealed 
that cells growing as biofi lms have unique properties, some of which are of clinical 
signifi cance. Biofi lm bacteria are distinguished from planktonic bacteria by a number 
of features, one of which is hyper-resistance to antimicrobial agents [ 2 ]. In part, this 
can be attributed to alterations in the expression of a large number of genes in 
response to the proximity of a specifi c surface [ 3 ]. Furthermore, biofi lm bacteria, as 
opposed to bacteria in the planktonic phase, often survive under extreme conditions, 
including an anoxic microenvironment, extreme pH, and ionic strength. 

 A wide range of microorganisms, including bacteria, yeast, and viruses, constitute 
the microfl ora found in the oral cavity. All of these groups, the principal being 
bacteria, may be related to oral infections. It is estimated that more than 1,300 
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different bacterial species may be present in the oral cavity, including  Spirochaetes , 
 Fusobacteria ,  Actinobacteria ,  Firmicutes ,  Bacteroidetes,  and  Proteobacteria . 
The extreme diversity can be attributed to the variety of nutrients; the different forms 
of colonization environments, including surfaces on the teeth, mucosa, and tongue; 
and the possibility to survive as a biofi lm. The latter offers mainly three advantages: 
(1) a physical barrier to external insults, (2) protection from the host immune system, 
and (3) nutrient availability. 

 Biofi lm formation may have crucial implications in medicine and dentistry. 
One example is the serious complications encountered in implant surgery caused by 
implant-associated infections.  

14.2     Biofi lms and Oral Infections 

 Biofi lm is the main cause of localized diseases in the oral cavity, including caries, 
gingivitis, periodontitis, candidiasis, endodontic infections, orthodontic infections, 
and peri-implantitis [ 3 ]. In the oral cavity, as in most natural environments, microor-
ganisms exist predominantly in multispecies biofi lms, making it diffi cult to specify 
the role of each species in oral infections. Such infections stem mostly from microor-
ganisms normally found in the mouth, seldom is the origin an exogenous source. 
Regardless whether bacterial accumulation and biofi lm formation occur on natural 
surfaces or on artifi cial materials, dental caries or periodontal disease may evolve. 

14.2.1     Formation and Characteristics of Oral Biofi lms 

 Formation of the biofi lm depends on different variables, such as the species of bacteria, 
the physical and chemical properties of the underlying surface, environmental factors, 
and essential gene products, and may be regulated by the quorum sensing system [ 4 ]. 
In the oral cavity organisms are not distributed randomly, but selectively attach and 
grow on certain surfaces, forming dental plaque. The latter is an example of a micro-
bial biofi lm, sharing most of the features of other currently known biofi lms, with anti-
microbial resistance being of special relevance [ 5 ]. Potential bacterial attachment sites 
include the tooth and epithelial surfaces. Conditions on these surfaces change with 
respect to oxygen levels, nutrient availability, saliva and gingival crevicular fl uid secre-
tion, masticatory forces, and other variables such as oral hygiene. Generally, adhesion 
is facilitated in the initial stage by nonspecifi c interactions, followed by the production 
of specifi c molecular interactions. Primary bacterial adhesion entails a random encoun-
ter between an acquired pellicle or a conditioning fi lm composed of proteins drawn 
from the saliva and planktonic bacteria. The initial colonizers of the oral biofi lm are 
Gram-positive species, primarily from the streptococcal group. The bacteria include 
facultative anaerobes, which are part of the resident microbial fl ora of the oral cavity 
and upper respiratory tract but are also opportunistic pathogens in human diseases. 
These initial colonizers can infl uence the subsequent sequence of microbial 
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colonization. Members of this group can stimulate host cells, and the biofi lm itself 
generates a habitat for additional species, some of which are closely associated with 
the initiation and progression of dental caries and periodontal disease. The formation 
of oral biofi lm has a pattern of colonization called autogenic succession; i.e. ,  the 
microorganisms themselves generate or induce local physicochemical changes that 
modify the microbial composition of the biofi lm. The initial stage of biofi lm formation 
depends on the strength of the bacterial attachment, as this step is reversible. Once 
attachment is established, major mass growth occurs mainly by bacterial cell division 
within the biofi lm, rather than by co-aggregation at the surface of the developing bio-
fi lm [ 6 ]. The fi rst colonizers in the supragingival biofi lm are of a relatively low diver-
sity compared with those present in the mature biofi lm. The initial colonizers include 
 Streptococcus sanguinis ,  Streptococcus mitis,  and  Streptococcus oralis . Other bacte-
ria, predominantly Gram-negative species, such as  Eikenella corrodens, Veillonella 
atypica,  and  Prevotella loescheii , then emerge and co-aggregate with them. After mul-
tiplication of the primary colonizers, additional bacteria, known as secondary or late 
colonizers, are incorporated.  Fusobacterium , a late colonizer also recognized as a 
bridging microorganism, binds by co-aggregating with the pioneer species. Late colo-
nizers include  Aggregatibacter actinomycetemcomitans ,  Prevotella intermedia , 
 Treponema denticola,  and  Porphyromonas gingivalis  [ 7 ] (Fig.  14.1 ). Depending 
largely on the effectiveness of dental hygiene, other organisms join the biofi lm. The 
late arrivers have little ability to co-aggregate with the pioneers, but do bind with inter-
mediates such as  fusobacterium . Biofi lm development and maturation include interac-
tions between bacteria such as physical contact, metabolic exchange, molecular 
communication, and exchange of genetic material. Biofi lm may accumulate on both 
the hard and soft oral tissues, growth and maturation continuing until the biofi lm 
reaches a critical mass.

  Fig. 14.1    Oral biofi lm       
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14.2.2        Biofi lms and Oral Disease 

14.2.2.1     Dental Caries 

 Dental caries, also known as tooth decay, is a destructive condition of the dental hard 
tissues (enamel, dentin, and cementum). It originates in bacterial infection causing 
demineralization of the tissues due to fermentation of food debris on the tooth surface. 
As the hard tissues progressively break down, infl ammation and death of vital pulp 
tissue may occur. Moreover, if untreated, this may lead to periapical infection. The 
disease process involves mostly acidogenic plaque bacteria, including  S. mutans ,  S. 
sobrinus,  and  Lactobacillus  spp. [ 8 ], which produce acid in the presence of ferment-
able carbohydrates such as sucrose, fructose, and glucose. The acidity of the mineral 
content of the tooth surface tends to increase when lactic acid is produced, resulting in 
demineralization. Today, caries remains one of the most common diseases in the world.  

14.2.2.2     Periodontal and Peri-Implant Diseases 

 Periodontal diseases can involve one or more of the periodontal tissues, including 
alveolar bone, periodontal ligament, cementum, and gingiva. The vast majority of 
the periodontal diseases are initiated by plaque biofi lm that develops on the hard 
root surface neighboring upon the soft tissues of the supporting periodontium. 
Periodontal diseases range from simple gingival infl ammation to severe disease that 
results in major damage to the soft tissue and bone supporting the teeth, leading in 
some cases to tooth loss. When the deeper supporting structures, including the 
periodontal ligament and the alveolar bone, are harmed, pocket formation, bone loss, 
and tooth loosening occur. In periodontal disease bacterial infection is considered the 
initiating and maintaining factor for the destructive infl ammatory response. Host 
response, nutrient availability, and environmental changes in the gingival sulcus and 
periodontal pocket can affect disease progression. Moreover, compromised tissue 
metabolism and repair may enhance microbial virulence factors.  P. gingivalis , 
 Tannerella forsythia,  and  Treponema denticola  are regarded as the major pathogens. 

 Implant systems are routinely used in the reconstruction of fully or partially eden-
tulous individuals. Like natural teeth, the implants may be susceptible to the contami-
nated oral cavity. Biofi lms formed on implant surfaces may result in a peri- implant 
tissue response very similar to that of periodontal tissues in a prone host, i.e. ,  an 
infl ammatory reaction, with the loss of supporting bone in the tissues surrounding a 
functioning implant. Anaerobic Gram-negative organisms play a major role in peri-
implantitis [ 9 ], infl ammatory alterations in tissues adjacent to the implant leading to 
bone destruction, and progressive loss of support and terminating in implant failure.  

14.2.2.3     Endodontic Infection 

 Endodontic infections are polymicrobial, predominantly involving anaerobic bacte-
ria and some facultative bacteria. A tooth with an infected nonvital pulp is a 
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reservoir of infection that is isolated from the patient’s immune response and will 
eventually produce a periradicular infl ammatory response. When the microbes 
invade the periradicular tissues, abscesses and cellulitis may develop. The severity 
of the infection depends on the pathogenicity of the microbes and the resistance of 
the host. These not only may give rise to an immunopathogenic and protective 
response but also can be destructive to the surrounding tissues and contribute to the 
adverse signs and symptoms.   

14.2.3     The Challenge of Controlling Oral Biofi lm 

 Biofi lm bacteria exhibit signifi cantly reduced susceptibility to antimicrobials com-
pared with cultures grown in suspension [ 10 ]. Various factors such as biofi lm imper-
meability [ 11 ,  12 ], low uptake of antimicrobial molecules [ 13 ,  14 ], formation of an 
antagonizing microenvironment against antimicrobial activity, and horizontal gene 
transfer of antibiotic resistance genes [ 15 ] have been related to the increased resis-
tance of the biofi lm bacteria. Frequently, prevention of dental caries and periodontal 
diseases is accomplished by mechanical or nonspecifi c control of the plaque biofi lm. 
Nevertheless, the use of antimicrobial agents may serve as a benefi cial complement 
to mechanical plaque control [ 16 ]. New approaches aim at rapid bacterial destruc-
tion, minimizing the risk of evolving resistance, enhancing the safety of the adjacent 
host tissue, and maintaining the biological equilibrium of the microfl ora. Moreover, 
real-time exposure to antimicrobial agents during toothbrushing and mouth rinsing 
can be extremely brief and can amount to about 30 s, rather than the recommended 
2 min [ 17 ]. Thus, adjunctive antimicrobial treatment may be benefi cial. 

 Innovative technologies and drug delivery systems for the prevention of coloniza-
tion and biofi lm formation have been proposed. Antiplaque agents, generally classi-
fi ed as preventive, removing, or disrupting agents, do not necessarily eradicate the 
biofi lm microorganisms. Antimicrobial agents can be bacteriostatic when acting as 
bacterial growth inhibitors or bactericidal when causing bacterial death. Such thera-
peutic strategies, particularly in the oral cavity, are expected to reach less accessible 
sites where plaque mostly accumulates. The uptake and penetration of antimicrobial 
agents into biofi lm are key considerations in the administration of therapeutics [ 18 ]. 

 As conventional plaque control basically relies on the patient, it is strongly 
affected by noncompliance. Thus, many new antiplaque strategies requiring mini-
mal patient compliance and minimal professional healthcare intervention are advan-
tageous.    Proposed strategies include surface modifi cation of tissues and materials to 
reduce adhesion and biofi lm formation, antimicrobial-impregnated matrices and 
enhancement of drug penetration into biofi lm, and using carrier systems to target 
antimicrobials to the biofi lm surface [ 19 ]. The antiplaque potential of various 
antimicrobials, including chlorhexidine (CHX), hexetidine, delmopinol, amine 
fl uoride/stannous fl uoride, triclosan, and phenolic compounds, has been well char-
acterized, and they are frequently found in mouthwashes and toothpastes [ 16 ]. 
Additionally, the use of nanoparticles incorporated into topical agents or into various 
dental materials has been gaining interest in the past decade [ 20 – 22 ]. As the 
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nanoparticle surface-area-to-volume ratio is extremely high, small quantities of the 
therapeutic agent are required. Also, it is possible to modify and adjust the physical 
and chemical characteristics of the nanoparticles by altering their surface charge 
and hydrophobicity [ 23 ].   

14.3      Focal Drug Agents Against Caries Lesions 

14.3.1     Remineralization Agents 

14.3.1.1     Toothpastes and Mouthwashes 

 Plaque formation is conventionally controlled through regular toothbrushing and 
mouth rinse. Various ingredients are incorporated into toothpastes and mouthwashes 
to maintain appropriate oral hygiene and thus attain oral health. Most toothpaste 
formulations are a combination of abrasives, fl uorides, and detergents, mainly 
sodium dodecyl sulfate (SDS), to enhance the effi cacy of brushing. Antibacterial 
fl uoride mouthwash, whitening mouthwash, and bad breath mouthwash, among 
others, are available on the market. Both mouthwashes and toothpastes contain 
active and inactive ingredients and are recommended according to the prevailing 
oral conditions. Toothpaste is considered the most popular local drug delivery sys-
tem for preventing and treating caries-related diseases. Fluoridated toothpastes are 
the most commonly used types. Like toothpastes, mouthwashes may contain remin-
eralizing ingredients such as fl uoride and casein phosphopeptides (CPPs). Common 
fl uoride derivatives incorporated in toothpastes include sodium fl uoride (NaF), 
amine fl uoride, stannous fl uoride, and monofl uorophosphate.  

14.3.1.2     Fluorides 

 Fluorides are highly effective in preventing caries. The controlled release of fl uoride 
devices is based on the counter-equilibrium existing between intraoral fl uoride levels 
and the prevalence of dental caries [ 24 ]. The mechanisms of action by which fl uo-
ride prevents dental caries development include a reduction in enamel solubility 
under acidic conditions, promotion of enamel remineralization, inhibition of glu-
cose uptake and utilization by acidogenic bacteria, and possibly bacteriostatic or 
bactericidal effects [ 25 ]. It is widely accepted that constant application of appropri-
ate levels of fl uoride in the oral cavity, specifi cally at the biofi lm–tooth interface, is 
an extremely important factor in preventing dental caries [ 26 ]. Moreover, it is well 
recognized that the clearance time of most drugs from the oral cavity is rapid 
because of salivation and food. Thus, treatment or prevention of caries, which is 
considered a chronic disease, requires optimum levels of the drug for prolonged 
periods of time. Studies in animals and humans demonstrated that the use of fl uoride 
slow-release devices of the copolymer membrane and glass bead type effi ciently 
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protect masticatory surfaces, which are normally not protected by conventional 
fl uoride regimens. However, retention rates are the main problem related to these 
devices and require further improvement [ 27 ]. Slow-release fl uoride devices include 
the copolymer membrane, glass beads, and a mixture of NaF and hydroxyapatite. 
The copolymer membrane device consists of a small pellet with an inner core of 
hydroxyethyl methacrylate (HEMA)/methyl methacrylate (MMA) copolymer 
mixture, containing NaF [ 27 ]. This device is a membrane-controlled reservoir of 
fl uoride owing to the HEMA/MMA copolymer membrane surrounding the core. 
The fl uoride glass bead system, once exposed to saliva, gradually releases fl uoride. 
The latest device has the form of a disk that can be placed within a plastic bracket, 
facilitating replacement and installation. Both the copolymer membrane and the 
glass bead systems are usually attached to the buccal surface of the fi rst permanent 
molar. An additional diffusion control device is the Hydroxyapatite- Eudragit RS100 
F system, which is a mixture of hydroxyapatite, NaF, and Eudragit RS100. 

 Focal fl uoride treatment, in conjunction with antiplaque treatments, may overcome 
compliance diffi culties and be benefi cial in patients with a high caries risk. 

 Fluoride has been utilized in restorative materials for caries prevention and treat-
ment. Examples include dental cements such as polycarboxylate, zinc oxide, and 
zinc phosphate in which SnF 2  is incorporated. These materials were shown to 
increase fl uoride levels and decrease plaque scores. Another example is glass 
ionomer cements in which aluminum-fl uorosilicate glass is incorporated. Not only 
do these cements release fl uoride for extended periods of time, but also they are 
capable of taking up fl uoride from toothpastes and releasing it later, thereby serving 
as a fl uoride reservoir. Despite the numerous advantages of fl uoride-impregnated 
dental materials, disadvantages include the diffi culty in controlling the rate of fl uo-
ride release. However, the fl uoride slow-release devices have proved to be benefi cial 
and cost-effective [ 26 ,  28 ]. Moreover, specifi cally in patients with a high risk for 
caries, fl uoride slow-release systems can lead to a decrease in susceptibility.  

14.3.1.3     Calcium Phosphate-Based Systems 

 CPP, a cariostatic derivative of dairy products such as milk [ 29 ], was shown to 
increase substantially the calcium and phosphate content in proximity to the tooth 
[ 30 ]. CPPs are able to form an amorphous calcium phosphate (ACP) complex with 
a phosphoseryl residue that stabilizes the calcium phosphate ions in solution. It has 
been suggested that upon binding to hydroxyapatite, CPP–ACP diffuses into the 
dental plaque, thereby raising the calcium phosphate levels, inhibiting enamel 
demineralization, and enhancing remineralization [ 30 ]. 

 Enamel subsurface remineralization was reported to take place in the presence of 
CPP–ACP added to tooth paste [ 31 ], dental cream [ 32 ], and sugar-free chewing 
gum [ 33 ]. It has been speculated that CPP–ACP has both a short-term remineraliza-
tion effect and a long-term caries-preventing effect [ 34 ]. Additionally, ACP–CPP 
can induce surface remineralization of enamel when calcium fl uoride phosphate 
(CPP–ACFP) is produced [ 35 ] (Fig.  14.2 ).
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14.3.2         Antiplaque Agents 

14.3.2.1     Chemoprophylactic Agents 

 Chemoprophylactic agents can be delivered in toothpastes, mouthwashes, gels, and 
varnishes. These agents are commonly used as a slow-release modality, where a 
prolonged inhibitory effect can be achieved. Chemoprophylactic agents include 
CHX and cetylpyridinium chloride [ 36 ], SDS, triclosan, antibiotics such as penicil-
lin and vancomycin [ 37 ,  38 ], and sanguinaria extract [ 39 ]. 

 Of the cationic agents, CHX (Fig.  14.3 ) is the most tested anticariogenic one, 
its antiplaque properties including inhibition of bacterial biofi lm formation [ 40 ]. 

  Fig. 14.2    CPP–ACP (Recaldent ™ )       

  Fig. 14.3    Chlorhexidine       
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The most effective reduction in mutans streptococci was achieved using CHX 
varnishes being most effective, followed by gels, and, lastly, mouth rinses [ 41 ]. 
CHX is considered anticariogenic as it was shown to suppress  mutans streptococci  
growth [ 42 ]. CHX has been referred to as a nonsurgical approach for caries manage-
ment and represents the modern medical model of caries treatment. Nevertheless, 
there is a lack of consensus on evidence-based treatment protocols and controversy 
among dental educators regarding the role of CHX in caries prevention [ 41 ].

   Triclosan (Fig.  14.4 ), a nonionic antibacterial compound, is a potent chlorinated 
diphenyl ether. Clinically, toothpastes containing triclosan and zinc citrate were 
shown to reduce signifi cantly plaque and gingival scores [ 43 ]. Although effective in 
periodontal disease, triclosan is restricted in its ability to prevent dental caries, 
owing to the compound’s poor water solubility and its short-term half-life clear-
ance. To overcome these drawbacks, several approaches have been suggested 
including triclosan emulsion, triclosan rinse and dentifrice compositions containing 
cyclodextrin, and a triclosan oral composition containing sodium lauryl sulfate as 
surfactant [ 44 ,  45 ]. Indeed, a polyvinylmethyl ether/maleic acid copolymer delivery 
system was reported to prolong triclosan retention in the oral cavity [ 46 ,  47 ].

   Recently, plant-derived natural antibacterial substances, mainly polyphenols 
(Fig.  14.5 ), have been gaining interest. These substances, mostly incorporated in 
mouthwashes, include tea tree oil, miswak extracts, green tea, and manuka honey [ 48 ]. 
All of them have an antibacterial effect against  S. mutans . These substances inhibit the 
activity of glucosyltransferases (GTFs), the synthesis of insoluble glucan, and the pro-
duction of acid from sucrose and glucose [ 49 ]. The polyphenol mode of action may 
reduce some of the metabolic activity of  S. mutans,  although it is not bactericidal.

14.3.2.2        Antimicrobial Peptides 

 It is well recognized that biofi lms respond poorly to conventional antibiotics and 
may develop resistance to antibiotics. Interestingly, despite constant challenges by 
commensal and pathogenic bacteria, normal mucosal surfaces are resistant to 
biofi lm infections. Oral mucosal tissue expresses antimicrobial peptides (AMPs), 
the innate immune system’s own “antibiotic,” with a broad-spectrum capacity to kill 
invading microbes [ 50 ]. The majority of these molecules exhibit similar physical 
hallmarks, including amphipathic mixtures of α-helical and β-sheet structures and 
an overall cationic charge. It is generally accepted that AMP-mediated killing 
typically occurs through microbial membrane disruption. Whereas conventional 
antibiotics are becoming less effective in the treatment of biofi lm infections, bacteria 
do not appear to develop resistance to AMPs. 

  Fig. 14.4    Triclosan        
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 Although the potential importance of AMPs as the fi rst line of mucosal defense 
against biofi lm-associated infections has been long appreciated, to date no approach 
has been effective in translating their activity therapeutically. Application has been 
limited due to the diffi culty and expense of manufacture and to their short half-lives 
owing to proteolytic degradation. A possible solution would be to use peptide 
mimetics [ 51 ] and exogenous modifi ers to regulate AMP expression at the tran-
scriptional level [ 52 ]. 

 A peptide mimetic based on the structure of magainin, meta-phenylene ethynyl-
ene, was found to inhibit  S. mutans  biofi lm formation at nanomolar concentrations 
[ 53 ]. Another approach is to target bacteria based on acid production. Histidine and 
phenylalanine AMP-based peptides showed a signifi cant increase in antimicrobial 
activity at low pH values compared with that at neutral conditions [ 54 ]. The aim 
should be to produce more stable, easier to synthesize peptides at a lower cost that 
could be used in various oral care products.  

14.3.2.3    Vaccines 

 Prevention and control of dental caries is a major public health concern. 
Consequently, much effort is being put into the development of vaccines aimed at 

  Fig. 14.5    Polyphenol       
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prevention. The feasibility of immunizing experimental rodents or primates with 
protein antigens derived from  S. mutans  or  S. sobrinus  against oral colonization has 
been demonstrated [ 55 ]. Salivary IgA antibodies inhibit sucrose-independent and 
sucrose-dependent mechanisms of streptococcal accumulation on tooth surfaces, 
thus preventing caries development. Maintenance of high levels of salivary antibodies 
can induce immunization [ 56 ]. Similarly, in humans both salivary antibodies to 
mutans streptococci and passively applied antibodies suppressed oral recolonization 
by mutans streptococci [ 57 ,  58 ]. Progress towards practical vaccine development is 
still in its early stages, and further clinical studies are required.  

14.3.2.4    Probiotics Therapy 

 Probiotic therapy aims at focal treatment by disrupting dental plaque formation. 
By selectively inhibiting oral pathogens, the equilibrium of the oral microbial fl ora 
can be preserved. Probiotics are defi ned by the World Health Organization as live 
microorganisms which, when administered in adequate amounts, promote health in 
the host. Probiotic therapy utilizes several approaches for this purpose, including 
competition for binding sites and nutrients with cariogenic bacteria and inhibition 
of oral bacteria by production of antimicrobial compounds such as organic acids, 
hydrogen peroxide, low-molecular-weight antimicrobial compounds, bacteriocins, 
and adhesion inhibitors produced by lactic acid bacteria [ 59 ].  

14.3.2.5    Sugar Substitutes 

 Sugar is a key component in the induction and progression of dental caries. It has 
been shown that several sugar substitutes are potentially effective against caries. 
For example, intake of xylitol, a 5-carbon sugar alcohol (polyol) (Fig.  14.6 ), that 
cannot be utilized and fermented by mutans streptococci or other microorganisms, 
does not cause a drop in plaque pH, thus preventing demineralization. Moreover, 
xylitol consumption can signifi cantly reduce saliva and dental plaque  S. mutans  
levels [ 60 ]. Xylitol is frequently used in chewing gum, which has also been proven 
to protect against caries by stimulating salivary fl ow. Conventionally, delivery 
systems such as chewing gum, hard candy, and mints are used to provide the sugar 
substitutes.

   Regrettably, as the time of exposure to the tooth surface is limited to a few minute 
or even seconds, innovative delivery systems are needed for the effective delivery of 

  Fig. 14.6    Xylitol        
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sugar substitutes. Xylitol and other sugar substitutes such as sorbitol and palatinit 
can inhibit glucan synthesis from sucrose, decrease mutans streptococcus number, 
and increase buffering capacity and pH. Consequently, sugar substitutes can 
delay enamel demineralization and promote remineralization. Nonetheless, as their 
antibacterial properties are weak, only prolonged exposure to sugar substitutes can 
be effective in caries prevention.    

14.4     Focal Delivery Systems Against Periodontal 
and Peri- Implant Infection 

 Periodontal diseases are a group of infectious diseases manifesting as a continuous 
destruction of tooth-supporting tissues (Fig.  14.7 ). The estimated prevalence of 
periodontal disease in the USA is 47 % of the general population, of which 8.5 % 
suffer from the severe form of the disease [ 61 ]. The etiology of the disease is not 
fully understood, although its association with biofi lm and bacterial infection is 
well established [ 62 ]. Most treatment modalities aim to eradicate the infection by 
means of mechanical or chemical treatment.

   Peri-implant diseases are relatively new pathologies that are emerging along 
with the growing popularity of dental implants. The clinical characteristics of the 
disease are similar to those seen in periodontal diseases [ 63 ], but its etiology is 
mostly unclear. Therapeutic modalities for peri-implantitis are drawn mainly from 
the fi eld of periodontics, but often these modes are of limited success. 

  Fig. 14.7    ( a ) Healthy tooth and periodontium morphology. ( b ) Periodontally affected tooth exhib-
iting alveolar bone loss and pocket formation ( arrow )       
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14.4.1     Traditional Periodontal and Peri-Implant Therapy 

 Periodontal treatment consists of an anti-infective phase followed by corrective and 
maintenance phases. The anti-infective phase aims to eliminate the periodontal 
infection and to reestablish non-infl amed periodontal tissues. The classic treatment 
modality consists of mechanical plaque debridement, along with strict patient oral 
hygiene practice, allowing physical clearance of biofi lm located beneath the gingival 
margin. The use of systemic antibiotics in periodontitis has been, and still is, a con-
troversial issue. In the chronic form of the disease, the use of systemic antibiotics is 
not commonly recommended, although recent insights show such treatment has a 
benefi cial effect [ 64 ]. In the aggressive form of the disease, the use of amoxicillin 
with metronidazole treatment is recommended and commonly used, mainly because 
of the resistance of  Aggregatibacter actinomycetemcomitans  (the main pathogen 
associated with the disease) to treatment with either antibiotic alone [ 65 ]. 

 In periodontal treatment, all chemical agents used in the oral cavity without 
systemic exposure fall under the defi nition of focal delivery systems. Classic and 
commonly used focal delivery systems are dentifrices and mouthwashes. Dentifrices 
serve as a detergent during tooth brushing, providing ease of use during biofi lm 
removal by mechanical action. Additional active materials in the dentifrice have a 
role in maintaining and preventing pathological processes around the teeth 
(see Sect.  14.3 ). 

14.4.1.1    Dentifrices Used in Periodontics 

 The use of dentifrices containing triclosan/copolymer has been shown to reduce 
gingival infl ammation compared with dentifrices containing fl uoride [ 66 ]. Long- term 
clinical studies that included over 1,200 subjects examined the effect of the daily 
use of a triclosan/copolymer/fl uoride dentifrice on periodontitis [ 67 – 69 ]. The results 
showed that dentifrice effectively retarded disease progression, reducing the fre-
quency of deep periodontal pockets and the number of sites that exhibited additional 
probing attachment and bone loss. Dentifrices also provided a signifi cant periodontal 
health benefi t in subjects with recurrent periodontal disease who are at increased risk 
of developing further breakdown of periodontal tissues. It was noteworthy that even in 
the 5-year study, the fi ndings were consistent with the lack of development of resis-
tance by any of the microbial organisms studied over this period and the absence of 
signifi cant adverse effects. Dentifrices containing essential oils have also shown clini-
cal and microbiological benefi ts in patients with periodontitis [ 70 ].  

14.4.1.2    Mouth Rinses Used in Periodontics 

 The use of chemical mouth rinse agents with antiplaque or anti-gingivitis action as 
adjuncts to oral hygiene shows specifi c benefi ts in controlling gingival 
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infl ammation, especially in acute situations, postsurgically, and during periods of 
interrupted hygiene. On the downside, it is also recognized that some oral hygiene 
products may have the potential to cause harm in the mouth ranging from the 
production of a cosmetic nuisance (such as tooth staining) to more permanent dam-
age to the dental hard tissues (erosion and abrasion). Of serious concern is the 
controversial ability to produce carcinogenic changes in the oral mucosa through 
the use of alcoholic mouth rinses. 

 Among the fi rst-generation antimicrobials, the phenolic compounds are known 
to prevent and reduce supragingival plaque accumulation and gingivitis. Short-term 
studies have shown a reduction in plaque and gingivitis averaging 35 % [ 71 ], and 
long-term studies have found a 13.8–56.3 % reduction in plaque and a 14–35.9 % 
reduction in gingivitis [ 72 ,  73 ]. Possible adverse effects reported in the literature 
include a burning sensation, bitter taste, and tooth staining. 

 CHX gluconate (0.12 %) was the fi rst antimicrobial found to inhibit plaque for-
mation and the development of chronic gingivitis [ 74 ]. CHX is more effective 
against Gram-positive than against Gram-negative bacteria. It is of very low toxic-
ity, as it is poorly absorbed from the gastrointestinal tract and 90 % is excreted in the 
feces. CHX (0.12 %) is indicated for short-term (<2 months) use, intermittent short- 
term (alternating on and off every 1–2 months) use, and long-term (>3 months to 
indefi nite) use, depending on clinical indications. CHX appears to be the most 
effective agent for reducing both plaque and gingivitis, with short-term reduction 
averaging 60 % [ 75 ]. Long-term plaque reduction averaged 40.4 % and gingivitis 
28.7 % [ 76 ]. Reported adverse effects include tooth staining, mucositis and revers-
ible epithelial desquamation, alteration of taste, and increased supragingival calcu-
lus [ 75 ,  77 ]. 

 Several other agents have been evaluated for their effect on bacterial plaque and 
gingivitis, but they are inferior to CHX and phenolic compounds [ 76 ]. Mouthwash 
containing a combination of triclosan/Gantrez and sodium bicarbonate was shown 
to have in vitro antimicrobial activity superior to that of placebo, although it was 
less effective than CHX [ 78 ]. 

 Mouthwash containing oxygenating agents has anti-infl ammatory properties, 
and its use results in less bleeding on probing (major sign of periodontal infl amma-
tion), although the bacteria causing the disease are not necessarily reduced in num-
ber [ 79 ]. Safety issues such as tissue injury and cocarcinogenicity have been raised 
with the chronic use of hydrogen peroxide [ 80 ]. 

 Several studies compared different mouth rinses that were used to reduce plaque 
and gingivitis [ 77 ,  79 ,  81 ]. CHX is reportedly the gold standard, with superior effec-
tiveness when compared with other mouth rinses and when the possible adverse 
effects are taken into consideration. It is effective in two thirds of the cases; the 
phenolic compounds are next in order, reducing by about 35 % plaque formation 
and gingivitis. Sanguinarine and the quaternary ammonium compounds follow, 
with 18 % and 15 %, respectively. The oxygenating agents are ineffective against 
both plaque formation and gingivitis.  
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14.4.1.3    Controlled Focal Drug Delivery 

 As discussed above, antibiotics are occasionally added to the mechanical treatment 
modality against periodontal disease. In light of the known shortcomings of 
systemic antibiotics, local delivery of antibacterial agents into periodontal pockets 
has been developed and extensively studied. This mode of drug delivery avoids 
most of the problems associated with systemic therapy, limiting the drug to its target 
site and thereby achieving a much higher concentration. The fact that periodontal 
diseases are localized to the immediate environment of the pocket renders it a natu-
ral site for treatment with local sustained delivery systems. 

 Historically, the fi rst such local antibiotic therapy for periodontal disease was 
nonabsorbable fi bers fi lled with tetracycline. The fi ber was inserted into the pocket; 
wrapped repeatedly around the tooth, keeping the fi ber in the pocket; and removed 
10 days later by the operator. Following removal, the soft tissues generally showed 
shrinkage, reduced pocket depth, and a reduction in the clinical signs of infl ammation. 
However, use of this system was tedious and fueled the development of absorbable 
systems for antibiotic delivery. 

 The fi rst resorptive local antibiotic system was doxycycline carried in a matrix 
that was absorbed after 7 days and did not require a second visit for removal of the 
material. However, application of this system was somewhat problematic, as the 
material tends to pull out of the pocket when the syringe is removed. 

 Further development of absorbable local antibiotic systems led to minocycline in 
a microspheric confi guration. The sphere is a bio-absorbable polymer of 
polyglycolide- co- dl  lactide, which is hydrolyzed into CO 2  and H 2 O. The antibiotic 
maintains therapeutic drug levels and remains in the pocket for 14 days. This con-
fi guration of the material allows placement at the depths of most pockets and is 
easier to use than the solid fi ber systems. A similar system is based on 25 % metro-
nidazole in a glyceryl mono-oleate and sesame oil gel. Another sustained local 
delivery system in periodontitis is based on a chip containing CHX gluconate 
(Fig.  14.8 ). The chip is a gelatin matrix containing a controlled-release CHX cross- 
linked with glutaraldehyde. It is reported to be self-retentive and to biodegrade over 
the subsequent 7- to 10-day period.

   Meta-analysis compared the effects of the different sustained focal delivery sys-
tems on periodontal pocket reduction following periodontal treatment adjunct to 
local sustained-release agents versus mechanical treatment alone ([ 82 ], Table  14.1 ). 
The weighted mean difference for probing depth reduction with adjunctive therapy 
was 3.06 ± 1.06 mm (mean ± SD), the mean reduction score for bleeding on probing 
was 0.92 ± 0.3 (mean ± SD), and the plaque score was 1.16 ± 0.57 (mean ± SD). A 
signifi cant reduction in probing depth was found upon adjunct CHX chip use, and 
the effect size (the magnitude of intervention impact on the outcome) was 10.4. 
This is very high, indicating the very large additive effect of the chip in pocket 
reduction of chronic periodontitis cases. Similarly, the effect size for the tetracy-
cline fi ber was 5.4, which was again very large. Minocycline microspheres and 
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doxycycline gel were reported to have moderate effect sizes of 0.5 and 0.2, 
respectively. Overall, the effect size after meta-analysis of pooled data revealed a 
value of 1.9, pointing to the large impact of adjunctive therapy in local drug delivery 
with mechanical treatment periodontal pocket reduction in chronic periodontitis 
subjects.

14.4.1.4       Challenges in Peri-Implant Infection 

 As discussed above, peri-implantitis is a relative new pathology and its etiology is 
still vague. Treatment modalities used to treat peri-implantitis are those applied in 
the periodontal fi eld and include nonsurgical (debridement using ultrasonic or hand 
instruments) and surgical strategies. 

  Fig. 14.8    Chlorhexidine 
gluconate chip system 
(PerioChip®)       

   Table 14.1    Meta-analysis of long-term clinical effectiveness of local controlled-release systems 
treatments [ 82 ]   

 Treatment modality 

 Probing pocket depth (mean ± SD) 

  P  value  Effect size  Control group  Test group 

 Doxycycline hyclate  0.39 ± 0.42  0.57 ± 1.22  NS  0.2 
 Minocycline hydrochloride  1.50 ± 1.24  2.10 ± 1.25  NS  0.5 
 Conventional treatment  2.0 ± 1.3  9.3 ± 1.4  NS  5.4 
 Chlorhexidine gluconate  2.7 ± 0.13  4.15 ± 0.15   P  < 0.01  10.4 
 Pooled data  1.42 ± 0.71  3.06 ± 1.06   P  < 0.001  1.9 

  Effect size = magnitude of intervention impact on the outcome 
  NS  nonsignifi cant  
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 A clinical trial comparing the effectiveness of nonsurgical mechanical therapy 
methods in the treatment of peri-implantitis lesions showed poor success [ 83 ,  84 ]. 

 Adjunct antibiotic therapy, local or systemic, has been suggested in the nonsurgical 
management of peri-implantitis. Some improvement in terms of probing depth and 
bleeding index was noted in a case series in which tetracycline fi bers were added to 
mechanical debridement [ 85 ]. The adjunct use of slow-release doxycycline revealed 
a clinical benefi t over mechanical therapy alone [ 86 ], as did the addition of minocy-
cline microspheres [ 83 ,  87 ]. However, the effectiveness of focal sustained drug 
delivery systems in peri-implantitis is mostly obscure, and further studies are needed 
to establish a successful treatment modality.    

14.5     Focal Delivery Systems Against Endodontic Infection 

 Endodontic treatment is performed once the dental pulp is infected or undergoes 
necrosis. The treatment consists of tissue debridement and disinfection, followed by 
sealing the tooth’s root canal system (Fig.  14.9 ). Most often the endodontic treat-
ment is performed locally, without any need for systemic treatment. Only when the 
infection results in abscess formation or in systemic illness is administration of 
antibiotics indicated. Therefore, most endodontic treatment modalities are considered 
focal chemical systems.

   Elimination of microorganisms from infected root canal systems is complicated. 
Numerous measures have been described to reduce the number of microorganisms, 
including the use of various mechanical instrumentation techniques, irrigation 

  Fig. 14.9    Root canal system 
cavity (marked in  black )       
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regimes, and intracanal medicaments. There is no defi nitive evidence in the literature 
indicating that mechanical instrumentation alone will result in a bacteria-free root 
canal system. This is because of the complexity of the root canal system and the fact 
that mechanical instrumentation leaves signifi cant portions of the root canal walls 
untouched [ 88 ]. Therefore, some form of chemical irrigation and disinfection is 
necessary to remove tissue and other debris from the root canal system and to 
eliminate any remaining microorganisms. 

14.5.1     Irrigation Regimes Against Endodontic Infection 

 CHX possesses adequate antimicrobial properties for use as an antimicrobial 
endodontic irrigant. In an in vitro model, CHX at different concentrations (0.2 %, 
1 %, and 2 %) and in various forms (gel and liquid) effectively killed the endodontic- 
associated pathogen  Enterococcus faecalis  [ 89 ]. In the liquid form, CHX at these 
concentrations and sodium hypochlorite (NaOCI) (5.25 %) were the most effective. 
Although all the tested irrigants exhibited antibacterial activity, the time required 
to eliminate  E. faecalis  depended on the concentration and type of irrigant used. The 
application of 2 % CHX gel as an endodontic irrigant resulted in a clean root canal 
surface and had an antimicrobial ability comparable with that of other solutions [ 90 ]. 
In an in vivo antimicrobial study, the addition of 2 % CHX rinse to the conventional 
treatment protocol increased the effectiveness of disinfection compared with that of 
the control [ 91 ]. Four intracanal medications (Ca(OH) 2 /glycerin, Ca(OH) 2 /0.12 % 
CHX, Ca(OH) 2 /hydroxide/camphorated paramonochlorophenol/glycerin, and 
0.12 % CHX/zinc oxide) were used to disinfect the root dentine in bovine teeth that 
had been infected with Candida albicans [ 92 ]. The specimens exposed to pastes 
containing the latter two medications were completely disinfected after 1 h of expo-
sure, whereas the Ca(OH) 2 /hydroxide/glycerin paste required 7 days of exposure 
and Ca(OH) 2  mixed with CHX was ineffective even after 1 week.  

14.5.2     Intracanal Medicaments Against Endodontic Infections 

 Ca(OH) 2  is also an intracanal medicament which is commonly used because of its 
predictable ability to disinfect the root canal system. However, after its mechanical 
removal, there does not appear to be any residual antimicrobial effect [ 93 ,  94 ]. 
A treatment protocol worth considering for preventing reinfection of the root canal 
system and thus improving the outcome of endodontic treatment is the use of irrig-
ants and medicaments with residual antimicrobial activity. 

 When used as an intracanal medicament, CHX has been reported to be more 
effective than Ca(OH) 2  in eliminating  E. faecalis  from inside the dentinal tubules 
[ 95 ]. Different formulations of CHX, including a CHX/Ca(OH) 2  1:1 mix, effi ciently 
eliminated  E. faecalis  from the dentinal tubules with a 1 % CHX gel working 
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slightly better than the other preparations [ 96 ]. These fi ndings were corroborated in 
bovine [ 97 ] and human dentine [ 98 ]. The 2 % CHX gel was also signifi cantly more 
effective than the Ca(OH) 2 /2 % CHX mix against  C. albicans  after 7 days, whereas 
Ca(OH) 2  alone was completely ineffective. 

 CHX is unique in that the dentine medicated with it acquires antimicrobial sub-
stantivity. The positively charged CHX ions adsorb to dentine and prevent microbial 
colonization on its surface for some time beyond the actual period of medication 
[ 95 ]. In an in vivo periodontal study, Stabholz et al. [ 99 ] evaluated the substantivity 
of the human root surface after in situ subgingival irrigation with tetracycline HCL 
and CHX. They found that the substantivity of 50 mg mL −1  tetracycline was signifi -
cantly greater than that of CHX over a period of 12 days and greater than that of 
saline over 16 days. A 5 min application of a 2 % CHX solution induced substantiv-
ity for up to 4 weeks [ 100 ], and a 10 min application of a 2 % CHX solution resulted 
in the drug’s retention in the root canal dentine in antimicrobially effective amounts 
for up to 12 weeks [ 101 ]. 

 MTAD, a relatively new root canal irrigant, introduced by Torabinejad et al. in 
2003 [ 102 ]. It is a solution containing 3 % doxycycline, 4.25 % citric acid, and a 
detergent (0.5 % polysorbate 80). Several studies evaluated its effectiveness in dis-
infection of root canals and found that it is able to remove the smear layer [ 102 ] and 
is effective against  E. faecalis  [ 103 ]. 

 MTAD was found to be more effective than 5.25 % NaOCl alone in disinfecting 
root canals [ 104 ]. As stated above, tetracyclines (including doxycycline) readily 
attach to dentine and are subsequently released without losing their antibacterial activ-
ity. The presence of doxycycline in MTAD suggests that the latter may have some 
enduring antimicrobial action. An in vitro study that evaluated the substantivity of 
NaOCl, CHX, and MTAD, using a bovine dentine tube model, showed that the sub-
stantivity of MTAD was signifi cantly greater than that of CHX and NaOCl [ 100 ].   

14.6     Conclusions 

 In the oral cavity, focal drug delivery may offer many advantages as a therapeutic 
means for preventing or treating dental diseases. Moreover, slow release and focal 
treatment may overcome disadvantages such as low dosage and limited penetration 
into the surrounding tissues while minimizing the risk of undesired side effects.     
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15.1            Introduction 

 Oral administration is by far the most popular and convenient way of drug delivery. 
Oral dosage forms are easy to use and usually do not require hospitalization in a 
medical facility or the assistance of medical professionals. In addition, oral uptake 
of drugs prevents both the local side effects and the risk of systemic infections that 
are associated with injections. 

 However, the majority of drugs that are taken orally must enter the enterocytes 
and cross through the gastrointestinal tract (GIT) membrane in order to be absorbed 
to the systemic bloodstream and exert their pharmacological effect. The GIT proves 
to be a formidable barrier, to the point where many drug substances, such as anti-
bodies, hormones, and even small molecules, fail to penetrate through it and have 
to be administered parenterally. Drugs that are taken through the oral route may 
be heavily infl uenced by the physiological conditions in the GIT, resulting in 
signifi cant diversions from the predicted/desired pharmacokinetic and pharmaco-
dynamic patterns. 

 The GIT can be broadly divided to several regions: the stomach, the small intestine 
(subdivided to duodenum, jejunum, and ileum), and the colon. The environment in 
each of these regions is dependent on a multitude of factors; among them are pH 
values, membrane transporters expression, metabolic enzymes activity, and resident 
microfl ora. Each of these variables, alone or in combination with others, can funda-
mentally alter the solubility and/or permeability of drugs [ 1 – 3 ]. 

 In light of this great variability in conditions across the intestine, many attempts 
were made to deliver drugs to specifi c regions of the GIT. The goal of many of these 
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attempts was to optimize systemic absorption of drugs, while others were intended 
to retain the drugs within the lumen or epithelial cells and treat local ailments [ 4 ]. 

 The focus of this chapter is gastroretentive dosage forms (GRDF), which are 
designed to resist the normal tendency of the stomach to clear its content and to 
allow targeted and controlled release of the drug to the upper GI tract. A special 
emphasis will be given to the rationale for GRDF, different GRDF technologies, 
and their unique applications. A specifi c case of GRDFs for the treatment of local 
 Helicobacter pylori -related pathologies will be reviewed.  

15.2     GRDF 

15.2.1     Defi nition and Purpose of GRDF 

 Controlled release oral drug delivery systems offer several advantages over immediate 
release dosage forms. First, they reduce fl uctuations in drug concentrations in the 
plasma and possibly at the site of action; thus, they may increase the therapeutic 
effect of the drug while reducing side effects. Moreover, controlled release formula-
tions decrease the administration frequency of the drug, leading to improved patient 
compliance [ 5 ]. 

 Once an oral dosage form is taken, it passes through the esophagus to the stomach, 
where it lingers before continuing down the intestinal tract. 

 While transit time through the small intestine is fairly constant (3 ± 1 h) [ 6 ], the 
gastric residence time of dosage forms is highly variable and can range from several 
minutes to several hours [ 7 ]. This variability is easily explained considering the 
numerous factors affecting gastric emptying. These would include physiological 
factors such as body posture, age, gender, osmolarity, and pH [ 7 ]; pathological 
factors, for example,  H. pylori  infection [ 8 ]; and pharmaceutical agents, e.g., antacids 
containing Mg+ [ 9 ] and erythromycin [ 10 ]. 

 Once emptied from the stomach, the drug enters the upper small intestine. 
This region is the main absorption site for a number of drugs: small hydrophilic 
drugs exploit the relatively large pores in the epithelial junctions at this region to 
passively penetrate the blood stream [ 11 ]. In addition, the upper intestine is charac-
terized by high expression of several transporters (e.g., PEPT1 and CNT) [ 12 ], making 
it an ideal absorption site for their substrates. Finally, the P-gp effl ux pump is rela-
tively absent from the proximal GI tract [ 1 ,  13 ,  14 ]. This allows P-gp substrates that 
are absorbed in this region to avoid effl ux. 

 Transit time through the upper intestinal region, i.e., the duodenum, tends to be 
constant and rapid. As a result, “standard” controlled release formulation would 
allow only limited amount of drug to be released at this site and permeate into the 
bloodstream. It is therefore advantageous in some cases to prolong the residence time 
of the controlled release dosage forms in the stomach, thus maintaining the benefi ts 
of both the controlled release formulation and the upper small intestine [ 5 ]. 
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 The term GRDF encompasses several technologies with one common feature: 
they are designed to resist the normal tendency of the stomach to clear its content, 
resulting in a targeted and controlled release of the active moiety to the upper GI 
tract [ 11 ]. The improved release profi le from GRDFs may augment absorption to 
the systemic bloodstream for drugs with a narrow absorption window in the upper 
part of the GIT or drugs with a poor stability in the colon. Furthermore, once the 
drug is released from the GRDF, it can act within the stomach and treat local disease 
conditions with increased effi cacy [ 15 ]. A few examples for drugs that were tested 
for GRDFs are listed in Table  15.1 . Examples for GRDFs currently marketed can be 
found in Table  15.2 .

  Table 15.1    Drugs that were 
studied in gastroretentive 
dosage forms  

 Drug  References 

 Acyclovir  [ 16 ] 
 Atenolol  [ 16 ] 
 Bisphosphonates  [ 17 ] 
 Calcium  [ 18 ] 
 Captopril  [ 19 ] 
 Ciprofl oxacin  [ 20 ] 
 Cisapride  [ 21 ] 
 Dextromethorphan HBr  [ 22 ] 
 Diltiazem  [ 23 ] 
 Dipyridamole  [ 24 ] 
 Glipizide  [ 25 ] 
 Ketoprofen  [ 26 ] 
 Metformin  [ 27 ] 
 Metoprolol  [ 16 ] 
 Propranolol HCl  [ 28 ] 
 Ranitidine HCl  [ 29 ] 
 Tetracycline  [ 30 ] 
 Valacyclovir  [ 16 ] 
 Verapamil  [ 31 ] 

   Table 15.2    Examples for GRDFs currently marketed   

 Brand name  Drug  GRDF type  References 

 MadoparHBS 
(PropalHBS) 

 Levodopa and 
benserazide 

 Floating CR capsules  [ 32 ] 

 Valrelease  Diazepam  Floating capsules  [ 33 ] 
 Amalgate fl oat coat  Antacid  Floating dosage form  [ 32 ] 
 Topalkan  Aluminum and 

magnesium mixture 
 Effervescent fl oating liquid alginate 

preparation 
 [ 32 ] 

 Conviron  Ferrous sulfate  Colloidal gel-forming FDDS  [ 34 ] 
 Cifran OD  Ciprofl oxacin  Gas-generating fl oating form  [ 34 ] 
 Cytotech  Misoprostol  Bilayer fl oating capsule  [ 34 ] 
 Liquid gaviscone  Mixture of alginate  Suppress gastroesophageal refl ux 

and alleviate the heart burn 
 [ 34 ] 
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15.2.2         General Considerations in the Development of GRDF 

 The two most important parameters to be considered when developing gastric retentive 
dosage forms are their size and density. Size is especially important in designing 
indigestible solid dosage forms (single-unit systems). When open, the average human 
pyloric sphincter diameter is 12 ± 7 mm, and so a practical diameter >15 mm is neces-
sary for useful prolonged retention. A single-unit system can be removed from the 
stomach at its entirety at any particular gastric emptying cycle. Multiple- unit systems, 
such as those based on microparticles, avoid this “all-or-nothing” behavior [ 15 ]. 

 Density determines the location of the system in the stomach. Systems with 
density lower than gastric contents can fl oat to the surface, while high-density systems 
sink to the bottom of the stomach. Both positions may isolate the dosage system 
from the pylorus [ 15 ].  

15.2.3     Types of GRDF 

 Gastroretentive formulation may be broadly classifi ed into high-density (sinking) 
systems, fl oating systems, expandable systems, superporous hydrogel systems, 
mucoadhesive systems, and magnetic systems [ 15 ]. The different approaches are 
graphically portrayed in Fig.  15.1 .

  Fig. 15.1    Schematic description of the various GRDF types. Modifi ed from [ 35 ] with permission       
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15.2.3.1       High-Density Systems 

 Gastric contents have a density close to water (1.004 g/cm 3 ). Barium sulfate, 
zinc oxide, iron powder titanium, and titanium dioxide are used to create small and 
high- density ( d  > 2.5 g/cm 3 ) pellets that sink to the bottom of the stomach, where 
they become entrapped in the folds of the antrum and withstand the peristaltic waves 
of the stomach wall [ 15 ]. This method has yet to produce evidence of effi ciency in 
human subjects [ 15 ].  

15.2.3.2     Floating Systems 

 These have a lower density than the gastric content and fl oat in the stomach for a 
prolonged period of time while the drug is released from the dosage form at a con-
stant rate. Eventually, the residual system is emptied from the stomach. These sys-
tems rely heavily on the presence of food to retard emptying [ 36 – 38 ] and increase 
liquid volume for effective buoyancy [ 38 ]. Floating systems are subdivided to sev-
eral groups, as detailed below. 

   Hydrodynamically Balanced Systems 

 Hydrodynamically balanced systems (HBS) systems are single-unit dosage forms, 
containing one or more gel-forming hydrophilic polymers (e.g., HPMC, HEC, HPC). 
The polymer is mixed with drug and usually encapsulated in gelatin. The capsule 
rapidly dissolves in the gastric fl uid, and hydration and swelling of the surface poly-
mers produces a fl oating mass. Drug release is controlled by the formation of a 
hydrated boundary at the surface. Continuous erosion of the surface allows water 
penetration to the inner layers, maintaining surface hydration and buoyancy [ 39 ]. 
The main drawback in the original method was that both buoyancy and drug release 
rate depended on the intrinsic features of the polymer, and controlling both variants 
at the same time proved to be diffi cult [ 40 ]. In order to overcome this problem, 
several formulations were developed in which one phase provided fl oatability and 
the other controlled drug release, so each could be manipulated independently [ 15 ]. 
Ali et al. designed a formulation containing 500 mg of metformin granulated with 
5 % of ethyl cellulose and coated with 150 mg of HPMC K4M. This dosage form 
gave an in vitro release of 97 % in 12 h in simulated gastric fl uid at pH 3, as well as 
a prolonged period of stomach retention and increased in vivo AUC when compared 
to immediate release capsules of metformin [ 41 ].  

   Gas-Forming Systems 

 Floatability can also be achieved by generation of entrapped gas bubbles. CO 2     can 
be generated in situ by incorporation of carbonates or bicarbonates, which react 
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with acid, either the natural gastric acid or co-formulated as citric or tartaric acid 
[ 15 ,  42 ]. Alternatively, it is possible to entrap liquid within the formula, which 
forms a gas at body temperature [ 43 ]. It is important to note, however, that this type 
of formulation has a lag time while the gas-forming reaction is taking place, in 
which the dosage form may be emptied from the stomach.  

   Raft-Forming Systems 

 These formulations are based on a gel-forming solution (e.g., sodium alginate solution 
containing carbonates or bicarbonates). Once they encounter the gastric acid, they 
swell and form a viscous cohesive gel containing entrapped CO 2  bubbles. Raft- 
forming systems produce a layer on the top of gastric fl uids and therefore are useful 
in the treatment of gastroesophageal refl ux [ 44 ,  45 ] as was recently demonstrated 
for the raft-forming formulation Gaviscon Advance [ 46 ].  

   Low-Density Systems 

 This system solves the lag time problem of the gel- and gas-based formulas by 
producing light, instantly fl oating hollow microspheres (microballoons) [ 47 ] foam 
particles [ 48 ] or matrix [ 49 ]. 

 This is done by simple solvent evaporation or solvent diffusion/evaporation 
methods. Polycarbonate, Eudragit S, cellulose acetate, calcium alginate, agar, and 
low-methoxylated pectin are commonly used as polymers [ 47 ,  50 ]. Buoyancy and 
drug release are dependent on the quantity of polymer, the plasticizer–polymer 
ratio, and the solvent used [ 39 ]. Talukder and Fassihi developed a multiple-unit 
system based on cross-linked beads. They were made by using Ca +2  and low- 
methoxylated pectin (anionic polysaccharide), with or without sodium alginate. 
Ribofl avin, tetracycline, and methotrexate were used as model drugs, and drying 
was done by two methods: air convection oven at 40 °C for 6 h and freeze drying. 
The freeze-dried beads remained buoyant over 12 h in USP hydrochloride buffer 
(pH 1.5), while the air-dried beads sank. Calcium–pectinate–alginate beads released 
their contents at much faster rates than did calcium–pectinate beads (100 % vs. 50 % 
in 10 h) [ 51 ]. Hollow microspheres are considered to be one of the most promising 
buoyant systems because they combine the advantages of multiple-unit systems and 
good fl oating properties [ 15 ].   

15.2.3.3     Expendable Systems 

 This dosage form consists of a capsule, incorporating a compressed biodegradable 
polymer which expands in the stomach to a large rigid structure, followed by 
erosion that releases the drug and removes the residual formulation. Several such 
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formulations were investigated [ 15 ,  52 ,  53 ]. Klausner et al. described a levodopa 
GRDF that combines extended dimensions (5 cm ± 2.5 cm) with high rigidity and 
is folded into a large gelatin capsule. In vitro and in vivo studies showed that the 
drug delivery system reached its unfolded form in 15 min and was maintained for at 
least 2 h [ 53 ]. In humans, 67 % of drug delivery systems containing levodopa were 
retained in the stomach during 5 h. The plasma concentration–time curve was very 
similar to that of the reference drug (Sinemet CR®) but showed an extended absorp-
tion phase. Rigidity of the system was a crucial parameter; a system with an extended 
size but with a lack of high rigidity was not retained in the stomach [ 53 ]. 

 While expendable systems are an interesting and innovative approach for stom-
ach retention, this kind of dosage form is probably the most diffi cult to industrial-
ize and may not be cost-effective [ 34 ]. Furthermore, it is extremely important for 
expandable systems not to have sharp edges or cause local damage on prolonged 
retention and be completely biodegradable, since permanent retention of rigid, 
large single-unit forms may cause bowel obstruction, intestinal adhesion, and gas-
tropathy [ 15 ].  

15.2.3.4     Superporous Hydrogels 

 Superporous hydrogels have a network of large (>100 Am) interconnected open 
pores. Water rapidly enters the gel through the pores, infl aming the gel to 100 
times or more its original volume within a minute. The adding of croscarmellose 
sodium to the gel gives it the mechanical strength to withstand pressure by gas-
tric contraction. After several hours the gel is degraded and cleared from the 
stomach [ 54 ].  

15.2.3.5    Mucoadhesive/Bioadhesive Systems 

 Mucoadhesion refers to the ability of a dosage form to stick to the mucosal surface 
by different mechanisms, such as attractive electrostatic forces, Van der Waals 
forces, hydrogen bonding, and physical penetration of mucin strands into the porous 
polymer. 

 Poly(acrylic acid) (Carbopol, polycarbophil), chitosan, Gantrez (Polymethyl 
vinyl ether/maleic anhydride copolymers), cholestyramine, tragacanth, sodium 
alginate, HPMC, sephadex, sucralfate, polyethylene glycol, dextran, poly(alkyl cya-
noacrylate), and polylactic acid are commonly used for bioadhesion. Even though 
some of these polymers are effective at producing bioadhesion, it is diffi cult to 
maintain its effectivity because of the rapid turnover of mucus in the GIT and the 
hydration of the stomach content [ 55 ,  56 ]. In spite of that, Singh et al. were recently 
able to develop an effervescent fl oating-bioadhesive formulation that was able to 
retain the antiviral drug lamivudine for at least 5 h and possessed adequate drug 
release control and pharmacokinetic extension of plasma levels [ 57 ].  
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15.2.3.6    Magnetic Systems 

 This system is based on a simple idea: the dosage form contains a small internal 
magnet, and a magnet is placed on the abdomen over the position of the stomach. 
A magnetic tablet containing acyclovir produced signifi cantly higher plasma con-
centrations when compared to immediate release tablets [ 58 ]. The external magnet 
must be positioned with great precision which might prove to be diffi cult for the 
patients [ 15 ].   

15.2.4     Specifi c Case: GRDFs for Treatment of Local  
H. pylori -Related Pathologies 

  H. pylori  is one of the most prevalent bacterial pathogens, affecting as many as 50 % 
and 80 % of the population in industrialized and developing countries, respectively 
[ 59 ,  60 ]. The bacteria colonize the surface mucus and mucosa of the lower part of 
the stomach, adjacent to the pylorus [ 11 ]. It is associated with many gut- related 
disorders, including peptic ulcer, gastric cancer, and mucosa-associated lymphoma 
[ 11 ,  59 ,  61 – 63 ]. The treatment of  H. pylori  infections usually consists of at least two 
different types of antibiotics and proton pump inhibitors or H 2  blockers [ 64 ]. 

 In order to successfully eradicate the bacteria, high concentrations of antibiotics 
need to be maintained in this area for a substantial period of time. However, since 
the residence time of conventional dosage forms is relatively short, achieving ade-
quate local levels of antibiotics is proving to be a major challenge. Indeed, the short 
retention time of conventional dosage forms in the stomach may account for the 
recent reports of  H. pylori ’ s  incomplete eradication and subsequent recurrence [ 65 ] 
and its increasing resistance to antibiotics [ 65 – 67 ]. GRDF-based formulations have 
the potential to both enhance the effectiveness of antibiotics and simplify their 
administration regimens, thus improving compliance and increasing the probability 
for total bacteria eradication. 

 Several approaches were attempted in the development of stomach-targeting 
GRDFs with variable success. Yang et al. proposed a gas-generating system consisting 
of a triple-layer tablet. One layer was a swellable gas-generating layer of polyethyl-
ene oxide, HPMC, and sodium bicarbonate/calcium carbonate (1:2 w/w). The sec-
ond one was the expandable/sustainable drug-containing layer of polyethylene 
oxide, tetracycline hydrochloride, and metronidazole. The third one was a rapidly 
dissolving drug layer (bismuth salts). The group obtained in vitro (in a 37 °C, 0.1 M 
HCl solution) duration of buoyancy and sustained release of metronidazole and 
tetracycline over 6–8 h, with a buoyancy lag time in the range of 17–28 min. 
However, no in vivo data are available concerning the fl oating characteristics of the 
drug delivery system or its effect against  H. pylori  [ 68 ]. Liu et al. studied mucoad-
hesive microspheres containing amoxicillin. They prepared them by an emulsifi cation/
evaporation method, using ethyl cellulose as matrix and Carbopol 934P as a 
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mucoadhesive polymer and demonstrated that free amoxicillin was rapidly degraded 
in acidic medium; however, amoxicillin entrapped in the microspheres kept stable. 
The in vitro release test showed that about 90 % of the amoxicillin was released in 
the pH 1.0 HCl solution within 4 h, while in vivo evaluation of mucoadhesiveness 
showed that, during the same time, 63.6 % (±21.9) of the microspheres still remained 
in the rat stomach. Moreover, higher amoxicillin concentrations in gastric tissue of 
rats were reached after oral administration of mucoadhesive microspheres vs. 
amoxicillin powder at the same dose (43 mg/kg). The mucoadhesive microspheres 
where three folds more effective in eradicating  H. pylori  (expressed by the ratio of 
colony counts between amoxicillin powder and microspheres) compared to amoxi-
cillin powder. The authors concluded that larger groups of animal are required to 
confi rm these results [ 69 ]. Finally, Umamaheshwari’s research group developed a 
receptor-mediated drug delivery system, based on phosphatidylethanolamine (PE) 
containing lipid. PE seems to be a major receptor promoting  H. pylori  adhesion to 
gastric cells. This system consisted of a lipid bilayer shell PE that is anchored on 
the surface of a hydrogel polymer core that contained the urease inhibitor acetohy-
droxamic acid (AHA). Specifi c and strong binding between lipobeads and PE sur-
face receptor of two different  H. pylori  strains was demonstrated. In vitro studies 
achieved complete growth inhibition of the bacteria within 6 h, while the control 
formulations required 24 h to meet this goal. This system might be helpful in the 
treatment of  H. pylori , but further in vivo studies are required in order to prove its 
effectiveness [ 70 ]. 

 There are several points that should be taken into consideration when developing 
a gastroretentive system targeted for the treatment of  H. pylori  conditions:

•    It seems that expandable large dimension systems may be inadequate and pose 
some safety problems in cases of mucosal infl ammation or ulcer. A multiparticulate 
system, however, could be advantageous.  

•   Mucoadhesion-based delivery systems seem promising for the treatment of 
 H .  pylori  as close contact with the mucus layer may signifi cantly increase the 
local antibiotic concentrations. This in spite of some obstacles such as the high 
turnover rate of gastric mucus, unspecifi c binding of the dosage form to the intes-
tinal mucus [ 11 ] and destruction of gastric mucus by the bacteria [ 15 ].  

•   A combination of approaches (like low density and mucoadhesion) can lead to 
longer retention and improved reproducibility [ 11 ].  

•   Specifi c binding of gastroretentive formulations to  H .  pylori  might play a role in 
successful eradication of the bacteria. However, characterization of this pathogen 
is still incomplete. Further research is required; in particular, identifi cation of a 
bacterium surface receptor expressed by all  H .  pylori  strains with a strong affi nity 
to a ligand is crucial for the implementation of this approach [ 15 ].  

•    H .  pylori  gastritis can produce marked alterations in gastric acid secretion [ 59 ,  71 ]. 
In addition, some of the drugs that are implemented in  H .  pylori  treatment 
signifi cantly elevate gastric pH [ 11 ]. As a result, GRDFs formulations that rely 
on acidic environment may fail to work.      
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15.3     Conclusions 

 This chapter set out to map the various technologies currently used to target drugs 
to the upper GIT by GRDF. While there are numerous promising research directions 
in this fi eld, not all systems proved to be effective in vivo. Two key points should be 
accounted for in this regard: the dosage form might remain in the stomach for too 
long, possibly causing local side effects. Alternatively, the GRDF might be evacu-
ated from the stomach too rapidly, resulting in reduced release of the drug in the 
desired site. Therefore, a more complete understanding of each variable, as well as 
their interactions, is necessary for the successful targeting of this specifi c gastroin-
testinal region.     
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16.1            Introduction 

 Oral administration is by far the most popular and convenient way of drug delivery. 
Oral dosage forms are easy to use and usually do not require hospitalization in a 
medical facility or the assistance of medical professionals. In addition, oral uptake 
of drugs prevents both the local side effects and the risk of systemic infections that 
are associated with injections. 

 However, the majority of drugs that are taken orally must enter the enterocytes 
and cross through the intestinal tract membrane in order to be absorbed to the systemic 
bloodstream and exert their pharmacological effect. The intestine proves to be a 
formidable barrier, to the point where many drug substances, such as antibodies, 
hormones, and even small molecules, fail to penetrate through it and have to be 
administered parenterally. Drugs that are taken through the oral route may be heavily 
infl uenced by the physiological conditions in the intestine, resulting in signifi cant 
diversions from the predicted/desired pharmacokinetic and pharmacodynamic 
patterns. 

 The intestinal tract can be broadly divided to several regions: the small intestine, 
subdivided to duodenum, jejunum, and ileum, and the colon. The environment in each 
of these regions is dependent on a multitude of factors, among them are pH values, 
membrane transporters expression, metabolic enzymes activity, and resident micro-
fl ora. Each of these variables, alone or in combination with others, can fundamentally 
alter the solubility and/or permeability of drugs [ 1 – 3 ]. 

 In light of this great variability in conditions across the intestine, many attempts 
were made to deliver drugs to specifi c regions of the intestine. The goal of many of 
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these attempts was to optimize systemic absorption of drugs, while others were inten-
dant to retain the drugs within the lumen or epithelial cells and treat local ailments [ 4 ]. 

 In this chapter, several of these factors are reviewed, and their infl uences on 
segmental differences in drug absorption are discussed. In addition, technologies 
and methods of drug targeting to specifi c location within the intestinal tract are 
presented.  

16.2     pH Considerations 

 Luminal pH values change extensively across the GIT (Fig.  16.1 ). The pH of the 
stomach can be as low as 1–2 due to acidic secretions. In the duodenum, luminal 
content is quickly neutralized by the secretion of the pancreatic bicarbonate and bile. 
As luminal content progresses from the proximal to the distal intestine, it becomes 

  Fig. 16.1    Percentiles (90, 75, 50, 25, and 10) of pH determinations from 39 patients in relation to 
the intestinal location, using a pH-sensitive radio-transmitting capsule.  St  stomach,  Duo  duode-
num,  Jej  proximal small intestine,  Mid  mid small intestine,  Ile  distal small intestine,  Cae  caecum, 
 Asc  ascending colon,  Tra  transverse colon,  Des  descending colon,  R/S  sigmoid colon or rectum, 
 Fae  faeces. Modifi ed from [ 6 ] with permission       
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progressively more alkaline [ 5 ]. However, the pH values of the large intestine are 
generally more acidic than the pH observed in the small intestine in humans, possibly 
due to the fermentation mediated by the microbial fl ora.

   The environmental pH directly affects the degree of drug ionization. Since the 
extent of ionization is a major factor in determining the drug dissolution rate and 
passive permeability, it is clear that pH at the absorption site may facilitate or inhibit 
both the dissolution and the absorption of various ionizable drug molecules [ 5 ]. 

 The drug intestinal permeability measure is one of the main factors governing 
the rate and extent of drug absorption ( F  abs ) in humans following oral administration 
[ 7 ]. Starting in the year 2000, the FDA has adopted the “biowaiver” concept, and for 
BCS class I drugs, i.e., when a drug is proven to be both highly soluble and highly 
permeable, the FDA may grant an exemption to pharmaceutical manufacturers of 
the need to conduct in vivo bioequivalence studies and be satisfi ed with in vitro 
dissolution tests for the determination of bioequivalence [ 8 ]. FDA guidelines deter-
mine that a drug must be absorbed ( F  abs ) to >90 % in order to be classifi ed as high 
permeability [ 8 ].  F  abs  is usually determined by pharmacokinetic or mass-balance 
studies in humans [ 7 ,  9 ,  10 ]. The complexity and cost of carrying out these studies 
are very high, as they require radiolabeled API for the validation of high drug and 
metabolite recovery. Extensive scientifi c research has established that a good cor-
relation exists between the human jejunal permeability ( P  eff ) and  F  abs  [ 9 ], and so an 
alternative high-permeability classifi cation channel of measuring  P  eff  in validated 
cell-culture or animal intestinal perfusion techniques is suggested by the FDA BCS 
guidance [ 8 ]. The β-blocker metoprolol has been widely used as a marker for the 
low-/high-permeability class boundary; that is, if a compound shows higher  P  eff  than 
metoprolol, then it is considered to be high-permeability, and vice versa [ 8 ]. 
Examination of the human intestinal absorption of metoprolol reveals that it is in fact 
completely (100 %) absorbed [ 11 ], thus making metoprolol an overly conservative 
reference drug for the low-/high-permeability class boundary when compared to the 
corresponding FDA’s  F  abs -based high-permeability benchmark of 90 %. Moreover, 
we have recently shown that the use of metoprolol as the permeability marker 
carries an additional complexity. Metoprolol’s intestinal permeability in the rat was 
shown to be segmental dependent; as a basic drug (p K a = 9.5) with Log  P  value ∼2, 
the pH changes along the small intestine were signifi cant enough to lead to fi vefold 
higher permeability in the ileum (pH 7.5) than in the jejunum (pH 6.5). This raises 
the question of which of metoprolol’s  P  eff  values represents the true low-/high-per-
meability boundary reference, the  P  eff  in the upper small intestine or the higher  P  eff  
obtained in the lower small intestine? Several studies have shown that an IR oral 
dose of metoprolol is completely absorbed already from the upper small intestine, 
in both human and animal models [ 12 ,  13 ]. It follows, hence, that metoprolol’s  P  eff  
value at pH 7.5 (ileum) is not likely to be physiologically relevant to the absorption 
of the drug from an IR dosage form; rather, the permeability at pH 6.5, the average pH 
of the human jejunum, would govern metoprolol’s in vivo intestinal absorption from 
an IR formulation. This analysis points out a possible extension to the regulatory 
high-permeability criterion: taking metoprolol’s jejunal  P  eff  at pH 6.5 as the bench-
mark for high permeability, it is suggested that if a compound  matches/exceeds this 
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threshold anywhere in the intestine, and not necessarily in the jejunum, it is a 
high-permeability compound with close to complete ( F  abs >90 %) absorption [ 2 ,  14 ]. 

 This realization was recently implemented to address the distinctive absorption 
characteristics of the β-blocker sotalol [ 14 ], for which low apparent permeability 
across Caco-2 cell monolayers has been observed, but also a high fraction dose 
absorbed ( F  abs >90 %) in humans has been reported [ 15 – 17 ]. Similarly to metoprolol, 
sotalol’s intestinal permeability in the rat was shown to be segmental dependent, 
with higher  P  eff  at distal small intestinal regions (with higher average pH) than in 
proximal segments. At any given small intestinal segment (and pH), sotalol’s 
permeability was lower than that of metoprolol. However, most signifi cantly, 
sotalol’s permeability in the ileum at pH 7.5 exceeded that of metoprolol in the 
jejunum at pH 6.5 and matched metoprolol’s  P  eff  in the middle small intestine at pH 
7.0 (Fig.  16.2 ). Since the ileum accounts for more than half of the human small 
intestinal length, an IR oral dose of sotalol would have an apparent high permeability 
(i.e., greater than that of metoprolol in the jejunum) throughout a signifi cant portion 
of the small intestinal residence time (∼2 h), resulting in its high fraction dose 
absorbed [ 14 ]. Signifi cantly, the human  t  max  values of sotalol (~4 h) and metoprolol 
(~1 h) from IR products support this analysis, indicating an absorption in the distal 
and proximal intestine, respectively. This study demonstrates the importance of the 
intestinal pH gradient to segmental and overall absorption of drugs. Sotalol may 
have been falsely classifi ed as low-permeability drug based merely on jejunal  P  eff , 
but when more thoroughly evaluated, the permeability basis for sotalol’s nearly 
complete oral absorption is apparent [ 2 ,  14 ].

  Fig. 16.2    Effective permeability values (Peff; cm/s) obtained for sotalol and metoprolol after in 
situ single-pass perfusion to the rat proximal jejunum at pH 6.5, mid small intestine at pH 7.0, and 
distal ileum at pH 7.5. Modifi ed from [ 14 ] with permission       
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   The pH changes along the gastrointestinal tract have been exploited for the pur-
pose of drug delivery. One application is the enteric coating of drugs which are 
unstable in acidic conditions or may cause gastric side effects. These coatings are 
generally made from pH-responsive polymers which remain unionized and intact at 
the low pH of the stomach but dissolve at the higher pH of the small intestine [ 18 ]. 
Insulin is a hormone required by many diabetic patients in order to regulate their 
blood sugar. Insulin is degraded in the stomach and so it must be administered by 
injections, which are often unpleasant and reduce compliance. Recently, an enteric 
coating of pH-sensitive hydroxypropyl methylcellulose phthalate (HP55) was 
applied to a capsule containing cationic nanoparticles of insulin. The new formula-
tion was able to deliver insulin to the bloodstream and reduce blood glucose levels 
[ 19 ]. Of course, insulin also suffers from enzymatic degradation by various pepti-
dases within the intestinal tract, a problem that further complicates its oral delivery. 
Enteric-coated formulations have also been developed for erythromycin [ 20 ] and 
omeprazole [ 21 ] to overcome their gastric instability and for mycophenolate in order 
to avoid gastric side effects [ 22 ] and more. This pH-triggered approach has been 
extended to ileo-colonic delivery and formed the basis for the development of Eudragit 
S-coated 5-ASA tablets marketed as Asacol® for ulcerative colitis. This and other 
preparations based on the same concept (Mesren, Lialda, and Mezavant) are in clini-
cal use [ 18 ]. All of these formulations were based on the dissolution of Eudragit S at 
pH >7. However, it was demonstrated that Eudragit S-based dosage forms might fail 
to dissolve [ 23 ]. This may be due to the target pH not being reached in some subjects 
or not being high enough for a suffi ciently long time for the pH- responsive fi lm coat-
ing to dissolve [ 23 ]. In addition, it was shown that disease states, such as ulcerative 
colitis, may dramatically reduce colonic pH [ 24 ,  25 ]. A thorough investigation to 
the many factors which might infl uence the dissolution of pH-sensitive polymers 
may be critical to the optimization of pH-dependent formulations. 

 A more sophisticated colonic drug delivery system, CODES, was developed, 
which is both time and pH dependent. A typical confi guration of CODES consists 
of a core tablet coated with three polymer layers. The fi rst coating layer, surround-
ing the core tablet, is an acid-soluble polymer (e.g., Eudragit E®), and the outer 
coating is enteric, with an HPMC barrier layer in between to prevent any possible 
interactions between the oppositely charged polymers. The core tablet is comprised 
of the active moiety, one or more polysaccharides, and other desirable excipients. 
During its transit through the stomach, CODES remains intact due to the enteric 
protection. The enteric and barrier coating dissolves in the small intestine where the 
pH is above 6, while the inner layer only slightly swells. Upon entry into the colon, the 
polysaccharide inside the core tablet dissolves and diffuses through the acid- soluble 
coating. The bacteria enzymatically degrade the polysaccharide and produce organic 
acids. This lowers the local pH and results in the dissolution of the acid-soluble 
coating and subsequent drug release. It was clearly shown that CODES provides 
rapid colonic release regardless of the ingestion of food [ 26 ]. A schematic depiction 
of CODES is presented in Fig.  16.3 .

   Overall, the pH gradient throughout the gastrointestinal tract may represent 
both a complication and an opportunity for successful drug delivery and absorption. 
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An in-depth understanding of the intestinal pH environment and its determinants, 
considering the whole of the human intestine in both physiological and pathophysi-
ological conditions, is crucial for successful exploitation of the variable intestinal 
conditions for better drug delivery and therapeutic effect.  

16.3     Membrane Transporters 

 Membrane transporters act as “checkpoints” in the cells, actively inserting important 
nutrients into the cell while removing potentially toxic substances [ 27 ]. In addition 
to their role in cellular uptake of endogenous molecules, membrane transporters 
also have a major impact on the effi cacy and toxicity of drugs [ 27 ,  28 ]. Transporters 
can be classifi ed as infl ux and effl ux transporters and are located either at the 
basolateral or apical membrane of polarized cells [ 29 ]. In this chapter, two major 
transporter families will be discussed: the ATP-binding cassette (ABC) superfamily 
and the solute carrier family (SLC). Transporters belonging to the ABC family are 
primarily active effl ux transporters and use the energy derived from ATP hydrolysis 
to drive the active cellular effl ux of drugs [ 30 ], while SLC family members usually 
facilitate the cellular infl ux of substrates by allowing diffusion or by cotransporting 
of ions to provide the driving force [ 31 ]. Certain SLC transporters may exhibit 
effl ux or bidirectional transport, depending on the concentration gradients of 
 substrate and coupled ions across the membrane [ 32 ]. 

  Fig. 16.3    Schematic description of drug release of CODES TM  in the gastrointestinal tract       
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 Like most of the physiological barriers in the human body, the intestinal wall 
also expresses various transports from both families [ 27 ] (Fig.  16.4 ).

   Intestinal transporter activity often affects the absorption of drugs, though BCS 
class 1 compounds, i.e., high-solubility high-permeability drugs, are not likely to be 
affected [ 1 ,  27 ,  33 ]. In this section we will review a few of the main transporters 
expressed in the intestinal epithelium, discuss their segmental-dependent expression 
pattern, and present their potential use to increase drug absorption. 

16.3.1     ABC Superfamily 

16.3.1.1     P-Glycoprotein (P-gp) 

 Initially discovered as a result of its interaction with multiple anticancer drugs, P-gp 
is able to interact with many kinds of chemical groups, including hydrophobic, 
amphiphilic, or cationic molecules containing a planar ring system ranging in size 
from 200 to 1,900 Da, negatively charged carboxyl groups, and hydrophilic mole-
cules [ 34 ]. As a result, P-gp possesses an enormous spectrum of substrate drugs, 
ranging from anthracyclines (doxorubicin, daunorubicin) to alkaloids (reserpine, 
vincristine, vinblastine), peptides (valinomycin, cyclosporine), steroid hormones 
(aldosterone, hydrocortisone), local anesthetics (dibucaine), immunosuppressive 
agents (cyclosporine, tacrolimus), talinolol, digoxin, tandutinib and more [ 27 ]. 
This diverse substrate spectrum, along with its localization in the apical membrane 
of enterocytes (Fig.  16.4 ), promotes the potential role of P-gp as an obstacle to drug 
absorption. Indeed, numerous drug–drug interactions were found to be mediated by 
P-gp [ 29 ,  35 ]. 

  Fig. 16.4    Diagram of major drug transporter proteins expressed at the intestinal epithelia including 
intestinal uptake ( blue ) and effl ux ( red ) transporters       
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 The expression of P-gp was shown to increase from proximal to distal regions of 
the small intestine in rats [ 1 ,  36 ,  37 ], and also in humans although with signifi cantly 
higher variability [ 38 – 41 ] (Fig.  16.5 ), and absorption from different segments of the 
rat intestine was demonstrated to be in inverse correlation to P-gp levels [ 1 ,  36 ]. 
A study of the absorption pattern of the BCS class III drugs, P-gp substrates cimetidine 
and famotidine, revealed that both drugs exhibit segmental-dependent absorption, 
with permeability decreasing from proximal to distal intestinal segments in rats. 
However, in the presence of the P-gp inhibitor verapamil, permeability of both 
drugs in the ileum equalized the permeability in the jejunum. Therefore, it has been 
suggested that targeting of P-gp substrates to the upper intestine might enhance their 
absorption [ 42 – 44 ]. This expression pattern may indicate a less effective, saturable 
P-gp-mediated effl ux in the proximal intestine when compared to the distal intestine 
[ 45 ]. Therefore, gastroretentive dosage forms (GRDF) may be adequate to increase 
the absorption and bioavailability of P-gp substrates, provided CYP450 3A4, which 
is more abundant at the upper small intestine, is not involved, as will be further 
discussed hereinafter.

16.3.1.2        MRP2 

 MRP2 was originally cloned from rat liver as cMRP and from human liver as the 
canalicular multispecifi c organic anion transporter (cMOAT) [ 38 ]. MRP2 is 
expressed mainly in liver, intestine, and kidney tubules. The substrate specifi city of 
MRP2 includes endogenous molecules such as LTC4 and 2,4-dinitrophenyl- S - 
glutathione  and bilirubin glucuronides. In addition, MRP2 also secretes various 
conjugated drug metabolites, as well as unmodifi ed drugs [ 27 ]. MRP2 shares some 

  Fig. 16.5    Analysis of P-gp and MRP2 levels in different segments along the rat small intestine. 
Segments 1–5 correspond to equal, 10-cm-long, symmetrically spaced segments, starting from the 
ligament of Treitz (segment 1) and ending at the terminal ileum (segment 5). Modifi ed from [ 36 ] 
with permission       
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degree of overlapping substrate specifi city with P-gp and is localized to the apical 
membrane, with expression levels increasing from crypt to villus, in a pattern similar 
to that of P-gp [ 38 ]. However, in contrast to P-gp, MRP2 expression is highest at the 
proximal segments of the intestine and decreases towards the distal ileum (Fig.  16.5 ) 
[ 36 ,  38 ]. 

 The microtubule polymerization inhibitor colchicine is a known substrate of 
P-gp [ 46 ]. However, inhibition of P-gp consistently failed to completely abolish the 
effl ux of colchicine in Caco-2 experiments, suggesting the involvement of at least 
one additional transporter. This issue was recently addressed, where it was shown 
that in addition to P-gp, MRP2 also plays a role in colchicine’s effl ux, and when 
both transporters were inhibited simultaneously, effl ux ratio (P app  BL→AP/P app  
AP→BL) was 1, indicating complete abolishment of effl ux [ 36 ]. These results indicate 
that P-gp and MRP2 “collaborate” to decrease the intestinal absorption of colchicine. 
These fi ndings were further validated by intestinal perfusion rat model; baseline per-
meability of colchicine was low and constant along the entire rat small intestine. 
When P-gp inhibitor was added (GF120918), ileal permeability increased dramati-
cally, with no signifi cant effect on jejunal permeability. The addition MRP2 inhibitor 
(MK571) mirrored this pattern, displaying a marked increase in permeability from 
the jejunum and no change in the ileum. A combination of both inhibitors increased 
permeability throughout the entire rat small intestine (Fig.  16.6 ) [ 36 ].

   Taken together, these results suggest that while targeting MRP2-exclusive sub-
strates to the distal small intestine can, in theory, be advantageous, common 

  Fig. 16.6     P  eff  (cm/s) values obtained for colchicine after perfusion to the rat proximal jejunum and 
to the distal ileum, without inhibitors, in the presence of GF120918 or MK571 and in the presence 
of both inhibitors simultaneously. Modifi ed from [ 36 ] with permission       
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substrates of P-gp and MRP2 are vulnerable to effl ux by one transporter or the other 
in any segment of the intestine. Targeting such drugs to specifi c intestinal regions 
might prove to be ineffective in overcoming the effl ux.   

16.3.2     SLC Family 

16.3.2.1    hPepT1 

 Pept-1 is an H + -peptide cotransporter and depends on proton gradient for its uphill 
transport. PepT1 transports mainly dipeptides and tripeptides that are produced 
from the digestion of dietary and body proteins. In addition, its substrates include 
peptidomimetic drugs, i.e., drugs that have dipeptide- and tripeptide-like structures, 
such as β-lactam antibiotics, the antiviral prodrug valacyclovir, and angiotensin- 
converting enzyme inhibitors [ 47 ]. 

 PepT1 is primarily expressed in the brush-border membranes of enterocytes of 
the small intestine. It is most abundantly expressed in the jejunum, followed by the 
ileum, and little or no expression is evident in the normal colon, stomach, or esopha-
gus [ 47 ]. Indeed, the PepT1 marker peptide GlySar displayed a regional-dependent 
intestinal absorption in wild-type mice, with high permeability in the duodenum 
and jejunum, which decreased twofold in the ileum, and negligible absorption from 
the colon. In contrast, knockout mice displayed a low, invariable absorption of 
GlySar throughout the intestinal tract [ 48 ]. However, PepT1 distribution may be 
dramatically altered as conditions change. PepT1 intestinal expression was shown 
to be susceptible to many natural peptides, hormones, and pharmacological agents 
[ 47 ]. Furthermore, colonic expression of PepT1 was found to be signifi cantly 
increased in Crohn’s disease and ulcerative colitis [ 49 ]. The elevated PepT1 level in 
the infl amed colon was exploited for the delivery of the anti-infl ammatory tripeptide 
KPV in a mice model of infl ammatory bowel disease [ 50 ]. 

 PepT1 has been considered as a prime target for oral drug delivery. This can be 
done by attaching the drug to a peptide or peptide-like carrier, creating a prodrug 
that utilizes the transporter to facilitate its absorption. PepT1 is an attractive target 
for prodrug design for several reasons. First, peptide transporters have broad sub-
strate specifi city and high capacity; theoretically, hundreds of dipeptides and thou-
sands of different tripeptides can be generated from 20 amino acids that are 
chemically and structurally diverse, thus allowing the engineering of numerous dif-
ferent prodrugs [ 51 ,  52 ]. Second, peptide transporters have been more extensively 
studied than other transporters, and considerable information is available about 
them. Therefore, structural modifi cations targeting peptide transporters can be opti-
mized to a much greater degree compared to other transporters [ 51 ]. Finally, cloning 
and controlled expression in mammalian cell systems allow us to attempt rational 
drug design to target the peptide transporters [ 51 ]. A good example for this approach 
is valaciclovir, the  l -valine ester of acyclovir, which was developed as a prodrug 
of acyclovir and is transported by PepT1. The mean bioavailability of valaciclovir 
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is 54 %, which is 3–5 times greater than that of oral acyclovir [ 53 ]. Other examples 
are  l -a-methyldopa- l -Phe,  l -Val-AZT, and  l -Pro- l -Phe and conjugated alendro-
nate and pamidronate [ 52 ]. In general, carrier moieties which depend on PepT1 
infl ux share several features: They are predominantly  l -enantiomers (since PepT1 
is highly stereoselective). Many of them possess a free N-terminal and C-terminal 
groups, as both groups are important for binding and transport of the moiety by 
PepT1. However, this is not an absolute demand for PepT1 substrates, and some 
modifi cations are possible [ 52 ]. The carrier is usually connected to the parent com-
pound by a peptidic bond [ 52 ]. Certain side chains can be inserted to the carrier, 
while others were shown to inhibit transportation of the moiety. 

 In addition to the development of chemically modifi ed compounds, there is 
another way to further enhance the transportation of PepT1 substrates. This strategy 
relies on the dependency of the PepT1 transporter on proton gradient for its activity; 
by including an agent in the formulation that would acidify the local microenviron-
ment, H +  concentration rises, thereby increasing the driving force of PepT1 [ 54 ]. 
A combination of the two strategies, i.e., chemical modifi cation of parent com-
pounds and acidifi cation of the local microenvironment, might further enhance 
intestinal absorption of drugs via PepT1-mediated transportation [ 55 ].  

16.3.2.2    OATP 

 Organic anion-transporting polypeptides (OATPs) are involved in the cellular 
uptake of endogenous and xenobiotic organic anions in various tissues and affect 
absorption and disposition of their substrate drugs. Their substrate spectrum 
includes statins, angiotensin II receptor blockers, beta-lactam antibiotics, peptides, 
fl uoroquinolones, angiotensin-converting enzyme inhibitors, H 1 -antagonists, trogli-
tazone sulfate, digoxin, bosentan, rifampicin, methotrexate, and glibenclamide, and 
so their pharmacological relevance is very high [ 56 ]. 

 Several family members of the OATP family are distributed in various tissues. 
In the intestine, OATP2B1 is the predominant transporter [ 56 ]. OATP2B1 protein is 
localized at the apical membrane of intestinal epithelial cells, as shown in Fig.  16.4 . 
Therefore, it is probable that OATP2B1 contributes to the absorption of its substrates 
from intestinal lumen. Similarly to some other transporters, OATP2B1 is not evenly 
distributed along the intestine: the expression level of the transporter increases from 
the duodenum to the ileum and drops again in the colon [ 57 ]. The relevance of this 
expression pattern to in vivo oral drug absorption should be further investigated.    

16.4     CYP3A4 Gradient 

 Drug metabolizing enzymes (DME) play a central role in the bioavailability, metab-
olism, elimination, and detoxifi cation of endogenous and exogenous compounds. 
DME include phase I and II metabolizing enzymes. The hydroxylation activity of 

16 Segmental-Dependent Drug Absorption and Delivery: The Intestinal Tract



354

phase I DME increases the hydrophilicity of the molecules and produces a chemically 
active site for phase II conjugation [ 58 ]. 

 The prominent phase I DME group is the Cytochrome P450 (CYP) family. The most 
abundant CYP isoenzyme in the intestine is 3A4. Indeed, it was shown that CYP3A4 
expression in mature enterocytes is comparable or may even exceed the expression 
in hepatocytes [ 59 ,  60 ]. 

 While present throughout the GI tract, CYP3A4 enzymes are unevenly distributed: 
The enzyme expression in the stomach is relatively low. The highest levels of CYP3A4 
are found in the duodenum and jejunum before decreasing dramatically in the ileum 
and colon [ 41 ,  61 ]. These intra-intestinal differences in CYP3A4 expression may 
contribute to changes in drug exposure: CYP3A4 substrates might be metabolized 
when passing through the proximal intestine, resulting in reduced bioavailability of 
the drug. In other cases, CYP3A4 metabolism can result in the production of unpre-
dictable amounts of active [ 62 ] or toxic [ 63 ] metabolites. 

 In order to evade the complexities of presystemic metabolism, it might be benefi -
cial for some CYP3A4 substrates to be targeted to the distal small intestine and 
colon, where expression of the enzyme is minimal [ 64 ]. So far, only a few attempts 
were made to use delivery to the distal GI tract as a way to avoid intestinal metabo-
lism [ 65 ]. Tubic-Grozdanis et al. designed a delayed release tablet of the CYP3A4 
substrate simvastatin in order to target intestinal regions with lower CYP3A4 
expression level. Threefold higher simvastatin AUC was obtained following the 
delayed release tablet compared to administration of an immediate release capsule. 
Overall, the interplay between gastrointestinal physiology (lower CYP3A4 expres-
sion in the distal ileum and the colon) and formulation design (zero-order con-
trolled release after a predetermined lagtime) resulted in successful absorption and 
bioavailability improvement and represent a viable strategy to reduce the dose of 
CYP3A4 drugs [ 65 ]. 

 Many compounds are substrates to both CYP3A4 enzymes and P-gp effl ux 
pumps. Since P-gp and CYP3A4 expression along the intestine is complimentary, 
common substrates may exhibit a reduced absorption, due to either metabolism or 
active effl ux, all along the intestine. Such is the case of tacrolimus, a substrate to 
both P-gp and CYP3A4; tacrolimus uptake in the jejunum was twofold greater than 
in the ileum, as was measured by rat intestinal perfusions. However, a double perfusion 
test, in which outfl ow from the intestinal vasculature was also measured, revealed 
that absorption to the bloodstream remained unchanged along the intestinal tract 
[ 66 ,  67 ]. These results indicate that both transport and metabolism considerations 
should be accounted for when trying to target P-gp/CYP3A4 cosubstrates to 
specifi c intestinal region.  

16.5     Conclusions 

 This chapter aimed to map the key determinants of segmental-dependent intestinal 
absorption of drugs and to present the various technologies currently used to target 
drugs to a specifi c site within the intestine. While there are several promising 
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research directions in this fi eld, not all systems proved to be effective in vivo. Any one 
of the factors within the intestinal tract (e.g., pH, membrane transporters, and 
metabolic enzymes expression) may vary extensively due to physiological and path-
ological causes, and thus altering the intestinal environment. Also, cross talk 
between the various factors may infl uence overall intestinal conditions. Therefore, 
a more complete understanding of each variable, as well as their interactions, is 
necessary for the successful targeting of specifi c intestinal regions.     
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17.1            Introduction 

 Cardiovascular disorders are the leading cause of mortality in the USA as well as 
other nations, despite the introduction of several blockbuster drugs and other break-
through technologies [ 1 ]. The term cardiovascular disorders comprise diseases of the 
heart as well as the blood vasculature [ 2 ]. However, the major cause of the morbid-
ity and mortality associated with cardiovascular diseases are the disorders that affect 
the circulatory system [ 1 ]. These include atherosclerosis, arteriosclerosis, arterial 
(coronary, carotid, renal, and peripheral arteries) thrombosis and ischemia, venous 
thrombosis and occlusion, varicose veins, aneurysms, dysregulation of vascular 
homeostasis, and so on, and most of these disorders have overlapping molecular and 
cellular mechanisms [ 1 ]. The pharmacotherapy of vascular disorders can be broadly 
classifi ed into two categories (a) systemic drug delivery and (b) local drug delivery. 
Systemic approach involves several limitations like suboptimal delivery at the site 
of damage, rapid clearance and hence frequent dosing, low therapeutic index, and 
lastly side effects like hemorrhage and coagulopathy [ 1 ]. Local drug delivery can 
overcome many of these limitations; however, this approach has its own challenges 
such as the cost and the amount and duration of drug delivery that can be achieved 
through this method [ 3 ]. 

 The diagnosis and treatment of cardiovascular diseases has been severely 
impacted by the fi eld of nanomedicine. Nanomedicine has witnessed exponential 
progress over the past few years and extends over a broad spectrum of applications 
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including in vitro diagnostics, in vivo imaging, and synthesis of biomaterials, 
therapeutic implants, and nontargeted as well as targeted nano-sized therapeutics 
[ 4 ,  5 ]. Using nanocarriers for the treatment of cardiovascular disorders, local or 
site- specifi c delivery, prolonged duration of action, targeted drug delivery, and a 
signifi cant lowering of the shear effects of blood fl ow can be achieved [ 2 ]. 

 The current review will focus on the development and pathophysiology of arterial 
diseases, a comparative analysis of local versus systemic approach for treatment 
of arterial diseases and the advances in nanotechnology that can impact the fi eld of 
local drug delivery in arterial diseases.  

17.2     Arterial Structure and Physiology 

17.2.1     Tissue Structure and Function 

 Blood and all its physiological components are transported throughout the body via 
the circulatory system that comprises of the heart and the blood vessels—arteries and 
veins (Fig.  17.1 ). The diameter of the arteries varies depending on its anatomical 
location, and overall the arteries have a thicker wall and a narrower lumen as com-
pared to the veins. This is mainly because the arteries not only control the blood 
fl ow but also bear the powerful force generated from the cardiac contractions [ 6 ]. 

  Fig. 17.1    The blood vessels and the microscopic structure of an artery       
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Based on the anatomical location and arterial function, the arteries can be broadly 
classifi ed into different types—systemic artery, pulmonary artery, aorta, arteriole, 
and capillary. Microscopically, the artery is made up of three layers— tunica externa, 
tunica media,  and  tunica intima  (Fig.  17.1 ) .  Tunica externa, formerly known as 
tunica adventitia, is composed of the connective tissue, which contains elastin, 
collagen, fi broblasts, and occasionally smooth muscle cells [ 7 ]. The second layer, 
the tunica media, is the middle layer and is composed of the smooth muscle cells 
and the elastic tissue on the external side [ 7 ]. The number of layers of the smooth 
muscle cells varies depending on the size of the artery. The innermost layer is the 
tunica intima that comprises of the endothelial cell layer at the luminal surface of 
the arteries. The endothelium plays a major role in the maintenance of the vascular 
homeostasis in the ever-changing pathophysiological environment of the circulatory 
system [ 7 ].

17.2.2        Role of the Endothelium in Vascular Homeostasis 

 The intact functioning endothelial layer is essential in the maintenance of the vascular 
homeostasis by releasing various autocrine and paracrine substances that control 
the blood vessel diameter and the fl uidity of blood [ 8 ]. Its functions include mainte-
nance of the vascular tone, maintaining anticoagulant nature, promoting angiogen-
esis in response to infl ammation or injury of the blood vessel, and permitting 
metabolic activity and lipid transport in the cardiovascular system [ 8 ]. All the above 
mentioned functions are performed by sensing the change in the microenvironment 
and releasing biologically active factors such as endothelium-derived growth factors 
(EDGF), platelet-derived growth factor (PDGF), nitric oxide (NO), and prostaglandins 
(PGI) [ 8 ]. The modulation of the vascular tone is monitored through the interaction 
between the relaxing and the contracting factors. The relaxing factors are mainly 
lipids—prostaglandins, leukotrienes, and proteins such as endothelium- derived 
growth factors and platelet-derived growth factors [ 8 ]. The endothelium surface has 
receptors for these factors and they are released in response to oxidative stress, sheer 
stress, thrombus formation, infl ammatory markers, toxins, and hormones [ 8 ]. The most 
important endothelium-derived relaxing factor is the nitric oxide (NO) which is 
mainly synthesized by the activation of endothelial nitric oxide synthase enzyme 
[ 8 ]. Nitric oxide mainly brings about the relaxation of the vascular smooth muscle by 
elevating the cAMP levels. Recently, a novel theory has been proposed to bring 
about the relaxation of the vascular smooth muscles—the activation of the K +  chan-
nels by hyperpolarization of the membrane [ 8 ] which is induced by the activation of 
the endothelium-derived hyperpolarizing factors (EDHF). Similarly, the contraction 
of the vascular smooth muscles is brought about by endothelium- derived contract-
ing factors (EDCF). The release of the EDCFs is mainly initiated by the released 
vasoconstrictor metabolites of arachidonic acid (e.g., thromboxanes) and peptider-
gic compound (e.g., endothelin) [ 8 ]. The rennin- angiotensin system (RAS) plays a 

17 Nanotechnology Applications in Local Arterial Drug Delivery



362

key role in bringing about the contraction of the blood vessels. It is localized on the 
endothelium, and angiotensin II (Ang II), which is the fi nal product of the RAS, acts 
as a trigger for the release of endothelium- derived contracting factor [ 8 ]. Similar to the 
EDRFs and EDHFs, the release of the EDCFs is also triggered by sheer stress, 
hypoxia, thrombin, and several pharmacological agents [ 8 ]. The release of the 
endothelium-derived relaxing and contracting factors is tightly regulated by the 
feedback regulatory mechanism, and their regulation and release is ATP dependent. 
The endothelium also has certain mechanoreceptors, which detect the changes in 
the hemodynamic pressure, the sheer stress, and fl ow rate. Increase in fl ow rate 
brings about the synthesis or release of the EDRF from the endothelium. Similarly, 
increase in the intraluminal pressure induces release of the EDCF, and the homeo-
static balance is maintained by the negative feedback mechanism [ 8 ]. Similarly, the 
endothelium maintains the fl uidity of the blood primarily by keeping the luminal 
surface nonadhesive, anticoagulant, antithrombotic, and fi brinolytic. The endothelium 
secrets heparin-like glycosaminoglycans that bind to the thrombin III and factor X, 
thus preventing coagulation [ 8 ]. The endothelium also synthesizes thrombomodulin 
that binds thrombin and converts it to protein C. This in turn inactivates factors VIII 
and acts as an anticoagulant [ 8 ]. The endothelium also modulates the plasminogen 
activation by activating the endothelial cell tissue plasminogen activator, which 
converts it to plasmin thereby preventing clot formation [ 8 ]. These factors are 
released in response to the pathological stimuli such as the presence of histamine, 
venous occlusion, and proinfl ammatory cytokine [ 8 ]. Thus, the endothelium keeps 
a regulated balance in the vascular tone and maintains blood fl uidity necessary for 
the homeostasis in the dynamic cardiovascular environment.   

17.3     Pathophysiology of Arterial Diseases 

 The onset of most arterial diseases is mainly triggered by endothelial dysfunction. 
Endothelial dysfunction occurs at the site of injury mainly as an outcome of the 
imbalance between the contracting and relaxing factors, anti- and pro-coagulating 
factors, and growth-inhibiting or growth-promoting factors [ 9 ]. The imbalance 
results to endothelial activation which leads to infl ammation, immune stimulation, 
oxidative stress, platelet activation, and aggregation which bring about pathological 
changes in the healthy cardiovascular system leading to arterial diseases (Fig.  17.2 ). 
The primary causes for the arterial diseases are higher levels of low-density lipids 
(LDL) and very-low-density lipids (VLDL), hypoxia, ischemia, sheer stress, smoking, 
diabetes, hypertension, immune disorders, and infections which are related to the cur-
rent lifestyles [ 10 ,  11 ]. The disruption of the endothelial homeostasis leads to certain 
phenotypic changes and thereby makes it unresponsive to the regulatory mediators. 
Overall, the progression of arterial diseases is a multifactorial process. Along with 
endothelial activation and dysfunction, oxidative stress, infl ammation, and vessel 
thrombosis are also implicated in the pathophysiology of these disorders.
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17.3.1       Infl ammation and Thrombosis in Arterial Diseases 

 As mentioned previously, infl ammation is triggered due to lipids such as LDL and 
VLDL. These lipids undergo oxidation and further cause oxidative stress along the 
arterial microenvironment which acts as a potential atherogenic trigger [ 10 ]. In case of 
elevated LDL and VLDL levels, high-density lipids (HDL) are known to counteract 
their effects through upregulation of the reverse cholesterol transport mechanism 
and transportation of excess lipids across the arterial wall to the liver, bile, and feces 
for excretion [ 12 ]. In addition, HDL can prevent expression of adhesion molecules, 
inhibit migration of monocytes into subendothelial space, inhibit the procoagulant 
pathways, and also upregulate nitric oxide synthase activity of the endothelial cells, 
thus promoting cardiovascular homeostasis [ 12 ]. However, in case of an infl amma-
tory and oxidative microenvironment, the protective HDL is rendered dysfunctional 
and proinfl ammatory through increased catabolism of these lipids [ 12 ]. Similarly, 
hypertension acts as a sheer stress component that triggers the EDCFs and brings 

  Fig. 17.2    Schematic illustration of risk factors and pathological changes involved in arterial diseases       
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about release of angiotensin II (Ang II), which in addition to its vasoconstrictor 
properties can instigate intimal infl ammation. The release of Ang II elicits the 
production of the superoxide anion which in turn triggers the infl ammatory cascade 
[ 10 ]. Another stimulus for infl ammation is hyperglycemia observed in diabetic 
patients. Hyperglycemia leads to formation of certain advanced glycation end products. 
These end products bind to specifi c receptors known as receptors for advanced gly-
cation end product (RAGE) [ 10 ]. They are known to promote the production of 
proinfl ammatory cytokines. Most infl ammatory stimuli lead to endothelial activa-
tion which lead to the expression of adhesive cell membrane glycoproteins like the 
vascular cell adhesion molecule-I (VCAM I), GMP 140, selectins, integrins, endo-
thelial leukocyte adhesion molecule-I (ELAM-I), and intracellular adhesion mole-
cule-l (ICAM-I) [ 8 ]. These protein molecules act as a neutrophil binding site and thus 
attract the circulating monocytes and cellular attachment to the normally resistant 
endothelial cell surface. Once this process is complete, the lymphocyte attachment, 
release of proinfl ammatory cytokines and the local immune response is promoted, 
and the attached monocytes are further transformed into macrophages and foam 
cells. This phenomenon is predominant at the branching points of the major arteries 
since the blood fl ow variation is highest in these areas [ 8 ,  10 ]. Proinfl ammatory 
cytokines like interleukins, interferons, tumor necrosis factor, colony-stimulating 
factors, lymphokines, monokines, and transforming growth factors are released 
during infl ammation mainly by the activated endothelial cells, smooth muscle cells, 
macrophages, platelets, T cells, and monocytes [ 13 ]. Infl ammation in the vascular 
arteries happens in two stages—immediate as well as delayed. As an immediate 
response, infl ammation induces vasodilation, disruption of cellular tight junctions, 
and thus an increase in the permeability of the damaged artery [ 13 ]. In cases of delayed 
infl ammation, hallmark events like protease- activated receptor (PAR) signaling, plas-
minogen activator inhibitor-1 (PAI-1) release, CD40/CD40 ligand interactions and 
expression cytokines such as interleukins, tumor necrosis factor-α (TNF-α), C-reactive 
protein (CRP), and interferon-γ (INF-γ) dominate the damage site [ 13 ]. As an out-
come of these events, increase in extracellular matrix composition, granular tissue 
formation, and proliferation of the quiescent connective tissue is observed at the sight 
of injury [ 13 ]. 

 Along with the proinfl ammatory cytokines, the activated endothelial cell surface 
also releases the procoagulant factors leading to activation of tissue factors and 
release of thrombin, which is inhibited under normal conditions [ 8 ]. This in turn 
promotes release of factor VIIa which mediated the release of factors IX and X [ 8 ]. 
When these factors bind to the membrane, they stimulate the platelet-activating factor 
(PAF) and platelet-derived growth factor (PDGF) [ 8 ]. All these cumulatively lead to 
thrombus formation as a response to the initial trigger. The anticoagulant activated 
protein kinase C synthesis system is downregulated, and there is a suppression of 
thrombomodulin responsible for anticoagulation under the infl ammatory and oxida-
tive microenvironments [ 8 ,  10 ]. Together, infl ammation and thrombus formation 
contribute signifi cantly towards the progression of arterial diseases and fi nally to 
heart disorders as elaborated in the following section.  

D. Deshpande et al.



365

17.3.2     Atherosclerosis, Restenosis, and Arteriogenesis 

 Atherosclerosis is an outcome of all the thrombotic and infl ammatory changes 
occurring in the injured blood vessel leading to a lipid laden intimal mass. At molecu-
lar level, atherosclerosis is triggered by hyperlipidemia and infl ammation, which 
leads to the expression of the adhesion proteins such as vascular cell adhesion 
molecule-1 (VCAM-1), monocyte chemoattractant protein-1 (MCP-1), macrophage 
colony-stimulating factor (M-CSF), and angiotensin II (Ang II). These along with 
selectins and integrins mediate the leukocyte binding to the endothelial surface and 
promote release of the proinfl ammatory cytokines. The    proinfl ammatory cytokines 
release chemotactic substances which in turn attract the infl ammatory mediators 
and increase the expression of macrophages loaded with lipids and T and B lympho-
cytes at the site of injury [ 10 ]. The whole assembly acts as a signal for proliferation 
of the smooth muscle cells. Once the proliferation of the smooth muscle cells 
reaches the medial layer of the blood vessel, they release certain enzymes which 
degrade elastin and collagen present [ 10 ]. The degraded arterial cell wall permits 
the penetration of the SMCs through the elastic laminae and collagenous matrix of 
the growing plaque. The result of the entire process is the formation of an athero-
sclerotic plaque [ 10 ]. In case of an atherosclerotic plaque, the alterations in extracel-
lular matrix metabolism cause thinning of the fi brous cap, rendering it weak and 
susceptible to rupture. The cross talk between T lymphocytes and macrophages 
heightens the expression of the potent procoagulant tissue factor. When the plaque 
ruptures the tissue factor induced by the infl ammatory signaling triggers the thrombus 
that causes most acute complications of atherosclerosis [ 10 ]. 

 Atherosclerotic plaque is generally removed by minimally invasive techniques 
like percutaneous transluminal coronary angioplasty (PTCA or balloon angio-
plasty), stent therapy, or atherectomy, which are together termed as percutaneous 
transluminal intervention (PTI) [ 14 ]. However, patients undergoing either of these 
procedures experience relapse of vessel occlusion and restricted blood fl ow, and this 
phenomenon is known as restenosis [ 15 ]. In case of coronary arteries, vessels that 
show greater than 50 % narrowed lumen in an angiogram are identifi ed as restenotic 
arteries [ 16 ,  17 ]. About 70 % of the patients undergoing PTCA or atherectomy 
eventually experience restenosis, while the rate of restenosis post-stent therapy is 
lower—about 15–50 % [ 15 ]. Restenosis occurs in two stages—neointimal hyper-
plasia which is characterized by smooth muscle cell migration and proliferation and 
extracellular matrix deposition, and the second stage is vascular remodeling [ 18 ]. 
The primary response at the cellular and molecular level is deposition of a layer 
of platelets and fi brin [ 18 ]. Especially after stent placement, the strut of the stents 
invades the tissue and exposes the tissue collagen, which further stimulates the 
release of several infl ammatory signals [ 15 ]. Similar to atherosclerosis, there is 
expression of the adhesion molecules and eventually binding of the leukocytes. 
The main difference from atherosclerotic plaque in this case is the absence of the 
lipid laden macrophages and foam cells which give the plaque a hardened unrespon-
sive nature [ 8 ]. Once the leukocyte migration and diapedesis is complete due to the 
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chemokines released by the SMCs, the granulation or the cell proliferation phase 
begins. The growth factors released aid in the migration of the SMCs from the 
media to the neointima. The fi nal composition of this layer is made of SMCs, mac-
rophages, and the extracellular matrix. This process continues for several weeks. 
Cellular division continues throughout this process. The next step in the process of 
restenosis is remodeling of the neo-blood vessel. The process involves continuous 
extracellular matrix protein degradation and resynthesis. In this phase there are fewer 
cellular elements produced and an increase in the production of extracellular matrix 
(ECM). Due to this there is regulated growth of the neointimal tissue, which prevents 
excessive thickening of the new layer formed. ECM is composed of various colla-
gen subtypes and proteoglycans, and constitutes the major component of the mature 
restenotic plaque [ 18 ]. Thus, in contrast to atherosclerosis, restenosis is a response to 
injury and a process similar to wound healing and scar tissue formation. 

 Arteriogenesis is the process of the growth of collateral arteries as a response to 
cardiovascular compromise in case of diseased conditions to compensate for the lack 
of blood supply [ 11 ]. The source for the neo-arteries are the preexisting arterioles—
mainly arterioles from the upper leg [ 11 ]. The trigger for the arteriogenesis is sheer 
stress and the infl ammatory factors. The process of arteriogenesis is seen when the 
mechanoreceptors in the endothelium detect the changes in the hemodynamic pressure 
[ 11 ]. They upregulate the expression of the adhesion molecules (ICAM family) that 
assist in docking of the monocytes and leukocytes at the site [ 11 ]. The presence of 
monocytes marks the difference from atherosclerotic plaque formation. There is 
also a release of the vasoactive NO at the site which leads to activation of the FGF, 
EDGF, and PDGF and increases the permeability of the membrane [ 11 ]. Mast cells 
also aggregate and bring about the release of the VEGF and bFGF [ 11 ]. The whole 
process of neointimal plaque formation as described previously occurs with simul-
taneous release of colony-stimulating factors (CSF) and transforming growth factor 
β [ 11 ]. The CSF reduces the serum cholesterol levels in this phase. After the acute 
phase of arteriogenesis that is dominated by the infl ammatory events, remodeling 
begins, i.e., the much slower consolidation of the arterial structure after the fi nal diam-
eter is almost reached. A new elastic lamina is synthesized by the SMCs. The rebuild-
ing of the media and the formation of an intima begins with the downregulation of the 
tissue inhibitor of matrix-metalloproteinases (TIMP and MMP) [ 11 ]. This is followed 
by an upregulation of the expression and activity of the MMPs that digest the matrix 
and provide the space for new cells and enable SMCs to migrate towards the intima 
[ 11 ]. Many SMCs of the old medial layer die an apoptotic death and are replaced by 
new ones. Thus, new arteries are formed in order to compensate the compromised 
cardiovascular output. Surprisingly, arteriogenesis and atherosclerosis have many 
features in common except one: collateral vessels increase in diameter in arterio-
genesis, but decrease in atherosclerotic vessel [ 11 ]. They also share the infl amma-
tory component, in particular the T lymphocyte involvement; the upregulation of 
MCP-1, adhesion molecules, and matrix proteases; the change in phenotype and 
migration of SMCs; and the formation of an intima [ 11 ]. The main difference is that 
in arteriogenesis, small preexistent arterioles become wider under the concerted 
actions of physical forces, growth factors, and matrix proteases, whereas in case of 
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the larger arteries, consisting of numerous layers of smooth muscle and larger 
amounts of matrix proteins, react to endothelial activation with a locally restricted 
intimal growth, because the thick intima and media inhibit the progression of the 
growth stimuli and are a barrier to the invasion of monocytes [ 11 ]. Thus, while ath-
erosclerosis and restenosis both involve negative remodeling of the diseased blood 
vessel, arteriogenesis involves positive remodeling of blood vessels [ 19 ]. Several 
researchers have hypothesized that therapeutic strategies promoting arteriogenesis 
may prove benefi cial in the treatment of occlusive arterial diseases, and such thera-
pies have been investigated under clinical trials [ 20 ]. Approaches like intra-arterial 
injections of MCP-1, colony- stimulating factors (GM-CSF and G-CSF), fi broblast 
growth factors, transformation growth factors, and statin therapy have been studied 
extensively to promote arteriogenesis in animal models/patients with occlusive 
vascular diseases [ 21 ]. However, due to the overlap of molecular mechanisms 
underlying arteriogenesis and infl ammatory disorders like atherosclerosis, the suc-
cess of these approaches has been limited by unwanted side effects [ 21 ]. In addition, 
drug dosage, delivery method, and selection of suitable end-points also need to be 
optimized and validated for the success of these therapies [ 21 ]. The benefi ts and limi-
tations of arteriogenesis as a therapeutic strategy have been reviewed extensively 
elsewhere [ 20 ,  21 ]. For the clinical implementation of therapeutic arteriogenesis, 
certain detailed aspects of the molecular mechanisms underlying arteriogenesis need 
to be elucidated, and this knowledge needs to be extended towards the study design 
of the future clinical trials [ 20 ].  

17.3.3     Carotid, Coronary, and Peripheral Arterial Disease 

 The carotid artery is located at the base of the heart closer to the aorta and is subjected 
to severe blood pressure and sheer stress. Injury to the intimal layer of the blood vessel 
is the primary site of activation of the atherosclerosis plaque formation and eventually 
the plaque occludes the blood vessel leading to the carotid artery disease. These occlu-
sions mainly reduce the blood fl ow to the brain and multiply the chances of stroke and 
ischemia [ 22 ,  23 ]. In case of stable plaques within the carotid arteries, the larger the 
plaque area the greater is the risk of stroke [ 23 ]. In case of unstable plaques, the plaque 
fragments can travel to the smaller vessels within the brain thus blocking blood fl ow in 
those regions [ 23 ]. Usually, carotid artery disease has no symptoms and is detected 
only after the blood fl ow to some region of the brain has been blocked [ 23 ]. 

 In case of the peripheral artery disease, the arteries of the peripheral circulation 
are affected. The disease is mainly known as the atherosclerosis of the extremities 
[ 24 ]. Similar to the development of atherosclerosis, the disease progression occurs 
in three stages—initiation of the lesion, progression of the lesion, and formation of 
the unstable plaque [ 25 ]. This results in obstruction of blood fl ow mainly to the 
coronary and intracranial vessels, and to the arteries at the extremities, mesenteric, 
and renal arteries [ 25 ]. The symptoms include pain in muscles, compromised cardiac 
output, and tingling sensation of the affected area [ 25 ]. 
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 Vascular injury and thrombus formation are once again the etiology for the 
coronary artery disease. The severity of the injury dominates the progression and 
extent of the disease. There are mainly three types of lesion—Type I, Type II, and 
Type III. In case of Type I, there is functional alteration of the endothelium without 
signifi cant morphological changes [ 22 ]. In type II, the denudation progresses to the 
intimal layer and in type three the denudation progresses to the tunic media [ 22 ]. 
The clinical effects of the disease are seen prominently in case of types II and III 
injury, and they eventually lead to thrombus formation and occlusion of the artery 
leading to cardiac angina and heart failure [ 22 ]. CAD is mainly associated with two 
phases—chronic phase with occlusive plaque and the acute phase with nonobstruc-
tive lesions [ 26 ]. While the localized lesions are associated with symptoms like 
pain, shortness of breath, weakness and dizziness, the silent plaques show no symp-
toms and can directly lead to angina or myocardial infarction on disruption [ 26 ]. 
Disruption of the unstable plaques can lead to many new solid-state stimuli for 
lesion formation and result in acute coronary syndrome [ 26 ]. Thus, for effective 
treatment of CAD, it is important to fi rst target the occlusive plaque followed by 
treating the other vulnerable, unstable nonocclusive lesions to prevent recurrent 
plaques elsewhere in the blood vessel [ 26 ]. 

 Several approaches have been employed in the treatment of arterial diseases 
and they can broadly be classifi ed into three groups (a) lifestyle changes, (b) use of 
pharmacological agents, and (c) use of minimally invasive techniques. When the 
arterial damage is beyond the scope of these treatment options, bypass surgery is 
performed as the fi nal alternative. Lifestyle changes include options like lowering 
body weight, aerobic exercise, and diet control. The use of systemic pharmacological 
agents in the treatment of arterial diseases has been in practice for decades; however, 
the treatment’s effect might not be in parallel with improvement of the existing arte-
rial disease especially when treating advanced disease cases. In case of severely 
occluded vessels, where systemic therapy alone cannot improve the lesions, inva-
sive techniques like balloon angioplasty and stent therapy are used for the treatment 
of the disease. The fi nal goal of all treatment options is to restore the arterial struc-
ture and regular blood circulation. Since the vascular endothelium plays a vital role 
in maintaining the health of the cardiovascular systems and is primarily implicated 
in the development of the disease, the endothelium has become an attractive thera-
peutic target for the treatment of arterial diseases.   

17.4     Systemic Versus Local Arterial Therapeutic Strategies 

17.4.1     Pharmacological Drug Classes Used for Systemic 
Arterial Therapy 

 The use of systemic pharmacological agents in the treatment of arterial diseases 
is not new; however, systemic approaches may not result in the improvement of 
the existing arterial disease, especially when treating advanced disease cases. 
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The angiotensin-converting enzyme inhibitors (ACE-1) and angiotensin receptor 
blockers (ARBs) that are primarily used for the treatment of hypertension and con-
gestive heart failure are also prescribed for arterial disease treatment. These drugs 
are mainly associated with the increase in NO bioavailability and superoxide dis-
mutase as well as reduction in oxidative stress. Several clinical trials have shown 
that ACE-1 inhibitors can improve endothelial function as measured by coronary 
blood fl ow (CBF) as well as fl ow-mediated dilation (FMD) [ 27 ,  28 ]. Another popu-
lar class of drugs includes the antilipidemics that are used to lower abnormally high 
blood levels of lipids, such as cholesterol, triglycerides, and phospholipids [ 29 ,  30 ]. 
Statins or HMG-CoA reductase inhibitors are a subclass of antilipemics drugs that 
lower cholesterol levels by inhibiting the enzyme HMG-CoA reductase as well as 
improve endothelial functions as measured by FMD [ 31 ,  32 ]. In addition, statins can 
inhibit the onset of ischemic heart disease. However, their use has been associated 
with muscle weakness and, in rare situations, myositis and myopathy [ 30 ,  33 ]. 
Similarly, the beta-adrenergic blockers (β-blockers) used in managing angina can 
also prove benefi cial for the treatment of arterial diseases. Unlike the classical 
β-blockers, the newer and improved third-generation β-blockers, such as carvedilol, 
exert endothelium-dependent vasodilation properties that can help restore vascular 
balance [ 27 ,  28 ,  34 ]. Other therapies include nitrates, such as nitroglycerin, which 
can be given orally, transdermally, or sublingually. Nitrates improve the blood supply 
to the heart through artery dilation [ 35 ]. Another therapeutic option is calcium chan-
nel blockers that are used in treating stable angina and hypertension. They produce 
arterial vasodilation that can help in the prevention of arterial damage [ 27 ,  28 ,  34 ]. 
Many of the systemic arterial therapies are fairly effective in the improvement of 
endothelial dysfunction mainly when used to treat discrete lesions with low resteno-
sis rate. However, not all of the systemic drugs are effective in treating coronary 
artery disease or preventing restenosis. Of the various probable explanations, effi -
cacy has been the most commonly cited reason for the failure of systemic drug ther-
apy in treating advanced arterial diseases. In addition, the fact that several of these 
drugs have low potency and narrow therapeutic window limits their application as 
systemic therapeutics for arterial diseases [ 3 ,  29 ].  

17.4.2     Rationale for Local Drug Delivery 

 Local drug delivery (LDD) is a direct and targeted application of pharmacotherapy 
to one specifi c area or the site of damage. The development of LDD is mainly driven 
by the ineffi ciency of the systemic drug delivery as well as the need to fi nd more 
sophisticated therapeutics [ 3 ,  36 ]. Several applications have been developed includ-
ing the drug-eluting stents (DES) for local drug delivery and treatment of arterial 
diseases. A recent review suggests that a successful LDD approach should (1) 
deliver an effective therapeutic agent that has a wide therapeutic window and can be 
delivered consistently, (2) be capable of loading an adequate concentration of the 
drug, and (3) produce little or no systemic toxicity [ 37 ]. In theory, local drug 
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delivery allows a greater concentration of the drug to accumulate at the local site 
using a lower drug dose [ 3 ]. However, the drug retention time is a critical aspect that 
can limit the use of the local drug delivery especially in the case of  rapidly metabo-
lized molecules. Several approaches can be used to prolong the drug retention at the 
site of damage; one example is the use of lipophilic molecules, which have rapid 
permeation and longer residence in cells due to the lipid bilayer structure of cellular 
membranes [ 38 ]. For instance, paclitaxel is a hydrophobic drug that is characterized 
with long retention time. Paclitaxel was selected as a therapeutic component for 
TAXUS™ drug- eluting stent, and several researchers have reported the benefi ts of 
local paclitaxel delivery in case of arterial disorders [ 39 – 42 ]. Another way to 
improve local drug retention is using nanotechnology-based endothelium targeted 
drug delivery systems, which will be discussed further in this chapter. The most 
commonly used devices for local therapeutic administration are the stents and per-
fusion balloons, however, use of the later shows signifi cantly lower drug uptake at 
the site of angioplasty as compared to the drug-eluting stents [ 29 ]. Examples of the 
newer balloon-based technologies include the (a) occlusive balloon technology, 
GENIE™ catheter system (Acrostak, Winterthur, Switzerland); (b) microporous 
balloon technology, Clearway™ RX system (Atrium Medical Corporation, New 
Hampshire, USA); and (c) drug-eluting balloons, SeQuent ®  Please balloon catheter 
(Braun, Germany) [ 3 ]. However, the balloon-based systems are associated with a 
higher rate of ISR and much lower drug retention and variable drug release at the 
tissue site as compared to the stent therapy [ 3 ].  

17.4.3     Stent Therapy for Arterial Diseases 

 Stent or bare-metal stent (BMS) is generally a hollow cylinder-shaped tube that can 
be placed within the artery to provide support and allows uninterrupted blood fl ow 
[ 36 ,  43 ]. Prior to the emergence of drug-eluting stents, BMS were implanted within 
the arterial wall to prevent acute elastic recoil, which in turn reduces the risk of ves-
sel occlusion and prevents negative remodeling [ 3 ,  44 ]. Even though the STRESS 
and the BENESTENT trials demonstrated that the use of stents lowers the risk of 
angiographic restenosis compared to angioplasty, the use of BMS initiated other 
mechanical injures within the arterial wall [ 3 ,  45 ]. BMS implantation initiates local-
ized infl ammation within the surrounding area, which in turn results in subacute 
stent thrombosis, neointimal hyperplasia, and ultimately leads to in-stent restenosis 
(ISR) [ 3 ,  46 ]. Even though, the concurrent use of systemic antiplatelet drugs can 
lower the risk of the subacute stent thrombosis, ISR still remains as a major limita-
tion of the use of BMS. Considerable attempts have been made to further modify 
BMS to lower the incidence of in-stent neointimal hyperplasia; however, noticeable 
reduction of this new problem was only attained with the advancement of BMS into 
a drug-eluting stents (DES) [ 3 ]. 

 DES is basically a bare-metal stent, but modifi ed through coating the surface with 
a polymer. It has an intricate mesh-like design to allow fl exibility. DES is composed 
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of three main components: the stent platform, which can be metallic or polymeric; 
the delivery matrix that contains the carrier material and delivery construct; and the 
therapeutic agents that will be eluted into the arterial wall [ 3 ,  36 ]. Several researchers 
have discussed some key advantages of DES including effi cient local site-specifi c 
drug delivery, minimal systemic toxicity, and bypass of the fi rst-pass metabolism [ 3 , 
 29 ,  36 ]. The composite metals of this particular type of stents differs with regard of 
strength and fl exibility; they are usually made of variety of material such as 316L 
stainless steel, tantalum (Ta), cobalt-chromium alloy    (Co–Cr), nickel–titanium 
alloy (Ni–Ti), magnesium alloy (Mg), and platinum–chromium alloy (Pt–Cr) [ 36 , 
 47 ]. The cobalt-chromium alloy is more radiopaque and durable material compared 
to the 316L stainless steel stents, which allows these stents to be thinner, thus lowers 
the risk of restenosis [ 36 ,  48 ]. 

 On the other hand, the polymeric stents are the most used type of stents for drug 
delivery within the arterial system [ 3 ,  36 ]. These stents possess a backbone of bio-
compatible or bioinert polymers that is designed to biodegrade after the drug elu-
tion. Table  17.1  illustrates the assortment of stent applications with various carrier 
materials. Durable material ranges from poly(ethylene-co-vinyl acetate) (PEVA), 

    Table 17.1    Commercial stents used for the treatment of arterial diseases   

 Stent  Components  Coating characteristics 

 Cyper™  Poly(ethylene-co-vinyl acetate) 
(PEVA) and poly(butyl 
methacrylate) (PBMA) 

 Base layer: sirolimus (PEVA and 
PBMA) 

 Topcoat layer: drug-free PEVA [ 49 ] 
 TAXUS™ 
 Echinomycin-eluting 

stent 

 Styrene-isobutylene-styrene 
copolymer (SIBS) and 
polyurethane (PU) 

 SIBS coating contains paclitaxel [ 50 ] 
 Pre-coated BMS (bare-metal stent) 

with PU and topcoated with 
heparin polymer [ 51 ] 

 Endeavor ®  stent 
 Zomaxx™ 
 Genous™ 

 PC (phosphorylcholine)  Compatible with the blood and 
tissues [ 52 ] 

 XIENCE™  PVDF-HFP (poly(vinylidene 
fl uoride-cohexafl uoropro-
pene) 

 Two-layer coating system 
(acrylate primer and fl uorinated 
copolymer) [ 53 ] 

 Elixir DESyne 
Novolimus™ 

 (Poly[lactide]) PLA and 
poly- N -butyl methacrylate 

 Polymers sprayed not coated [ 54 ] 

 Endeavor ®  Resolute  Biolinx polymer system (blend 
of hydrophilic C19 polymer, 
polyvinylpyrrolidone (PVP), 
and hydrophobic C10 
polymer) 

 C19 polymer rapid drug elution; PVP 
initial drug burst and sustain 
overall elution rate 

 C10 polymer provides the blend with 
hydrophobicity and rigidity [ 55 ] 

 BioMatrix™ stent 
 Nobori™ stent 
 JACTAX HD stent 
 BVS stent 
 Axxess™ Plus Stent 
 Excel™ 

 Poly- l -lactide    
 (PLLA) and poly- d , l -lactide 

(PDLLA) [ 56 ] 

 – 

(continued)
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 Stent  Components  Coating characteristics 

 Nevo™ stent 
 MAHOROBA ®  stent 
 Conor CoStar™ stent 
 Stellium™ stent 
 eucatTAX stent 

 PLGA (poly[glycolic-co-lactic 
acid]) [ 54 ] 

 – 

 BioMime™ stent  Copolymer-poly( l -lactic acid) 
(PLLA) and poly( d , l -
lactide-co- glycolide) 
(PLGA) [ 57 ] 

 – 

 Sparrow ®  stent  SynBiosys™ polymer [ 36 ] 
 Supralimus ®  stent  Mixture of PLLA, PVP, and 

PLGA 
 Base: PLLA and PLGA (50/50), 

PVP, and 35 % sirolimus; topcoat 
PVP [ 58 ] 

 Infi nnium™ stent  Mixture of PLA, PVP, and 
PLGA 

 Three different layers of coatings. 
Each coat has different release 
profi le [ 59 ] 

 Ideal™ stent  Salicylate-based poly-anhydride 
ester 

 Drug coated on bioresorbable 
backbone [ 56 ] 

 Metal bioresorbable 
stent 

 Blend of poly( l -lactic acid) and 
poly(4-hydroxybutyrate) 

 Drug incorporated within the whole 
degradable stent [ 56 ] 

 ReZolve™ 
bioresorbable stent 

 ReZorb™ polymer 
(tyrosine-derived 
polycarbonate polymer) 

 Balloon-expandable stent with 
mechanical locking technique [ 56 ] 

 Polymer-free sirolimus-
eluting stent 

 Hydroxyapatite (HA)  HA microporous coat [ 60 ] 

 Tacrolimus-eluting- 
coated stent 

 Aluminum oxide (Al 2 O 3 )  Nanoporous-coating structure 
incorporated with tacrolimus [ 61 ] 

  Adapted from Lei et al. [ 36 ]  

Table 17.1 (continued)

poly( n -butyl methacrylate) (PBMA), poly(styrene-block-isobutylene-block-sty-
rene) (SIBS), polyurethane (PU), phosphorylcholine (PC), poly(vinylidene fl uoride-
co- hexafl uoropropylene) (PVDF-HFP), and poly- N -butyl methacrylate [ 36 ,  62 ,  63 ]. 
Meanwhile, many of the newly available commercial stents have a biodegradable 
polymer coating such as polyanhydrides and polysalicylates; polymers like polylac-
tide (PLA), poly(lactide- co -glycolide) (PLGA), and poly(ε-caprolactone) (PCL) 
have shown to exert greater advantages [ 36 ,  43 ,  56 ]. With regard to the therapeutic 
agents, they range from antiproliferative, antimetabolic, immunosuppressive, anti-
biotics, and cardiovascular known drugs, which are mainly to inhibit cellular prolif-
eration, reduce the neointimal growth that is due to smooth muscle cell proliferation, 
and so profoundly reduce restenosis development (Table  17.2 ). The four different 
types of the metallic stents most widely used include drug-containing membrane- 
covered stents, drug-polymer    layer-coated stents, drug reservoir-based metallic, and 
polymer-free stents [ 36 ].

D. Deshpande et al.
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17.4.3.1       Metallic Stents 

   Drug-Containing Membrane-Covered Stents 

 Metallic stents can be developed into drug-containing membrane-covered stents by 
wrapping a drug-containing membrane around it. Drugs loaded within the mem-
brane include anti-infl ammatory drugs or antitumor agents, which makes them ideal 
even for diseases other than coronary artery disease such as nonvascular benign/
malignant tumor; vessel narrowing and repair of vessel ruptures [ 36 ].  

   Drug-Eluting/Polymer-Layer-Coated Stent 

    These consist of a drug-polymer coating a metal struts, which make them the most 
sought after stent type for drug delivery. Taxus ®  stent (Boston Scientifi c, MA, USA) 
and Cypher ®  stent (Johnston & Johnston, NJ, USA) are considered as the successful 
fi rst generation DES. Taxus ®  is coated with copolymer SIBS incorporated with the 
drug paclitaxel [ 56 ,  81 ]. Cypher ®  is coated with two polymers PEVA and PBMA 
incorporated with the drug sirolimus (rapamycin) and one topcoat of PBMA [ 56 ,  82 ]. 
Despite the advancement of the fi rst generation DES, they are associated with 
several challenges including late thrombosis and delayed healing. Thus, improved 
inert polymers with enhanced compatibility have been a part of the second- generation 
DES. One example is the Endeavor stent (Medtronic, USA), where the thin strut made 
from cobalt-chromium, is coated with biometric polymer based on phosphorylcho-
line, and incorporated with the drug zotarolimus (ABT-578). One distinct feature is 
that the permanent coating of phosphorylcholine is hydrophilic while most polymers 
are hydrophobic [ 56 ,  83 ]. Another example is the use of fl uorinated copolymer on 
XIENCE™ (Abbott, USA). It has the permanent PVDF-HFP incorporated with the 
drug everolimus [ 36 ,  84 ]. These stents coated with durable material also encounter 
issues, such as endothelial dysfunction and chronic infl ammation. However, the use of 
biodegradable polymers as coating show better results in lowering infl ammation and 
improving endothelial dysfunction. Many commercially available stents (Table  17.1 ) 
are coated with biodegradable polymer coating that primarily consists of polyesters 
such as PLA, PLGA, and PCL. One main advantage of the biodegradable drug-loaded 
coatings is while releasing the drug, these polymers degrade into absorbable small 
molecules such as carbon dioxide and water [ 36 ,  42 ,  56 ]. The action of drug release 
can be modifi ed through various formulation as well as coating patterns. For example, 
the drug-eluting stent DREAMS™ (AMS-3) (Biotronik, Berlin, Germany) has a rapid 
degradable polymer matrix on a magnesium alloy stent which slows the release of 
pimecrolimus. Another example is the BioMatrix stent with albumin coating that 
allows the releases of Biolimus A9 into the vessel wall [ 48 ]. One of the major differ-
ences between the metallic and the polymer-coated stents is much smaller drug 
surface area because of the meshes between the metal struts, which might translate 
into inconsistent drug distribution [ 36 ].
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      Drug Reservoir-Based Metallic 

 Different from the prior types of DES, the reservoir-based metallic stents contain 
holes or grooves that are fi lled with drug alone or a drug-polymer mixture [ 36 ]. 
One advantage of this particular stent type is the reduced polymer surface area, 
which might reduce tissue exposure to these polymers. Moreover, this design allows 
the use of different drugs, each in a groove(s), which allows numerous ways for 
drug delivery. In the case of multiple drugs, these reservoirs will allow each drug to 
be delivered independently [ 3 ,  36 ].  

   Polymer-Free Stents 

 This type of stent utilizes rough microporous surfaces to avoid the use of polymer 
through dip-dry coating method, which is simply can be achieved by dipping the 
stents into a drug solution followed by solvent evaporation. For example, paclitaxel 
is coated on the polymer-free ACHIEVE™ (Cook, IN, USA) stent by proprietary 
coatings process on the 316L stainless steel surface. Another example is the Yokun ®  
Choice stent (Translumina, Hechingen, Germany), which has sirolimus within its 
PEARL surface-a microporous surface allowing for better control of the dose of the 
drug [ 41 ].   

17.4.3.2     Bioabsorbable Stents 

 Different from the biodegradable metal stents, the bioabsorbable polymeric stents 
are entirely made of biodegradable polymer without any metal in its backbone. 
After completing the drug release, these stents have the ability of complete degrada-
tion into smaller molecules that can be further metabolized and hence, removed 
from the body. Some of the biodegradable polymers being used within this type of 
stents are the following: poly( l -lactide) (PLLA), poly( dl -lactide) (PDLLA), PLGA, 
and PCL [ 85 ]. Compared to metallic stent, one of the advantages of these stents is 
that they can carry larger dose of the drug since its backbone is fully polymeric; 
however, its mechanical properties are not inferior to the prior. Another advantage 
is that this type can be further developed through the use of biodegradable coating 
[ 36 ,  85 ]. Currently, bioresorbable vascular (BVS) everolimus-eluting stent by 
Abbott is the only approved bioabsorbable stent that is fully absorbed within 2 
years. BVS backbone contains PLLA and PDLLA as a thin coating material, which 
controls the release of antiproliferative drug, everolimus [ 43 ,  86 ,  87 ]. Others under 
clinical trials include REVA stent (REVA Medical, CA, USA), Combo™ 
Bioengineered (OrbusNeich, Hong Kong, China), and Ideal™ stent (Bioabsorbable 
Therapeutics, CA, USA) [ 43 ]. The bioabsorbable stent type has three main subtypes 
including drug-polymer layer coated, monolithic drug-containing stent, and multi-
layered fi lm-based stent platforms. Analogous to the drug-polymer layer-coated 
metallic stent, the drug-polymer layer-coated bioabsorbable stent is enclosed with 
biodegradable drug-loaded coating material. One example of this type of stent is the 

D. Deshpande et al.



377

4-week biodegradable paclitaxel-eluting polylactide stent, which is coated with 
tyrosine kinase antagonist and PDLLA stent [ 88 ]. Secondly, the monolithic drug- 
containing stent and this type in particular is characterized with the integration of 
the drug within the stent’s backbone, which allows greater drug loading [ 36 ]. 
Finally, the multilayered fi lm-based stent platform is one promising type of stent, 
where it provides a matrix of multilayers of various formulations that can be modi-
fi ed to achieve a desired release profi le of the loaded drug. One example of that is 
the PLLA/PLGA bi-/trilayer-fi lm-based stents that is being used to study the load-
ing effi ciency and the release of sirolimus [ 89 ].  

17.4.3.3     Gene-Eluting Stents 

 Gene therapy is one new approach that looks very promising in the area of local drug 
delivery. This sophisticated approach is based on the principle of coupling adenoviral 
vectors to promoter sequences to alter the expression of some endothelial genes like the 
human vascular endothelial growth factor (VEGF2), thus exerting specifi c yet local vas-
cular response [ 27 ]. One of the most successful gene delivery systems is the BiodivYsio 
stent that contains phosphorylcholine, which is positively charged, as a coating material 
to interact with the negatively charged DNA (plasmid encoding the gene) through elec-
trostatic reaction [ 90 ]. Because of the specifi city of DNA and its unique physical proper-
ties, this particular stent can be adapted to adsorb certain amount of DNA through 
stalking of the DNA and the positively coating material in layers [ 91 ]. Another point is 
that in contrast to the metallic stents, the use of ordinary polymer coating might not be 
appropriate because of the size of the DNA; hence, the use of the highly permeable 
nano/microporous polymer is preferable. While DNA is susceptible to degradation 
within a physiological environment, gene delivery stents are modifi ed to release the 
DNA in the form of DNA/vector complex, which increases DNA stability within these 
environments. Some examples of the DNA/vector are viruses and polycations, such as 
poly- l -lysine (PLL), poly(ethylenimine) (PEI), and cationic lipids [ 92 ]. 

 In conclusion, stent development has been one of the most effi cient therapies for 
arterial diseases. Stents serve not only as a drug delivery apparatus that offers a wide 
range of therapeutics to treat the disease locally but also act as a mechanical device 
that provides support to occluded structures.    

17.5     Nanotechnology Approaches for Arterial Drug Delivery 

 The use of nanotechnology for designing newer platforms for prevention, diagnosis, 
and treatment of diseases has proved as a technological breakthrough in the fi eld of 
medical research. Nanomedicine can be considered as the foundation for patient- 
specifi c personalized medicine, which is envisioned as the next revolution in the 
fi eld of medical research [ 1 ]. In particular, cancer and vascular disorders have 
benefi tted the most with the advent of nanomedicine in medical research. In case of 
arterial diseases, the use of nanotechnology-based approaches have the following 
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advantages (a) prolonged circulation and increased half life of the therapeutic agent, 
(b) ability to target specifi c disease sites based on cell specifi c interactions, (c) 
increased drug retention at the site of injury and minimal systemic toxicity, (d) abil-
ity to alter release profi le of therapeutic molecules, and (e) use of biodegradable and 
safe components in the formulation of these systems [ 1 ]. As described previously, 
arterial diseases involve a complex interplay of several pathological events, and at 
every stage of the disease different cell types dominate the site of injury. Hence, 
based on the treatment approach, nanoparticles can be targeted towards a specifi c 
cell type leading to increased site-specifi c retention of the nanoparticle payload. For 
example, nanomedicine approaches targeting integrins, selectins, and cellular adhe-
sion molecules on endothelial cell surface; integrins and selectins on platelet cell 
surface, scavenger, and oxidized LDL receptors on macrophages; and other protein 
targets, like tissue factors, MMPs fi brin, collagen, lipoproteins, and annexins which 
are overexpressed in regions of arterial disease can enhance site-specifi c delivery of 
several therapeutic molecules [ 1 ]. 

17.5.1     Nanotechnology in Small Molecule Drug Delivery 

 As described in the previous sections, several antiproliferative, antianginal, antilipemic, 
and antihypertensive agents have been used in the treatment of arterial diseases. 
Based on the cellular target, several targeted nanoparticle/liposome approaches 
have been investigated for the delivery of these pharmacological agents. Liposomes 
with surface modifi cation using hydrophilic polyethylene glycol are a well estab-
lished drug delivery platform that promote prolonged circulation and residence of 
the payload and prevent rapid clearance through reticuloendothelial system (RES) 
[ 1 ]. In vivo delivery of RGD-conjugated liposomes specifi c to integrin GPIIb–IIIa 
expressed on the surface of activated platelets in a catheter injured carotid artery rat 
model of restenosis showed successful platelet targeting and payload delivery using 
these modifi ed liposomes [ 93 ]. This approach can, thus, prove benefi cial for the deliv-
ery of antiplatelet, anticoagulant, fi brinolytic, and thrombolytic agents for the treat-
ment of arterial diseases. Similarly, in vivo delivery of the anticoagulant drug hirulog 
using modular multimodal fi brin-targeting micelles to high fat diet induced athero-
sclerotic ApoE −/−  mice showed increased concentration of the drug in the plaques as 
compared to the nontargeted micelles [ 94 ]. In addition a greater accumulation of the 
micelles was observed in the shoulder region of the plaque, which is prone to plaque 
disruption [ 94 ].  

17.5.2     Nanotechnology-Based Nucleic Acid Delivery 

 As mentioned earlier, gene delivery is a powerful tool for the treatment of arterial 
disorders. A recent study reported signifi cant inhibition of neointimal hyperplasia 
and restenosis post-angioplasty in an atherosclerotic rat model using an amino 
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acid- based nanoparticle system for local delivery of siRNA targeting NOX2 gene 
[ 95 ]. NOX2 is a component of the nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase enzyme system, which is upregulated in cases of arterial damage 
[ 96 ]. It is well known that oxidative stress occurs in the arterial microenvironment 
during atherosclerosis as well as angioplasty and stenting and is partly mediated 
through the NADPH oxidases [ 97 ]. Thus, intra-arterial delivery of the nanoparticles 
containing siRNA targeting NOX2, in atherosclerotic rats post-angioplasty, showed 
a signifi cantly lower neointima to media ratio and an increased lumen to whole 
artery ratio as compared to the rats who received angioplasty alone [ 95 ]. While viral 
delivery of the siRNA can lead to systemic toxicity, the nanoparticle-based delivery 
showed no signs of toxicity in the animals [ 95 ]. Another interesting study has 
reported the use of non-viral lipopolyplexes coated onto stents for delivering the 
endothelial nitric oxide synthase gene encoding plasmid DNA for the treatment of 
restenosis [ 98 ]. While most gene delivery stents use either polymer coats or adeno-
viral constructs for encapsulation of plasmids, this system used pre-complexed 
DNA loaded cationic liposomes for coating the stents and delivering the gene of 
interest at the site of injury [ 98 ]. Deployment of these stents in the iliac artery of the 
rabbit model of restenosis showed a signifi cant reduction of neointimal hyperplasia 
and increase in the re-endothelialization at the lumen of the iliac artery after 14 days 
of stent placement [ 98 ]. Both examples suggest that in case of cardiovascular gene 
therapy, the nanotechnology platform can help overcome challenges like toxicity 
associated with viral vectors and promote increased stability, release, and residence 
of the therapeutic payload.  

17.5.3     Nanotechnology-Based Imaging and Image-Guided 
Therapy 

 Along with the therapeutic approach of nanotechnology in the management of arte-
rial diseases, nanomedicine-based targeted imaging of arterial damage and lesions 
has become a rapidly emerging area of cardiovascular research [ 99 ]. The potential 
benefi t of targeted imaging involves early diagnosis and better understanding of the 
disease progression [ 99 ]. Thus, the current research is focused on combining both 
the therapeutic and the diagnostic therapy into a single platform using nanomedi-
cine to design a “theranostic” approach [ 1 ]. An interesting approach involving 
image-guided therapy is the conjugation of gadolinium (Gd)-loaded PEG-lipid 
micelles with specifi c antibodies that recognize epitopes specifi c to oxidized 
lipoproteins in the areas of vascular injury [ 100 ]. As mentioned earlier, oxidized 
lipoproteins are one of the triggers for the onset and progression of atherosclerosis. 
The study demonstrates increased residence, enhanced MRI signal, and longer 
circulation of these targeted micelles in vivo in atherosclerotic mice as compared to 
the nontargeted micelles [ 100 ]. The use of ultrasound-based imaging modality has 
always been the primary choice for vascular imaging. It has been reported that 
combining ultrasound with gas-fi lled nanobubbles and microbubbles leads to a sig-
nifi cant contrast enhancement and improved ultrasound-based imaging of vascular 
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regions [ 1 ]. Defi nity ® —the lipid microsphere containing perfl uropropane/air—is 
one such technology that has been clinically approved for cardiac imaging [ 101 ]. 
Another study has reported the use of polyvinyl-based nanobubbles that can be 
loaded with nitric oxide and used for imaging and the delivery of nitric oxide to 
vascular cells and tissues [ 102 ]. Thus, combining different imaging and therapeutic 
modalities using nanotechnology can help in the development of several theranostic 
agents that are highly effi cient in focal arterial delivery.   

17.6     Conclusions 

 This chapter explains the molecular and cellular pathways that govern the develop-
ment of arterial disorders and the current therapeutic and diagnostic therapies used 
for local arterial delivery. It also provides a brief description of the different 
nanotechnology- based approaches that are used in arterial drug delivery. As dis-
cussed in the chapter, the development of arterial diseases is multifactorial and com-
plex which involves several pathological conditions including infl ammation, 
oxidative stress, thrombosis, endothelial activation, hyperlipidemia, and so on. Even 
the use of drug-eluting stents is associated with the risk of in-stent restenosis, which 
limits the success of several stent-based therapies. Thus, novel drug delivery 
techniques that address all the key factors affecting arterial disorders need to be 
designed and tested for better management of the arterial diseases. Further develop-
ment in the applications of nanomedicine can aid in better diagnosis and treatment 
through improved site-specifi c delivery and can thus address the current challenges 
in the fi eld of arterial drug delivery.     
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18.1            Introduction 

 Cardiovascular diseases are the major cause of death in middle- and high-income 
countries. They account for 20% of deaths occurring globally [ 1 ]. Coronary arteries 
supply a constant fl ow of oxygen-rich blood to the heart. If plaque builds up in coro-
nary arteries, blood fl ow may be reduced, leading to symptomatic coronary artery 
disease (CAD). Currently, over 16 million Americans have CAD. Consequently, 
almost eight million Americans have suffered a myocardial infarction (MI). 
One method of treating CAD and MI is the implantation of an expandable stent in a 
stenosed coronary artery (e.g. one partially blocked by atherosclerotic plaque). 
In 2007 alone approximately 560,000 Americans underwent a coronary stent implan-
tation [ 2 ]. Cardiovascular procedures performed in the United States have more than 
tripled in the last decade. This increased trend is expected to continue with the ageing 
of the population, coupled with epidemics of obesity and diabetes mellitus [ 3 ]. 
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 Bare-metal stent (BMS) is a small, tubular, metallic device which is preloaded in 
a collapsed form onto a balloon catheter, advanced to the narrowed section of the 
artery, and expanded within the vessel. Once expanded, the BMS acts as a mechani-
cal scaffold, reducing elastic recoil and maintaining posttreatment vessel patency. 
BMS generally results in extremely favourable initial clinical results; however re- 
narrowing of the treated artery is commonly observed in 20–30 % of patients. This 
re-narrowing of the treated artery is due to in-stent restenosis (ISR). It is mainly due 
to excessive neointimal proliferation within the stented segment [ 4 – 6 ]. ISR was 
commonly treated using a repeat procedure angioplasty, until the advent of DES; no 
therapy consistently prevented this diffi cult problem. Direct local administration of 
pharmacological agents to the site of injured arterial tissue was prescribed to coun-
ter the failure of systemic drug delivery in preventing restenosis. Extensive research 
led to the discovery that the immobilisation of pharmacological agents on the stent 
surface and their sustained release from the surfaces could successfully reduce the 
frequency of ISR [ 7 ]. 

 Clinical evaluation has proven the effi cacy of drug-eluting stents (DES) in 
reduction of ISR rates compared to BMS, even in complicated situations [ 4 ]. 
In patients with acute myocardial infarction, treatment with DES is associated 
with decreased 2-year mortality rates and a reduction in the need for repeat revas-
cularisation procedures, as compared to treatment with BMS [ 8 ]. Research in this 
area is currently centred on the development and evaluation of new improved DES 
which maintain the impressive clinical benefi ts while reducing long-term safety 
concerns [ 9 ].  

18.2     Development of Drug-Eluting Stents 

 In an effort to deal with the ISR problem associated with BMS (introduced in 
1994), DES was introduced in 2002. Since then DES has transformed the practice 
of interventional cardiology by drastically reducing rates of ISR and the need for 
repeat revascularisation. 

18.2.1     First-Generation DES 

 First-generation DES was mainly composed of a stainless steel platform with a 
slotted-tube design. Drugs such as sirolimus (CYPHER) and paclitaxel (TAXUS) 
were used along with a durable polymer coating (Table  18.1 ). Compared to BMS, 
fi rst-generation DES was superior in reducing neointimal proliferation and resteno-
sis. Safety of fi rst-generation DES regarding late stent thrombosis, especially after 
discontinuation of dual antiplatelet therapy, was a major concern.
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18.2.2        Second-Generation DES 

 Second-generation DES, such as zotarolimus-eluting (Endeavor) and everolimus- 
eluting (XIENCE V) stents, have been introduced with promising anti-restenotic 
effi cacy as well as improved long-term safety. Thrombosis rates with these stents 
were lower when compared to fi rst-generation DES [ 10 ]. They are composed of a 
cobalt–chromium platform, which exhibits superior radial strength and improved 
radio-opacity, allowing for thinner stent struts that act themselves in favour of a 
lower restenosis rate [ 10 ]. They differ from the fi rst-generation stents with respect 
to the antiproliferative agent, the polymer layer, and the stent frame [ 11 – 15 ].  

18.2.3     Third-Generation DES 

 As an extension of second-generation DES, a third-generation DES was introduced 
using biodegradable polymers. The ION stent (Boston Scientifi c) is a platinum–
chromium platform, poly(styrene- b -isobutylene- b -styrene)-based paclitaxel-eluting 
stent. The drug/polymer coating adheres to the entire surface of the stent to allow 
consistent and controlled release of the drug [ 16 ]. Various late thrombosis rates with 
biodegradable polymeric DES were observed in a recent meta-analysis including 
eight comparative studies of DES with durable polymers [ 17 ].  

18.2.4     Fourth-Generation DES 

 Fourth-generation DES is characterised by fully erodible stents, which are still 
under development. They are composed of bioabsorbable and polymer-free DES. 

   Table 18.1    FDA-approved DES for coronary artery diseases a    

 Trade name  Manufacturer  Drug  FDA approval year 

 CYPHER™  Cordis Corporation  Sirolimus  2003 
 TAXUS™ Express2™  Boston Scientifi c Corporation  Paclitaxel  2004 
 TAXUS® Liberte™ Long  Boston Scientifi c Corporation  Paclitaxel  2009 
 TAXUS® Liberté® Atom™  Boston Scientifi c Corporation  Paclitaxel  2009 
 Medtronic and Endeavor  Abbott Vascular  Zotarolimus  2011 
 XIENCE nano™  Abbott Vascular  Everolimus  2011 
 PROMUS® Element™ Plus  Boston Scientifi c Corporation  Everolimus  2012 
 TAXUS® Liberte®  Boston Scientifi c Corporation  Paclitaxel  2012 
 TAXUS® Express2®  Boston Scientifi c Corporation  Paclitaxel  2012 
 ION™  Boston Scientifi c Corporation  Paclitaxel  2012 
 Resolute MicroTrac  Medtronic Vascular, Inc.  Zotarolimus  2012 

   a   http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/DeviceApprovalsand
Clearances/Recently-ApprovedDevices/ucm286493.htm      
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It is too early to know whether these stents will eradicate late thrombosis. The 
Bioabsorb pilot study of 30 patients with a 4-year follow-up showed no stent thrombo-
sis. These studies using optical coherence tomography show promising fi ndings [ 18 ]. 
BioFreedom (Biosensors), VESTAsync (MIV Therapeutics), and Yukon (Translumina) 
are few examples of polymer-free DES [ 19 ].   

18.3     Design of Drug-Eluting Stents 

 Computational fl uid dynamics (CFD) have been used as a valuable tool for analysing 
the haemodynamic effects of stent geometry, since associated indices (i.e. pressure, 
velocity, wall shear stress) are diffi cult to quantify. Computational studies of idealised 
stent geometries have shown that thinner struts and those more aligned with the pri-
mary fl ow direction decrease the amount of low wall shear stress at the arterial wall 
[ 20 ,  21 ]. Kolachalama et al. employed computational fl uid dynamics modelling tools 
and explained that fl ow patterns within the milieu of the stent strut are signifi cantly 
affected by net luminal fl ow and strut geometry [ 22 ]. Pant et al. described three vari-
able geometry parameterisations of a CYPHER (Cordis Corporation, Johnson & 
Johnson Co.). The performance of each design is measured by six fi gures of merit 
(objectives/metrics) representing (1) acute recoil, (2) tissue stresses, (3) haemody-
namic disturbance, (4) drug delivery, (5) uniformity of drug distribution, and (6) 
fl exibility. They used a multi-objective surrogate modelling approach using a non-
dominated sorting genetic algorithm (NSGA-II) for design improvement [ 23 ]. DES 
normally consists of three components: (a) stent platform, (b) stent coating, and (c) 
therapeutic agent. 

18.3.1     The Stent Platform 

 Design of stent plays a critical role in the development of DES and affects both 
immediate and long-term clinical outcomes. An ideal stent should be radio-opaque, 
biocompatible, trackable, deliverable, generate signifi cant radial force and corro-
sion resistant and possess good fatigue properties. The above requirements are 
achieved by proper selection of material, dimensions, geometry, and manufacturing 
process. Typically stents are manufactured using biologically inert materials such as 
316L stainless steel [ 24 ]. In recent years, however, metallic alloys such as cobalt–
chromium have proven superiority over steel as the material of choice for stent 
design [ 25 ]. These metallic alloys have been developed with increased levels of 
strength and X-ray attenuation, allowing stents to be more biologically inert and 
designed with signifi cantly thinner struts. They are available in variety of geome-
tries like coil, helical spiral, woven, individual rings, sequential rings, closed cell, 
and open cell [ 26 ]. Modular or slotted-tube confi gurations are most suitable and are 
employed for manufacturing stents [ 5 ,  27 ]. After implantation of the stent, it should 
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experience minimum shortening during expansion. Upon deployment it should 
conform to the vessel geometry without any unnatural straightening of the vessel. 
Additionally, it should provide optimum vessel coverage and possess high radial 
strength to undergo minimal radial recoiling. The identifi cation of long-term safety 
issues with the clinical experience of fi rst-generation DES has increased clinical inter-
est in the development of stents that are more biologically based, including fully 
biodegradable stents, stents using biomimetic and biodegradable polymers, and 
polymer-free stent systems [ 4 ,  27 ,  28 ].  

18.3.2     The Stent Coating 

 As discussed above, to address the problem of restenosis, DES was introduced. 
These DES are made by coating a standard coronary stent with a thin polymer fi lm 
containing a drug, which is released in controlled amounts locally, thereby prevent-
ing the formation of neointima at the site of coronary intervention. Adverse reac-
tions may be caused by the polymers used in stent coating [ 29 ]. Thus, biocompatibility 
of the polymers used for coating stents is vital. For effective suppression of intimal 
growth, the ideal DES polymer should be non-thrombotic, noninfl ammatory, and 
nontoxic to cells and should encourage arterial healing by re-endothelialisation 
[ 30 ]. DES coating must also be capable of being stretched without fl aking or delam-
inating. The infl ation of the balloon during implantation may lead to cracking of the 
polymer coating partly with delamination [ 31 ]. Also, the polymer needs to be able 
to deliver the drug at a sustained, controlled, and predictable rate [ 32 ,  33 ]. Polymers 
used for coating stents can be broadly classifi ed [ 29 ,  34 ] as:

•     Biostable/durable  (non-biodegradable) polymers, e.g. polyethylene-co-vinyl 
acetate, poly- n -butyl methacrylate, and poly(styrene- b -isobutylene-b-styrene)  

•    Biodegradable polymers , e.g. polyglycolic or polylactic acid or their copolymers  
•    Biological polymers , e.g. phosphorylcholine, hyaluronic acid, and fi brin    

 First-generation DES were coated with a biostable permanent polymer to provide 
controlled release of the anti-restenotic drug [ 35 ]. Subsequently, these non- 
biodegradable polymers were replaced by advanced biocompatible permanent poly-
mers such as phosphorylcholine and copolymers [ 4 ]. Now, a new generation of DES 
is being developed using bioabsorbable polymers which degrade over time [ 19 ,  33 ].  

18.3.3     Drugs 

 Delivering the drugs locally using DES is an established approach for preventing 
ISR. Drugs delivered using DES counter ISR. They fall under four classes 
(anti- infl ammatory, antithrombogenic, antiproliferative, and immunosuppressive) 
as listed in Table  18.2 . These drugs inhibit one or more biochemical pathways 
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leading to restenosis. Research is also being conducted using antibodies and genes 
as active compounds [ 46 ,  47 ]. For local drug delivery to be successful, challenges to 
be addressed include the following: (1) decision on the most appropriate agent to be 
used, (2) determination of the proportion of the systemic dose needed locally, and 
(3) identifi cation of a biocompatible vehicle that can deliver drug for the required 
therapeutic window at a controlled rate [ 48 ,  49 ].

18.4         Safety and Effi cacy of DES 

 There is interest in continuing to improve the safety and long-term effi cacy of DES 
persists, and therefore, DES should be chosen selectively and correctly [ 50 ]. Stent 
thrombosis is a potentially fatal event that often leads to myocardial infarction and/
or death. The exact cause of stent thrombosis is not yet fully understood; a number 
of patient, lesion, and procedural factors are associated with an increased risk of 
stent thrombosis [ 51 ]. The Academic Research Consortium recommended stan-
dardised defi nitions of stent thrombosis to provide uniform description of throm-
botic events in various studies. These defi nitions were adopted in 2007 [ 4 ]. 

 First-generation DES were widely adopted by interventional cardiologists with 
up to 90 % of stent procedures carried out in the USA using DES by late 2005 [ 52 ]. 
Durable polymers used in fi rst-generation DES have been linked to local infl amma-
tory reaction, positive vessel remodelling, late incomplete stent apposition, and, in 
some cases, stent thrombosis [ 53 ]. Therefore, use of polymers raises an important 
question about the safety of DES. It is not certain whether the polymers used are 
stable and inert over a longer period of time. Curcio et al. reported that methacrylate 
coating induces vascular smooth muscle cell apoptosis. This apoptotic property of meth-
acrylate coating should be taken into account during the safety evaluation [ 37 ,  54 ]. 
Coronary artery aneurysm and stent infection are a few of the rarest problems encoun-
tered after coronary stent implantation. Schoenkerman and Lundstrom reported three 
cases of coronary stent infections; two were with mycotic aneurysms that ruptured into 
an adjacent cardiac chamber, and one had purulent pericarditis [ 55 ].  

18.5     Guidelines for use of DES 

 Despite the success of DES over the years, optimal duration of dual antiplatelet 
therapy following DES implantation is still unclear. A number of national and inter-
national bodies have attempted to provide guidance to aid the interventional cardi-
ologist with the decision whether to use DES or not, taking into account the 
risk–benefi t ratio to the patient, and the cost-effectiveness of undergoing percutane-
ous coronary intervention therapy. International guidelines are available regarding 
the use of DES in those patients with CAD requiring revascularisation. 
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18.5.1     US Guidelines 

•      Class I recommendations . Drug-eluting stents should be used in patients requiring 
percutaneous coronary intervention, if clinical trial evidence shows effective-
ness/safety. Prior to drug-eluting stents, the patient should be informed of the 
risks versus the benefi ts of dual antiplatelet therapy. If patients requiring percu-
taneous coronary intervention are awaiting surgical intervention, bare-metal 
stent or balloon angioplasty only should be considered.  

•    Class IIa recommendations . If there is any doubt regarding bleeding risk, aspirin 
can be used in a lower dose (75–162 mg).  

•    Class IIb recommendations . Drug-eluting stents may be used in situations where 
they are deemed to be effective and safe, even if clinical trial evidence has not yet 
fully proven this.     

18.5.2     UK Guidelines 

 In the UK, the balance between clinical effectiveness and cost-effectiveness is 
determined by the National Institute for Health and Clinical Excellence (NICE). 
The most recent guidance regarding the use of DES was published in July 2008. 
Following thorough evaluation, therefore, DES were recommended for coronary 
artery lesions with a diameter less than 3 mm, a length greater than 15 mm, and 
cost-effectiveness dependent on the price differential between BMS and DES. It 
was additionally stated that patients who had suffered an acute myocardial infarc-
tion within 24 h and those with evidence of thrombosis angiographically are not 
eligible for reimbursement from the NHS, due to lack of evidence [ 56 ].  

18.5.3     European Guidelines 

 In 2010 the Task Force of the European Society of Cardiology and the European 
Association for Cardio-Thoracic Surgery (ESC/EACTS) published their guidelines 
on myocardial revascularisation, including recommendations for the use of DES. 
They stated that “DES with proven effi cacy should be considered by default in almost 
all clinical conditions and lesion subsets requiring revascularisation”. In particular, 
DES is recommended for reduction of restenosis/reocclusion in the absence of contra-
indications to extended DAPT. The Task Force emphasises the only exception to this 
very general statement is when there are concerns or contraindications regarding the 
prolonged use of DAPT, including the careful consideration of the bleeding risk to 
the patient and the likely compliance of the individual. Contraindications stated by 
the committee on use of DES are listed in Table  18.3 . It also suggested that, under 
some circumstances or with some DES, DAPT for 3 months could be suffi cient, but 
the evidence is not robust. Diabetics may require a longer duration of DAPT [ 57 ].
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18.6         Future of Drug-Eluting Stents 

 The revolution brought about by DES in the treatment of symptomatic coronary 
artery disease led to widespread clinical use of DES, but safety issues have been 
identifi ed in later follow-up. This prompted efforts to develop new DES, with the 
ultimate goal to provide safe and durable coronary patency [ 58 ]. The next- generation 
(newer) DES are being developed, which involves the optimisation of the three 
major components of DES: the stent platform, the polymer coating, and the drug. 
New technologies already being developed include the use of polymer- free DES 
and the use of biodegradable polymers and stents, use of nanoscale modifi cations on 
metal surfaces, dual delivery and gene delivery approaches, [ 50 ]. 

18.6.1     Polymer-Free DES 

 The continuous presence of a durable polymer in the coronary vasculature is 
believed to be associated with impaired vascular healing and a moderate increase of 
life-threatening late or very late stent thrombosis; thus, substantial efforts are currently 
under way to identify alternatives to biostable polymeric coating [ 59 ]. The use of 
polymer-free stents may have a potential long-term benefi t over traditional poly-
meric coated DES. The polymer-free Biolimus A9-coated stent demonstrates equiv-
alent early and superior late reduction of intimal proliferation compared with SES 
in a porcine model. After implantation of a BioFreedom stent, delayed arterial heal-
ing was minimal, and there was no increased infl ammation at 180 days compared 
with SES implantation [ 60 ]. The safety and effi cacy of the novel VESTAsync- 
eluting stent combining a stainless steel platform with a nanothin-microporous 
hydroxyapatite surface coating impregnated with a polymer-free low dose of siroli-
mus was assessed. The novel VESTAsync-eluting stent was effective in reducing 
late-lumen loss and neointimal hyperplasia at 4 and 9 months, with no evidence of 
late catch-up by quantitative coronary angiography or intravascular ultrasound [ 53 ]. 
Levi et al. report a new crystallisation methodology involving a temperature-induced 
crystallisation process for rapamycin to crystallise and adhere to metallic stents. 

   Table 18.3    Relative clinical contraindications to the use of drug-eluting stents (ESC/EACTS)   

 S. No.  Clinical contraindications 

 1  Clinical history diffi cult to obtain, especially with acute severe clinical conditions 
(ST-segment elevation myocardial infarction or cardiogenic shock) 

 2  Expected poor compliance with DAPT, including patients with multiple comorbidities 
and polypharmacy 

 3  Nonelective surgery required in the short term that would require interruption of DAPT 
 4  Increased risk of bleeding 
 5  Known allergy to acetylsalicylic acid or clopidogrel/prasugrel/ticagrelor 
 6  Absolute indication for long-term anticoagulation 
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This carrier-free DES coating minimises the use of synthetic substances. These coatings 
displayed stability and biocompatibility. Coating obtained from this process allows 
drug release gradually over a period of a several weeks [ 61 – 63 ]    (Table  18.4 ).

18.6.2        Bioabsorbable Drug-Eluting Stent 

 Despite all the benefi ts of using a metallic DES, limitations have generated interest 
towards biodegradable technology. The realisation about the probability of DES 
polymers causing the infl ammatory reactions led to the development of a bioabsorb-
able polymer-based DES. Bioabsorbable DES is a device that can achieve excellent 
acute and long-term results, and it can disappear completely within months, thereby 
avoiding the need for prolonged dual antiplatelet therapy. These biodegradable 
stents, made of polymers or metal alloys with or without a drug coating, have 
the potential to scaffold the artery to allow natural healing and then biodegrade. 

   Table 18.4    Polymer-free drug-eluting stent   

 Stent 
(manufacturer) 

 Stent 
platform  Drug  Remark  References 

 Amazonia PAX 
(MINVASYS) 

 Cobalt–
chromium 

 Paclitaxel  Abluminal coating was applied 
on crimped stent using the 
polymer-free PAX technology 

 [ 64 ] 

 BioFreedom 
(Biosensors 
Inc.) 

 Stainless 
steel 

 Biolimus  Composed of 316L stainless steel 
platform modifi ed with a 
microstructured, abluminal 
surface. This modifi cation 
allows Biolimus A9 adhesion 
to the abluminal surface of 
the stent without the use of a 
polymer or binder 

 [ 19 ,  60 ] 

 Optima (CID 
S.r.l.) 

 Stainless 
steel 

 Tacrolimus  Patented polymer-free drug 
reservoir and the proven 
antithrombotic and potentially 
prohealing integral Carbofi lm 
coating 

 [ 64 ] 

 VESTAsync 
(MIV 
Therapeutics) 

 Stainless 
steel 

 Sirolimus  Microporous hydroxyapatite- 
based DES. Effective in 
reducing lumen loss and 
neointimal with no evidence 
of late catch-up 

 [ 19 ,  53 ,  65 ] 

 YUKON Choice 
(Translumina) 

 Stainless 
steel 

 Sirolimus and 
probucol 

 Shellac resin was used for 
loading of drugs. Inclusion of 
resin allows improved 
adherence of the drug mixture 
to the stent surface and 
enhances the structural 
integrity of the coating 

 [ 19 ,  66 ] 
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Such stents would obviate the need for long-term dual antiplatelet therapy. Since no 
foreign material would be left, future surgical options will not be limited, and fol-
low-up with noninvasive imaging such as CT angiography would be possible [ 7 , 
 67 ]. Table  18.5  shows several biodegradable stents that have entered into clinical 
trials. Many more are at the preclinical stage of development [ 74 ].

   Two broad categories of materials are generally used: those made from organic 
biopolymers and those made from corrodible metals. To date, however, none of 
the materials/stents tested have been able to establish a perfect balance between 
biocompatibility, the kinetics of degradation needed to maintain mechanical strength 
to limit recoil, and infl ammation [ 68 ]. Compared with biodegradable polymers, 
there are fewer metals used in the manufacture of biodegradable stents. The only 
metal biodegradable stent in trials is the Biotronik absorbable magnesium stent. 

   Table 18.5    Bioabsorbable DES   

 Stent 
(manufacturer)  Stent platform  Drug  Remark  References 

 Biotronik stent 
(Biotronik) 

 Absorbable metal 
stent 93 % 
magnesium and 
7 % rare earth 
metals, zigzag 
helical coil design 

 Nil  Degrades into inorganic 
salts, not releasing an 
antiproliferative drug 
to counter the intimal 
hyperplastic response 
to stenting 

 [ 68 ,  69 ] 

 Igaki-Tamai stent  Poly- l -lactic acid  Nil  The deployment of the 
stent was rather 
complex, requiring 
thermal balloon 
expansion to actuate 
the device 

 [ 70 – 72 ] 

 BVS stent (Abbot 
Vascular) 

 Poly- l -lactic acid, 
cohort A, 
out-of-phase 
sinusoidal hoops 
with straight and 
direct links; cohort 
B, in-phase hoops 
with straight links 

 Everolimus  Coating of poly- d , l - lactic  
acid that contains and 
controls the release of 
the antiproliferative 
agent everolimus, 
80 % release in 30 
days 

 [ 72 ,  73 ] 

 The REVA 
(REVA 
Medical) 

 Polymer 
tyrosine- derived 
polycarbonate 
polymer, slide and 
lock design 

 Nil  The absorption time can 
be modifi ed 

 [ 68 ,  72 ] 

 Bioabsorbable 
Therapeutics 
stent 
(Bioabsorbable 
Therapeutics) 

 Polymer salicylate + 
adipic acid linker 
molecules, Tube 
with laser cut 
voids 

 Sirolimus 
salicylate 

 Polymer backbone that 
gives the stent 
physical structure and 
a polymer coating that 
contains and controls 
the release of the 
antiproliferative agent 

 [ 72 ] 
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Unlike magnesium stents, there has been little progress with iron stents, which 
remain in the preclinical phase. This may be partly due to longer degradation times 
needed and potential issues related to iron clearance [ 68 ,  69 ].  

18.6.3     Dual Drug-Eluting Stent 

 Dual DES was introduced to promote stent-based therapies that can collectively 
reduce neointimal hyperplasia and promote endothelial healing. Limited clinical 
data available for the delivery of multiple drugs from a DES, a key for successful 
treatment of restenosis and late thrombosis, restricts their use. The advent of new 
technologies and additional clinical trials are needed to ascertain that dual DES is 
clinically useful. The current dual DES delivers two drugs simultaneously, but the 
most effi cient use of dual DES may come from controlling the drug release kinetics. 
Ideally, the first drug for preventing vascular smooth muscle cell proliferation 
is released for the first few weeks, and then the second drug for promoting 
re- endothelialisation is released after a month or so   . Achieving sequential release 
from a thin layer in the range of 5–30 μm on a stent with predictable kinetics is very 
diffi cult. However, with the advent of new technologies in controlled drug delivery, 
researchers are cautiously optimistic to achieve such sequential release in the near 
future [ 75 ]. Song et al. grafted α-lipoic acid (ALA) with abciximab, an effective inhib-
itor of stent restenosis, on a bare-metal stent coated with a polymer layer by plasma 
polymerisation of 1,2-diaminocyclohexane (DACH) to prepare a dual-drug- eluting 
stent. They found that the dual DES has shown smooth and uniform morphology with 
an improved blood compatibility releasing ALA and abciximab simultaneously for 3 
weeks [ 76 ]. Byrne et al. studied polymer-free dual DES of rapamycin and probucol; 
they reported an anti-restenotic effi cacy comparable with that of the SES and superior 
to that of the zotarolimus stent [ 77 ]. Ma et al. studied the combination of sirolimus and 
paclitaxel and reported that the combination can be completely eluted within 21 days. 
The combination of two drugs in DES does not affect their individual release kinetics. 
They concluded that both drugs can be pharmacokinetically combined in DES for 
the treatment of CAD [ 78 ]. Kleinedler et al. studied the effect of nanocomposite 
stent releasing resveratrol and quercetin; they demonstrated that the synergistic 
combination can successfully inhibit neointimal hyperplasia and arterial infl ammation 
while promoting vascular re- endothelialisation in a rat model [ 79 ].  

18.6.4     Nanoscale Surface Modifi cations and Gene Delivery 

 Problems associated with current DES are potential cracking/detachment of the 
polymeric coating during balloon expansion, delayed healing, and hypersensitivity 
reaction to polymeric components [ 80 ]. Direct nanoscale modifi cations of surface 
without use of polymeric systems can be an effective strategy to overcome adverse 
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events. Nanostructured surfaces possess the unique capacity of directly affecting the 
molecular and cellular events that ultimately determine the overall biological 
response to an implanted material. Variola et al. thoroughly reviewed mechanical, 
chemical, and physical methods that are being used to alter the physicochemical 
features of the surfaces of metallic biomaterials, thus modifying their impact on 
different cellular activities and functions. They conclude that most effective 
approaches to create a new generation of biometals are those that (1) confer 
enhanced biocompatibility directly onto material surfaces; (2) create synergistic 
effects; (3) selectively infl uence cells and guide stem cell differentiation; (4) result 
in surfaces that have more than one medical application, such as orthopaedic and 
cardiovascular; (5) simultaneously reach all surfaces in devices with complex 
geometries; and (6) can be manufactured by large-scale processes [ 81 ]. Youssefi an 
et al. studied nanoscale adhesion in multilayered DES using atomistic simulation, 
and then they compared them with experiments to study the effects of aqueous envi-
ronment with higher temperature inside the body on the adhesion between layers in 
the structure of DES. In this study they used poly(o-chloro-p-xylylene) (parylene C) 
for stainless steel 316L coating with    γ-methacryloxypropyltrimethoxysilane as an 
adhesion promoter. They found that the effect of temperature on the adhesion is 
found to be regressive; as water molecules permeate, polymer adhesion decreases. 
They concluded that the effect of silane on the adhesion between parylene C and 
steel is modest [ 82 ]. Yang et al. attempted to combine gene therapy and DES drug 
delivery for effective inhibition of smooth muscle cell proliferation while simultane-
ously promoting re-endothelialisation and repair. They designed bilayered PLGA 
nanoparticles, which contain a VEGF165 DNA plasmid in the outer layer and pacli-
taxel in the inner core. They spray-coated these NPs onto bare-metal stents that had 
been laser treated to have a nonporous surface. In vitro experiments and in vivo ani-
mal studies both confi rmed that the bilayer system can promote early endothelium 
healing and inhibit smooth muscle cell proliferation through sequential release of 
selected genes and drugs [ 47 ].      
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19.1            Introduction 

    According to the American Heart Association, coronary vascular disease (CVD) 
accounts for one of every six deaths in the USA in 2009. On average, approximately 
every single minute, someone in the USA will die from a coronary-associated dis-
ease. For 2009, the total cost for treating CVD in the USA was estimated at $312.6 
billion, more than for any other disease, such as the cost for all cancer and benign 
neoplasms together ($228 billion) [ 1 ]. Although the rate of death attributed to CVD 
has been declining in the past decade, the burden of disease in terms of mortality 
and healthcare cost remains unacceptably high [ 1 ]. 

 A highly effective and well-established method of combating CVD, caused by 
blockage of small-diameter coronary arteries (<5 mm) on the surface of the heart 
muscle, is to surgically bypass the blocked arteries using a procedure called 
coronary artery bypass grafting (CABG) [ 2 ]. The traditional gold standard of 
CABG is to use autologous blood vessels, such as internal mammary artery (IMA) 
or saphenous vein. Of all autologous blood vessels, IMA has the longest patency. 
As a drawback, the use of IMA is often associated with donor-site morbidity, size 
mismatch, or high surgical risk. Therefore, saphenous vein grafts have become the 
most common choice [ 3 ]. However, due to its limited patency and relatively high 
rate of restenosis, the effectiveness of even the saphenous vein graft is restricted. 
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When there is inadequate supply of suitable autologous blood vessels, engineered 
vascular grafts have to be considered as alternative approaches [ 4 ]. 

 Progress in surgical approaches tailored to different subgroups of patients and in 
CABG techniques, such as unique techniques used for grafting saphenous veins or 
synthetic grafts, respectively, has reduced bypass-related immediate morbidity and 
late mortality. However, the incidence of late graft restenosis remains a pervasive 
problem both in the CABG procedures and in the use of percutaneous transluminal 
coronary angioplasty (PTCA), which signifi cantly impedes the effi cacy and safety 
of these treatment modalities. The cause of late restenosis is the inevitable damage 
of the vessel wall during the surgical procedure in CABG/PTCA, which induces 
endothelial denudation, platelet adherence/activation, and leukocyte infi ltration [ 5 , 
 6 ]. Subsequently, smooth muscle cells (SMCs) in the  tunica media  switch from a 
quiescent, contractile phenotype to a proliferative phenotype: the cells proliferate 
and migrate inwardly along with elaboration of abundant extracellular matrix 
(ECM). As a result of these events, also known as neointimal hyperplasia, the vessel 
wall thickens and the vascular lumen narrows, causing vascular restenosis, which 
severely limits the patency and durability of vascular grafts [ 7 ]. 

 Despite intensive investigations and successful treatment of bypass graft stenosis 
in animal models, no optimal therapy for bypass graft diseases has been achieved as 
yet in the clinical setting [ 7 ]. To prevent bypass neointimal hyperplasia and resteno-
sis, numerous antiproliferative and anti-migratory drugs were fi rst administrated 
systemically, yet without effective clinical outcome; some even led to increased 
mortality. For example, heparin, an antiproliferative drug identifi ed in the middle of 
the 1970s [ 8 ], was systemically administrated in animal models or in human trials. 
However, severe complications were observed in the heparin-treated rats, such as 
hemorrhage, while in the human trials, the systemic prolonged administration of 
heparin failed to prevent restenosis and led to severe vascular injury [ 9 – 11 ]. This is, 
at least partially, due to the diffi culty of systemic treatments to achieve high local 
drug concentration while minimizing systemic side effects. Subsequently, local 
drug delivery systems were developed, including perfusion balloon catheters and 
stents coated with drug-releasing polymers. For example, Camenzind et al. [ 12 ] 
used a balloon catheter to infuse large volumes of heparin solution following coro-
nary angioplasty. The unfavorable clinical long-term effect seen in this and similar 
studies has been blamed mainly on low tissue uptake and/or a rapid washout of the 
administered drugs [ 7 ]. 

 A localized and sustained drug delivery system is thus required for effective and 
safe focal treatment of CVD. In the early 1990s, Edelman et al. [ 13 ] placed 
poly(ethylene-co-vinyl acetate) (EVAc) matrices next to denuded rat carotid arteries 
to deliver the matrix-contained heparin to the adjacent blood vessel wall. This local 
and sustained delivery system demonstrated effective inhibition of arterial occlu-
sion by preventing SMC proliferation without systemic side effects. However, EVAc 
matrices are nonbiodegradable requiring postsurgical removal of the implant, thus 
preventing its usefulness in the clinical setting. More recently, local drug delivery 
systems made of biocompatible and biodegradable fi lms or particles have been 
extensively studied and achieved great success [ 7 ,  14 ,  15 ]. One good example is a 
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heterogeneous system designed also by the Edelman group, where heparin was 
encapsulated in hydrophobic Poly(D,L-lactic-co-glycolide (   PLGA) microspheres 
that were sequestered in a hydrophilic calcium alginate matrix [ 14 ]. Controlled 
release of heparin from this system was obtained over a period of 25 days in vitro [ 14 ]. 
However, the long-term safety and effi cacy of this and similar localized and sustained 
drug delivery system remains challenging and requires a careful choreography of the 
combination of drug, drug carrier/polymer, and the release kinetics [ 2 ,  15 ]. 

 In this chapter, we summarize some of the drug delivery technologies applied in 
vascular grafts for treating CVDs. The technologies described in this chapter can be 
extended to a variety of interventions of PTCA, such as drug-eluting stents (DES), as 
well as interposition grafts, arteriovenous (AV) bridge grafts, and bypass grafting in 
renal implantation. Of note, degradable drug-eluting vascular grafts, in contrast to 
DES, can be engineered to match the rate of scaffold degradation to that of natural 
tissue regeneration, thereby avoiding a “late catch-up phenomenon,” i.e., in-stent reste-
nosis, as observed in DES [ 16 ,  17 ]. Following a very brief overview of the historical 
developments related to drug-eluting vascular grafts, the technological aspects of 
fabrication (choices of drug and drug carrier), system design, and pharmacokinetics 
of various drug-releasing graft systems are discussed. In focusing on electrospinning 
as a platform technology for generating drug-eluting fi bers for vascular grafts, we 
opinion that electrospun fi brous drug delivery systems may be a promising approach 
for creating drug-eluting vascular grafts with improved clinical safety and patency.  

19.2     Anatomy, Histology, and Pathology 

 Before we discuss some technological aspects of the various drug-eluting vascular 
grafts, we will provide a brief overview of the anatomy and histology of coronary 
arteries as well as the main etiologies associated with bypass grafting. The under-
standing of these aspects will greatly help in the design of the next generation of 
drug-eluting vascular grafts with improved effi cacy and safety. 

19.2.1     Anatomy of Coronary Arteries 

 Originating from the base of the aorta, coronary arteries consist of two main 
branches: the left and the right arteries. Dividing into the left anterior descending 
artery and the circumfl ex branch, the left coronary artery supplies blood to the left 
ventricle and left atrium, while the right coronary artery divides into the right pos-
terior descending and acute marginal arteries and is responsible for blood supply to 
the right ventricle, right atrium, sinoatrial node, and atrioventricular node (Fig.  19.1a ) 
[ 18 ,  19 ]. Because of their critical role in delivering oxygen and nutrients to the 
myocardium, occlusion of the coronary arteries can lead to severe clinical 
 complications, such as heart attack and possibly death [ 19 ].
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  Fig. 19.1    Anatomy of coronary arteries of the heart ( a ) [ 19 ] and schematics rendering of tissue 
architecture in arterial wall ( b ) (reproduced with permission from Sarkar et al. [ 20 ]       
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19.2.2        Histology of Coronary Arteries 

 The wall of an artery is composed of three concentric layers, the intima, media, and 
adventitia (Fig.  19.1b ) [ 20 ]. In close contact with the circulating blood, the innermost 
layer ( tunica intima ) consists a single-cell layer of confl uent endothelial cells (ECs) 
resting on a basement membrane (BM), mainly comprised of type IV collagen and 
laminin [ 4 ,  21 ]. The quiescent endothelium is also critical for preventing infection 
and infl ammation of the underlying tissue as well as for signaling to the middle 
layer. The middle layer, namely,  tunica media , is composed of multiple layers of 
SMCs. Bidirectional signaling between ECs and SMCs is essential for maintaining 
the quiescent phenotype of both cell types. The SMCs in the  tunica media  are inter-
calated with elastic fi bers along the vessel axis in either a circumferentially aligned 
fashion or a spiral pattern, thus conferring essential recoil elasticity to the vessel 
walls [ 22 ]. The outmost layer, also called  tunica adventitia , is primarily composed 
of fi broblasts and collagen. The  tunica adventitia  primarily anchors the blood vessels 
to the neighboring tissue and harbors the microscopic capillary blood supply ( vasa 
vasorum ) as well as the innervations of the artery. Of note, between each concentric 
layer, there are two elastin layers, namely, the internal elastic lamina (between 
 tunica intima  and  tunica media ) and the external elastic lamina (between  tunica 
media  and  tunica adventitia ). These two elastin layers are deposited by ECs and 
SMCs with continual interaction during development [ 20 ].  

19.2.3     Pathology of Vascular Grafts 

 Broadly speaking, there are three main clinical complications associated with 
bypass grafting: graft restenosis, acute thrombosis, and postoperative graft infection. 
We describe them here in a sequence depending on the pervasiveness and severity of 
the related diseases, not following the timeline of the associated etiology. 

19.2.3.1     Restenosis 

 (Re)stenosis, caused by (neo)intimal hyperplasia and the thickening of the vessel 
wall and the narrowing of the vascular lumen, is a direct consequence of the hyper-
proliferation of SMCs in the  tunic media . It is the main etiology in the subacute 
postoperative period (1–12 months) and a prevalent problem following graft/stent 
implantation for CAD: approximately 30 % of all arterial bypass grafts and 50 % of 
venous grafts fail within the fi rst few years postoperatively, owing to neointimal 
hyperplasia [ 5 ,  23 ]. Restenosis originates from the denudation/loss of the endothe-
lium and, specifi cally for vein grafts, from the graft’s adaptation to arterial pres-
sures. Upon vascular injury, the endothelial lining is damaged, which interrupts the 
EC–SMC signaling required for maintaining a quiescent SMC phenotype [ 24 ,  25 ]. 
Moreover, endothelial denudation exposes the underlying matrix that in turn 
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stimulates the adhesion/activation of platelets and leads to the release of various 
mitogenic and chemotactic growth factors, such as platelet-derived growth factor 
(PDGF) and basic fi broblast growth factor (bFGF). These growth factors stimulate 
SMCs in the  tunica media  to proliferate and migrate into the  tunica intima , causing 
intimal hyperplasia at the site of injury [ 5 ].  

19.2.3.2     Thrombosis 

 Thrombosis, i.e., blood clot formation in the vascular lumen at the site of injury or 
distally, is the dominant etiology in the early (<1 month) postsurgical period [ 3 ]. 
This clinical complication is related to factors such as disruption/activation of the 
endothelial layer caused by mechanical trauma and manual distention, size/compli-
ance mismatch between the graft and the target vessel creating turbulent fl ow, and 
graft ischemia. The loss of endothelial layer integrity can promote blood coagula-
tion, platelet adhesion, thrombosis, as well as vasospasm resulting from lowered 
nitric oxide (NO) levels [ 3 ,  26 ,  27 ].  

19.2.3.3     Infection 

 Infection of vascular grafts remains a serious complication following vascular sur-
gery. Graft infection can induce graft adhesion and obstruction and, in the worst- 
case scenario, death due to rupture of anastomotic aneurysm or sepsis [ 28 ]. The 
incidence of this problem remains low (1–6 %) depending on the recipient site and 
the necessary graft length, but the prognosis following graft infection is poor: mor-
tality has been reported as high as 36 % [ 29 ]. In more than 50 % of the cases, 
 Staphylococcus epidermidis  is responsible for the early (with 3 months) graft 
infection that occurs postoperatively [ 30 ]. Sound surgical technique and the use of 
antibiotics are regarded as the most important factors for the prevention of graft 
infection [ 31 ].    

19.3     Current Technological Development and Challenges 

 The choice of appropriate pharmaceutical compounds (drugs), the selection of a 
biodegradable and biocompatible polymer/drug carrier, and the determination of 
suitable drug dosage at the precise time and site are some of the critical parameters 
determining the effi cacy and safety of a local drug delivery system. Current focus is 
on the creation of novel, safer, and more selective drugs, biodegradable and biocom-
patible drug carriers/polymers, smart and effi cacious drug delivery system design, 
etc. [ 15 ,  32 ]. In this section, we focus on describing a few of the major trends in the 
development revolving around these aspects, with our apologies to the many other 
contributions and researchers, whose outstanding work we could not cite or discuss 
due to the page limits of this chapter. 

J. Han and P.I. Lelkes



411

19.3.1     Drugs 

 In general, three classes of drugs targeting each of the main etiologies associated with 
vascular diseases (antiproliferative/anti-migratory, antithrombotic, and antibiotic) 
are suitable candidates that are widely used in the clinics to prevent or ameliorate 
graft restenosis and occlusion. A number of them are rather nonspecifi c multiple-
target drugs, inhibiting one or more biochemical pathways, and thus of use in 
addressing one or more manifestations of CVDs. In fact, controlled release of appro-
priate drugs alone or in a variety of combinations is widely adopted in the treatment 
of vascular disease [ 32 ,  33 ]. To date, numerous drugs have been studied, including 
heparin, paclitaxel, and the limus family. Some examples are discussed below. 

19.3.1.1     Antiproliferative Agents 

  Paclitaxel (Taxol)  is a highly lipophilic molecule derived from the Pacifi c yew tree 
 Taxus brevifolia  [ 34 ]. Taxol effi ciently inhibits SMC proliferation and migration 
following vascular intervention, as amply demonstrated both in vitro and in vivo. 
The mechanism of action of Taxol is to block the depolymerization of microtubules 
(tubulin). Stabilization of the microtubules prevents G2/M transition in cell cycle 
and hence abrogates cell proliferation [ 32 ,  33 ,  35 ,  36 ]. Because of Taxol’s hydro-
phobicity, it can easily pass through the hydrophobic barrier of the cell membranes, 
thus resulting in rapid cellular uptake and fi rm tissue binding, producing prolonged 
biological effects [ 37 ]. 

  Sirolimus , also called rapamycin, belongs to the limus family (a total of six drugs) 
and is a macrolide antibiotic with potent immunosuppressive properties. Originally 
identifi ed in a soil sample from Rapa Nui (Easter Island) [ 38 ], sirolimus is a natural 
fermentation product produced by  Streptomyces hygroscopicus . The mode of action 
of sirolimus involves binding to its intracellular receptor, the FK506 binding protein 
(FKBP12), a member of the immunophilin protein family. By inhibiting a unique 
kinase called “mammalian target of rapamycin” (mTOR) that regulates the cell cycle 
progression, sirolimus can block cell proliferation. Sirolimus is also a strong anti-
infl ammatory agent without cellular toxicity at low doses [ 34 ]. It is worth mention-
ing that as a sirolimus-related immunosuppressant drug,  tacrolimus  also binds to 
the FKBP12 [ 34 ]. However, unlike sirolimus, the tacrolimus–FKBP12 complex 
inhibits the phosphatase calcineurin and has little or low antiproliferative and anti-
migratory effects in both SMCs and ECs. Yet with its potent anti-infl ammatory 
effects, tacrolimus may harbor promising therapeutic effects when applied in 
combination with other drugs, such as sirolimus [ 39 ]. 

 Besides paclitaxel and sirolimus, other antiproliferative drugs used to prevent 
neointimal hyperplasia and graft-/stent-associated restenosis include  mithramycin , 
an antitumor drug known to inhibit expression of genes that have G–C-rich promot-
ers, and  sunitinib , a small-molecule multi-target tyrosine kinase inhibitor of both 
PDGF receptor and VEGF receptor subtypes [ 40 ]. Red wine polyphenols, such as 
resveratrol (RESV) and quercetin (QUER), in clinical use for their inhibitory effects 
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on SMC proliferation and platelet activation, have other benefi cial effects, such as 
promoting endothelial antithrombotic and anti-infl ammatory phenotype and func-
tion and interrupting key infl ammatory processes in the injured vessel wall [ 41 ].  

19.3.1.2     Antithrombotic Drugs 

  Heparin  is a highly charged molecule (molecular mass 12,000–18,000 Da) and has 
a dose-dependent half-life of ≈ 1–5 h [ 13 ]. It can rapidly inhibit DNA and RNA 
synthesis in SMCs, limit leukocyte adhesion to damaged endothelium, restore endo-
thelial integrity, and interact with/constrain vascular growth factors [ 5 ,  14 ,  42 ]. 
Partially owing to its multiple effects on diverse events accompanying vascular 
injury, i.e., in situ thrombosis and restenosis, heparin has in the past been regarded 
as the gold standard broad-spectrum inhibitor of vascular responses to injury and 
has been widely used for a variety of critical diseases, such as pulmonary embolism, 
myocardial infarction, and unstable angina [ 7 ,  14 ]. However, because of its rela-
tively large molecular size and polarity, heparin passes only poorly through mem-
branes, restricting its administration. When administered orally, it quickly degrades 
to inactive oligomer fragments; systemic IV administration of heparin is also ques-
tionable due to potential associated complications, such as hemorrhage, electrolyte 
shifts, and thrombocytopenia, thus requiring localized and sustained release [ 13 ]. 

 Besides heparin,  aspirin  is another widely used clinical drug, which is capable 
of blocking platelet activation and aggregation, inhibiting SMC proliferation and 
endothelial activation, and protecting ECs from oxidant-induced cell damage [ 43 ].  

19.3.1.3     Antibiotics 

 Compared to the above drugs with antiproliferative and/or antithrombotic effects, anti-
biotics are relatively more common due to their wide range of applications in most 
infection-related diseases, including those in vascular grafts. Here we only list very 
briefl y a few antibiotics with reported application for the treatment of graft infection. 

  Sisomicin  (SISO) is an antibiotic against  Staphylococci , the major causative 
bacteria in graft infection [ 28 ]. It is also effective against  Pseudomonas aeruginosa , 
and in general it shows higher antimicrobial activity than  amikacin , an antibiotic 
used against gentamicin-resistant  Pseudomonas  strains [ 44 ,  45 ].  Vancomycin  is 
another potent antibiotic, which is being tried against methicillin-resistant  S. aureus 
(MRSA) . Vancomycin is not very effective when systemically administrated, thus 
requiring localized and sustained release [ 46 ,  47 ].   

19.3.2     Polymer/Drug Carriers 

 The chemical and physical properties of a given polymer/drug carrier are of critical 
importance for determining the drug release profi le of the drug/polymer complex. 
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Specifi cally for vascular graft applications, the mechanical property of the polymer as 
the base material is a critical factor. In the past decade, advances in the fi eld of drug car-
riers/polymers for vascular graft diseases include the synthesis/design and modifi cation 
of novel polymers or copolymers prepared via chemical grafting or physical mixing,    etc. 
For brevity and simplicity, we will focus here on two frequently employed base poly-
mers, PLGA and poly(ε-caprolactone) (PCL). Other biopolymers that have been 
designed for specifi c applications will be briefl y introduced in the system design 
section. 

19.3.2.1     Poly( d , l -Lactic- co -glycolide) 

 Poly( d , l -lactic- co -glycolide, PLGA), originally introduced as a biodegradable 
material with favorable mechanical properties for absorbable sutures, is a widely 
used polymer/drug carrier in the realm of drug delivery [ 7 ,  14 ,  35 ]. PLGA is a bio-
material with distinct advantages: PLGA copolymers are biodegradable, FDA 
approved, and easy to process [ 14 ,  35 ]; their degradation rate is tunable between a 
few weeks and many months, depending on the relative lactic/glycolic acid ratio 
and molecular weight of the polymers; and the degradation products of PLGA are 
natural metabolites (lactic and glycolic acid). However, as a caveat, these degrada-
tion products are acidic which can cause signifi cant damage in the vicinity of the 
degrading PLGA implants. The pros and cons regarding the biodegradation and 
biocompatibility of PLGA microspheres as drug carriers have recently been 
reviewed in great detail by Anderson et al. [ 48 ].  

19.3.2.2    Poly(ε-Caprolactone) 

 PCL is a semicrystalline aliphatic polyester well known for its slow rate of biodeg-
radation (years), high degree of biocompatibility, and good drug permeability [ 23 ]. 
A number of medical and drug delivery systems composed of PCL have been 
approved by US Food and Drug Administration (FDA), upon promising preclinical 
data from extensive in vitro and in vivo biocompatibility and effi cacy studies. Unlike 
other commonly used biodegradable polymers, such as PLGA, PCL does not pro-
duce a local acidic environment as it degrades. This, together with its benefi cial 
mechanical properties and relative low cost, renders PCL an attractive polymer for 
biomedical, especially drug delivery, applications [ 23 ,  33 ].  

19.3.2.3    Others 

 Besides (synthetic) polymers, natural biopolymers isolated from plasma, such as 
fi brinogen, or mammalian tissues, such as collagen, are also used as drug carriers in 
a variety of formulations, e.g., in hydrogels [ 49 ]. As an example,  fi brin glue,  a tis-
sue adhesive commonly used for the prevention of bleeding in surgery and a 
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pre- sealing material for prevention of blood leakage from porous vascular prosthe-
ses, has been successfully used as an effective carrier for local drug delivery [ 50 ].   

19.3.3     Drug-Eluting System Design and Release Kinetics 

 In the past decade, research into localized and controlled drug delivery for vascular 
prosthetics has largely focused on using fi lms/wraps or microspheres/nanoparticles 
as auxiliary vascular graft components. More recently, the incorporation of drugs 
into the grafts themselves has emerged, e.g., in the form of electrospun, drug-laden 
polymer fi bers. Different from the traditional approaches for manufacturing vascu-
lar grafts (knitting, weaving, extrusion), electrospinning is a platform technology 
that offers the opportunity of integrating the drug delivery system during the graft 
manufacturing process. For drug-eluting vascular grafts, prolonged drug release is 
often regarded benefi cial, as it increases the effectiveness/duration of residency of 
the therapeutics [ 14 ]. As discussed below, traditional methods like perivascular 
wraps and microspheres in general produce a shorter period of controlled drug 
release than drug-eluting electrospun fi bers. In this subsection, we review a few key 
studies using either perivascular wraps or microspheres/nanoparticles as drug delivery 
systems for vascular application. We then describe in more detail the manufacture 
and use of drug-eluting electrospun fi bers for vascular grafts along with the intro-
duction to electrospinning technology. 

19.3.3.1    Perivascular Wraps 

 In 1990, Edelman et al. [ 13 ] reported a local delivery system comprised of ethyl-
ene–vinyl acetate copolymer (EVAc) matrices and heparin, which was wrapped 
around the adventitial surface of injured arterial segments in animal models. 
By pouring the drug/polymer suspension into a precooled glass mold followed 
by freeze-drying, heparin was homogeneous dispersed within the EVAc matrix. 
The heparin-containing matrix was further coated with a layer of EVAc to obviate the 
undesirable burst release during the fi rst 24–36 h. In vitro (<2 weeks), the resulting 
system showed a uniform and near zero-order release profi le; with less drug loading, 
the release profi les were more extended. In vivo, these matrices demonstrated 
similar release rates as in vitro ,  without eliciting an adverse local tissue reaction 
(up to 7 months) [ 13 ]. However, as noted by the authors, EVAc is nonbiodegradable 
and noncompliant/nondeformable, thus not suited as an effi cient perivascular drug 
release system. 

 A decade later, in 2000, the same group developed a biodegradable delivery system 
comprised of heparin-encapsulated PLGA microspheres, which were further 
embedded in a hydrophilic calcium alginate matrix [ 14 ]. The heparin-loaded PLGA 
microspheres were prepared by solvent extraction using a water-in-oil-in-water 
emulsion procedure. The microsphere–hydrogel complexes were produced by 
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suspending heparin-loaded microspheres in alginate solution followed by freeze- 
drying and cross-linking via a calcium solution. This resultant system combined the 
tissue- like property of alginate hydrogels with the slow release properties of hydro-
phobic PLGA polymers and showed a controlled fi rst-order release of heparin for 
over 25 days in vitro .  In addition, the complex retained the bioactivity of heparin, as 
assessed by the inhibition of cultured bovine SMC as well as in animal models of 
vascular diseases [ 14 ]. 

 A PCL-based perivascular cuff containing paclitaxel was introduced in the 
2000s [ 33 ]. The drug was fi rst blended with poly(ethylene glycol) (PEG)   , and then 
the PEG–drug complex was mixed with molten PCL to manufacture a cylindric 
perivascular cuff. The addition of PEG increased the water uptake by the polymer 
blends while decreasing the rate of paclitaxel release [ 51 ]. This perivascular cuff 
exhibited sustained and dose-dependent release for at least 3 weeks in vitro and 
showed signifi cant reduction of intimal thickening without adverse systemic effects 
in a mouse model at 3 weeks [ 33 ].  

19.3.3.2    Microspheres/Nanoparticles 

 Degradable microspheres have been widely applied as drug carriers and controlled 
release systems for both topical and systemic deliveries of numerous pharmaceuti-
cals [ 48 ]. Of the many choices of polymer carriers in form of microspheres and/or 
nanoparticles, PLGA has been one of the most popular candidates for drug-eluting 
vascular grafts, due to ease of manufacturing and processing and the wide range of 
performance characteristics that can readily be modulated by adjusting the comono-
mer ratio and the molecular weight [ 14 ,  48 ]. 

 In the 1990s, Yang et al. [ 7 ] and Gander et al. [ 52 ] encapsulated heparin into 
PLGA microspheres using a spray-drying process. Heparin release from PLGA 
microspheres exhibited a triphasic pattern with an initial burst for the fi rst 24 h, a 
dormant period of 15–30 days, and followed by a fi nal stage with an increased 
release rate lasting for an additional 10–14 days. Similar levels of reduction in SMC 
proliferation were observed for both native/dissolved heparin and heparin released 
from the PLGA microspheres [ 7 ]. Importantly, this study showed that the selection 
of appropriate polymer types, such as the change in the comonomer ratio in PLGA 
(PLGA 50:50 vs. PLGA 75:25), could signifi cantly modulate the release profi le, 
owing to the critical role of polymer degradation at the fi nal stage [ 7 ]. 

 In 2007, Lim et al. [ 35 ] reported the preparation of paclitaxel-loaded PLGA 
nanoparticles using an emulsion-solvent evaporation method. These drug-laden 
nanoparticles were transferred to the luminal surface and inner part of ePTFE grafts 
via micro tube pumping and spin penetration techniques. This system exhibited a 
controlled in vitro release profi le over 21 days. Importantly, encapsulation into 
PLGA nanoparticles and further processing signifi cantly reduced the initial burst 
release and resulted in a more sustained release profi le (<30 % of cumulative release 
at day 21), as compared to the ePTFE grafts that had been dipped coated with pacli-
taxel (62 % cumulative release) [ 35 ]. 
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 Also in 2007, Westedt et al. [ 53 ] introduced paclitaxel-loaded nanoparticles (NP) 
(<180 nm in diameter) consisting of poly(vinyl alcohol)-graft-poly(lactide-co- 
glycolide) (PVA-g-PLGA) using a solvent evaporation technique, an attractive 
manufacturing process that is widely used for encapsulating lipophilic drugs. 
The brushlike PVA-g-PLGA molecules consist of a hydrophilic backbone (PVA), 
where the hydrophobic PLGA is grafted. The system can be fi ne-tuned by changing 
the hydrophilic/hydrophobic part of the polyesters, to modify the water uptake and 
swelling properties of the matrix, the polymer degradation rate, as well as the drug 
release kinetics. Regardless of the change in content of PLGA as well as its chain 
length, this grafted polymer system exhibited a biphasic release pattern, which was 
characterized by an initial burst release followed by a slow release period over a 
22-day study. Of note, increasing the PLGA chain length led to a dramatic decrease 
in the burst release rates. Paclitaxel-loaded nanoparticles showed an increased anti-
proliferative effect on cultured SMC as compared to the control study that used free, 
non-encapsulated paclitaxel [ 53 ]. 

 Other microsphere-/nanoparticle-based delivery systems containing mixed polymer 
matrices have also been used to modify the bulk polymer properties and/or their drug 
release profi le. For example, Chandy et al. [ 32 ] introduced a complex prolonged 
release co-matrix form, where paclitaxel-loaded polylactic acid (PLA) microspheres 
were encapsulated within heparin–chitosan spheres. This system exhibited a com-
plex paclitaxel/heparin release profi le with high initial release value (Taxol 15.8 %, 
heparin 32.7 %). Following further coating of the matrix with polyethylene glycol 
(PEG), this system exhibited a constant slow release profi le [ 32 ].   

19.3.4     Drug-Eluting Electrospun Fibers 

 Electrospinning is a versatile, established platform technology, which was devel-
oped in the 1930s for spinning textile fi bers. “Rediscovered” in the 1990s [ 54 ], 
electrospinning has become the staple in tissue engineering for generating fi brous 
tissue scaffolds comprised of nanometer- to micrometer-sized fi bers. This technique 
has also been used to encapsulate a plethora of pharmaceutically active compounds 
into fi brous scaffold [ 55 ]. For example, model proteins, such as bovine serum albumin 
(BSA) [ 56 ] and peptide growth factors [ 57 ,  58 ], have been incorporated into electros-
pun fi bers for sustained release and tested for retained bioactivity. To date, only few 
reports have been published on the incorporation of clinically relevant therapeutic 
compounds into electrospun structures for vascular graft application, evaluating 
both controlled release and preservation of bioactivity. In this section, we will 
describe in detail these few studies as well as provide some technical background of the 
electrospinning platform technology. We believe that electrospinning can be used for the 
preparation of future drug-eluting vascular grafts with enhanced effi cacy and safety. 
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19.3.4.1    Principles of Electrospinning 

 Originally introduced in the textile industry and in organic polymer science in the 
1930s [ 59 ,  60 ], electrospinning is a rapid, effi cient, and economic technique for 
producing nonwoven fabrics with fi ber sizes in the nano-/microscale from both syn-
thetic and natural polymers. In the basic process of electrospinning, a drop of a 
polymer solution hanging from a metal tube, such as a metal syringe needle, is 
exposed to an external electric fi eld to form a charge imbalance between the tip of the 
syringe needle and a grounded target (Fig.  19.2 ). With the increase of the electric 
charge, a conical polymer jet (Taylor cone) is formed at the needle tip. Once the 
charge imbalance surpasses the surface tension of the polymer solution, the polymer 
solution is ejected from the Taylor cone. As the polymer solution travels through the 
air toward the target, the solvent evaporates, and the polymer fi bers are deposited 
on the grounded target, eventually producing a nonwoven fi brous fabric/mat once 
suffi cient polymer fi bers have been accumulated on the target [ 61 ]. To produce a 
tubular fabric for vascular graft application, the fi bers are collected on a rotating 
mandrel in lieu of a static fl at target [ 2 ,  61 ].

   Recently, electrospinning has reemerged as a preferred fabrication tool for gen-
erating fi brous scaffolds from a large number of both synthetic polymers, including 
PLGA [ 62 ], PCL [ 23 ], and natural proteins [ 63 ], as well as from mixed solutions 
containing both synthetic and natural polymers [ 4 ,  64 ]. The concentration/viscosity 
of the polymer solution, surface tension, applied voltage, air gap distance, and solu-
tion delivery rate are critical experimental parameters that determine the shape and 
size of electrospun fi bers [ 59 ,  60 ].  

  Fig. 19.2    Schematics of the setup of the electrospinning process (reproduced with permission 
from Barnes et al. [ 61 ]   )       
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19.3.4.2    Fabrication Techniques for Drug-Eluting Electrospun Fibers 

   Blend Electrospinning 

 In blend electrospinning, the drugs are mixed with the polymer solution in a common 
solvent, after which the mixed solution is used to electrospin the drug- containing 
fi bers and fi brous scaffolds. The process of blend electrospinning incorporates 
drugs within the fi bers as they are formed, rather than simply absorb them on the 
fi ber surfaces [ 65 ]. Hence, this method is expected to provide more sustained drug 
release as compared to mere physical absorption. At present, a good number of 
diverse bioactive agents have been incorporated into electrospun fi bers via this 
approach; they all exhibited sustained release profi les [ 65 ]. Blend electrospinning is 
currently the most common method of choice for generating drug- carrying electrospun 
fi bers. A wide variety of CVD-relevant therapeutic drugs, including heparin [ 23 ], 
paclitaxel [ 16 ], sirolimus [ 2 ], and aspirin [ 43 ], have been incorporated into fi bers 
via blend electrospinning.  

   Coaxial Electrospinning 

 In coaxial electrospinning, two or more solutions are coaxially and concomitantly 
electrospun through different feeding resources but assembled in one needle to 
manufacture composite fi bers with a core–shell structure. As a dynamic process, 
coaxial electrospinning is affected by various factors, such as the delivery rates 
of the inner and the outer solutions and the interfacial tension and viscosity of the 
solutions [ 65 ]. Due to the complexity of this technique, the application of coaxially 
electrospun fi bers as bioengineered reservoirs for the controlled delivery of bioactive 
agents/drugs has only been reported in the past few years [ 66 ]. It is anticipated that 
the core–shell structure of the fi bers provided by coaxial electrospinning will 
allow more homogeneous drug distribution within the fi bers, therefore yielding a 
prolonged release profi le [ 65 ].  

   Physical Adsorption 

 The easiest approach to incorporating drugs into electrospun fi bers is to dipcoat the 
fi brous constructs (mats, tubes, etc.) into appropriate organic or inorganic solvents 
that contain the drug in question. In this method, the drugs may cling to the fi bers via 
electrostatic forces [ 65 ]. However, this approach is seldom used due to the puta-
tively uncontrolled amounts of absorbed drug and release profi les. The release rates 
of bioactive agents adsorbed on electrospun fi bers were reported to be much faster 
than that of the same amount of proteins/genes loaded into electrospun fi brous 
scaffolds using blend electrospinning [ 65 ].  
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   Covalent Immobilization 

 Covalent immobilization secures/attaches the drugs and bioactive agents onto the fi ber 
surface altered via chemical bonds and/or biophysical biochemical modifi cations 
[ 65 ,  67 ]. Established surface modifi cations of fi bers include plasma treatment, graft 
polymerization, chemical conjugation, etc. [ 67 – 69 ]. This method is predominantly 
used to improve the surface properties of electrospun fi bers to achieve sustained drug 
delivery. To date, a variety of biomolecules with CVD relevance, such as heparin, 
have been covalently attached on the surface for controlled drug delivery [ 67 – 69 ].  

   Current Progress in Drug-Eluting Electrospun Fibers/Grafts 

 In comparison to the numerous studies of bioactive agents releasing electrospun 
fi bers, the few published studies focusing on drug-eluting electrospun fi bers for 
vascular graft applications unanimously use blend electrospinning approaches. In 
this subsection, we paradigmatically describe a few studies, which include sirolimus- 
contained polyurethane (PU) fi brous mats/grafts [ 2 ], sirolimus-blended poly( l -
lactide - co -caprolactone- co -glycolide)/phospholipid fi bers [ 70 ], paclitaxel- or 
heparin-encapsulated PCL fi bers [ 16 ,  23 ], and aspirin-loaded PCL grafts [ 43 ]. 
These data demonstrate that (blend) electrospinning is a simple and versatile tech-
nique to incorporate various drugs into polymer fi bers while offering a localized and 
controlled drug release without signifi cantly altering the morphology and mechani-
cal properties of the ensuing fi brous constructs (mats, tubes, etc.). We believe that 
drug-eluting electrospun fi bers can serve as effective drug reservoirs for the local 
drug delivery in vascular therapeutic applications. We surmise that with precise 
system design, the drug-laden electrospun fi bers are promising candidates for func-
tional vascular grafts that can exhibit long-term safety and patency. 

 In 2006, Luong-Van et al. [ 23 ] reported the successful incorporation of heparin 
into electrospun PCL fi bers via blend electrospinning. Smooth, bead-free fi bers 
were electrospun with homogeneous distribution of heparin. These heparin/PCL 
fi bers showed a diffusion-controlled release in vitro with a cumulative release of ca. 
50 % of the encapsulated heparin released after 14 days. Further in vitro studies 
suggest that heparin-loaded fi bers did not trigger infl ammatory responses in macro-
phages and reduced SMC proliferation, making this system a potentially promising 
local drug delivery vehicle for cardiovascular applications [ 23 ]. 

 In 2009, Innocente et al. [ 16 ] introduced paclitaxel into electrospun PCL nanofi bers 
via blend electrospinning. Generating small-diameter vascular grafts from these 
fi bers, the authors assessed drug release profi les and graft performance both in vitro 
and in vivo. During a 27-day in vitro study, a triphasic release profi le was observed, 
consisting of an initial burst release (ca. 20 % of the entrapped drug) within the fi rst 
hour, followed by a sustained release over the following ca. 22 days, and a fi nal 
plateau phase with a much slower release over the last 4–6 days, for a cumulative 
release of ca. 60 % of the entrapped drug. When implanted into the infrarenal 
abdominal aorta of Sprague–Dawley rats, these paclitaxel-PCL grafts exhibited 
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signifi cant suppression/delay of neointima formation with 100 % graft patency for 
up to 6 months. While the drug reduced, as expected, neointimal hyperplasia, it also 
signifi cantly delayed endothelialization and cellular ingrowth. Remarkably, 
although loading of paclitaxel into PCL fi bers affected the mechanical and morpho-
logical properties of the corresponding grafts, this did not jeopardize the grafts’ 
suitability for implantation in a rodent model [ 16 ]. 

 Also in 2009, Kim et al. [ 70 ] blend electrospun a solution containing poly( l -
lactide - co -caprolactone-co-glycolide) (PLCG), a water-soluble amphiphilic copo-
lymer bearing phosphorylcholine groups (PMB30W), and sirolimus and evaluated 
fi ber morphologies and physicochemical traits as well as their in vitro release char-
acteristics. A sustained slow release was observed during this 1-month study, with a 
cumulative release approaching 30 % [ 70 ]. The therapeutic effi cacy of these fi bers 
yet has to be evaluated. 

 Del Gaudio et al. [ 43 ] recently electrospun small-diameter aspirin-eluting 
PCL grafts and evaluated fi ber structure and release characteristics in vitro. A dose- 
dependent (drug loading at 1, 5, 10 %, w/w) controlled release was observed for the 
fi rst ca. 50 h. The amount of aspirin released from the fi bers with the higher drug 
contents was effective in signifi cantly attenuating platelet adhesion during the initial 
few hours of the study [ 43 ]. 

 In our own work, we recently incorporated sirolimus into polyurethane (PU) 
fi bers by blend electrospinning using three distinct blending methods and assessed 
the drug release profi les and the bioavailability of RM-containing PU fi bers in the 
form of fi brous mats and small-diameter vascular grafts in vitro [ 2 ] .  Specifi cally, we 
tested different blending methods by either dissolving RM powder in PU solution 
(5 %, w/v) or mixing a sirolimus solution (at 2 or 5 %, w/v) with a PU solution 
(5 %, w/v) for achieving fi nal drug contents of 1, 5, 10, and 20 % (w/w), respectively. 

 By varying the blending methods, i.e., the total solute concentration, we were 
able to change the diameters of the ensuing sirolimus-eluting fi bers, in a manner 
that seems to depend both on the solute concentration and on the method of blend-
ing. As shown in Fig.  19.3a , at 10 and 20 % RM (w/w), the RM/PU blend solutions 
prepared via the different blending methods produced fi bers with signifi cant differ-
ent diameters [ 2 ]. A plot of the diameters of all fi bers against their respective total 
solute concentration produced linear positive correlations ( R  2  > 0.94) for samples 
via 2 % and powder methods (the solutions of which with varied total solute con-
centrations; see Fig.  19.3b ) [ 71 ,  72 ]. In contrast to the more complex relationship 
between drug contents and fi ber diameter, the Young’s moduli of all fi brous mats 
generally increased with higher relative RM concentration, indicating a strengthen-
ing effect of the incorporation of RM on the resulting blend fi bers (Fig.  19.3c ). 
Of note, at a relative RM concentration of 10 or 20 % (w/w), the increase in the total 
solute concentration (via the different blending methods) yielded a decrease in the 
average Young’s moduli of the ensuing fi brous mats (Fig.  19.3c ). By plotting the 
Young’s moduli of fi brous mats against the diameter of corresponding fi bers 
(Fig.  19.3d , negative correlations), we confi rmed recent results by Tan et al. [ 73 ] 
that with decreasing diameter, single/individual polymer fi bers were stiffer and less 
ductile. Importantly, the average Young’s moduli of RM/PU fi brous mats at 20 % 
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RM (w/w) generated were comparable to that of natural arteries and thus relevant 
for the intended application of this system for vascular grafts [ 74 ].

   The morphology of both fi brous mats and bilayered grafts (with a luminal 
spin- cast PU layer free of drug, as previously described; see [ 74 ]) was analyzed 
with SEM (Fig.  19.4a, b , mats; Fig.  19.4c, d , e, grafts). The purpose of this novel 
bilayered vascular graft design is to restrict RM-incorporated PU fi bers to the outer 
layer of our bilayered vascular grafts [ 2 ] and with that to direct drug release only 
toward the  tunica media  harboring the SMCs while minimizing, if any, potentially 
inhibitory effects of the drug on the endothelialization of small-diameter grafts, as 
described by Innocente et al. [ 16 ].

   In terms of functional characterization, we evaluated the in vitro drug release 
profi les of both mats and grafts at different sirolimus concentrations (1, 5, 10, 20 %, w/w) 
as well as their bioactivities. Both mats and grafts inhibited SMC proliferation in a 
dose-dependent fashion; at 20 % drug, both mat and graft samples “killed” essen-
tially all cells [ 2 ]. We then examined the in vitro drug release profi les of electrospun 

  Fig. 19.3    Fiber diameter of electrospun rapamycin–polyurethane (RM–PU) fi bers plotted against 
the relative concentration of rapamycin (w/w) ( a ); correlation of fi ber diameter with the total solute 
concentration (w/v) of the different solutions ( b ); Young’s modulus of electrospun fi brous mats 
plotted against the relative concentration of rapamycin (w/w) ( c ); correlation of Young’s modulus 
of fi brous mats at a relative RM/PU ratio (w/w) at 10 or 20 % with fi ber diameter ( d ). Data in ( a, c ) 
are represented as mean ± SD ( n  = 90 in A,  n  = 6 in C). **:  p  < 0.01. Data in ( b, d ) represented as the 
mean (reproduced with permission from Han et al. [ 2 ])       
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sirolimus-eluting fi brous mats and grafts containing 20 % drug prepared via the 
different blending methods for up to 77 days. All samples exhibited a relatively small 
initial burst release for the fi rst week (<10 % for mats, <5 % for tubular grafts), 
followed by a sustained release, regardless of their form in mats or grafts (Fig.  19.5a, b ). 
Yet the amount of drug release was different for each time point investigated: fi bers 
produced by the 2 % method released the highest amount of RM, while those manu-
factured by the 5 % method released the least amount of the drug. A plot of the 
cumulative drug release against the square root of time (Fig.  19.5c, d , linear regres-
sion) suggested a Fickian diffusion-controlled release for all samples [ 23 ,  75 ]. 
Interestingly, some of the samples retained their competence to inhibit SMC prolif-
eration in vitro even after 77 days of release studies, making these systems attractive 
candidates for potentially long-term inhibition of neointimal hyperplasia [ 2 ].

  Fig. 19.4    SEM    images of cross section ( a ) and topical view ( b ) of electrospun mats made of RMp 
(20 %) containing polyurethane fi bers; cross section ( c ), luminal layer ( d ), and outer layer ( e ) of 
bilayered grafts made of RMp (20 %) fi bers. Scale bar: 20 μm (reproduced with permission from 
Han et al. [ 2 ])       
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19.4           Conclusions 

 In this chapter, we described some of the current developments and technologies in 
the area of drug-eluting vascular grafts. Given the simplicity and versatility of elec-
trospinning as platform technology, current progress in the fi eld of drug-eluting 
vascular grafts suggests that this approach may be a promising step toward meeting 
the unmet clinical need of combining sustained localized drug release for vascular 
therapeutic applications with long-term effi cacy and safety. This multi-faceted quest 
for substantial improvements of the drug-eluting vascular repair devices, grafts, and 
stents alike requires further innovations in the design and implementation of drugs, 
the polymer/drug carriers, as well as the drug delivery systems in order to provide a 
precise control of drug release at the correct location over a well-defi ned and tightly 
controlled time period. In addition, basic knowledge/understanding of the tissue 
reactions to and interactions with various vascular prosthetics is fundamental to 
optimizing the design and clinical practicality of these systems, thus requiring the 
close interdisciplinary collaborations among material scientists, tissue engineers, 
vascular biologists, and clinicians.     

  Fig. 19.5    In vitro drug release profi les of RM–PU mats ( a ) and grafts ( b ) with fi bers RM2 (20 %), 
RM5 (20 %), or RMp (20 %) over 77-day period; data are represented as mean ± SD from triplicates. 
Cumulative RM release plotted against the square root of time for all fi brous mats ( c ) and grafts ( d ); 
data represented the mean from triplicates (reproduced with permission from Han et al. [ 2 ])       
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     Abbreviations 

   AIDS    Acquired immunodefi ciency syndrome   
  CNT    Carbon nanotube   
  DAB    Diaminobutyl   
  EPR    Enhanced permeation and retention   
  GALT    Gut-associated lymphoid tissue   
  HA    Hyaluronic acid   
  HAART    Highly active antiretroviral therapy   
  HER    Human epidermal growth factor receptor   
  HIV    Human immunodefi ciency virus   
  i.m.    Intramuscular   
  i.p.    Intraperitoneal   
  IFN    Interferon   
  IgG    Immunoglobulin G   
  ipl    Intrapleural   
  LECs    Lymphatic endothelial cells   
  mAbs    Monoclonal antibodies   
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  MN-MWNTs    Magnetic multiwalled nanotubes   
  MWNTs    Multiwalled nanotubes   
  NALT    Nasal-associated lymphoid tissue   
  PAMAM    Polyamidoamine   
  PEG    Polyethylene glycol   
  PLA    Polylactic acid   
  PLGA    Poly(lactic-co-glycolic acid)   
  PMMA    Poly(methyl methacrylate)   
  RES    Reticuloendothelial system   
  s.c.    Subcutaneous   
  SARS    Severe acute respiratory syndrome   
  SEDDS    Self-emulsifying drug delivery system   
  SLN    Solid lipid nanoparticles   
  TB    Tuberculosis   
  TUNEL assay    Terminal deoxynucleotidyl transferase dUTP nick end labelling assay   

20.1           Introduction 

20.1.1     Development of the Lymphatic Vascular System 

 The lymphatic system was fi rst recognised by Gaspare Aselli in 1627, and the anatomy 
of the lymphatic system was almost completely characterised by the early nine-
teenth century. However, knowledge of the blood circulation continued to grow 
rapidly in the last century [ 1 ]. Two different theories are proposed which are in 
favour of origin of the lymphatic vessels. Firstly, centrifugal theory of embryologic 
origin of the lymphatics was described in the early twentieth century by Sabin and 
later by Lewis, postulating that lymphatic endothelial cells (LECs) are derived from 
the venous endothelium. Later the centripetal theory of lymphatic development was 
proposed by Huntington and McClure in 1910 which describes the development of 
the lymphatic system beginning with lymphangioblasts, mesenchymal progenitor cells, 
arising independently of veins. The venous connection to the lymphatic system then 
happens later in development [ 2 ]. 

 The lymphatic vessels in the embryo are originated at mid-gestation and are 
developed after the cardiovascular system is fully established and functional [ 3 ]. 
A dual origin of lymphatic vessels from embryonic veins and mesenchymal 
lymphangioblasts is also proposed [ 4 ]. Recent studies provide strong support of the 
venous origin of lymphatic vessels [ 5 – 8 ]. The recent discovery of various molecu-
lar markers has allowed for more in-depth research of the lymphatic system and its 
role in health and disease. The lymphatic system has recently been elucidated as 
playing an active role in cancer metastasis. The knowledge of the active processes 
involved in lymphatic metastasis provides novel treatment targets for various 
malignancies.  
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20.1.2     Anatomy and Physiology of the Lymphatic System 

 The lymphatic system consists of the lymphatic vessels, lymph nodes, spleen, thymus, 
Peyer’s patches and tonsils, which play important roles in immune surveillance and 
response. The lymphatic system serves as the body’s second vascular system in verte-
brates and functions co-dependently with the cardiovascular system [ 9 ,  10 ]. The lym-
phatic system comprises a single irreversible, open-ended transit network without a 
principal driving force [ 9 ]. It consists of fi ve main types of conduits including the capil-
laries, collecting vessels, lymph nodes, trunks and ducts. The lymphatic system origi-
nates in the dermis with initial lymphatic vessels and blind-ended lymphatic capillaries 
that are nearly equivalent in size to but less abundant than regular capillaries [ 9 ,  11 ]. 
Lymphatic capillaries consist of a single layer of thin-walled, non-fenestrated lym-
phatic endothelial cells (LECs), alike to blood capillaries. The LECs, on the contrary to 
blood vessels, have poorly developed basement membrane and lack tight junctions and 
adherent junctions too. These very porous capillaries act as gateway for large particles, 
cells and interstitial fl uid. Particles as large as 100 nm in diameter can extravasate into 
the interstitial space, get phagocytosed by macrophages and are ultimately passed 
on to lymph nodes [ 11 – 14 ]. Lymphatic capillary endothelial cells are affi xed to the 
extracellular matrix by elastic anchoring fi laments, which check vessel collapse 
under high interstitial pressure. These initial lymphatics, under a positive pressure 
gradient, distend and create an opening between loosely anchored endothelial cells 
letting for the entry of lymph, a protein-rich exudate from the blood capillaries [ 12 , 
 15 ,  16 ]. In initial lymphatic vessels, overlying endothelial cell–cell contacts prevent 
fl uid refl ux back into the interstitial space [ 17 ,  18 ]. 

 After the collection of lymph by the lymphatic capillaries, it is transported through 
a system of converging lymphatic vessels of progressively larger size, is fi ltered 
through lymph nodes where bacteria and particulate matter are removed and fi nally 
goes back to the blood circulation. Lymph is received from the initial capillary lym-
phatic by deeper collecting vessels that contain valves to maintain unidirectional fl ow 
of lymph. These collecting vessels have basement membranes and are surrounded by 
smooth muscle cells with intrinsic contractile activity that in combination with con-
traction of surrounding skeletal muscles and arterial pulsations propels the lymph to 
lymph nodes [ 19 – 21 ]. The collecting lymphatic vessels unite into lymphatic trunks, 
and the lymph is fi nally returned to the venous circulation via the thoracic duct into 
the left subclavian vein [ 22 ,  23 ]. The fl ow of lymph toward the circulatory system is 
supported by increases in interstitial pressure as well as contractions of the lymphatic 
vessels themselves. Roughly 25 l of lymphatic fl uid enters the cardiovascular system 
each day [ 11 ].  

20.1.3     Need for Lymphatic Targeting 

 The key functions of the lymphatic system are maintenance of normal tissue fl uid 
balance, absorption of lipids and fat-soluble vitamins from the intestine and magnetism 
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and transport of immune cells. Lymphatics transport the antigen-presenting cells as 
well as antigens from the interstitium of peripheral tissues to the draining lymph 
nodes where they initiate immune responses via B- and T-cells in the lymph nodes 
[ 9 ,  12 ,  24 ,  25 ]. Tissue fl uid balance is maintained by restoring interstitial fl uid to the 
cardiovascular system [ 9 ]. Although capillaries have very low permeability to 
proteins, these molecules as well as other macromolecules and bacteria accumu-
late in the interstitium. Due to the accumulation of these large molecules in the 
interstitium, signifi cant tissue oedema would result. The lymphatic system offers 
the mechanism by which these large molecules re-enter the blood circulation [ 26 ]. 
The lymphatic system is the site of many diseases such as metastitial tuberculosis 
(TB), cancer and fi lariasis [ 27 ]. Due to the peculiar nature and anatomy of the 
lymphatic system, localisation of drugs in the lymphatics has been particularly 
diffi cult to achieve. 

 The lymphatic system has an active role in cancer metastasis. Although many 
cancers may be treated with surgical resection, microscopic disease may remain and 
lead to locoregional recurrence. Conventional systemic chemotherapy cannot prove 
effective for delivering drugs to the lymphatic system without dose-limiting toxici-
ties [ 28 ]. Lymphatic system functions in the clearance of particulate matter from the 
interstitium following presentation to lymph nodes have created interest in develop-
ing microparticulate systems to target regional lymph nodes. Molecule’s composi-
tion is important in determining uptake into the lymphatics and retention within the 
lymph nodes. Colloidal materials, for example, liposomes, activated carbon parti-
cles, emulsions, lipids and polymeric particulates, are highly taken up by the lym-
phatics; that’s why nowadays these substances are emerging as potential carriers for 
lymphatic drug targeting [ 29 ]. The vast majority of drugs following oral administra-
tion are absorbed directly into portal blood, but a number of lipophilic molecules 
may get access to the systemic circulation via the lymphatic pathway [ 30 ,  31 ]. 
Intestinal lymphatic transport of lipophilic molecules is signifi cant and presents 
benefi ts in a number of situations:

    1.    The total systemic bioavailability of lipophilic molecules may be increased, and 
the hepatic fi rst-pass metabolism may be reduced by the intestinal lymphatic 
absorption [ 30 ].   

   2.    Targeting immunomodulatory agents, cytotoxic agents and drugs used in the 
treatment of human immunodefi ciency virus (HIV) to the lymphatic system has 
a potential to maximise therapeutic benefi ts and minimise systemic exposure 
[ 30 ,  32 ].   

   3.    Following association of the drug with chylomicrons, intestinal lymphatic trans-
port may alter the pharmacokinetic and the pharmacodynamic properties of the 
drug [ 32 – 35 ].    

  The lymphatic system also acts as the primary systemic transport pathway for 
B- and T-lymphocytes as well as the main route of metastatic spread of a number of 
solid tumours [ 36 ,  37 ]. Therefore, lymphatic absorption of the immunomodulatory 
and anticancer compounds may be more effective [ 38 ,  39 ]. The presence of wide 
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amounts of HIV-susceptible immune cells in the lymphoid organs makes antiretroviral 
drug targeting to these sites of tremendous interest in HIV therapy. This strategy 
comprises once again targeting nanosystems to immune cell populations, particu-
larly macrophages. Also evidence further suggests that lymph and lymphoid tissue, 
and in particular gut-associated lymphoid tissue, play a major role in the develop-
ment of HIV and antivirals which target acquired immunodefi ciency syndrome 
(AIDS) may therefore be more effective when absorbed via the intestinal lymphat-
ics [ 40 ,  41 ]. Other viruses like hepatitis B [ 42 ] and morbillivirus [ 43 ] (which also 
replicate in gut-associated lymphoid tissue) and the closely related canine distemper 
virus [ 44 ] including severe acute respiratory syndrome (SARS)-associated corona-
virus [ 45 ] may also spread via the lymphatic network, and the chronic persistence 
of hepatitis C is believed to result from uptake into systemic lymphocytes and 
sequestration into the lymph [ 46 ]. 

 Targeting drugs to lymphatic system is a tough and challenging task, and it 
totally depends upon the intricate physiology of the lymphatic system. Targeting 
facilitates direct contact of drug with the specifi c site, decreasing the dose of the 
drugs and minimising the side effects caused by them. Currently, nanocarriers have 
encouraged the lymphatic targeting, but still there are challenges of locating drugs 
and bioactives to specifi c sites, maintaining desired action and crossing all the phys-
iological barriers. These hurdles could be overcome by the use of modifi ed nanosystems 
achieved by the surface engineering phenomena.   

20.2     Targets for Lymphatic Delivery 

 From the growing awareness of the importance of lymph nodes in cancer progno-
sis, their signifi cance for vaccine immune stimulation and the comprehension that 
the lymph nodes harbour HIV as well as other infectious diseases stems the devel-
opment of new methods of lymph node drug delivery [ 47 – 50 ]. New methods of 
delivering drugs and other carriers to lymph nodes are currently under 
investigation. 

20.2.1     Cancer 

 Lymph node dissemination is the primary cause of the spread of majority of solid 
cancers [ 51 ]. In regard to cancer metastasis, the status of the lymph node is a 
major determinant of the patient’s diagnosis. The most important factor that deter-
mines the appropriate care of the patient is correct lymph node staging [ 52 ]. 
But patient survivals have been shown to improve by the therapeutic interventions 
that treat metastatic cancer in lymph nodes with either surgery or local radiation 
therapy [ 53 ].  
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20.2.2     Human Immunodefi ciency Virus 

 Viraemia is an early indication of primary infection with HIV followed by a specifi c 
HIV immune response and a dramatic decline of virus in the plasma [ 54 ]. Long after 
the HIV virus can be found in the blood, HIV can be found in high levels in mono-
nuclear cells located in lymph nodes. Viral replication in these lymph nodes has 
been reported to be about 10- to 100-fold higher than in the peripheral blood mono-
nuclear cells [ 55 ]. Standard oral or intravenous drug delivery to these lymph node 
mononuclear cells is diffi cult [ 56 ]. Even if highly active antiretroviral therapy 
(HAART) can reduce plasma viral loads in HIV-infected patients by 90 %, active 
virus can still be isolated from lymph nodes even after 30 months of HAART 
therapy.  

20.2.3     Filaria 

 Lymph nodes are the key element of the life cycle of several parasite organisms, 
including fi laria. Lymphatic vessels and lymph nodes of infected patients can carry 
adult worms. This adult fi laria obstructs the lymphatic drainage that results into 
swelling of extremities that are distal to the infected lymph node. These very symp-
toms of swollen limbs in patients with fi larial disease have been termed elephantia-
sis. The eradication of adult worms in lymph nodes is not frequently possible, and 
commonly a much extended course of medical therapy is required for it to be 
successful [ 57 ].  

20.2.4     Anthrax 

 New methods of curing anthrax have become a burning interest following the recent 
outburst of anthrax infections and deaths in the USA as a result of terrorism. In anthrax 
infection, endospores from Bacillus anthracis that gain access into the body are 
phagocytosed by macrophages and carried to regional lymph nodes where the endo-
spores germinate inside the macrophages and become vegetative bacteria [ 58 ]. 
According to one literature, computed tomography of the chest was performed on 
eight patients infected with inhalational anthrax. Mediastinal lymphadenopathy was 
found in seven of the eight patients [ 59 ]. In another case report of a patient, the anthrax 
bacillus was shown to be rapidly sterilised within the blood stream after initiation of 
antibiotic therapy. However, viable anthrax bacteria were still present in postmortem 
mediastinal lymph node specimens [ 60 ]. Treatment and control of these diseases are 
hard to accomplish because of the limited access of drugs to mediastinal nodes using 
common pathways of drug delivery. Also, the anatomical location of mediastinal 
nodes represents a diffi cult target for external beam irradiation.  
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20.2.5     Tuberculosis 

 Newer methods to target antituberculosis drugs to these lymph nodes could possibly 
decrease the amount of time of drug therapy. TB requires lengthy treatment minimum 
of approximately 6 months probably because of its diffi culty in delivering drugs 
into the tubercular lesions. 

 The TB infection is caused by mycobacteria that invade and grow chiefl y in phago-
cytic cells. Lymph node TB is the most common form of extrapulmonary TB rating 
approximately as 38.3 %. This is frequently found to spread from the lungs to lymph 
nodes. In one study, total TB lymph node involvement was found as 71 % of the intra-
thoracic lymph nodes, 26 % of the cervical lymph nodes and 3 % of the axillary lymph 
nodes [ 61 ].   

20.3     Approaches for Lymphatic Targeting 

 Targeted delivery of drugs can be achieved utilising carriers with a specifi ed affi nity 
to the target tissue. There are two approaches for the targeting, i.e. passive and 
active. In passive targeting, most of the carriers accumulate to the target site during 
continuous systemic circulation to deliver the drug substance, the behaviour of 
which depends highly upon the physicochemical characteristics of the carriers. 
Whereas much effort has been concentrated on active targeting, this involves 
delivering drugs more actively to the target site. 

20.3.1     Passive Targeting 

 Passive targeting involves the transport of carriers through leaky tumour vasculature 
into the tumour interstitium and cells by convection or passive diffusion. Further, 
nanocarriers and drug then accumulate at the target site by the enhanced permeation 
and retention (EPR) effect [ 62 ]. The EPR effect is most prominent mainly in cancer 
targeting. Moreover, the EPR effect is pertinent for about all fast-growing solid 
tumours [ 63 ]. The EPR effect will be most positive if nanocarriers can escape 
immune surveillance and circulate for a long period. Very high local concentrations 
of drug-loaded nanocarriers can be attained at the target site, for example, about 
10- to 50-fold higher than in normal tissue within 1–2 days [ 64 ]. 

 However, there exist some limitations for passively targeting the tumour; fi rst is 
the degree of tumour vascularisation and angiogenesis which is important for pas-
sive targeting of nanocarriers [ 65 ]. And, second, due to the poor lymphatic drainage 
in tumours, the interstitial fl uid pressure increases which correlates nanocarrier size 
relationship with the EPR effect: larger and long-circulating nanocarriers (100 nm) 
are more retained in the tumour, whereas smaller molecules easily diffuse [ 66 ].  
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20.3.2     Active Targeting 

 Active targeting is based upon the attachment of targeting ligands on the surface of 
the nanocarrier for appropriate receptor binding that are expressed at the target site. 
The ligand particularly binds to a receptor overexpressed in particular diseased cells 
or tumour vasculature and not expressed by normal cells. In addition, targeted 
receptors should be present uniformly on all targeted cells. Targeting ligands are 
either monoclonal antibodies (mAbs) and antibody fragments or non-antibody 
ligands (peptidic or not). These can also be termed as ligand-targeted therapeutics 
[ 67 ,  68 ]. Targeting approaches for lymphatic targeting are shown in Fig.  20.1 .

20.4         Carriers for Lymphatic Targeting 

 Current research is focussed on two types of carriers, namely, colloidal carriers and 
polymeric carriers. Targeting strategies for lymphatics are shown in Fig.  20.2 .

20.4.1       Colloidal Carriers 

 Much effort has been concentrated to achieve lymphatic targeting of drugs using 
colloidal carriers. The physicochemical nature of the colloid itself has been shown 

  Fig. 20.1    Approaches for lymphatic targeting       
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to be of particular relevance, with the main considerations being size of colloid and 
hydrophobicity. The major purpose of lymphatic targeting is to provide an effective 
anticancer chemotherapy to prevent the metastasis of cancer cells by accumulating 
the drug in the regional lymph node. 

20.4.1.1     Emulsifying Drug Delivery Systems 

 Emulsions are probably well-known particulate carriers with comparative histories 
of research and have been widely used as a carrier for lymph targeting. Hashida 
et al. demonstrated that injection of water-in-oil (W/O) or oil-in-water (O/W) emul-
sions favoured lymphatic transport of mitomycin C via the intraperitoneal and intra-
muscular routes and uptake into the regional lymphatics was reported in the order 
of O/W > W/O > aqueous solution. The nanoparticle-in-oil emulsion system, con-
taining anti-fi larial drug in gelatin nanoparticles, was studied for enhancing lym-
phatic targeting [ 69 ]. Pirarubicin and Lipiodol emulsion formulation was developed 
for treating gastric cancer and metastatic lymph nodes [ 70 ,  71 ]. After endoscopic 
injection of the pirarubicin–Lipiodol emulsion, the drug retained over 7 days at the 
injection site and in the regional lymph node. 

 Hauss et al. in their study have explored the lymphotropic potential of emulsions 
and self-emulsifying drug delivery systems (SEDDS). They investigated the effects 
of a range of lipid-based formulations on the bioavailability and lymphatic transport 
of ontazolast following oral administration to conscious rats and found that all the 
lipid formulations increased the bioavailability of ontazolast comparative to the 
control suspension, the SEDDS promoted more rapid absorption and maximum 
lymphatic transport is found with the emulsion [ 72 ,  73 ].  

Nanocarriers overcome the 
barrier
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  Fig. 20.2    Strategies for targeting nanocarriers to lymphatic system       
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20.4.1.2     Liposomes 

 Lymphatic delivery of drug-encapsulated liposomal formulations has been 
investigated extensively in the past decade. Liposomes possess ideal features for 
delivering therapeutic agents to the lymph nodes which are based on their size, 
which prevents their direct absorption into the blood; the large amount of drugs and 
other therapeutic agents that liposomes can carry; and their biocompatibility. 
The utility of liposomes as a carrier for lymphatic delivery was fi rst investigated by 
Segal et al. in 1975 [ 74 ]. 

 Orally administered drug-incorporated liposomes enter the systemic circulation 
via the portal vein and intestinal lymphatics. Drugs entering the intestinal lymphatic 
through the intestinal lumen avoid liver and fi rst-pass metabolism as they fi rst 
migrate to lymphatic vessels and draining lymph nodes before entering systemic 
circulation. Lymphatic uptake of carriers via the intestinal route increases bioavail-
ability of a number of drugs. For oral delivery of drug-encapsulated liposomal for-
mulations, intestinal absorbability and stability are the primary formulation concerns. 
Ling et al. evaluated oral delivery of a poorly bioavailable hydrophilic drug, 
cefotaxime, in three different forms: liposomal formulation, aqueous-free drug and a 
physical mixture of the drug and empty liposomes [ 75 ]. The liposomal formulation 
of the drug turned out to exhibit a 2.7-fold increase in its oral bioavailability 
compared to the aqueous dosage and a 2.3-fold increase for the physical mixture. 
They also accounted that the liposomal formulation leads to a signifi cant enhance-
ment of the lymphatic localisation of the drug relative to the other two formulations. 
As a result, liposome systems emerged as useful carriers for poorly bioavailable 
hydrophilic drugs, promoting their lymphatic transport in the intestinal lymph as 
well as their systemic bioavailability. 

 Conventional liposomal formulations contain anticancer drugs incorporated in 
them for intravenous infusion in treating various types of cancers. Doxil, a chemo-
therapeutic formulation of PEGylated liposomes of doxorubicin, is widely used as 
fi rst-line therapy of AIDS-related Kaposi’s sarcoma, breast cancer, ovarian cancer and 
other solid tumours [ 76 – 80 ]. Liposomal delivery of anticancer drug actinomycin D 
via intratesticular injection has shown greater concentration of the drug in the local 
lymph nodes. Furthermore, a study by Hirnle et al. found liposomes as a better carrier 
for intralymphatically delivered drugs contrasted with bleomycin emulsions [ 81 ]. 
Systemic liposomal chemotherapy is preferred mainly because of its reduced side 
effects compared to the standard therapy and improved inhibition of the anticancer 
drugs from enzymatic digestion in the systemic circulation. Effective chemotherapy 
by pulmonary route could overcome various lacunas associated with systemic chemo-
therapy like serious non-targeted toxicities, poor drug penetration into the lymphatic 
vessels and surrounding lymph node and fi rst-pass clearance concentrating drugs in 
the lungs and draining lymphatics in the case of oral delivery. 

 Latimer et al. developed liposomes of paclitaxel and a vitamin E analogue 
α-tocopheryloxy acetic acid (α-TEA) in an aerosol formulation for treating murine 
mammary tumours and metastases [ 82 ]. Similarly, Lawson et al. performed a 
comparative study for the anti-proliferative effi cacy of a 9-nitro-camptothecin 
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(9-NC)-encapsulated dilauroylphosphatidylcholine liposomal delivery, α-TEA and 
a combination therapy of 9-NC and α-TEA, in a metastatic murine mammary 
tumour model. Liposome-encapsulated individual as well as combination treatment 
was delivered via an aerosol for curing metastases of lungs and of the surrounding 
lymph node. The animals treated with the combination therapy were found to have 
less proliferative cells compared to the animals treated with 9-NC alone when 
immunostained with Ki-67. The in vivo anticancer effi cacy studies demonstrated 
that the combination treatment greatly hindered the tumour progression compared 
to each treatment alone, leading to the prolonged survival rate [ 83 ]. High levels of 
drugs could be targeted to lymph nodes containing TB using liposomal antitubercu-
losis drug therapy [ 84 ]. 

 Deep lung lymphatic drainage could also be visualised using 99mTc radioactive 
marker-incorporated liposomes. In addition, Botelho et al. delivered aerosolised 
nanoradioliposomal formulation to wild boars and observed their deep lung lymphatic 
network and surrounding lymph nodes [ 85 ]. Also, this technique has offered new 
information of the complicated structure of lymphatic network and has emerged as a 
new and non-invasive molecular imaging technique for the diagnosis of early dissemi-
nation of lung cancers as compared to the conventional computed tomography.  

20.4.1.3     Solid Lipid Nanoparticles 

 Solid lipid nanoparticles (SLN) could be a good formulation strategy for incorporating 
drugs with poor oral bioavailability due to low solubility in GI tract or pre- systemic 
hepatic metabolism (fi rst-pass effect) permitting transportation into the systemic 
circulation through the intestinal lymphatics. Bargoni et al. have performed various 
studies on absorption and distribution of SLN after duodenal administration [ 86 – 89 ]. 
In one study,  131 I-17-iodoheptadecanoic acid-labelled drug-free SLN were delivered 
into the duodenal lumen of fed rats, and transmission electron microscopy and 
photon correlation spectroscopy results of the lymph and blood samples verifi ed the 
transmucosal transport of SLN [ 86 ]. 

 In a later study of tobramycin-loaded SLN after duodenal administration, the 
improvement of drug absorption and bioavailability was ascribed mostly to the 
favoured transmucosal transport of SLN to the lymph compared to the blood [ 88 ]. 
The same group conducted a study using idarubicin-loaded SLN, administered via 
the duodenal route rather than intravenous route, and observed enhancement in drug 
bioavailability [ 89 ]. 

 Reddy et al. prepared etoposide-loaded tripalmitin (ETPL) SLN radiolabelled 
with 99mTc and administered the ETPL nanoparticles subcutaneously, intraperito-
neally and intravenously, to mice bearing Dalton’s lymphoma tumours, and 24 h after 
subcutaneous administration, gamma scintigraphy and the radioactivity measure-
ments showed that the ETPL SLN revealed a clearly higher degree of tumour uptake 
given via subcutaneous route (8- and 59-fold higher than that of the intraperitoneal 
and intravenous routes, respectively) and reduced accumulation in reticuloendothelial 
system organs [ 90 ]. 
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 Targeting therapies are of great potential in small cell lung cancer considering 
intrathoracic lymph node metastasis occurring in approximately 70 % of the limited 
stage patients and to nearly 80 % of the extensive stage patients [ 91 ]. Considering 
the case of non-small cell lung cancer, extensive rate of metastasis of lymphatics is 
seen in greater than 80 % of stage IV patients [ 92 ]. Videira et al. compared the 
biodistribution of inhaled 99mTc- d,l -hexamethylpropyleneamine oxime (HMPAO)-
radiolabelled SLN with that of the free tracer administered through the same route, 
and gamma scintigraphic results specifi ed that the radiolabelled SLN were primar-
ily cleared from lungs via the lymphatics [ 93 ,  94 ].  

20.4.1.4     Nanocapsules 

 Nanocapsules tend to be the most promising approach for lymphatic targeting 
because of their possibility of attaining distinct qualities with an easy manufacturing 
process. Nanocapsules coated with hydrophobic polymers could be easily captured 
by lymphatic cells in the body, when administered, because the hydrophobic parti-
cle is generally recognised as a foreign substance. The lymphatic targeting ability of 
poly(isobutylcyanoacrylate) nanocapsules encapsulating 12-(9-anthroxy) stearic acid 
upon intramuscular administration was evaluated and compared with three conven-
tional colloidal carriers [ 69 ]. In vivo study in rats proved that poly(isobutylcyanoacrylate) 
nanocapsules retained in the right iliac regional lymph nodes in comparison with other 
colloidal carriers following intramuscular administration.   

20.4.2     Polymeric Carriers 

 For effective targeted and sustained delivery of drugs to lymph, several polymeric 
particles have been designed and studied. The polymers are categorised in two types 
based on their origin either natural polymers like dextran, alginate, chitosan, gelatin, 
pullulan and hyaluronan or synthetic polymers like PLGA, PLA and PMMA. 

20.4.2.1     Natural 

 Dextran a natural polysaccharide has been used as a carrier for a range of drug mol-
ecules due to its outstanding biocompatibility. Bhatnagar et al. synthesised cyclo-
sporine A-loaded dextran acetate particles labelled with 99mTc. These particles 
gradually distributed cyclosporine A all through the lymph nodes following subcu-
taneous injection into the footpad of rats [ 95 ]. Dextran (average molecular weights 
of 10, 70 and 500 kDa)-conjugated lymphotropic delivery system of mitomycin C 
has been studied and it was reported that after intramuscular injection in mice, this 
mitomycin C–dextran conjugates retained for a longer period in regional lymph 
nodes for nearly 48 h while the free mitomycin was quickly cleared. 
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 Hyaluronan, also called as hyaluronic acid, is a natural biocompatible polymer 
that follows lymphatic drainage from the interstitial spaces. Cai et al. demonstrated 
a novel intralymphatic drug delivery method synthesising a cisplatin–hyaluronic 
acid conjugate for breast cancer treatment. Following subcutaneous injection into 
the upper mammary fat pad of female rats, most of the carrier localised in the 
regional nodal tissue compared to the standard cisplatin formulation [ 96 ].  

20.4.2.2     Synthetic 

 Poly(lactide-co-glycolide) as synthetic polymer that is used to prepare biodegrad-
able nanospheres has been accounted to deliver drugs and diagnostic agents to the 
lymphatic system. Similarly, nanospheres coated with block copolymers of polox-
amers and poloxamines with radiolabelled  111 In-oxine are used to trace the nanopar-
ticles in vivo. Upon s.c. injection, the regional lymph node showed a maximum 
uptake of 17 % of the administered dose [ 97 ]. 

 Dunne et al. synthesised a conjugate of block copolymer cis-diamminedichloro- 
platinum(II) (CDDP) and poly(ethylene oxide)-block-poly(lysine) (PEO-b-PLys) for 
treating lymph node metastasis. One animal treatment with 10 wt.% CDDP–poly-
mer resulted into limited tumour growth in the draining lymph nodes and prevention 
of systemic metastasis [ 98 ]. Johnston and coworkers designed a biodegradable 
intrapleural (ipl) implant of paclitaxel consisting gelatin sponge impregnated with 
poly(lactide-co-glycolide) (PLGA–PTX) for targeting thoracic lymphatics. In rat 
model, this system exhibited lymphatic targeting capability and showed sustained 
drug release properties [ 99 ]. 

 Kumanohoso et al. designed a new drug delivery system for bleomycin by loading 
it into a small cylinder of biodegradable polylactic acid to target lesions. This system 
showed signifi cantly higher antitumour effect compared to bleomycin solution and 
no treatment [ 100 ]. To treat lesions, a new biodegradable colloidal particulate- 
based nanocarrier system was designed to target thoracic lymphatics and lymph 
nodes. Various nano- and microparticles of charcoal, polystyrene and poly(lactide-
co-glycolide) were studied for the lymphatic distribution after intrapleural implan-
tation in rats, and after 3 h of intrapleural injection, the lymphatic uptake was 
observed [ 101 ].   

20.4.3     Miscellaneous Carriers 

20.4.3.1     Dendrimers 

 Kobayashi et al. utilised dendrimer-based contrast agents for dynamic magnetic 
resonance lymphangiography [ 102 ]. Gadolinium (Gd)-containing dendrimers of 
different sizes and molecular structures (PAMAM-G8, PAMAM-G4 and DAB-G5) 
(PAMAM, polyamidoamine; DAB, diaminobutyl) are used as contrast agents. Size 
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and molecular structure play a great role in distribution and pharmacokinetics of 
dendrimers. For example, PAMAM-G8 when injected intravenously had a com-
paratively long life in the circulatory system with minimum leakage out of the ves-
sels, whereas PAMAM-G4 cleared rapidly from the systemic circulation due to 
rapid renal clearance but had immediate survival in lymphatic circulation. The 
smaller-sized DAB-G5 showed greater accumulation and retention in lymph nodes 
useful for lymph node imaging using MR-LG. Gadomer-17 and Gd-DTPA–
dimeglumine (Magnevist) were evaluated as controls. Imaging experiments revealed 
that all of the reagents are able to visualise the deep lymphatic system except 
Gd-DTPA–dimeglumine. To visualise the lymphatic vessels and lymph nodes, 
PAMAM-G8 and DAB-G5 were used, respectively. While PAMAM-G4 provided 
good contrast of both the nodes and connecting vessels, Gadomer-17 was able to 
visualise lymph nodes, but not as clear as Gd-based dendrimers. Kobayashi also 
delivered various Gd-PAMAM (PAMAM-G2, PAMAM-G4, PAMAM-G6, 
PAMAM-G8) and DAB-G5 dendrimers to the sentinel lymph nodes and evaluated its 
visualisation with other nodes. The G6 dendrimer provided excellent opacifi cation 
of sentinel lymph nodes and was able to be absorbed and retained in the lymphatic 
system [ 103 ]. 

 Using a combination of MRI and fl uorescence with PAMAM-G6-Gd-Cy, the 
sentinel nodes were more clearly observed signifying the potential of the dendrimers 
as platform for dual imaging. Kobayashi et al. further overcame the sensitivity limi-
tation and depth limitations of each individual method by the simultaneous use of 
two modalities (radionuclide and optical imaging). Making use of PAMAM-G6 
dendrimers conjugated with near-infrared (NIR) dyes and an  111 In radionuclide 
probe, multimodal nanoprobes were developed for radionuclide and multicolour 
optical lymphatic imaging [ 104 ,  105 ]. 

 Later Kobayashi also proposed the use of quantum dots for labelling cancer cells 
and dendrimer-based optical agents for visualising lymphatic drainage and identifying 
sentinel lymph nodes [ 106 ]. Polylysine dendrimers have been best used for targeting 
the lymphatic system and lymph nodes.  

20.4.3.2     Carbon Nanotubes 

 Carbon nanotubes (CNT) possess various mechanochemical properties like high 
surface area, mechanical strength and thermal and chemical stability which cause 
them to be versatile carriers for drugs, proteins, radiologicals and peptides to target 
tumour tissues. Hydrophilic multiwalled carbon nanotubes (MWNTs) coated with 
magnetic nanoparticles (MN-MWNTs) have emerged as an effective delivery system 
for lymphatic targeting following subcutaneous injection of these particles into the 
left footpad of Sprague Dawley rats; the left popliteal lymph nodes were dyed black. 
MN-MWNTs were favourably absorbed by lymphatic vessels following their 
transfer into lymph nodes and no uptake was seen in chief internal organs such as 
the liver, spleen, kidney, heart and lungs. Gemcitabine loaded in these particles was 
evaluated for its lymphatic delivery effi ciency and MN-MWNTs–gemcitabine 
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displayed the maximum concentration of gemcitabine in the lymph nodes [ 107 ]. 
McDevitt et al. synthesised tumour-targeting water-soluble CNT constructs by 
covalent attachment of monoclonal antibodies like rituximab and lintuzumab using 
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) as a metal ion 
chelator while the fl uorescent probe was fl uorescein. CNT-([ 111 In] DOTA) (ritux-
imab) explicitly targeted a disseminated human lymphoma in vivo trials compared 
to the controls CNT-([ 111 In] DOTA) (lintuzumab) and [ 111 In]rituximab [ 108 ]. 

 Tsuchida and coworkers evaluated the drug delivery effi ciency of water- dispersed 
carbon nanohorns in a non-small cell lung cancer model. Polyethylene glycol 
(PEG)–doxorubicin conjugate bound oxidised single-wall carbon nanohorns 
(oxSWNHs) injected intratumourally into mice bearing human non-small cell lung 
cancer (NCI-H460) caused a signifi cant retardation of tumour growth. Histological 
analyses showed (probably by means of interstitial lymphatic fl uid transport), migra-
tion of oxSWNHs to the axillary lymph node occurred which is a major site of 
breast cancer metastasis near the tumour [ 109 ]. Shimada et al. described a silica 
particle-based lymphatic drug delivery system of bleomycin and compared its ther-
apeutic effi cacy to that of free bleomycin solution in a transplanted tumour model in 
animals. Silica particle-adsorbed bleomycin showed considerable inhibitory effect on 
tumour growth and lymph node metastasis compared to free bleomycin solution 
[ 110 ]. Activated carbon particles of aclarubicin are used for adsorption and sustained 
release into lymph nodes. Upon subcutaneous administration into the fore foot-pads 
of rats these particles showed signifi cantly elevated distribution of aclarubicin to the 
auxiliary lymph nodes compared to aqueous solution of the drug [ 111 ]. Activated 
carbon particles of aclacinomycin A, adriamycin, mitomycin C and pepleomycin 
have also been used by another group for adsorption. Higher level of drug concentra-
tion was maintained in the new dosage form than in the solution form [ 112 ].  

20.4.3.3     Antibody–Drug Conjugates 

 Antibody–drug conjugates enhance the cytotoxic activity of anticancer drugs by 
conjugating them with antibodies. Antibodies conjugated with cytostatic drugs such 
as calicheamicin have been used for the treatment of various lymphomas, including 
non-Hodgkin B-cell lymphoma (NHL), follicular lymphoma (FL) and diffuse large 
B-cell lymphoma (DLBCL) [ 113 – 116 ]. 

 CD20 B-cell marker is expressed on the surface membrane of pre-B- lymphocytes 
and mature B-lymphocytes. The anti-CD20 mAb rituximab (Rituxan) is now the 
most potential antibody for the treatment of non-Hodgkin B-cell lymphomas 
(B-NHL) [ 117 ]. Rituximab-conjugated calicheamicin elevated the antitumour 
activity of rituximab against human B-cell lymphoma (BCL) xenografts in preclinical 
models [ 118 ]. 

 CD22 is a B-lymphoid lineage-specifi c differentiation antigen expressed on the 
surface of both normal and malignant B-cells. Hence, the CD22-specifi c antibody 
could be effective in delivering chemotherapeutic drugs to malignant B-cells. Also, 
CD22 (Siglec-2) antibodies targeting to CD22 are suited for a Trojan horse strategy. 
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Thus, antibody-conjugated therapeutic agents bind to the Siglec and are carried 
effi ciently into the cell [ 119 ]. A lot of interest has been seen in clinical progress 
of the conjugated anti-CD22 antibodies, especially inotuzumab ozogamicin 
(CMC- 544) [ 120 ]. 

 CD30 is expressed in the malignant Hodgkin and Reed–Sternberg cells of classical 
Hodgkin lymphoma (HL) and anaplastic large-cell lymphoma. Younes and Bartlett 
reported an ongoing phase I dose-escalation trial in relapsed and refractory HL patients 
with Seattle Genetics (SGN-35), a novel anti-CD30-antibody–monomethylauristatin E 
conjugate. SGN-35 was stable in the blood and released the conjugate only upon 
internalisation into CD30-expressing tumour cells [ 121 ]. Huang et al. constructed 
(anti-HER2/ neu –IgG3–IFN α ), another antibody–drug conjugate, and examined its 
effect on a murine B-cell lymphoma, 38C13, expressing human HER2/ neu , and this 
signifi cantly inhibited 38C13/HER2 tumour growth in vivo [ 122 ].  

20.4.3.4     Hybrid Nanosystems 

 Hybrid systems use combination of two or more delivery forms for effective targeting. 
Khatri et al. prepared and investigated the in vivo effi cacy of plasmid DNA- loaded 
chitosan nanoparticles for nasal mucosal immunisation against hepatitis B. 
Chitosan–DNA nanoparticles prepared by the coacervation process adhered to the 
nasal or gastrointestinal epithelia and are easily transported to the nasal-associated 
lymphoid tissue (NALT) and Peyer’s patches of the gut-associated lymphoid tissue 
(GALT) both as IgA inductive site [ 123 ], in which chitosan–DNA might be taken in 
by M cell, and transported across the mucosal boundary and thereby transfect 
immune cells within NALT or GALT [ 124 ]. 

 A work demonstrates targeting of three peptides containing sequences that bind 
to cell markers expressed in the tumour vasculature (p24-NRP-1 and p39-Flt-1) 
[ 125 ,  126 ] and tumour lymphatics (p47-LyP-1) [ 127 ] and were tested for their ability 
to target 3(nitrilotriacetic acid)-ditetradecylamine (NTA3-DTDA) containing lipo-
somes to subcutaneous B16-F1 tumours. Signifi cantly, a potential antitumour effect 
was seen after administration of doxorubicin-loaded PEG750 liposomes engrafted 
with p24-NRP-1. 

 Hybrid liposomes composed of  l -α-dimyristoylphosphatidylcholine and poly-
oxyethylene (25) dodecyl ether prepared by sonication showed remarkable reduc-
tion of tumour volume in model mice of acute lymphatic leukaemia (ALL) treated 
intravenously with HL-25 without drugs after the subcutaneous inoculation of 
human ALL (MOLT-4) cells was verifi ed in vivo. Prolonged survival (>400 %) was 
noted in model mice of ALL after the treatment with HL-25 without drugs [ 128 ]. 

 In a report, LyP-1 peptide-conjugated PEGylated liposomes loaded with fl uores-
cein or doxorubicin were prepared for targeting and treating lymphatic metastatic 
tumours. The in vitro cellular uptake and in vivo near-infrared fl uorescence imaging 
results confi rmed that LyP-1-modifi ed liposome increased uptake by tumour cells 
and metastatic lymph nodes. 

 In another study, in vitro cellular uptake of PEG–PLGA nanoparticle (LyP-1- 
NPs) was about four times that of PEG–PLGA nanoparticles without LyP-1 (NPs). 
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In vivo study, about eight times lymph node uptake of LyP-1-NPs was seen in 
metastasis than that of NPs, indicated LyP-1-NP as a promising carrier for target- 
specifi c drug delivery to lymphatic metastatic tumours [ 129 ].  

20.4.3.5     Biotherapeutics 

 Currently, surgery, radiation therapy and chemotherapy are the principal methods 
for cancer treatment. Gene therapies may act synergistically or additively with 
them. For example, another case demonstrated that replacement of the p53 (protein 
53) gene in p53-defi cient cancer cell lines enhanced the sensitivity of these cells to 
Ad-p53 (adenovirus-expressed protein 53) and cisplatin (CDDP) and resulted into 
greater tumour cell death [ 130 ]. Later, Son and Huang [ 131 ] stated that treatment of 
CDDP-resistant tumour cells with CDDP increased the sensitivity of these cells to 
transduction by DNA-carrying liposomes. Also, Chen et al. [ 132 ] described that to 
improve tumour killing, herpes simplex virus thymidine kinase (HSV-TK) and 
interleukin (IL) expression can be combined. On the whole, greater therapeutic 
effect can be achieved by effectively combining conventional cancer treatments and 
gene therapy together.    

20.5     Physicochemical Aspects of Lymphatic Targeting 

 Mainly colloidal carriers have emerged as potential targeting agents to lymphatic 
system. Physicochemical properties affect the effi ciency of colloid uptake into the 
lymphatic system [ 28 ]. These properties include size, number of particles, surface 
charge, molecular weight and colloid lipophilicity. Physicochemical properties are 
altered by adsorption of group of hydrophilic polymers like poloxamers and polox-
amines to the particle surface. These properties modifi ed the biodistribution of par-
ticles in vivo, particularly the avoidance of the reticuloendothelial system (RES) 
upon intravenous administration [ 133 ,  134 ]. In one study, it was opined that opsoni-
sation may cause alteration of the particle surface in vivo [ 135 ]. 

20.5.1     Size of the Carrier 

 Size could be important factor in defi ning the behaviour of particulates after subcu-
taneous injection. Small particles with diameter less than a few nanometres gener-
ally exchanged through the blood capillaries, whereas larger particles of diameters 
up to a few tens of nanometres absorbed into the lymph capillaries. But particles 
over a size of few hundred nanometres remain trapped in the interstitial space for a 
long time [ 136 ]. Christy et al. have shown a relationship between colloid size and 
ease of injection site drainage using model polystyrene nanospheres after subcuta-
neous administration to the rat [ 137 ]. Results showed distribution of polystyrene 
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nanospheres in the size range 30–260 nm 24 h after administration and 74–99 % of 
the recovered dose retained at the administration site, and as particle diameter 
increased, drainage became slower. It has been proposed earlier that the optimum 
colloid size range for lymphoscintigraphic agents is l0–50 nm [ 138 ]. 

 Size has less importance when colloids are administered intraperitoneally (i.p.) 
within the nanometre size range, as drainage is only from a cavity into the initial 
lymphatics; hence, no diffusion is required through the interstitial space [ 28 ]. The size 
limit of the open junctions of the initial lymphatic wall is the only barrier to uptake 
from the peritoneal cavity into the lymphatics [ 139 ].  

20.5.2     Concentration and Volume 

 More number of particles at the injection site decreases their rate of drainage, owing 
to increased obstruction of their diffusion through the interstitial space [ 139 ,  140 ]. 
Scientists at Nottingham University investigated this effect using polystyrene nano-
spheres of 60 nm. Following administration to the rat, the concentration range of 
nanospheres was approximately 0.05–3.0 mg/ml. Lower lymphatic uptake was seen 
on increasing the concentration of nanospheres in the injection volume due to 
slower drainage from the injection site. Injecting oily vehicles intramuscularly to 
the rat, the effect of injection volume has been studied. Increasing volume of sesame 
oil accelerated oil transport into the lymphatic system. Upon s.c. administration, 
volumes of aqueous polystyrene particle suspensions have been investigated in the 
range 50–150 μl [ 39 ].  

20.5.3     Surface Charge 

 Surface charge studies have been done utilising liposome as colloidal carrier. 
The surface charge of liposomes affected their lymphatic uptake from s.c. and i.p. 
injection sites. Negatively charged liposomes showed faster drainage than that for 
positive liposomes after i.p. administration [ 141 ]. Patel et al. also indicated that lipo-
some localisation in the lymph nodes followed a particular order negative > posi-
tive > neutral [ 142 ].  

20.5.4     Molecular Weight 

 Macromolecule having high molecular weight has a decreased ability for exchange 
across blood capillaries and lymphatic drainage becomes the route of drainage from 
the injection site which shows a linear relationship between the molecular weight of 
macromolecules and the proportion of the dose absorbed by the lymphatics. For a 
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compound to be absorbed by the lymphatics, the molecular weight should range 
between 1,000 and 16,000 [ 141 ,  143 ]. The effect of molecular weight becomes 
negligible when targeting carriers to the lymphatic system as the molecular weight 
of a colloidal carrier is generally less than 1,000 Da.  

20.5.5     Lipophilicity 

 The most important determinant of the phagocytic response and so lymphatic uptake 
is the lipophilicity of a colloid [ 144 ]. Opsonins generally unite with lipophilic rather 
than hydrophilic surfaces; hence, the hydrophilic particles show reduced phagocy-
tosis [ 145 ]. Hydrophobic polystyrene nanospheres adsorbed with hydrophilic 
block copolymers showed drastic reduction in phagocytosis prior to i.v. adminis-
tration [ 146 ]. 

 In the case of polystyrene nanospheres of 60-nm diameter, PEO chains of the 
poloxamers and poloxamines adsorbed onto the surface of the particle described 
the relationship between interstitial injection site drainage and lymph node uptake 
in rat [ 144 ]. Uncoated nanospheres of this diameter showed reduced drainage from 
the injection site with 70 % of the administered dose remaining after 24 h. The 
adsorption of block copolymers can enhance the drainage from the injection site 
such that levels remaining at the injection site may be as little as 16 % after 24 h, 
with very hydrophilic polymers such as poloxamine 908. Uptake of nanospheres 
into the regional lymph nodes may also be improved by the adsorption of block 
copolymers with intermediate lengths of polyoxyethylene, such as poloxamine 904. 
This polymer may sequester up to 40 % of the given dose by the lymph nodes after 
24 h [ 147 ].   

20.6     Effect of Surface Modifi cation on Carriers 

 Surface modifi cation could prove as an effective strategy for potential targeting to 
lymphatic system. The infl uence can be quoted in following ways. 

20.6.1     Surface Modifi cation with Polyethylene Glycols 

 Coating of a carrier with hydrophilic and sterically stabilised PEG layer can 
successfully enhance lymphatic absorption, reducing specifi c interaction of particle 
with the interstitial surrounding, and inhibit the formation of too large particle struc-
ture [ 49 ]. Surface modifi cation of liposomes with PEG also does not have a signifi -
cant effect on lymph node uptake. Small liposomes coated with PEG showed 
greatest clearance from the s.c. injection site with small 86-nm PEG-coated 
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liposomes having <40 % remaining at the injection site at 24 h. Larger neutral and 
negatively charged liposomes had a clearance >60 % remaining at the initial s.c. 
injection site. However, this smaller amount of large liposomes that were cleared 
from the injection site was compensated by better retention in the lymph node [ 148 ]. 
Oussoren et al. reported that the amount of liposomes cleared from the injection 
site was somewhat greater with the PEG-coated liposomes [ 149 ]. This improved 
clearance did not result in improved lymph node retention because the fraction of 
PEG liposomes retained by the lymph node is decreased. Phillips et al. also studied 
the slightly improved clearance of PEG-coated liposomes from the s.c. injection 
site [ 148 ]. 

 Porter and coworkers demonstrated that PEGylation of poly- l -lysine dendrimers 
resulted into better absorption from s.c. injection sites and stated that the extent of 
lymphatic transport may be improved by increasing the size of the PEGylated den-
drimer complex. They estimated the lymphatic uptake and lymph node retention 
properties of several generation four dendrimers coated with PEG or 4-benzene 
sulphonate after subcutaneous administration in rats. For this surface modifi cation 
study, three types of PEGs with molecular weights of 200, 570 or 2,000 Da were 
taken. PEG200-derived dendrimers showed rapid and complete absorption into 
the blood when injected subcutaneously, and only 3 % of the total given dose was 
found in the pooled thoracic lymph over 30 h, whereas PEG570- and PEG2000-
derived dendrimers showed lesser absorption, and a higher amount was recovered 
in lymphatics (29 %) over 30 h. However, the benzene sulphonate-capped den-
drimer was not well absorbed either in the blood or in lymph following subcutaneous 
injection [ 150 ].  

20.6.2     Surface Modifi cation with Ligands 

 Carriers capped with nonspecifi c human antibodies as ligands showed greater lym-
phatic uptake and lymph node retention compared to uncoated one at the s.c. site. 
Liposomes coated with the antibody, IgG, have been shown to increase lymph node 
localisation of liposomes to 4.5 % of the injected dose at 1 h, but this level decreased 
to 3 % by 24 h [ 151 ]. In a study, the liposomes containing positively charged lipids 
had approximately 2–3 times the lymph node localisation (up to 3.6 % of the 
injected dose) than liposomes containing neutral or negatively charged lipids (1.2 % 
of the injected dose) [ 149 ]. Attachment of mannose to the surface of a liposome 
increased lymph node uptake by threefold compared to control liposomes [ 152 ]. 

 Another study demonstrated HBsAg entrapped dried liposomes with their 
surfaces modifi ed with galactose. Pharmacokinetic study in rats showed that galac-
tosylated liposomes delivered higher amounts of HBsAg to the regional lymph 
nodes than other ungalactosylated formulations [ 153 ]. 

 Lectin is another ligand that can be attached to the carriers for improved targeting 
to intestinal lymphatics. Bovine serum albumin containing acid phosphatase model 
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protein and polystyrene microspheres conjugated with mouse M-cell-specifi c Ulex 
europaeus lectin. Ex vivo results showed that there was favoured binding of the 
lectin-conjugated microspheres to the follicle-associated epithelium. Final results 
indicated that coupling of ligands such as lectin specifi c to cells of the follicle- 
associated epithelium can improve the targeting of encapsulated candidate antigens 
for delivery to the Peyer’s patches of the intestine for better oral delivery [ 154 ].  

20.6.3     Surface Modifi cation with Biotin 

 To improve carrier retention in lymph nodes, a new method of increasing lymphatic 
uptake of subcutaneously injected liposome utilises the high-affi nity ligands biotin 
and avidin. Biotin is a naturally occurring cofactor and avidin is a protein derived 
from eggs. Avidin and biotin are having extremely high affi nity for each other. For 
instance, upon injection, the avidin and the biotin liposomes move into the lym-
phatic vessels. Biotin liposomes that migrate through the lymphatic vessels meet the 
avidin resulting in an aggregate that becomes trapped in the lymph nodes [ 155 , 
 156 ]. The biotin liposome/avidin system has promising potential as therapeutic 
agent for delivery to lymph nodes. It can be applied not only to s.c. targeting of 
lymph nodes but also to intracavitary lymph node targeting [ 50 ]. 

 Different ligands with their application in lymphatic targeting are represented in 
Table  20.1 .

20.7         Future Trends and Conclusion 

 The lymphatics have the potential to play a major role in anticancer treatment as 
lymphatic spread is recognised to precede haematological spread in many cancers 
including melanoma, breast, colon, lung and prostate cancers. Currently, the focus 
is on the development of drug carriers that can localise chemotherapy to the lym-
phatic system, thus improving the treatment of localised disease while minimising 
the exposure of healthy organs to cytotoxic drugs. The delivery of novel carriers 
to lymph nodes for therapeutic purposes has much promise. Giving importance to 
the lymphatic route in metastasis, this delivery system may have great potential 
for targeted delivery of various therapeutic agents to tumours and their metastatic 
lymph nodes. Various delivery systems have been discussed here but colloidal 
carriers, especially, liposomes have been the carrier of choice to date. The purpose 
of this review is to provide an improved and effective lymphotropic system with a 
satisfactory quality for clinical use and to establish a preparation method appli-
cable for industrial production. Surface-engineered lymphotropic systems may 
prove as an effective carrier for anti-HIV, anticancer and oral vaccine delivery in 
near future.     
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21.1            Introduction 

 Osteomyelitis is an infection of bone and bone marrow. It is diffi cult to treat and can 
be caused by adjacent soft tissues and joints, hematogenous seeding, or direct inoc-
ulation of microorganisms into the bone as a result of trauma or surgery. In the early 
1900s 20 % of patients suffering from osteomyelitis died, and those who survived 
remained with signifi cant morbidity. Today, both mortality and morbidity are lowered 
due to surgical treatment together with prolonged antibiotic treatment. The disease 
is usually caused by a single organism, but it can also be multibacterial and limited 
to a single portion of bone or several portions including the soft tissue surrounding 
the bone. 

 Currently, osteomyelitis treatment resolves the infective process and requires a 
multidisciplinary approach. Implanted devices are removed by surgery from infected 
tissue followed by specifi c antibiotic therapy. Infection risk is reduced by adminis-
trating a systemic antibiotic prophylaxis procedure. Upon systemic administration 
the antibiotic concentration can be irregular in bone, since blood supply to the 
infected area is disturbed. High local drug concentrations offering therapy are 
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therefore required [ 1 ]. Cierny and Mader classifi ed osteomyelitis according to the 
anatomic involvement of the infected bone [ 2 ]:

•    Type 1—Medullary osteomyelitis (nidus is endosteal). No dead space management. 
Etiology often hematogenous or post-intramedullary rod  

•   Type 2—Superfi cial osteomyelitis. Limited to bone surface. No dead space 
management but needs soft tissue coverage  

•   Type 3—Localized osteomyelitis. Full thickness of cortex. Complex dead space 
management, simple osseous stabilization  

•   Type 4—Diffuse osteomyelitis. Circumference of cortex. Biomechanically 
unstable. Complex dead space and osseous management    

 Osteomyelitis can also be classifi ed according to systemic and localized condi-
tions. This classifi cation helps to understand treatment and prognosis [ 2 ]. Others 
classify osteomyelitis according to the duration of illness and etiology. This classi-
fi cation does not implicate specifi c therapy [ 3 ]. Normal and healthy bone is usually 
highly resistant to infections.  

21.2     Diagnosis 

 Osteomyelitis can be hematogenous or contagious to a soft tissue infection. Acute 
hematogenous osteomyelitis is a pediatric illness usually discussed separately. 
Adults usually show subacute to chronic presentation. The leading symptom is non-
specifi c pain around the infected focus. There is usually an absence of systemic 
signs and symptoms. Fever, chills, local swelling, and erythema in the proximity of 
the involved bone are seldom seen. A draining sinus tract may be present over the 
involved bone. Diagnosis should be fi rst suspected clinically. Confi rmation is done 
with a combination of radiologic, pathologic, and microbiologic examinations. 
Laboratory examination will reveal elevated erythrocyte sedimentation rate and 
C-reactive protein. The white blood cell count can be either normal or elevated. 
Radiographic abnormalities are usually seen only after 10–14 days after onset of 
infection. The radiographic changes can include soft tissue swelling, osteopenia, 
scalloping of the cortex, periosteal thickening, and elevation and loss of the trabecular 
architecture of the cancellous bone. Lytic changes, which are diagnostic for osteo-
myelitis, tend to occur later. Bone resorption, sequestration, periosteal or endosteal 
new bone formation, cortical irregularities, and atrophic nonunion are the main 
features demonstrated by plain radiographs in chronic osteomyelitis [ 4 – 6 ]. 

 Nuclear bone scans are sensitive, but they can sometimes be nonspecifi c. Tracers 
most commonly in use include technetium 99m methylene diphosphonate and 
gallium- citrate 67. Both detect bone structural changes, but they are unable to 
differentiate between infections or other bone pathology [ 7 ]. Fluorodeoxyglucose 
positron emission tomography imaging for the diagnosis of osteomyelitis is consid-
ered to have a high degree of accuracy [ 8 ]. Indium in 111-labeled white blood cells 
and in vivo labeling of leucocytes by injection of radiolabelled murine monoclonal 
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anti-granulocyte antibodies (bind to leukocyte antigens) are the standard diagnostic 
exams [ 9 ]. Computed tomography (CT) is useful in diagnosis, but magnetic 
resonance imaging (MRI) is more sensitive and is judged to be the standard in the 
diagnosis of osteomyelitis [ 7 ]. 

 It is also crucial to identify the infecting organism, in order to adjust the most 
suitable antimicrobial treatment. The organism is identifi ed by cultures. Samples 
are taken from the infection focus during operation or by needle aspiration. It is also 
possible to obtain a swab sample for culture by draining wounds or from sinus 
tracts. It is less favorable than direct intraoperative culture and needle aspiration, but 
may reveal valuable data, especially when the detected bacteria are  S. aureus , 
 methicillin- resistant S. aureus  ( MRSA ), or  vancomycin-resistant S. aureus  [ 10 ]. It is 
of high importance to obtain samples for histopathologic examinations. It is noticed 
that in hematogenous long bone infection, infections are usually mono-microbial, 
and the affecting bacteria are usually  S. aureus . In more than 50 % of cases, the 
pathogens are either  S. aureus  or coagulase-negative  staphylococci . In contagious 
osteomyelitis the infection is usually multibacterial. MRSA has been increasingly 
recognized as the pathogen in long bone osteomyelitis in children [ 11 ].  

21.3     Treatment with Antibiotics 

 The goal of treatment in adult osteomyelitis is infection eradication and return to 
maximum function. Treatment of acute osteomyelitis usually requires adequate 
debridement, drainage of pus, and prolonged course of antibiotics [ 12 ]. Antibiotics 
are usually prescribed intravenously for 3 weeks, followed by a 3-week oral treat-
ment. A high parenteral dose of antibiotic is required to achieve a high concentra-
tion of therapeutic drug in the bone. It might be kept in mind that the prolonged 
course of treatment causes systemic antibiotic toxicity. 

 Local antimicrobial agent delivery is a novel therapeutic modality in chronic 
osteomyelitis management. It achieves high antibiotic concentrations at the infection 
site without systemic toxicity. The therapy requires a multidisciplinary approach to 
eradicate infection through debridement and appropriate antibiotic coverage. 
Revascularization is crucial to keep the affected area aseptic. Patients with osteomy-
elitis and fi xation failure need eradication of the infection together with osseous 
union. Hence   , the operative approach is sometimes multimodal, including orthope-
dic, plastic, and microvascular surgery. It is crucial to understand that antimicrobial 
therapy cannot stand as the only treatment even when given for prolonged periods, 
since it will not sterilize dead bone and cavities [ 13 ]. 

 Antibiotics should be started empirically after obtaining cultures during debride-
ment. The empirical therapy will most likely be broad spectrum, for example, 
glycopeptides such as vancomycin or teicoplanin often in conjunction with a broad-
spectrum beta-lactam antibiotic (cephalosporins, β-lactamase inhibitor combina-
tions, or carbapenems). The broad-spectrum combinations will usually continue 
until the infecting organism(s) is grown from the tissue samples and then stepped 
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down to a narrow-spectrum regimen. Usually about 4–6 weeks are required to 
complete the therapy, in parallel with the time needed for debrided bone revascular-
ization [ 14 ,  15 ]. The cornerstones of debridement are taking several samples for 
cultures, debridement of infected soft tissue and bone, and delivery of appropriate 
antimicrobials [ 16 ]. Antibiotic delivery can be done either as a systemic intravenous 
treatment or as a local treatment by antibiotic-loaded bone cement. 

 Fluoroquinolones are the drugs of choice used in chronic osteomyelitis treatment 
due to their favorable penetration into poorly vascularized sites of infection. 
Their bactericidal effect against all chronic osteomyelitis pathogens and the lack of 
serious adverse effects make them better implants [ 17 ]. Rifampin and gentamicin 
are commonly used to treat bone infections [ 18 ]. It should be kept in mind that 
quinolones have shown inhibitory effects on osteoblastic functions at high concen-
trations and may delay bone healing [ 19 ].  

21.4     Therapeutic Drug Carriers 

21.4.1     Criteria for the Fabrication of a Local Delivery System 

 Chronic osteomyelitis is generally caused by microbes  Staphylococcus aureus , 
Group A β-hemolytic Streptococcus, and gram-negative bacteria (such as  Salmonella , 
 Mycobacterium tuberculosis , and  Pseudomonas aeruginosa ) [ 20 ]. Antimicrobial 
agents used in local delivery systems have the following characteristics:

•    Activity against common bacterial pathogens involved in chronic osteomyelitis  
•   Local release at several times exceeding concentrations (ten times)  
•   Inability to enter into systemic circulation  
•   No perceivable adverse effects  
•   Stability at body temperature and water soluble for diffusion from the carrier  
•   No supra infection    

 Extensive research is currently being conducted on local drug delivery systems 
to treat osteomyelitis. An antibiotic carrier system releases the drug according to 
prescribed dosage. These carrier systems can be composed of both biodegradable 
and nonbiodegradable components (Fig.  21.1 ). Systems made up of biodegradable 
polymers have advantages over conventional poly(methylmethacrylate) (PMMA) 
beads and intravenous antibiotics in several ways. First, biodegradable beads pro-
vide bactericidal concentrations of antibiotics for the prolonged time needed to 
completely treat the particular orthopedic infection. Second, variable biodegrad-
ability from weeks to years may allow many types of infections to be treated. 
Third, because the biodegradable beads dissolve, there is no need for surgical 
removal, and fourth, because the biodegradable beads dissolve slowly, the soft 
tissue or bone defect will slowly fi ll with tissue, so there is no need for reconstruc-
tion [ 21 ,  22 ].
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21.4.2        Biodegradable Implants 

 Various biodegradable delivery systems have been developed and used in antibiotics 
local delivery for bone infection treatment [ 23 ]. Biodegradable implants provide 
high bactericidal concentrations for a prolonged time to complete infection eradica-
tion [ 24 ]. Biodegradation also removes unnecessary surgical implant. Initially, an 
implant is used to eliminate dead space and to guide repair. During the degradation 
phase, a secondary release of antibiotic increases antibacterial effi cacy. The most 
common biodegradable carrier systems are discussed below. 

21.4.2.1     Polylactides 

 Synthetic biodegradable polyester polymers are potential candidates for local drug 
carrier systems to avoid removal operation. Polylactide (PLA), Polyglycolide (PGA), 
and their copolymers, especially Poly(lactide-co-glycolide) (PLGA), are mostly 
widely used for controlled-release systems. They also held a central place as degrad-
able materials for orthopedic applications in the controlled delivery of antibiotics like 
ampicillin, gentamicin, polymyxin B, and chloramphenicol [ 25 ]. Price et al. used a 
PLGA as the biodegradable carrier for gentamicin. The biocompatibility of biode-
gradable PLA/PGA has been well established. Tissue reaction with implanted materi-
als is minimal; the infl ammatory response is limited, which gradually diminishes as 
the resorbed polymer [ 26 ]. Biodegradable rods of PGA or PLGA were used in the 

  Fig. 21.1    Polymers for antibiotic delivery       
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internal fi xation of a variety of fractures and osteotomies with minimal foreign-body 
reaction in patients [ 27 ]. Study showed that thin biodegradable implant coating of 
these polymers can be developed with bactericidal agents against the organisms 
frequently associated with osteomyelitis in cases of open fractures [ 28 ]. Among dif-
ferent polyesters lactic acid polymer produces sustained release of antibiotics at 
higher concentrations over a relatively long time span. The total period of release is 
also longer than other systems. When considering the molecular weight of 100 kDa, 
the total period of release approaches 350 days. PLAs achieve prolonged in vivo 
quinolone release at higher levels and produce drug release after 15 days [ 24 ]. 

 Ramchandani et al. reported biodegradable PLGA implantable delivery system 
containing ciprofl oxacin for the localized treatment of osteomyelitis [ 29 ]. With this, 
implants composed of different blends of calcium phosphates (tricalcium phos-
phate, TCP, and hydroxyapatite, HAP), with biodegradable PLA for local delivery 
of antibiotics like tobramycin and gentamicin in controlled manner, are also reported 
[ 30 ]. Copolymers with different polymers such as polyanhydride and polycaprolac-
tone have been produced with different composite ratios to provide better stability, 
delayed decomposition, and superior elution concentrations of tobramycin, 
clindamycin, and vancomycin for the treatment of osteomyelitis. The local applica-
tion of recombinant human bone morphogenetic protein (rhBMP-2) from collagen 
sponges or bio-absorbable PLA/PGA beads with osteopromotive membranes into 
rat mandibular defects shows a superior bone regeneration using PLA/PGA than a 
collagen carrier [ 25 ]. 

 As another application, plaster of Paris implants containing vancomycin were pre-
pared for the treatment of bone infections. The regulation of the release rate was per-
formed by coating the carrier with a PLGA polymer composed by 10 % (w/w) PGA 
and 90 % (w/w) racemic poly( d , l -lactic acid). The release of the antibiotic from the 
biodegradable matrix was evaluated in vitro. From this investigation, it is clear that the 
drug elution depends on the coating depth. Plaster of Paris coated with this polymer 
giving a controlled release of vancomycin appears to be a promising sustained-release 
delivery system of antibiotics for the treatment of bone and joint infections [ 31 ].  

21.4.2.2     Poly(trimethylene carbonate) 

 Poly(trimethylene carbonate) (PTMC) is an amorphous polymer with a glass transi-
tion temperature of 15 °C. PTMC is a biocompatible polymer that degrades enzy-
matically in vivo by surface erosion process. PTMC is an elastomeric material used 
in biomedical applications, although similarly to the majority of aliphatic polycar-
bonates, it becomes soft in the temperature range 40–60 °C and has rather weak 
mechanical properties. One of the important advantages of PTMC is its degradation 
products diols which are less acidic than lactic acid produced as a result of PLA 
hydrolytic degradation [ 32 ]. 

 Neut et al. studied related issues regarding gentamicin-loaded PTMC, the release 
kinetics, and its ability to inhibit biofi lm formation. Gentamicin-loaded PTMC disks 
show antibiotic release characteristics and biofi lm inhibition characteristics [ 33 ]. 
Van Leeuwen et al. studied the response of surrounding tissues to developed PTMC 
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membranes   . The PTMC membranes showed minimal cellular capsule formation 
and showed signs of a surface erosion process. Bone tissue formed beneath the 
PTMC membranes comparable to that beneath the collagen membranes. The space 
maintaining properties of the PTMC membranes were superior to those of the 
collagen membrane. Newly developed PTMC membranes can be used with success 
as barrier membranes in critical size rat mandibular defects [ 34 ]. 

 PTMC is also widely used in combination with calcium phosphate cements (CPC) 
in bone infections. One of the main disadvantages of CPC is the slow degradation rate 
of the material. To overcome this problem, Liao et al. studied the macroporous CPC 
of solid calcium phosphate salts with polymeric microspheres PLGA, gelatin, or 
PTMC which shown better degradation properties than CPC alone [ 35 ]. PTMC is also 
useful to be carried out to deliver the vancomycin, which is the antibiotic of last resort 
used for the treatment of clinically resistant bacteria, like MRSA [ 36 ].  

21.4.2.3     Poly-ε-caprolactone 

 Poly-ε-caprolactone (PCL) is a biodegradable, bioresorbable polymer used for drug 
formulations and medical purposes (e.g., surgical sutures) and is a good candidate 
for drug delivery systems, as it remains active for more than a year and is regarded 
as nontoxic and tissue compatible [ 37 ]. The PCL is attractive due to its low cost, 
sustained biodegradability, and availability at low molecular weight [ 38 ]. PCL 
possesses appropriate rheological and viscoelastic properties to use as implants. 
However, is not yet widely used clinically, due to its biodegradation at a slower rate 
than other aliphatic polyesters [ 39 ]. 

 Biocompatible polymer blends are the new preferred copolymers, since their prep-
aration is less expensive and safe [ 40 ]. A porous biodegradable-guided bone regenera-
tion membrane made of poly(l-lactide-co-ε-caprolactone) and TCP has been 
manufactured in order to enhance the regeneration of bone tissue cells [ 41 ]. Similarly, 
PCL/poloxamine blends as biocompatible and biodegradable implantable systems 
with tunable viscoelasticity, erosion, and ciprofl oxacin-release features have been pre-
pared. Ciprofl oxacin-loaded PCL/poloxamine blends may facilitate a local treatment 
of infections with bone regeneration stimulation [ 42 ]. Cytocompatibility of PCL/
poloxamine blends, the possible erosion rate and drug- release profi le, as well as the 
effi cacy of ciprofl oxacin-loaded implantable systems against a relevant causal agent 
of osteomyelitis,  Staphylococcus aureus,  have been evaluated in detail. Drug-release 
profi les from this implantable matrice are suffi cient for rapid in vitro eradication of  S. 
aureus . Thus, PCL/poloxamine matrices are useful implants for the local treatment of 
bone infections that require antibiotic release over a long period of time [ 43 ].  

21.4.2.4    Poly(sebacic-co-ricinoleic-ester-anhydride) 

 Polyanhydrides are a class of hydrolytically unstable surface-eroding polymers that 
are either aliphatic, aromatic, or a combination of the two [ 44 ,  45 ]. Bioerodible 
 polyanhydride polymeric systems offer many advantages for controlled release of 
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antibiotics than compared to regular systemic delivery in treatment of osteomyelitis 
[ 46 ,  47 ]. Biodegradable polyanhydrides, one of the polymeric carriers, have shown 
high and effective treatment modality. A copolymer of 1:1 sebacic acid and erucic 
acid dimer has been found to be useful as a potential delivery vehicle for gentamicin 
(Septacin ® ) in the treatment of osteomyelitis [ 48 ]. Laurencin et al. studied the effect 
of antibiotic therapy of polyanhydride copolymers of bis-carboxyphenoxypropane 
and sebacic acid with gentamicin in rat model [ 49 ]. Several other biodegradable poly-
anhydride polymers have been demonstrated to be effective antibiotic carriers in local 
infection treatments. Use of injectable biodegradable poly(sebacic-co- ricinoleic- 
ester-anhydride)s P(SA:RA) in solid tumors and osteomyelitis treatment has been 
explored [ 50 – 53 ]. According to reports, in aqueous environment, viscosity of the 
polymer increases, and it becomes semisolid gels. This semisolid polymeric matrix 
releases the antibiotic until degradation of the polymer. Effi cacy studies using polyan-
hydride implants show an excellent effect [ 52 ]. P(SA:RA) implantation into tubular 
bone has resulted in minimal changes. These results are encouraging, since the genta-
micin carrying soft polymers has been found to be suitable in biodegradable drug-
eluting devices for internal bacterial lesions treatment. The antibiotic releases in an 
adequate manner kill the bacteria and prevent resistance to the antibiotics [ 50 ].  

21.4.2.5    Poly(orthoesters) 

 Poly(orthoesters) (POEs) are amorphous hydrophobic polymers containing hydrolyti-
cally labile, acid-sensitive, backbone linkages. These were developed by ALIZA 
Corporation (Alzamer ® ) as hydrophobic surface-eroding polymers particularly for drug 
delivery applications. POEs are hydrophobic and bioerodible polymers that have been 
investigated for pharmaceutical use since the early 1970s. Among the four described 
generations of POE, the third (POE III) and fourth (POE IV) are promising viscous and 
injectable materials which have been investigated in numerous biomedical applications. 
POE IV is distinguishable by a highly reproducible and controlled synthesis, a higher 
hydrophobicity, and an excellent biocompatibility. It is currently under development for 
a variety of applications such as ocular delivery, periodontal disease treatment, and 
applications in osteomyelitis. Jasti et al. designed a new biodegradable implantable disk 
system based upon POE, which could release tobramycin sulfate over a 21-day period 
at a rate of clinical requirement for the treatment of osteomyelitis [ 54 ].  

21.4.2.6    Natural Polymers 

  Collagen  is of particular interest as a natural polymer for drug delivery since it is a 
major natural constituent of connective tissue and a major structural protein of any 
organ. Collagen has been recognized as an effective and completely biodegradable 
material produced from sterilized bovine tendon. It has been utilized as a carrier 
system for commercially available ocular application, involving pilocarpine and 
macrolide antibiotics. Collagen sheets impregnated with gentamicin are in regular 
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use to treat chronic osteomyelitis [ 55 ]. Efforts in the use of collagen and collagen- 
synthetic polymer composites for controlled drug delivery of gentamicin and col-
lagen sponges are widely used as bone regeneration material with rhBMP-2 [ 56 ]. 

 Riegels-Nielsen et al. reported collagen with gentamicin for prophylaxis of post-
operative infection of  S. aureus  osteomyelitis in rabbits [ 57 ]. 

  Gelatin  is derived by denaturing collagen and is hence free of antigenicity which is 
associated with collagen. Depending upon the conditions (acidic/alkaline) under 
which collagen is processed, electrically different types of gelatin are obtained with 
a variety of isoelectric point values ranging from 9.0 to 5.0. Khor et al. reported 
biodegradable gelatin sponge containing different contents of beta-tricalcium phos-
phate (beta-TCP) ceramic was prepared for the controlled release of vancomycin. 
Results showed that the composite scaffolds could achieve local therapeutic drug 
levels over an extended duration [ 58 ]. In another study, the use of a degradable gela-
tin for the combined release of therapeutic levels of both gentamicin and growth 
hormone was reported. The results of this study suggest that gelatin is a good DDS 
for the combined release of drugs for the management of acute and chronic bone 
and tissue infection such as osteomyelitis [ 59 ]. 

  Alginates  are naturally derived polysaccharide block copolymers composed of 
regions of sequential β- d -mannuronic acid monomers (M-blocks), regions of α-l - 
guluronic acid (G blocks), and regions of interspersed M and G units and have a 
structural role in giving fl exibility and strength to marine plants. Commercial algi-
nates are extracted from brown algae  Laminaria hyperborea ,  Ascophyllum nodo-
sum , and  Macrocystis  [ 60 ]. Yenice et al. reported biodegradable implants containing 
teicoplanin (a glycopeptide antibiotic) for the prevention or the treatment of bone 
infections using sodium alginate as the polymer material [ 61 ,  62 ]. 

  Chitosan  is a cationic linear polymer obtained from chitin comprising copolymers 
of β(1 → 4)-glucosamine and randomly located  N -acetyl- d -glucosamine. It is the 
fully or partially deacetylated form of chitin. It has been proven to be biologically 
renewable, biodegradable, biocompatible, nonantigenic, nontoxic, and biofunc-
tional [ 63 ]. Gentamicin-loaded chitosan bar is clinically useful for the treatment of 
bone infection. Different gels such as hyaluronic acid fi brin    gel (Vanco-AB-FG) 
with bone marrow-derived mesenchymal stem cells and monoolein-water gels have 
been used as an alternative treatment for bone infections [ 64 ]. Biodegradable chito-
san microspheres containing vancomycin hydrochloride prepared by spray drying 
were implanted to proximal tibia of rats with MRSA osteomyelitis. Implanted drug- 
loaded microspheres were found to be more effective than IM route for the treat-
ment of experimental osteomyelitis [ 65 ].   

21.4.3     Other Implants for Osteomyelitis Drug Delivery Systems 

 Various random copolyesters of 3-hydroxybutyrate and 3-hydroxyvalerate (PHBV) 
and 3-hydroxybutyrate and 4-hydroxybutyrate P(3HB–4HB) were used in the 
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construction of biodegradable, implantable rods for the local delivery of antibiotics 
in chronic osteomyelitis therapy. Coating rods with the same type of polymer sub-
stantially reduced the initial burst effect observed with the uncoated rods and sig-
nifi cantly decreased the release rate so that the release kinetics became almost zero 
order. Antibiotic release from coated rods was sustained for over a period of 2 
weeks at a constant rate, whereas uncoated rods released their contents in less than 
a week [ 66 ]. 

 The development of three-dimensional scaffolds for bone tissue engineering 
with controlled-release capability has been reported, for both in vitro and in vivo 
studies. Composites comprising polymeric matrices and added inorganic particles 
represent the best known systems to incorporate therapeutic drug delivery in bone 
tissue engineering approaches [ 67 ,  68 ]. Composite scaffolds are expedient alterna-
tive to osteomyelitis drug delivery systems. They have the advantages of both bio-
degradable polymers and bioactive ceramics for bone engineering scaffolds. This 
combination improves mechanical properties due to higher strength and stiffness of 
the inherent inorganic material. The addition of inorganic materials to bioresorbable 
polymers changes the polymer degradation behavior by buffering the pH of nearby 
solution. It prevents the autocatalytic effect of acidic end groups, resulting in poly-
mer chain hydrolysis. Incorporation of bioactive inorganic phases in biodegradable 
polymer enhances water ingress owing to the internal interfaces formed between the 
polymer and more hydrophilic bioactive inclusions, enabling the controlled degra-
dation kinetics of scaffolds [ 69 ]. 

 Composite scaffolds have its distinct place for osteomyelitis drug delivery sys-
tems: calcium phosphate (CaP) has been advocated as an affective bone substitute. 
It maintains mechanical integrity and possesses particularly robust compressive 
strength after implantation. CaP is known to be immunologically nonreactive and 
biologically inert [ 70 ]. Calcium sulfate (CaS) has also been extensively used clini-
cally. Biodegradable CaS exhibits an accelerated linear resorption as well as 
increased bone formation and is, thus, an affective bone substitute in periosteal 
regions [ 71 ]. Yang et al. studied about the use of a biphasic CaP/CaS composite that 
retains the delivery effi cacy for vancomycin of PMMA [ 72 ]. Tetracycline HCl has 
been successfully introduced for persistent or recurrent periodontitis therapy. 
Demineralized bone matrix with tobramycin-impregnated calcium sulfate pellets 
has been effective on intramedullary  S. aureus  infection in a contaminated goat 
fracture model [ 73 ].   

21.5     Conclusions 

 Osteomyelitis is attributed to several factors: antibiotic short half-life, poor blood 
circulation at the infected area, and systemic antibiotic toxicity usage of the required 
high systemic dose. All evocating osteomyelitis presents an additional challenge, 
because the infecting bacteria form a biofi lm mode of growth, which, on devascular-
ized surfaces, shields them from antibiotics. Widespread research is currently being 
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conducted on local drug delivery systems to treat osteomyelitis. Much more work, 
however, is still needed in biodegradable and biocompatible materials. Researchers 
remain optimistic that many of these systems can be developed with ideal zero-
order- release kinetic profi les, in vivo, over long periods of time, thus enabling wide-
spread use in chronic osteomyelitis patients. By utilizing newer forms of 
sustained-release antibiotic delivery systems, it will be possible to deliver such anti-
biotics at constant rates over a prolonged period of time and eliminate the need for 
multiple dosing. It is hoped that in the future the development of new implantable 
systems will help reduce the cost of term release of the antibiotic and exhibit good 
biocompatibility gradually in in vitro studies. In summary, it appears that biode-
gradable polymeric materials constitute the most versatile synthetic materials useful 
in orthopedic devices from human health perspectives.     
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22.1               Introduction 

 The management of articular cartilage damage, osteochondral lesions, and frequently 
associated osteoarthritis (OA) of the synovial joints represents one of the most 
signifi cant challenges facing the global healthcare community today. The high bur-
den of these conditions is associated with poor intrinsic repair and regeneration 
ability of the articular cartilage, making an adequate treatment diffi cult to achieve. 
Osteochondral lesions, which involve both the articular cartilage and the subchon-
dral bone, typically lead to the formation of fi brocartilage that has different biome-
chanical properties from the native hyaline cartilage and does not protect the 
subchondral bone from further degeneration. This process involves both repaired 
and adjacent native tissues leading to the insurgence of severe pain, joint deformity, 
and loss of joint motion. Thus, osteochondral defects typically require surgical 
procedures, in many cases requiring more than one surgical intervention. While 
cell- based strategies for osteochondral defect repair are already implemented in 
clinics, their reparative potential and long-term durability is modest, and no obvious 
treatment option has become apparent. 

    Chapter 22   
 Spatiotemporal Focal Delivery of Dual 
Regenerating Factors for Osteochondral 
Defect Repair 

                Emil     Ruvinov     and     Smadar     Cohen    

        E.   Ruvinov    
  Avram and Stella Goldstein-Goren Department of Biotechnology Engineering , 
 Ben-Gurion University of the Negev ,   Negev ,  Israel     

    S.   Cohen      (*) 
  Avram and Stella Goldstein-Goren Department of Biotechnology Engineering , 
 Ben-Gurion University of the Negev ,   Negev ,  Israel    

  The Ilse Katz Institute for Nanoscale Science and Technology , 
 Ben-Gurion University of the Negev ,   Negev ,  Israel    

  The Regenerative Medicine and Stem Cell (RMSC) Research Center , 
 Ben-Gurion University of the Negev ,   Negev ,  Israel   
 e-mail: scohen@bgu.ac.il  



474

 The emergence of tissue engineering strategies may provide a novel treatment 
foundation for the repair and regeneration of osteochondral defects. Tissue engineer-
ing is an exciting interdisciplinary research fi eld, combining knowledge from col-
laborations in life sciences and engineering, which has emerged as a potential source 
of future treatment strategies for a range of diseases. Conventional tissue engineering 
is facilitated through the use of three principal elements: scaffolds, cells, and bioac-
tive molecules (i.e., growth factors), which are combined in a suitable biological 
environment to produce engineered tissue in vitro or as a regenerative medicine strat-
egy in vivo. While the search for adequate and clinically feasible and available cell 
source continues, the therapeutic potential of various soluble bioactive molecules 
has already been realized in different pathologies, including osteochondral lesions. 
The use of various solid or injectable biomaterial platforms for controlled and local 
bioactive molecule delivery has signifi cantly boosted the application of such sub-
stances, where now many deleterious and negative effects of the systemic high-dos-
age administration of potentially therapeutic growth factors and cytokines could be 
avoided. Moreover, these platforms could induce tissue ingrowth in situ or provide 
support for implanted cells. The development of systems with spatiotemporal pre-
sentation of multiple biological signals further enhances their regenerative potential 
of complex multiphase structures, such as the osteochondral junction. 

 This chapter presents an overview of the various therapeutic strategies applied 
for regenerating the osteochondral defect, with a special focus on the development 
and application of biomaterial-based acellular strategies for the spatiotemporal 
localized delivery of chondrogenic and osteogenic regenerative factors.  

22.2     The Osteochondral Interface 

22.2.1     Structure 

 Osteochondral tissue is a permanent interfacial structure between bone and carti-
lage. This junction is a gradual transition from articular cartilage (AC) to trabecular 
bone, in which key constituents of each tissue undergo a gradual exchange in pre-
dominance (Fig.  22.1 ).

   Articular cartilage is a thick (e.g., 0.9 ± 0.5 mm in human phalanges and 2.4 ± 0.5 
in human medial femoral condyles), avascular, aneural tissue [ 1 ]. It is a biphasic, 
structurally nonhomogeneous structure consisting of a solid phase of about 15–32 % 
and a fl uid phase of about 68–85 %. The solid phase is mainly composed of collagen 
and proteoglycans. The fl uid phase is mainly composed of water [ 2 ]. The ultrastruc-
ture of articular cartilage has a distinct zonal architecture, which is not only a devel-
opmental phenomenon but also a characteristic that is evident in adult articular 
cartilage, after the formation of the tidemark and the zone of calcifi ed cartilage. 
Each distinct zone varies in structure and function, responds to different stimuli, and 
secretes different proteins. Chondrocytes isolated from each zone have unique 
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growth rates, gene expression profi le, and levels of biosynthesis. An increase in 
GAG and collagen content is observed with increased depth, providing the deep 
zone with superior mechanical properties compared to superfi cial zone [ 3 ]. In each 
of these zones, the collagen fi brils are oriented differently. 

 The articular cartilage comprises four distinct zones: (1) the superfi cial tangen-
tial (or gliding) zone, (2) the middle (or intermediate, transitional) zone, (3) the 
deep (or radial) zone, and (4) the calcifi ed zone, which is located immediately below 
the tidemark and above the subchondral bone. In the superfi cial zone, there are few 
small and fl attened chondrocytes with low metabolic activity, and their surrounding 
matrix consists of collagen fi bers oriented parallel to the joint surface and high 
water content. The middle zone, comprising 40–60 % of the cartilage weight, 
consists of round chondrocytes surrounded by radial bundles of thick collagen 
fi brils. In the deep zone, chondrocytes are frequently grouped into columns and 
clusters, with thick collagen bundles aligned perpendicular to articular surface. 
From the surface to the deep zone, the cell volume and metabolic activity increase, 
progressively reducing the cell density and increasing the proportion of proteogly-
can relative to collagen content. Finally, the calcifi ed zone is where the transition 
from soft to stiff subchondral bone occurs. The calcifi ed (with high concentration of 
calcium salts) zone is responsible for fi rmly attaching the noncalcifi ed cartilage to 
the underlying subchondral bone. Chondrocytes in this area are larger, more dis-
persed, and referred to as hypertrophic [ 1 ,  2 ,  4 – 7 ]. 

  Fig. 22.1    The structure of osteochondral interface. See text for details       
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 The main function of articular cartilage is to provide a smooth near-frictionless 
articulating surface while mediating the transfer of load within the joint to underly-
ing subchondral bone. Because of the complex composite character, articular carti-
lage exhibits anisotropic and nonlinear, depth-dependent behavior in compression, 
tension, and shear. Cartilage is highly hydrated (up to 80 % of water content) 
composite structure with a relatively low compression stiffness ( E  = 0.1–2.0 MPa). 
Despite the low stiffness, articular cartilage is able to transmit high loads (up to 
eight times body weight) due to exudation of the fl uid and the movement of fl uid 
through the porous structure of cartilage. Moreover, together with synovial fl uid, 
articular cartilage provides a coeffi cient of friction of about 0.008 [ 2 ]. 

 Subchondral bone is a thin layer of dense, stiff, bone, which contacts the articular 
cartilage and the trabecular bone beneath. It consists of an abundant matrix of col-
lagen fi bers and minerals, e.g., calcium and phosphate. The subchondral bone acts 
in load transition from soft articular cartilage to trabecular and cortical bone and 
comprises the last level in the osteochondral interface [ 2 ,  4 ]. 

 In summary, the natural osteochondral interface is a complex composite struc-
ture with gradually changing material combinations/properties, volume fractions, 
and anisotropy at different locations. For example, the compressive modulus varies 
on orders of magnitude between each zone. The approximate moduli of the superfi -
cial zone, deep zone, calcifi ed cartilage, and subchondral bone are 0.079, 2.1, 
320 MPa, and 5.7 GPa, respectively [ 4 ]. Due to this complexity, the exact recreation 
of this interface by tissue engineering is a major challenge. However, rather simpli-
fi ed approaches using biphasic/bilayered systems could represent an important 
advancement in this direction.  

22.2.2     Pathophysiology 

 The structure and function of the osteochondral tissue are frequently disrupted or 
lost in trauma and, more commonly, in degenerative joint diseases, such as osteoar-
thritis (OA). In arthritic joints, the articular cartilage is degraded (as a result of 
destruction of cartilage matrix), leading to a progressive loss in joint function, caus-
ing pain, loss of movement, and joint stiffness. OA is the most prevalent disorder of 
the musculoskeletal system, affecting about 10 % of the US population older than 
30 and most of the people over the age of 65, with total direct costs estimated at 
$28.6 billion/year, yet current surgical treatment strategies have been largely inef-
fective in preventing or even impeding the development of the disease [ 8 ,  9 ]. 
Disturbingly, the strong correlation between OA and age suggests that the incidence 
and economic impact of the disease will continue to increase substantially unless 
appropriate novel treatment and management strategies can be formulated and 
adopted. Moreover, prior knee injuries could also lead to the development of sec-
ondary OA. The limited knowledge of the pathophysiological mechanisms respon-
sible for the progression of OA presents an additional treatment challenge [ 8 ]. 
In addition to OA, which mainly affects articular cartilage, certain defects, such as 
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those resulting from osteochondritis dissecans, may start in the subchondral bone, 
only secondarily affecting the overlying cartilage. Other joint pathologies involving 
the subchondral bone include osteonecrosis and osteochondral fractures. There has 
been increased awareness that the subchondral bone plays an important role even in 
superfi cial lesions limited to the articular cartilage layer, since even focal chondral 
defects, if left untreated, may increase in size over time and result in concomitant 
changes in the underlying subchondral bone plate, either overgrowth or bone loss, 
suggesting that conditions of articular cartilage and its supporting bone are tightly 
coupled and should be viewed as a connected osteochondral unit [ 10 ,  11 ]. 

 Regardless of different etiology (trauma, sport injuries, or degenerative diseases), 
articular cartilage (partial) or osteochondral (extending into subchondral bone, full 
thickness) defects result in identical clinical end stage: reduced articular function, 
manifesting as pain and impaired movement. Importantly, endogenous repair of the 
two defect types follow different routes. Articular cartilage lesions are typically 
irreversible, due to the unique features of this tissue, including its avascular nature 
and consequent lack of access to a pool of potential reparative cells and humoral 
factors. Also, cartilage has a low cell to matrix ratio, and mature chondrocytes have 
a relatively low metabolic activity that limits any considerable capacity of remodel-
ing. In cases where the lesions do not penetrate to the subchondral bone, the pluripo-
tent progenitor cells from the bone marrow cannot be recruited and the repair will 
be limited. On the other hand, full-thickness (osteochondral) defects go through the 
subchondral bone, accessing the bone marrow cells, including mesenchymal stem 
cells, and also growth factors and cytokines. However, the repair response typically 
leads to the formation of fi brocartilage in the defect void. Fibrocartilage is a scar 
tissue presenting diminished resilience, reduced stiffness, and poor wear character-
istics when compared to hyaline cartilage. Thus, fi brocartilage cannot withstand 
physiological loading and cannot guarantee to function successfully in long term 
[ 12 ]. Such poor substitution for articular cartilage will result in degeneration of both 
repaired and adjacent native tissues after long-term follow- up [ 9 ,  13 ]. 

 The biomechanical alterations caused by (osteo)-chondral defects affect the artic-
ular cartilage surrounding and opposing the lesion as well as the homeostatic bal-
ance of the entire joint. Tight structural and functional connection between cartilage 
and bone through osteochondral interface and the importance of subchondral bone 
for its role in the pathogenic processes in the joint further emphasize the need for this 
integrity preservation. Therefore, the treatment goal for large chondral or osteochon-
dral defects should be to restore the physiological properties of the entire osteochon-
dral unit, aiming to achieve a more predictable repair tissue that closely resembles 
native articular surface and subchondral bone, and remains durable over time.  

22.2.3     Current Treatments for Osteochondral Repair 

 The therapeutic tools aim to fi ll the cartilage and bone loss so as to restore joint 
congruence and, if possible, to induce bone formation and hyaline healing, and thus to 
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prevent long-term degeneration. They can be classifi ed into subchondral stimulation 
repair methods (also referred as marrow-stimulating procedures), most frequently 
resulting in a fi brous scar (microfracturing, Pridle drilling, and abrasion), recon-
struction methods contributing mature cartilage to the osteochondral unit (mosaic-
plasty and osteochondral auto-/allografting for massive chondral defects), and 
regeneration through grafting of autologous chondrocytes (see Sect.  22.3 ) aiming 
for hyaline repair. Nevertheless, the follow-up biopsies are often disappointing, 
with hyaline cartilage frequently absent even in very costly regeneration using cell 
culture implantation techniques [ 11 ,  14 ,  15 ]. More recently, tissue engineering strat-
egies (utilizing three-dimensional scaffolds or hydrogel systems) entered the fi eld 
with the potential to provide a platform for effective repair and improve tissue qual-
ity and long-term effects [ 6 ,  12 ,  14 – 17 ]. 

22.2.3.1     Microfractures 

 These techniques rely on the stimulation of the underlying bone marrow, resulting 
in fi brocartilage growth. After curetting the osteochondral lesion down to subchon-
dral bone, a tapered awl can be used to produce the microfractures, approximately 
3 mm in depth and 3–5 mm apart. The microfractures result in a blood clot contain-
ing mesenchymal stem cells that then form a fi brocartilaginous tissue [ 2 ,  14 ,  15 ]. In 
a systematic analysis of 28 studies of over 3,000 patients, with an average follow-up 
duration of 41 months, the authors showed that microfracture provided effective 
short-term functional improvement of knee function, but there were poor long-term 
results. The other shortcomings revealed included poor hyaline repair, variable car-
tilage volume, and long-term functional deterioration [ 18 ].  

22.2.3.2     Osteochondral Autograft/Allograft Transfer (Mosaicplasty) 

 Osteochondral autograft transfer (OAT) works by removing several plugs of hyaline 
cartilage and the underlying subchondral bone from an unaffected, non-weight- 
bearing area of the knee. These are used as autograft implants and plugged into the 
osteochondral defect. There are several problems with the OAT procedure, the main 
one being that the topography of the donor site does not match the recipient site and 
will therefore change the biomechanics and loading. Although very similar to OAT, 
osteochondral allograft transfer (OALT) does not rely on a donor site but on a 
cadaveric donor. OALT will theoretically have a like-for-like replacement with no 
donor site morbidity. It should be, however, biomechanically and topographically 
similar. Results have shown good to excellent outcomes in up to 80 % of cases in 
some reports and larger defects can be fi lled. Apart from having to be an open pro-
cedure, OALT carries the disadvantages of rejection, viral disease transmission, and 
tissue availability [ 2 ,  14 ,  15 ].    
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22.3      Cell Therapy for Osteochondral Repair 

 Achieving effective functional repair relies on reconstruction of tissue composition. 
Ideally, chondrocytes represent a perfect cell source to recreate damaged or lost 
cartilage tissue. Naturally, this possibility was further developed and subsequently 
applied in clinical practice. Alternatively, cartilage or bone regeneration could be 
achieved by controlled differentiation of mesenchymal stem cells, and their use now 
represents a promising alternative strategy for osteochondral repair. 

22.3.1     Autologous Chondrocyte Implantation 

22.3.1.1     First-Generation ACI 

 In 1994 Brittberg et al. described the use of Autologous Chondrocyte Implantation 
(ACI) in treating osteochondral defects of the human knee [ 19 ]. This was achieved 
with a two-stage procedure. Stage 1 involved arthroscopic biopsy of healthy AC and 
culture of the chondrocytes to produce between fi ve and ten million cells over a 
period of 4–6 weeks. Stage 2 involved debridement of the osteochondral lesion and 
coverage by a periosteal fl ap followed by open implantation of these cells into the 
defect. The periosteum is sutured with fi ne sutures and sealed with fi brin glue to 
make a watertight seal. The cultured cells are injected beneath it into the defect. ACI 
has shown encouraging results. In 2002 Peterson et al. examined the durability of 
ACI grafts, showing 84 % had “good” to “excellent” results at 5–11 years [ 20 ]. One 
year later, they evaluated treatment of osteochondritis dissecans with ACI, revealing 
a 90 % successful clinical result [ 21 ].  

22.3.1.2     Second-Generation ACI 

 Use of periosteum proved problematical as hypertrophy of the membrane producing 
painful clicking occurred in 25 % of patients, who required arthroscopic resection 
[ 15 ]. In addition, the use of periosteum patch was frequently associated with ossifi -
cation, detachment, calcifi cation, and leakage [ 14 ]. In a randomized controlled trial, 
Gooding et al. demonstrated the superiority of a type I/III porcine collagen mem-
brane matrix as a cover for the graft [ 22 ]. This served as a basis for the development 
of second-generation ACI, a matrix-assisted chondrocyte implantation (MACI). 
This tissue engineering approach utilizes type I/III collagen (or other biomaterial-
based) scaffold, to provide a matrix preimplantation. This eliminates the need for a 
periosteal patch and negative effects associated with such patching. The cells are 
cultured on the scaffold, which is then implanted into the defect and secured with 
fi brin glue. This speeds up the procedure greatly but has the potential disadvantage 
of a much lower number of implanted cells, up to fi ve times fewer [ 15 ,  23 ]. 
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In addition, MACI technique costs approximately three times more than the standard 
technique [ 15 ]. 

 Despite thousands of treated patients and many published studies suggesting 
good and durable clinical results of this regenerative surgical treatment approach, 
there is no agreement to date about the effective superiority of one of these tech-
niques over another, and both indications and results are still being discussed con-
troversially [ 24 ]. Moreover, studies comparing different treatment techniques, such 
as microfracture, mosaicplasty, and ACI, are also inconclusive. While all treatments 
appear to improve clinical outcome measures compared with preoperative assess-
ment, no technique consistently had superior results [ 9 ,  24 ,  25 ]. There is emerging 
evidence that the repair tissue produced in ACI is more hyaline like and more dura-
ble than that following microfracture. However, there is currently no fi rm evidence 
that ACI or MACI provides improved patient outcomes compared with either 
microfracture or mosaicplasty. As the collection of the data continues, the quality of 
trial methodology investigating osteochondral defects should be improved by ade-
quately describing randomization procedures, including untreated control groups, 
use of validated outcome measures, and use of an independent investigator or out-
come assessment.   

22.3.2     Stem Cell-Based Strategies 

 Despite promising clinical results of ACI and MACI, the use of chondrocytes may 
be troublesome due to the requirement of large numbers of chondrocytes to fi ll large 
defect volumes and dedifferentiation of cultured chondrocytes in vitro. Moreover, 
the harvest of cartilage for a cartilage biopsy includes two separate operations and 
presents limitations associated with donor site morbidity. Stem cells represent an 
alternative and promising cell source for tissue regeneration in general and for 
osteochondral regeneration in particular [ 3 ,  26 – 28 ]. 

 The evaluation of chondrogenic and osteogenic potential of human embryonic 
stem cells (hESC) as a developmentally relevant cell source is currently under 
investigation. Human ESCs have the potential to generate chondrocytes with pheno-
type closer to that of articular cartilage. However, the clinical application of these 
cells is much further away as differentiation protocols, and possible tissue engineer-
ing strategies require additional optimization [ 28 ]. In addition, ongoing ethical 
issues and immunorejection problems, together with unresolved safety concerns 
about the tumorigenicity of hESC, are still a major concern. 

 Tissue-derived mesenchymal stem cells (MSCs) represent the most practical and 
autologous alternative for osteochondral regeneration. Initially isolated from bone 
marrow, MSCs, defi ned as self-renewal, multipotent progenitor cells with the capac-
ity to differentiate into several distinct mesenchymal lineages (chondrocytes, osteo-
blasts, adipocytes, and other cell types), represent a promising cell source for 
treating osteochondral defects [ 5 ,  17 ,  22 ]. More recently, it has been demonstrated 
that MSCs can also be reproducibly isolated from human adipose tissue, which is 
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more abundant and easily accessible cell source. However, MSCs from adipose 
tissue were reported to have a reduced potential for chondrogenic differentiation, 
compared to bone marrow-derived cells [ 6 ,  29 ]. 

 Despite promising results in vitro and in animal models, the optimal conditions 
to differentiate MSCs towards chondrocytes or osteoblasts still have to be clearly 
established and optimized. For instance, the ability of MSCs to form stable hyaline 
cartilage is questioned. The resulting chondrogenic cells show signs of fi brocarti-
lage, hypertrophy, and mineralization. Hypertrophy has been associated with the 
development of endochondral-like cartilage and ossifi cation in vivo after ectopic 
transplantation of chondro-induced cells, resulting in the loss of cartilage and its 
replacement by bone [ 29 – 32 ]. Some studies showed improved cartilage quality 
when MSCs were fi rst allowed to mature (pre-differentiate) in vitro for extended 
period of time prior to implantation [ 5 ,  24 ]. Therefore, osteochondral repair by 
MSCs is still not suffi ciently robust to allow large-scale clinical use with predictable 
outcomes. Moreover, the formation of osteochondral interface depends on our abil-
ity to induce and maintain osteogenesis and chondrogenesis in various regions, 
requiring tight and spatial control of cell differentiation, which can only be achieved 
by biomaterial matrix (scaffold or hydrogel)-assisted cell delivery. Spatial separa-
tion and presentation of osteo- and chondroinductive signals (see Chap.   4    ) within 
such system could guide cell differentiation into respective cell types in situ. 

 The applications of MSC for osteochondral repair in humans are still rare and are 
limited to case reports and cohort studies and not large randomized trials. A recent 
cohort study reported similar clinical results 2 years postoperatively for transplanta-
tion of autologous bone marrow-derived MSC as for ACI [ 33 ]. In two case reports, 
the patients with osteochondral patellar defects were treated with MSCs seeded 
within type I collagen hydrogel [ 34 ]. Fibrocartilaginous fi lling of the defects was 
found after 1 year, and both patients showed signifi cantly improved clinical out-
comes in their respective follow-ups after 1, 4, and 5 years. The same group has also 
used this protocol to treat another patient with a full-thickness cartilage defect in the 
weight-bearing area of the medial femoral condyle. The patient’s clinical symptoms 
had improved signifi cantly 1 year after surgery. Histologically, the defect was fi lled 
with a hyaline-like type of cartilage tissue [ 35 ]. Despite these indications, it is clear 
that larger clinical trials are required to evaluate the treatment potential of MSCs for 
osteochondral repair.   

22.4     Bioactive Factors for Osteochondral 
Regeneration and Repair 

 Induction of osteochondral tissue formation refers to the capacity of many physio-
logical stimuli to stimulate exogenous or endogenous stem cells or immature bone/
cartilage cells to grow and mature, forming healthy tissue. Most of these stimuli are 
protein molecules (e.g., growth factors and cytokines). In osteochondral junction, 
numerous growth factors work in concert to regulate development, homeostasis, 
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and repair of articular cartilage and subchondral bone. Therefore, growth factors 
offer promising treatments for enhanced regeneration of focal articular cartilage 
defects or in situations of larger full-thickness osteochondral lesions. Careful analy-
sis and considerations, however, are required in choosing the appropriate growth 
factors for treatments, as most of them have pleiotropic functions, time- and 
location- dependent actions, and synergistic or inhibitory effects when used in com-
bination. On the other hand, given the array and interactions of growth factors that 
are necessary for proper tissue development, homeostasis, and regeneration, it is 
unlikely that any single growth factor will lead to complete repair, but rather a com-
bination approach will be required. Below we briefl y describe major factors that are 
important for osteochondral tissue regeneration. Noticeably, same factors can exert 
their action both on chondrogenesis and osteogenesis, as these are developmentally 
linked pathways, further emphasizing the need for careful selection of the factors 
when combinations are being used, and their spatial separation, to achieve differen-
tial and effective outcome. 

22.4.1     Factors Inducing Cartilage Regeneration 

 Uniquely, cartilage does not include blood vessels, nerve tissue, and lymphocytes. 
Due to lower regenerative ability, it is very diffi cult to recover cartilage tissue after 
injury. Nevertheless, it has been shown that there are a number of essential growth 
and differentiation factors providing regulatory effects on chondrocytes or stem 
cells involved in chondrocyte maturation and cartilage formation. 

22.4.1.1     Transforming Growth Factor-β 

 Members of the highly conserved transforming growth factor-β (TGF-β) superfam-
ily play an important role in embryonic development, tissue morphogenesis, cell 
proliferation, and cell differentiation. TGF-βs, activins, growth differentiation 
factors (GDF), bone morphogenic proteins (BMPs), and their various isoforms 
share similar biological activities through their homologous polypeptide structure, 
which only differs in the C-terminal amino acid sequences. 

 The growth factors from TGF-β superfamily probably belong to the most inves-
tigated biologically active substances within the fi eld of cartilage regeneration and 
repair. The TGF-β family includes fi ve members (TGF-β1–5), which are predomi-
nantly produced in bone and cartilage. Active TGF-β1, 2, and 3 are generally con-
sidered to be potent stimulators of proteoglycans (aggrecan) and of type II collagen 
synthesis in chondrocytes, typical to hyaline cartilage, and are able to induce the 
chondrogenic differentiation of MSCs in vitro. In vivo, TGF-β1 can induce the 
chondral differentiation of MSCs to form ectopic cartilage and was able to repair a 
full-thickness cartilage defect by improving chondrocyte integration into the 
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endogenous tissue [ 36 – 38 ]. However, direct injection of TGF-β or of TGF-β-
expressing adenoviruses resulted in side effects in the joints, such as osteophyte 
formation, swelling, and synovial hyperplasia, suggesting that a tightly coordi-
nated regulation and local application of TGF-β are needed to control chondro-
genesis [ 36 ,  38 ].  

22.4.1.2     Bone Morphogenic Proteins 

 BMPs are homodimeric molecules and belong to TGF-β superfamily. They play 
crucial roles in the processes of chondrogenesis and osteogenesis in vivo [ 39 ]. 
Several BMPs, including BMP-2, BMP-4, BMP-6, BMP-7, BMP-13, and BMP-14, 
can stimulate the chondrogenic differentiation of MSCs and enhance the synthesis 
of collagen II and aggrecan by chondrocytes in vitro. In this regard, the effect of 
BMP-2 on MSCs is similar to that of TGF-β1. In vivo, BMP-2 enhanced cartilage 
repair in full-thickness cartilage defects [ 10 ,  29 ,  38 ]. BMP-7 is synthesized by chon-
drocytes and plays an important role in articular cartilage regeneration and currently 
appears to be one of the most potent growth factors for cartilage repair. It has 
signifi cant anabolic activity by which BMP-7 protects cartilage against damage. 
Experiments with MSCs demonstrated that BMP-7 decreases their proliferation 
activity but stimulates expression of cartilaginous ECM. More recently it was shown 
that this effect may be signifi cantly enhanced when BMP-7 is used in combination 
with TGF-β1 or TGF-β3 and in the presence of insulin-like growth factor 1 (IGF-1) 
[ 29 ,  38 ]. Although BMP-7 is also highly effective at stimulating bone repair, it does 
not appear to lead to osteophyte formation when administered into a joint nor does 
it stimulate uncontrolled fi broblast proliferation leading to joint fi brosis [ 38 ].  

22.4.1.3     Insulin-Like Growth Factor-1 

 Within the articular cartilage, IGF-1 is the main anabolic growth factor, which is 
necessary for cartilage homeostasis, proteoglycan synthesis, and breakdown by the 
chondrocytes [ 29 ]. When added exogenously to monolayer or explant cultures of 
normal articular cartilage from a variety of species, IGF-1 induces a plethora of 
anabolic effects and decreases catabolic responses. Chondrogenic differentiation of 
MSCs is induced by IGF-1 but is enhanced when IGF-1 is used in combination with 
TGF-β1, BMP-2, or BMP-7 [ 38 ]. They have an additive effect, which leads in a 
signifi cant increase of cartilage matrix synthesis [ 29 ]. In animal models, IGF-1 defi -
ciency led to the development of articular cartilage lesions. Moreover, IGF-1 has led 
to enhanced repair of extensive cartilage defects and protection of the synovial 
membrane from chronic infl ammation. Despite the diminished ability of IGF-1 to 
decrease catabolism in aged and OA cartilage, studies suggest that a combination of 
IGF-1 and BMP-7 results in greater repair potential than either growth factor alone. 
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These studies demonstrated that in general, BMP-7 was more potent than IGF-1 in 
stimulating matrix synthesis in aged and OA cells, but the greatest increase in matrix 
synthesis was observed after combination treatment with BMP-7 and IGF-1 [ 38 ].  

22.4.1.4     Fibroblast Growth Factors 

 In humans, 22 members of the FGF family have been identifi ed. Two members of 
the family have been investigated for their role in cartilage homeostasis, FGF-2 (or 
basic FGF, bFGF) and FGF-18. Basic FGF is found in relative abundance in the 
pericellular matrix of cartilage. On loading, FGF-2 becomes bound to cell surface 
receptors and activates anabolic pathways leading to decreased aggrecanase activity 
but no apparent change in proteoglycan content [ 40 ]. It also acts as a mitogen, 
inducing chondrocyte proliferation in vivo, inhibiting their terminal differentiation 
[ 37 ]. In MSC cultures, bFGF promotes chondrogenic differentiation [ 37 ]. However, 
several studies showed negative results associated with bFGF administration, such 
as infl ammation and osteophyte formation [ 38 ]. FGF-18 appears more promising 
than bFGF and elicits several anabolic effects on chondrocytes [ 33 ,  41 ]. However, 
the amount of data on FGF-18 effects on cartilage repair is still insuffi cient to clarify 
its potential.   

22.4.2     Factors Inducing Bone Regeneration 

 Bone formation is a complex process that involves a large number of hormones, 
cytokines, and growth factors. Several factor families and individual factors were 
found to be particularly important for therapeutic bone regeneration and repair 
[ 42 – 44 ]. 

22.4.2.1     Bone Morphogenic Proteins 

 BMPs are implicated in a variety of functions, mainly acting as a differentiation 
stimulating factor to direct endochondral ossifi cation and chondrogenesis of mesen-
chymal stem cells. Of the 20 BMPs discovered, only three (BMP-2, BMP-4, and 
BMP-7) have been able to stimulate the osteoprogenitor differentiation into mature 
osteoblasts in vitro. Moreover, these three proteins have a strong effi cacy for induc-
ing de novo bone formation in ectopic and orthotopic sites, including critical size 
defects. BMPs have been tested in preclinical and clinical studies, showing their 
defi nite potential in osteoinduction, and have been FDA-approved for clinical use 
(BMP-2 and BMP-7) in open fracture of long bones, nonunions, and vertebral 
arthrodesis [ 26 ,  39 ,  42 ,  45 ,  46 ].  
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22.4.2.2     Angiogenic Factors 

 Vascularization for the transport of oxygen, nutrients, growth and differentiation 
factors, and circulating cells is essential for the formation and homeostasis of 
bone. The presence of a local microvascular network supports the osteogenic, 
chondrogenic, and mesenchymal stem cells required for bone repair. Angiogenesis 
is regulated by soluble molecules such as vascular endothelial growth factor 
(VEGF), platelet-derived growth factor (PDGF), FGF, and IGF. Bone research 
with angiogenic factors has primarily focused on VEGF’s role in neovasculariza-
tion and osteogenic recruitment, survival, and activity. VEGF delivery was found 
to increase blood vessel density and stimulate slight bone regeneration in rabbit 
and rat critical size bone defects. Recent studies have shown that the combined 
delivery of VEGF with osteoinductive growth factors synergistically enhances 
osteogenesis [ 42 ,  43 ].   

22.4.3     Challenges in Factor Administration 

 The method by which a growth factor is delivered can have a signifi cant effect on 
therapeutic effi cacy because the dose and spatiotemporal release of such agents at 
the lesion site is crucial for achieving a successful outcome. Common growth factor 
delivery methods involve systemic administration or direct injection into the defect 
site close to or in direct contact to the supportive scaffold. However, as a result of 
the short half-life of many inductive proteins, this method requires very high doses 
for therapeutic effect and still may not permit the necessary concentration of the 
factor to be maintained for the appropriate period of time. Results from systemic 
administration of growth factors are often unpredictable, probably due to their short 
biological half-life, lack of long-term stability, tissue specifi city, and potential dose- 
dependent carcinogenicity, toxicity, and other undesired effects (e.g., fi brosis, 
osteophyte formation) [ 16 ,  42 ]. 

 The use of polymeric carriers in various forms (hydrogels or scaffolds) for 
factor delivery represents a powerful alternative to overcome the drawbacks of 
systemic delivery. The carrier acts as a local regulator to control doses and kinet-
ics of released growth factors, while simultaneously protecting them from degra-
dation, thus increasing their potential retention time at therapeutic concentration 
levels. The importance of the carrier is not limited to such roles. Recently, the 
role of carriers was extended to serving as a temporary substrate and three-
dimensional matrix for cellular infi ltration, in which cells can proliferate and 
differentiate into particular tissue types, in concert with degradation of the carrier 
material. The use of such carrier is indispensable for osteochondral tissue regen-
eration, where spatial separation of the osteoinductive and chondroinductive sig-
nals is essential.   
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22.5     Biomaterial-Based Delivery Systems for Osteochondral 
Repair and Regeneration 

 In this section, we review major advancements that have been made in creation of 
biomaterial-based acellular delivery systems for osteochondral repair and regenera-
tion (Fig.  22.2 ). Our main focus will be on animal-tested systems designed for 
simultaneous repair/regeneration of cartilage and subchondral bone.

22.5.1       Basic Requirements and Design Criteria 

 The design of biomaterial-based products used for osteochondral tissue engineering 
and regeneration should comply with the following basic criteria:

•     Biocompatibility —Biocompatibility refers to the ability of a material to perform 
as a substrate that will support the appropriate cellular activity, including the 
facilitation of molecular and mechanical signaling, in order to optimize tissue 
regeneration, without eliciting any undesirable effects in those cells or inducing 
any undesirable local or systemic responses in the host.  

  Fig. 22.2    General concepts in the design of biomaterial-based growth factor delivery systems. 
The biomaterials are prepared as solid 3D scaffolds or injectable hydrogels, designed as single, 
bilayer, or gradient systems. The delivery system should affect multiple processes that would lead 
to tissue repair and regeneration       
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•    Mechanical strength —Scaffolds in tissue engineering should have the mechanical 
properties to contain and protect the seeded or recruited cells and maintain their 
structure under mechanical perturbations existing during cultivation and at 
implant site. At the same time, the scaffold mechanical properties should be 
compatible with the host tissue to allow its integration without interfering with 
the normal function of the organ. For example, matching scaffold and native 
cartilage compressive properties may be crucial, as stiff scaffolds shield 
 mechanosensitive cartilage-forming cells from experiencing loading, whereas 
soft scaffolds may fail upon implantation. Additionally, scaffolds must possess 
suffi cient surface and tensile properties for functioning in the high shear joint 
environment. Insuffi ciencies in these properties result in wear to opposing or 
adjacent cartilage due to abrasive contact with the articular surface or third-body 
wear from sheared off scaffold debris.  

•    Biodegradation/bioresorption —Ideally, the scaffold should disappear from the 
host when tissue regeneration has been accomplished and normal function was 
restored. Biodegradable scaffolds can do so via polymer backbone degradation 
(e.g., hydrolysis, enzymatic cleavage) or by dissolution of the matrix, and both 
should be controllable processes. It is fundamental that the products of these 
processes would be biocompatible and be resorbed by the body or removed from 
it via excretion.  

•    Product fabrication —This process should be mild using safe reagents and not 
affecting material properties, such as its cell recognition motifs. Cross-linking 
can be physical, where the polymer chains self-assemble due to electrostatic 
interactions, response to temperature and irradiation, or chemical, where covalent 
bonds are introduced between the polymer chains. Chemical cross-linking often 
changes the material properties (degradability, mechanical strength, and cell rec-
ognition) due to the lack of precise control over the position where the cross-link 
linkages are formed. In addition, chemical cross-linking often involves the use of 
harsh reagents, thus raising concerns about the material biocompatibility.  

•    Internal morphology and surface properties  — When used as scaffolding for 
transplanted cells or cell ingrowth in situ, the matrix should be porous with inter-
connecting pore structure and pore size larger than 50 μm, to enable cell–cell 
interactions and construct vascularization after implantation. Surface properties 
and cell adhesion ability should also be carefully evaluated and matched for 
exact needs. For example, as adherence is generally required for cell growth and 
tissue integration, the specifi c scaffold for cartilage tissue engineering should 
maintain spherical chondrocyte morphology and phenotype.  

•    Gradient/layered/biphasic systems —As already mentioned, osteochondral tissue 
is a gradually changing interface with different cell and ECM composition. Thus, 
ideally, the matching engineered tissue or in situ regeneration system should 
mimic or recreate this complex structure. In real-world situation, layered/bipha-
sic (for recreation of bone and cartilage) scaffolds or hydrogel systems have the 
potential to become functional substitutes for osteochondral defect repair. 
Importantly, careful matching and different specifi cations (i.e., composition, 
mechanical properties, incorporation of bioactive signals) for each phase/layer 
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should be taken into consideration during the system design, in order to achieve 
optimal long-term function and effect in vivo.  

•    Bioactive factor incorporation —For the delivery system, effective incorporation 
and controlled release of the factors are required. Physical entrapment of the 
desired agent within biomaterial construct before fi nal production stage (gela-
tion, scaffold preparation) is the simplest method, which, however, offers only 
limited control over encapsulation effi ciency and release rate, governed mainly 
by diffusion. Chemical immobilization of bioactive molecules, either condi-
tional/temporary or permanent, offers higher degree of control over release 
kinetics. However, the use of chemical processes for immobilization could raise 
biocompatibility concerns. An alternative strategy could rely on implementation 
of biological principles of specifi c non-covalent affi nity binding, thus ensuring 
control over release kinetics and avoiding harsh chemical modifi cations (see 
Sect.  22.5.4 ). Finally, more complex “smart” systems could be designed, where 
the desired agents are released “on demand” by internal or external trigger.     

22.5.2     Biomaterials Used in Delivery Systems 

 Polymers commonly used for delivery system fabrication for osteochondral repair 
can be categorized by their source origin (natural or synthetic) and by their chemical 
structure (peptides/proteins, polysaccharides, polyesters, ceramics, and others) 
(Table  22.1 ).

22.5.2.1       Natural-Based Polymers 

 Natural materials are biocompatible and biodegradable, and they have the ability to 
mimic certain aspects of native ECM, thus facilitating cell adhesion, migration, dif-
ferentiation, and ECM deposition. However, natural materials have several disad-
vantages such as immunogenicity, diffi culty in processing, and a potential risk of 
transmitting animal-originated pathogens. Moreover, despite the biocompatibility, 
these materials are mechanically weak and generally undergo rapid degradation 
upon implantation if not cross-linked with appropriate chemical reagents. 

  Collagen  is a fi brous protein and the main component of ECM of mammalian 
tissues. About 25 types of collagen different in their chemical composition and 
molecular structure have been identifi ed. Among the different collagen types, the 
fi brillar type I collagen is the most abundant in nature and easy to produce. The 
biocompatibility, biodegradability, and cell-adhesive properties of the collagen type 
I matrix attributed to its selection by most researchers as the candidate scaffold for 
tissue growth and support. Collagen can be fabricated in many forms, such as hydro-
gel or macroporous scaffold; its fabrication frequently requires chemical cross- 
linking, which may affect its biological recognition by cells, biocompatibility, and 
degradability. Collagen is already commercialized as injectable product; thus it has 
been recognized as safe material by regulatory agencies. 
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  Gelatin  (the irreversibly hydrolyzed form of collagen) has also been used in 
osteochondral tissue engineering, especially in the format of a hydrogel prepared by 
chemical cross-linking. Gelatin is a biodegradable material, but under various con-
ditions it can provoke an unspecifi c infl ammatory response [ 50 ]. 

  Alginate  is an anionic polysaccharide extracted from brown algae, composed of 
1 → 4-linked β- d -mannuronic acid (M) and α- l -guluronic acid (G). Divalent cat-
ions, such as calcium ions, interact with high affi nity with the G monomer blocks to 
form ionic bridges between different alginate chains (“egg box” model) eventually 
leading to hydrogel formation. The physical cross-linking of alginate represents a 
signifi cant advantage, as the use of various chemical agents for gelation is elimi-
nated. Since there is no known mammalian enzyme which degrades the alginate 
backbone, it is assumed that alginate is not degradable in mammals. Yet, the 
calcium- cross-linked hydrogel is readily erodible with time due to exchange of cal-
cium ions by sodium ions in physiological milieu, leading to hydrogel dissolution. 
The water-soluble alginate chains are excreted through the kidney if the molecular 
weight is below 50 kDa [ 51 ]. The long experience with alginate as cell matrix and 
implant indicates its biocompatibility. 

  Hyaluronan  (HA) is a linear un-sulfated polysaccharide, composed of repeating 
disaccharides [(1 → 3)-β-N-acetyl- d -glucosamine-(1 → 4)-β- d -glucuronic acid]. 
In human body, HA is found primarily in the extracellular and pericellular matrix and 
is a major component of cartilage ECM; its degradation occurs by hyaluronidases. 
The HA has versatile biological functions, such as a lubricant material and numerous 
receptor-mediated roles in different cell processes. HA signifi cantly enhances neo-
cartilage formation from articular chondrocytes and ECM production in vitro and in 
in vivo studies [ 40 ]. The processing of HA as scaffolds for tissue engineering requires 
chemical modifi cation of the material to achieve cross-linking, such as by photopo-
lymerization. The un-cross-linked HA is not effective as injectable material due to its 
poor mechanical properties, rapid degradation, and clearance in vivo [ 52 ,  53 ].  

22.5.2.2     Synthetic Polymers 

 Synthetic    materials have been used extensively in tissue engineering both in vitro 
and in vivo due to their easy molding characteristics, relatively easy production, the 
ability to control dissolution and degradation, and structural and mechanical proper-
ties. Although synthetic materials used for tissue engineering applications are bio-
compatible, they do not have natural sites for cell adhesion, and these often need to 
be added. Further, their in vivo degradation by a hydrolytic reaction causes a local 
reduction in pH and possible infl ammation response. 

  Poly(α-hydroxy esters)  are a family of polymers that are the most widely 
incorporated synthetic materials in cartilage tissue engineering due to their rela-
tively easy processability, controllable biodegradability, and already-existing 
FDA clinical use approval. Within this family, poly(lactic acid) (PLA), 
poly(glycolic acid) (PGA), and their copolymer poly(lactic-co-glycolic) acid 
(PLGA) have shown potential for cartilage regeneration. In addition, PLGA 
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microspheres are widely used as drug delivery vehicles. These polymers degrade 
via hydrolytic de- esterifi cation to monomeric components (lactic acid and glycine), 
resulting in heterogeneous bulk degradation of the polymer structure. The presence 
of these acidic polymer degradation by-products in vivo has been shown to elicit an 
infl ammatory response or fi brous encapsulation in some instances [ 8 ,  16 ,  30 ,  40 ]. 

  Polyethylene glycol  (PEG) is a linear polyether that is used extensively in bio-
medical applications due to its hydrophilic and highly biocompatible properties. 
Even though PEG is not biodegradable, lower molecular weight (below MW 10,000) 
can be safely excreted by metabolism in body. The strong advantage of PEG is its 
ability to be cross-linked by chemical modifi cation to conjugate acryl groups to be 
reactive by radical polymerization processes [ 40 ]. Further modifi cations to PEG, 
including the addition of hydrolyzable units, bioactive peptides, and others, have 
improved cartilage tissue growth [ 30 ]. 

  Self-assembling peptides  constitute another class of biomaterials that can be 
made into hydrogels and form by amino acid sequences of alternating ionic hydro-
phobic and uncharged hydrophilic side groups. These self-assembling peptide 
hydrogels form stable β-sheets of interwoven nanofi bers when exposed to physio-
logical electrolyte concentrations and pH levels. Synthetic self-assembling peptides 
can be modifi ed to incorporate biologically active motifs that promote cell–matrix 
interactions or serve as vehicles for drug delivery [ 3 ].  

22.5.2.3     Ceramics 

 A ceramic is a material made from an inorganic, nonmetallic material that can pos-
sess a crystalline structure. Ceramic materials, such as calcium phosphates, calcium 
sulfates, and bioactive glass, have been used as matrices for bone regeneration. 
These substances, especially the calcium phosphates, are ideal candidates for use as 
matrices because the inorganic component of bone is composed of the ceramic cal-
cium hydroxyapatite. Ceramics are typifi ed by high compressive strengths and vari-
able degradation times, but they also have low ductility, meaning that they provide 
high resistance to deformation, but they tend to drastically fail because of their very 
brittle nature. Both calcium sulfate and crystalline hydroxyapatite have shown suc-
cess as a bone-graft substitute. Ceramics such as calcium phosphate and bioactive 
glass are also considered biomimetic, in that they stimulate the formation, precipita-
tion, and deposition of calcium phosphate from solution and can result in enhanced 
bone matrix interface strength. The calcium phosphates also have potential as drug 
and/or factor delivery vehicles as a result of the high binding affi nities between 
ceramics and proteins [ 16 ,  47 ].   

22.5.3     Types of Delivery Systems 

 Below we describe major systems designed for growth factor delivery for osteo-
chondral repair and regeneration (Table  22.2 , Fig.  22.2 ).
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22.5.3.1       Preformed Macroporous Scaffolds 

 Macroporous 3D scaffolds are characterized by large pore size (50–200 μm in diam-
eter) and matrix porosity (70–90 %). The pore size in scaffolds should be at least 
50 μm in diameter to enable vascularization (blood vessel penetration) after their 
implantation. The pore size and architecture as well as the extent of pore intercon-
nectivity are major effectors on cell seeding, cell penetration from the host, and cell 
organization into a tissue. Scaffolds offer 3D ECM replacement and solid support 
for tissue growth, and different casting/molding methods enable fabrication of scaf-
folds in various sizes and shapes. 

   Single-Layered Scaffolds 

 Some authors suggested the use of single-layered scaffolds for osteochondral repair. 
Sellers et al. used BMP-2-containing type I collagen scaffolds for the repair of full- 
thickness defect in rabbits. At 24 weeks, treatment with BMP-2 greatly accelerated 
the formation of new subchondral bone. In addition, the defects that had been 
treated with BMP-2 were fi lled with minimally disrupted hyaline and hyaline-like 
cartilage, compared to empty controls or defects fi lled with empty scaffolds. 

   Table 22.2    Biomaterial-based growth factor delivery systems evaluated in animal models of 
osteochondral defects   

 Carrier materials  Growth factor  Ref 

 Preformed 
scaffolds 

 Single layer  Collagen type I  BMP-2  [ 54 ] 
 Gelatin  BMP-2  [ 55 ] 
 Composite: collagen type I/

HAp 
 bFGF  [ 56 ] 

 Composite: PLLA/ACP  bFGF  [ 41 ] 
 Composite: PLA–PEG/HAp  BMP-2  [ 40 ] 

 Bilayer/gradients  Composite: PLGA/alginate/
PLGA microspheres 

 BMP-2, TGF-β1  [ 57 ] 

 Composite: PLGA/HAp/
PLGA microspheres 

 BMP-2, TGF-β1  [ 58 ] 

 Composite: OPF/gelatin 
microspheres 

 IGF-1, TGF-β1  [ 59 ] 

 Injectable 
hydrogels 

 Single layer  Alginate  SDF-1  [ 60 ] 
 Alginate  BMP-2, BMP-4  [ 61 ] 
 HA  IGF-1  [ 62 ] 
 HA  bFGF  [ 63 ] 
 Self-assembling peptides  IGF-1, TGF-β1, 

dexamethasone 
 [ 64 ] 

 Bilayer  Affi nity-binding alginate 
(alginate-sulfate/alginate) 

 BMP-4, TGF- β1  [ 65 ] 

   PLLA  poly( l -lactic acid),  HAp  hydroxyapatite,  ACP  amorphous calcium phosphate,  OPF  
oligo(poly(ethylene glycol) fumarate)  
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However, the integration of repaired tissue with adjacent cartilage was not observed. 
Such problem is common in cartilage repair, due to the fact that chondrocytes in 
normal cartilage are not involved in repair and cannot migrate [ 54 ]. 

 Tokuhara et al. evaluated the dose-dependent effects of BMP-2 (1–40 μg) deliv-
ered by gelatin scaffolds on the repair of osteochondral defects in rabbits. At 24 
weeks after surgery, there were no signifi cant differences in cartilage repair between 
the groups treated with doses of 1–40 μg of BMP-2. This treatment also resulted in 
accelerated repair of subchondral bone that provided support for the overlying car-
tilage and prevented the fi ssuring of the cartilage as a result of decreasing biome-
chanical instability [ 55 ]. However, the regenerated cartilage layer was twofold 
thinner than its natural counterpart, suggesting that BMP-2 was unable to maintain 
normal cartilage thickness, probably due to accelerated endochondral ossifi cation. 
Nevertheless, this study shows the potential of low protein doses for osteochondral 
repair, diminishing costs and possible undesired effects. 

 Maehara et al. developed a porous composite hydroxyapatite/collagen (HAp/Col) 
scaffold consisting of hydroxyapatite nanocrystals and type I atelocollagen (pepsin-
solubilized type I collagen), for bFGF administration for osteochondral defect repair 
in femoral trochlear groove of rabbits. Twenty-four weeks after surgery, abundant 
bone formation was observed in the HAp/Col implanted groups as compared to the 
empty defect group. The group with lower bFGF concentration (10 μg/ml, compared 
to 100 μg/ml) displayed not only the most abundant bone regeneration but also the 
most satisfactory cartilage regeneration, with cartilage presenting a hyaline-like 
appearance, based on histological and gross examination. Subchondral bone forma-
tion may have resulted from subchondral bone repair induced by the osteoconduc-
tive property of porous HAp/Col. Moreover, a correlation between cartilage repair 
and subchondral bone formation observed in this study (also reported by other 
groups) indicates that activation of subchondral bone repair process probably 
enhanced the direct effects of bFGF on articular cartilage regeneration [ 56 ]. 

 Yan and coworkers developed a bFGF-impregnated composite scaffold made of 
a combination of synthetic polymer (poly( l -lactic acid) (PLLA)) and bioactive bio-
ceramics (amorphous calcium phosphate (ACP) particles). The scaffolds were 
implanted in the osteochondral defects in rabbits. The results demonstrated that 
when bFGF/ACP/PLLA was applied, most of the defects were fi lled with a well- 
established layer of cartilage tissue with abundance of cartilaginous extracellular 
matrix and type II collagen accumulation, compared to mainly fi brous tissue 
observed in animals treated with bFGF/PLLA scaffolds. In addition, results demon-
strated that a continuous layer of trabecular bone was well formed below the carti-
lage with clusters of neobone formation and high osteoblastic activity observed 
inside the residual material of bFGF/ACP/PLLA. However, little bone formation 
was observed inside the composites, whether in bFGF/PLLA or the control group [ 41 ]. 
The results emphasize the benefi cial effects of introduction of bioceramics on 
subchondral bone formation, which, in turn, could result in better regeneration of 
cartilage atop. 

 Tamai et al. used similar approach to create a composite scaffold by combining 
synthetic interconnected porous hydroxyapatite (IP-CHA) with BMP-2-containing 
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poly( d , l -lactic acid)–polyethylene glycol (PLA–PEG) block copolymer and 
subsequent solvent evaporation. The resulting composites were implanted into 
osteochondral defects created in patellofemoral groove in rabbits. Six weeks after 
implantation, defects treated with the BMP-2/PLA–PEG/IP-CHA composite were 
fi lled with regenerated subchondral bone, which also penetrated the pores of the 
implant. The subchondral bone was covered with a layer of regenerated cartilage 
tissue of almost normal thickness. The matrix exhibited a hyaline-like cartilaginous 
phenotype, and the tissue was beginning to assume a columnar organization and a 
horizontal stratifi cation into distinct cartilage zones, as in normal cartilage. In con-
trast, defects of control groups (untreated, empty composite or IP-CHA alone) were 
fi lled with hypercellular type of fi brous tissue; no hyaline cartilage was detected, 
despite the presence of new bone above and within the implant [ 40 ].  

   Bilayered or Gradient Scaffolds 

 To develop a sustained growth factor delivery system for osteochondral repair, 
Reyes et al. developed a bilayered scaffold, by overlaying bone-oriented PLGA 
cylinder with chondrogenic growth factor-containing (TGF-β1 or BMP-2) PLGA 
microspheres dispersed in alginate matrix, with subsequent freeze-drying. The scaf-
folds were implanted into osteochondral defects created in rabbits. The scaffolds 
showed a sustained in vivo release profi le of the proteins for a period of 6 weeks. 
Twenty-four weeks after operation, all GF-treated groups showed complete repair 
of subchondral bone. In addition, these treatments induced marked cartilage repair 
and integrity, with typical features of hyaline cartilage [ 57 ]. 

 Mohan et al. investigated the reparative potential of composite osteochondral 
scaffold, designed with opposing gradients of chondrogenic PLGA microspheres 
(encapsulating TGF-β1) and osteogenic PLGA microspheres (encapsulating BMP- 
2) with or without hydroxyapatite (HAp) nanoparticles. For osteoconduction and 
faster bone maturation, BMP-2 and HAp were co-encapsulated in the osteogenic 
microspheres, resulting in a gradient of both signal and material composition. The 
scaffolds were implanted in the osteochondral defect created in medial femoral con-
dyle in rabbits. Twelve weeks after implantation, complete bone regeneration with 
a micro-architecture of the cancellous bone similar to the native tissue was observed 
in the TGF-β1/BMP-2/HAp gradient group. This group had the highest histological 
score for GAG content, cartilage thickness, bone fi lling, and edge integration. An 
even distribution of GAG content was observed in all TGF-β1/BMP-2/HAp samples 
and only in 50 % of HAp gradient samples. These data demonstrated that bone 
regeneration and maturation can be improved by inclusion of HAp in the gradient 
scaffolds, and cartilage regeneration may be enhanced by release of TGF-β1. Most 
of the joints that received the HAp and bioactive-HAp implants had higher scores 
for overall cartilage and bone regeneration, when compared to the other joints in the 
same animal that received a different implant. This clearly indicates that the HAp 
and TGF-β1/BMP-2/HAp implants that were investigated in this study were able to 
promote better osteochondral regeneration than the other groups presented in the 
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study (empty scaffolds or scaffolds with protein gradients, but without HAp). 
Colocalization of osteoinductive BMP-2 and osteoconductive HAp appears to have 
resulted in faster stabilization of bone. This, in turn, could provide more optimal 
biochemically and mechanically suited environment for cartilage regeneration and 
tissue integrity [ 58 ]. Of note, BMP-2 in this study was associated mainly with 
osteoinductive function, while in previously described study it was used as a chon-
drogenic factor. This discrepancy only strengthens the context- and model- dependent 
activity of these pleiotropic factors, when rather small changes in factor localiza-
tion, concentration, and release profi le could signifi cantly affect the outcome and 
the course of repair. 

 Holland et al. designed a bilayered scaffold made of oligo(poly(ethylene glycol) 
fumarate) (OPF) for controlled release of IGF-1 and TGF-β1. Bottom (bone- 
forming) layer was kept empty, while the top (cartilage-forming) layer contained 
separately IGF-1, TGF-β1, or their combination. IGF-1 was incorporated within 
gelatin microspheres, in order to provide more sustained release rate, compared to 
TGF-β1. Faster released TGF-β1 would act as a chemoattractant and morphogen to 
promote chondrogenic differentiation of progenitor cells, while IGF-1 would be 
required as an anabolic factor for ECM synthesis. In vitro release studies confi rmed 
slower IGF-1 release compared to TGF-β1. In vivo, scaffolds were placed in osteo-
chondral defects created in medial femoral condyles of rabbits. Twelve weeks 
postsurgery, the subchondral region in all treatment groups was similarly fi lled with 
trabecular bone. Hyaline cartilaginous regions were sometimes found in the 
subchondral zone, with highest incidence after TGF-β1 treatment. The neo-formed 
surface morphology of defects treated with scaffolds was primarily composed of 
fi brous tissue of variable thickness. Overall, the addition of growth factors did not 
improve signifi cantly the course of repair. Nevertheless, IGF-1 delivery resulted in 
better surface repair, compared to TGF-β1 delivery or empty scaffolds, based on 
histomorphometric analysis. Surprisingly, combinatory delivery of TGF-β1 and 
IGF-1 did not result in widespread improvement in tissue quality, emphasizing the 
complex role and unpredicted interplay of these potent factors in in vivo setting [ 59 ].   

22.5.3.2    Injectable Hydrogels 

 Hydrogel is a network of polymer chains that are water insoluble, sometimes found 
as a colloidal gel in which water is the dispersion medium. Hydrogels are superab-
sorbent (they can contain over 99 % water) natural or synthetic polymers. Hydrogels 
possess also a degree of fl exibility very similar to natural ECM, due to their signifi -
cant water content. The hydrogels can be prepared from natural and synthetic poly-
mers by physical/ionic interactions (alginate) or via chemical cross-linking 
(collagen, HA, and others). Due to their resemblance to ECM texture, hydrogels are 
extensively being investigated as ECM replacements. Moreover, due to their aque-
ous nature, hydrogels can be easily applied by injection, also enabling fi lling of 
irregular voids and defects. Thus, in many cases, the clinical feasibility of hydrogels 
is higher than preformed solid scaffolds. 
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 Minami and colleagues used stromal cell-derived factor-1 (SDF-1) delivery by in 
situ forming alginate gel for repair of osteochondral defects in the patella groove in 
rabbits. At 16 weeks after operation, SDF-1/alginate gel exhibited nearly normal 
cartilaginous structures with rich GAG matrix content and strong type II collagen 
staining, reconstruction of the normal subchondral bone structure, a smooth carti-
lage surface, and a tidemark. The neocartilagenous reparative tissue was integrated 
into the adjacent cartilage and bone. The compressive modulus in this group was 
signifi cantly improved and reached ~81 % of that of normal cartilage. Interestingly, 
the alginate-only group signifi cantly enhanced the repair of subchondral bone in the 
defects, compared to untreated group, with compressive modulus reaching ~63 % of 
that of normal cartilage, suggesting that the biomaterial has a considerable positive 
effect on tissue repair [ 60 ]. 

 Marco and colleagues investigated the use of BMP-2 or BMP-4 delivered in an 
alginate gel for the treatment of osteochondral defects in femoral condyle in rabbits. 
Three months after surgery, the performed histological observations revealed 
subchondral bone regeneration in BMP-2 samples and moderate hyaline cartilage 
regeneration in BMP-4 samples, while the delivery of both proteins resulted in 
superior regeneration and proper location of subchondral bone and cartilage tissues. 
In this study, however, sole alginate injection resulted only in the formation of 
fi brous tissue [ 61 ]. 

 Liu et al. used intra-articular injection of high-molecular-weight (1.5–2 × 10 6  Da) 
HA for the delivery of IGF-1 in a rabbit model of OA in the mandibular condyle of 
the temporomandibular joint. Twenty-four weeks after injection, better histological 
repair, good cartilage preservation, and nearly normal micro-architectural properties 
of subchondral cancellous bone were observed in the IGF-1/HA group, compared to 
HA or IGF-1 alone groups, where progressive loss of cartilage occurred. As both 
HA and IGF-1 have roles in OA and cartilage repair, their combination seems to 
have a synergistic effect that results in improved outcome [ 62 ]. 

 Itoi and coworkers also used HA for intra-articular delivery of bFGF for osteo-
chondral defect repair of medial condyles in rabbits. Weekly administration (for 4 
weeks after operation) of bFGF in HA showed signifi cantly better restoration or 
articular surface than those animals treated each treatment alone. This group also 
showed signifi cantly better reconstruction of subchondral bone, matrix staining, 
fi lling of the defect, and bonding of adjacent tissue. In separate set of experiment, 
the authors compared single bFGF delivery in HA to its delivery by gelatin 
microspheres (GM). Again, bFGF-HA signifi cantly enhanced osteochondral repair, 
compared to bFGF delivery in GM and vehicle controls [ 63 ]. This further suggests 
the existence of positive synergistic effects between HA and bFGF, similar to previ-
ously described study with IGF-1. 

 Miller et al. used injectable self-assembling peptide hydrogel for delivery of 
chondrogenic factors (IGF-1, TGF-β1, and dexamethasone) for the repair of osteo-
chondral defects in rabbits. The authors used self-assembling peptide sequence 
(KLDL) 3  (KDL) that can rapidly assemble into hydrogel when exposed to physio-
logical pH and ionic strength, with pore size in the range of 100–500 nm. These 
peptides were previously shown to maintain chondrocyte phenotype and stimulate 
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chondrogenesis of MSCs in vitro. Twelve weeks after hydrogel injection, KLD 
group without growth factors showed the greatest repair with signifi cantly higher 
Safranin-O, collagen II immunostaining, and cumulative histology scores, compared 
to other groups. The addition of growth factors increased aggrecan immunostaining 
and subchondral bone reconstitution, but in general was not associated with benefi -
cial or deleterious effects, with overall scores lower than in the group treated with 
peptides only [ 64 ]. Aside with potency of KLD peptides, this study again emphasize 
the need for further understanding of growth factor action in vivo, alone or in 
combination.   

22.5.4      Affi nity-Binding Alginate Delivery System 

 Bio-inspired by ECM interactions with heparin-binding proteins, our group has 
developed an affi nity-binding alginate biomaterial to enable precise control over 
factor release and to allow the release of combinations of growth factors. 

22.5.4.1    Alginate Sulfation 

 Alginate biomaterial with affi nity-binding sites for heparin-binding proteins was 
synthesized by sulfation of the uronic acid monomers in alginate, using  carbodiimide 
chemistry [ 66 ]. 

 The infrared (IR) spectrum of the product alginate-sulfate confi rmed the appear-
ance of a new major peak at 1,250 cm −1  (assigned to S = O symmetric stretching) 
and a minor peak at 800 cm −1  (assigned to S–O–C stretching). According to nuclear 
magnetic resonance spectroscopy (C 13 -NMR) spectra, the sulfate groups are added 
to either C-2 or C-3 or both, in an identical manner. The percentage sulfation by the 
Shoniger method was 8 % (wt. sulfur per wt. alginate).  

22.5.4.2    Analysis of Protein Binding 

 Surface plasmon resonance (SPR) analysis revealed the specifi c and strong binding 
of various heparin-binding proteins to alginate-sulfate, with equilibrium binding 
constants at the same order of magnitude as their binding to heparin (Fig.  22.3  and 
Table  22.3 ) [ 66 ,  67 ]. No such interactions were recorded with pristine alginate. 
Thus, it appears that the binding to alginate-sulfate mimics in large the interactions 
of growth factors, chemokines, and cell adhesion molecules, collectively known as 
heparin-binding proteins. These molecules bind the proteoglycans heparin and hep-
aran sulfate via high affi nity, specifi c electrostatic interactions with the low- and 
high-sulfated sequences in these glycosaminoglycans (GAG) [ 50 ]. In this aspect, 
heparan sulfate GAGs play an important role in sequestering and storage of the 
proteins and also participate in the formation of active signaling complex with a 
respective cell surface receptor.
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22.5.4.3        Growth Factor Release and Bioactivity 

 As was already mentioned, TGF-β1 and BMP-4 are potent factors for induction of 
chondrogenesis and osteogenesis, respectively. Thus, these two factors were chosen 
as bioactive components of alginate-based system in our efforts for reconstruction 
of osteochondral interface in vitro and in vivo. 

  Fig. 22.3    Alginate sulfation to attain affi nity-binding biomaterial. ( A ) A representative SPR sen-
sogram of bFGF binding to unmodifi ed alginate, heparin, and alginate-sulfate, showing strong and 
specifi c binding of bFGF to heparin and alginate-sulfate and not to unmodifi ed alginate. ( B ) The 
model of reversible binding       

   Table 22.3    Equilibrium binding constants ( K  A ) calculated from the 
interactions of alginate- sulfate with proteins (SPR analysis) [ 65 – 67 ]   

  K  A  (M −1 )  Protein 

 2.80 × 10 7   Acidic fi broblast growth factor (aFGF) 
 2.57 × 10 6   Basic fi broblast growth factor (bFGF) 
 5.63 × 10 9   Bone morphogenic protein-4 (BMP-4) 
 9.93 × 10 6   Epidermal growth factor (EGF) 
 5.36 × 10 7   Hepatocyte growth factor (HGF) 
 1.01 × 10 8   Insulin-like growth factor-1 (IGF-1) 
 1.38 × 10 7   Interleukin-6 (IL-6) 
 3.53 × 10 7   Platelet-derived growth factor-BB (PDGF-BB) 
 2.06 × 10 8   Stromal cell-derived factor-1 (SDF-1) 
 6.63 × 10 7   Transforming growth factor- β1 (TGF-β1) 
 1.81 × 10 6   Thrombopoietin (TPO) 
 6.98 × 10 6   Vascular endothelial growth factor (VEGF) 
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 Protein release studies were performed on affi nity binding (alginate-sulfate 
containing scaffolds), with proteins preloaded in the system during scaffold prepa-
ration (see below). Scaffolds without alginate-sulfate were used for control. Initial 
protein loading effi ciency in affi nity-binding scaffolds was 75 and 30 % for TGF-β1 
and BMP-4, respectively. Loading effi ciency in control pristine scaffolds was lower 
(60 and 20 %, respectively) [ 65 ,  68 ]. These results suggest that affi nity-binding 
mechanism protects the protein during fabrication and ensures higher protein avail-
ability and better preservation. 

 Cumulative release profi les of TGF-β1 from affi nity-binding scaffolds vs. from 
control showed a signifi cant difference in release rates from the two scaffolds as a 
function of time. The profi le demonstrates a sustained release of the protein for 7 
days from the affi nity-binding scaffolds, compared to a burst release of nearly 
100 % of the entrapped protein from control scaffolds [ 68 ]. 

 Cumulative release profi les of BMP-4 from the affi nity-bound scaffold vs. from 
the control showed a slight but signifi cant difference in release rates from the two 
scaffolds as a function of time. The profi le demonstrates greater amounts of BMP-4 
released from the affi nity-binding scaffolds, and slightly slower release, compared 
to a burst release of signifi cantly lower amounts of BMP-4 from control scaffolds 
(unpublished data). 

 To test the bioactivity of released TGF-β1 and BMP-4, monolayers of rat neona-
tal cardiac fi broblasts were treated with the release medium of day 1 from affi nity-
binding scaffolds. Protein bioactivity was assessed by their ability to enhance 
collagen production in these cultures and was analyzed by Sircol colorimetric assay. 
Collagen deposition was signifi cantly greater in cultures exposed to TGF-β1- or 
BMP-4-containing medium, compared to cultures treated with medium from empty 
scaffolds [ 65 ,  68 ].    

22.6     Dual Growth Factor Delivery System 
for Osteochondral Regeneration 

 The combination of alginate-sulfate with pristine alginate in one device represents a 
unique affi nity-binding alginate biomaterial, which is capable of controlling the deliv-
ery of multiple proteins, while retaining the supporting and ECM replacing properties 
of the alginate. This novel material was used for recreation of osteochondral bilayered 
interface, in vitro (in scaffold form) or in vivo (as injectable acellular hydrogel). 

22.6.1     Bilayered Scaffold for Osteochondral Tissue 
Engineering 

 Osteochondral tissue engineering requires correct and spatial differentiation of 
hMSCs to cartilage and bone. Thus, correct spatiotemporal presentation of chondro-
genic and osteogenic inducers, in a similar fashion to their presentation by the ECM, 
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would enhance hMSC differentiation to a respective (chondrogenic or osteogenic) 
lineage. For this purpose, the chondrogenic inducer TGF-β1 or the osteogenic 
inducer BMP-4 was affi nity bound to the macroporous alginate scaffolds via spe-
cifi c interactions with alginate-sulfate, mimicking the specifi c interactions of these 
factors with heparan sulfate. Incorporation of protein-alginate-sulfate bioconjugates 
into pristine alginate before fi nal scaffold fabrication step (by established freeze-dry 
technique) enabled greater growth factor loading capacity and retention in the mac-
roporous scaffold. Moreover, this preparation strategy represents a signifi cant 
advancement in product design, as ready-to-use single or multiple factor-loaded dry 
scaffolds could be stored and then immediately used for specifi c needs. 

 The binding and activity of attached factors (TGF-β1 or BMP-4) in the affi nity- 
binding system, as well as their differentiation induction capabilities, were initially 
evaluated in separate experiments to eliminate interactions or interference between 
the factors. Following this, the spatial differentiation of hMSCs in the TGF-β1/
BMP-4 bilayer scaffold was examined to validate regeneration of osteochondral 
interface (Fig.  22.4 ).

   In the TGF-β1/affi nity-bound scaffolds, the prolonged activation of TGF-β1- 
induced Smad-dependent (Smad2) and Smad-independent (ERK1/2) signaling 
pathways was found to be consistent with the appearance of differentiated cells with 
the typical round shape and size of matured chondrocytes with deposited collagen 
type II [ 69 ,  70 ]. By contrast, such a differentiation profi le was not found when TGF- 
β1 was adsorbed to the alginate scaffold. The burst release from this construct, 
resulting in a short-term effect, as judged by the reduced activation of TGF-β1- 
induced signaling pathways after 14 days, may explain why chondrogenesis was 
incomplete. Our results are in agreement with previous studies indicating the 
involvement of TGF-β-induced MAP kinase signaling cascades not only in the ini-
tiation of precartilage mesenchymal condensation in early culture but also in the 
subsequent stages of chondrogenic differentiation and cartilage ECM production, 
occurring in the following days in culture up till day 21 [ 71 ]. Consistently, the 
affi nity- binding scaffold alone (with no TGF-β1 supplementation) was insuffi cient 
to induce chondrogenesis of hMSCs [ 68 ]. 

 In BMP-4/affi nity-bound scaffolds, sustained factor release and presentation 
resulted in the prolonged activation of ERK1/2 signaling pathway and was consis-
tent with the observed hMSC osteogenic differentiation, demonstrated by the 
increase in ALP activity and mineralized bone matrix deposition. Again, such a 
differentiation profi le was not found when BMP-4 was directly associated with the 
alginate scaffold lacking alginate-sulfate (Fig.  22.4 ) [ 65 ]. 

 The potential of factor/affi nity-bound scaffolds to induce hMSC differentiation 
was further confi rmed in vivo, after an ectopic transplantation of hMSC-seeded 
constructs in nude mice. Specifi cally, in the TGF-β1/affi nity-bound scaffold, dif-
ferentiated human chondrocytes with a deposition of specifi c cartilage ECM com-
ponents, as collagen type II and aggrecan, were found within the implants, 3 weeks 
postimplantation. The cells represented different differentiation stages in the normal 
chondrogenesis process, from early chondroblasts up to mature chondrocytes. 
Importantly, the seeded hMSCs did not differentiate along the osteogenic pathway, 
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Fig. 22.4 (continued)
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as indicated by the absence of the bone marker osteocalcin and the negative von 
Kossa staining for mineralized bone matrix [ 68 ]. 

 For the construction of the bilayered in vitro system, cells were seeded sepa-
rately onto TGF-β1/affi nity-bound or BMP-4/affi nity-bound scaffolds, and after 2 
days the scaffolds were assembled into one bilayered construct, presenting TGF-β1 

  Fig. 22.4    TGF-β1 and BMP-4 activity and directed differentiation in hMSC constructs cultured 
within affi nity-binding alginate scaffolds. ( A ) Prolonged TGF-β1-induced activation of ERK1/2 and 
Smad2 signaling pathways, examined by Western blotting. ( B ) Prolonged BMP-4-induced activation 
of ERK1/2 signaling pathway (examined by Western blotting) and ALP activity. ( C ) Construction of 
a bilayer affi nity-binding alginate scaffold. TGF-β1 and BMP-4 were affi nity bound to alginate-sul-
fate in macroporous alginate scaffolds. After cell seeding and a short culture of 2 days (a), the seeded 
scaffolds were combined together by their assembly on a stainless steel pin placed perpendicular to 
a supporting polydimethylsiloxane (PDMS) layer (b). ( D – E ) Osteochondral differentiation of 
hMSCs seeded in a bilayer system, in vitro. ( D ) ALP activity in the BMP-4 and TGF-β1 layers in a 
bilayer system. ( E ) Immunostaining of the different layers in the bilayer system, after 3 weeks of 
hMSC cultivation, for collagen type II and aggrecan—markers for cartilage ECM—and von Kossa 
staining for mineralized bone matrix. Bar: 50 μm. Reprinted with permission from [ 65 ,  68 ]           

 

E. Ruvinov and S. Cohen



503

in one layer and BMP-4 in a second layer (Fig.  22.4 ). Within 3 weeks of  cultivation, 
seeded hMSCs differentiated and formed cartilage and bone in their respective lay-
ers. In the TGF-β1 layer but not in the BMP-4 layer, type II collagen and aggrecan, 
typical cartilaginous ECM components, were abundant. Signifi cantly greater levels 
of ALP activity and increased mineralized bone matrix deposition were observed 
in the BMP-4 layer. The simultaneous differentiation of hMSC in the two layers 
into either chondrocytes or bone pointed out to the spatial presentation of the fac-
tors and their local and prolonged activity in the bilayer system, thus implying that 
there was minimal cross-diffusion of the growth factors to the adjacent layers 
(Fig.  22.4 ) [ 65 ].  

22.6.2     Injectable Bilayer System for Osteochondral Defect 
Repair and Regeneration 

 Osteochondral defect repair requires the simultaneous regeneration of cartilage and 
bone. We tested a new strategy for inducing the endogenous regeneration of the 
osteochondral interface in a rabbit model of osteochondral defect, by constructing 
an in situ formed affi nity-binding alginate bilayer acellular hydrogel, designed to 
induce the spatial differentiation of host’s migrating stem cells into chondrocytes 
and osteoblasts, by spatiotemporal presentation of the chondroinductive TGF-β1 
and the osteoinductive BMP-4 in two distinctive hydrogel layers. 

 Hydrogels were prepared by mixing of TGF-β1- or BMP-4-alginate-sulfate 
bioconjugates with calcium-cross-linked alginate solution. Osteochondral defect, 
created in New Zealand rabbits in the patellofemoral groove (diameter 3 mm, depth 
3 mm), was fi lled fi rst with BMP-4/affi nity-bound alginate solution (bottom layer, 
bone portion), followed by facilitated gelation with calcium chloride. Next, the top 
layer (cartilage portion) of TGF-β1/affi nity-bound alginate solution was similarly 
constructed (Fig.  22.5 ).

   Gross morphology of the explants, 2 weeks postoperation, demonstrated the inte-
gration of hydrogel with the surrounding tissues (Fig.  22.5 ). Four weeks postopera-
tion, a newly formed white tissue, typical of a cartilaginous tissue, was seen to cover 
the defect and was well integrated with the surrounding articular cartilage (Fig.  22.5 ). 
Two weeks postoperation, microtomography (μCT) scans revealed the presence of 
bone tissue at the bottom and rim of the drilled hole. After 4 weeks, the formation of 
subchondral woven bone layer is clearly seen in the depth of the drilled hole (yellow 
arrow), where BMP-4 was present, while in the top soft tissue, where TGF-β1 was 
present, no mineralization process took place (Fig.  22.5 ). Since no cells were co-
injected with the hydrogel, it is assumed that alginate hydrogel enabled the penetra-
tion of migrating cells from the bone marrow that were coaxed to differentiate either 
to chondrocytes or bone cells, depending on the layer to which they migrated, thus 
creating the osteochondral interface. The progression of migrated cell differentiation 
along the endochondral bone formation is nicely demonstrated in both layers within 
the defect. Specifi cally, the chondrocytes within the surface layer grew in terms of 
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  Fig. 22.5    Injectable bilayered affi nity-binding alginate hydrogel for osteochondral repair and 
regeneration. ( A ) The surgery procedure for creating the osteochondral defect and in situ construc-
tion of the bilayer hydrogel, spatially presenting TGF-β1 in the  top layer  and BMP-4 in the  bottom 
layer . ( B ) Gross morphology of the explants in a subchondral defect. ( C ) μCT for evaluation of 
bone formation. μCT scans of the explants revealing the formation of bone underneath the cartilage 
tissue.  Asterisks  denote woven bone formation;  arrows  indicate the non-mineralized tissue. 
( D )  Toluidine blue  staining for evaluation of cartilage formation (proteoglycan detection) in a 
subchondral defect.  Arrows  denote the area of magnifi cation. (a, c, e, g) Bar: 2 mm; (b, d, f, h) bar: 
0.1 mm. ( E ) Immunostaining for collagen type II—a specifi c marker of hyaline cartilage ECM. 
 Arrows  denote the area of magnifi cation. (a, d, g, i) Bar: 2 mm; (b, c, e, f, h, j) bar: 0.1 mm. 
Reprinted with permission from [ 65 ]         

 

E. Ruvinov and S. Cohen



505

cellularity and cartilage ECM deposition (proteoglycans and type II collagen) 
(Fig.  22.5 ). Four weeks after implantation, the chondrocytes were shown to be 
evenly distributed, isolated from each other by the cartilaginous ECM, and most 
importantly, this cartilage tissue was not mineralized, suggesting that the newly 
formed cartilage would be able to sustain the appropriate physiological load. The 
demonstration of endochondral differentiation progression was also observed within 
the deeper layer of the hole, wherein the prehypertrophic chondrocytes, observed 
after 2 weeks and characterized by fl attened and elongated cell morphology and by 
deposition of proteoglycans and collagen II, were replaced by large hypertrophic 
cells organized in columnar structures after 4 weeks (Fig.  22.5 ). Moreover, the 
observed woven bone by μCT analysis pointed out to the progression of the endo-
chondral bone formation within the deeper layer of the defect [ 65 ].   

22.7     Conclusions and Future Aspects 

 The complexity of osteochondral tissue and low intrinsic regeneration of cartilage 
signifi cantly limit the effi cacy of currently available treatment options. As an alter-
native, the emergence of osteochondral tissue engineering, a hybrid of both bone 
and cartilage tissue engineering, may represent a feasible option for cartilage repair 
and associated OA prevention. In situ regeneration and repair induced by bioactive 
molecule-enhanced biomaterials represent an important advancement in the fi eld of 
osteochondral repair. However, the current amount of preclinical data on such sys-
tems, aimed at simultaneous regeneration of bone and cartilage, is insuffi cient to 
establish a potential treatment strategy for application in patients. 

 The optimal design properties of biomaterial platforms are somewhat undecided 
with single, biphasic, and gradient structures dividing the literature. New functional 
composite materials, improved mechanical properties matching the target environ-
ment, innovative fabrication methods, natural tissue mimicking, and mechanoregula-
tion models of tissue differentiation may assist to uncover the appropriate scaffold or 
hydrogel candidates. As was already emphasized, the use of hydrogel systems repre-
sents a major advantage for clinical applicability, as the administration of such 
systems could be made by minimally invasive arthroscopic surgery. In addition, the 
ideal delivery system design should take into consideration the complexity of bone 
and cartilage regeneration processes. Neo-tissue formation involves multiple growth 
factors and chemokines that locally expressed at a distinct time frame. The differen-
tiated expression of several key growth factors suggests that orchestrated activities of 
each molecule are required in forming functional tissue. Therefore, the delivery sys-
tem should not be limited to provide a single growth factor, but extended to multiple 
signals at an optimized ratio in a specifi c spatiotemporal pattern to target desirable 
cell types at various locations. Critically, however, more body of knowledge should 
be collected on the biology of each factor, with emphasis on interaction with other 
signals, either delivered or existing in situ, as it was repeatedly shown that apparent 
benefi cial combinations eventfully led to only minor or even negative effects. 
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 Several issues should also be addressed in the design of studies aimed to evaluate 
the potential of various systems in animal models. Although using rabbits for animal 
model is relatively technically convenient, the potential of therapies should be eval-
uated and confi rmed in larger animals, where spontaneous regeneration rate is lower 
and cartilage thickness and weight-bearing demands are closer to humans. In addi-
tion, as many parameters in gross morphology and histology are evaluated by grad-
ing, blinded evaluation and large number of animals are required to get convincing 
results. Simultaneously, the use of quantitative methods (i.e., GAG content), com-
puted tomography, mechanical-loading evaluation, and other advanced techniques 
could signifi cantly upgrade the quality of the research. 

 In conclusion, the design of complex structured delivery carriers that possess 
multiple layers in a single unit in which each layer has distinct pore structure, poros-
ity, nanoscale features for cell attachment, controlled and spatial bioactive molecule 
delivery and presentation profi le, and chemical or mechanical characteristics may 
help to maintain osteochondral interface properties and induce effective tissue 
regeneration. By optimizing these complex parameters, the developed constructs 
will act as real future therapeutic alternative to damaged orthopedic tissues.     
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   ASGP    Asialoglycoprotein   
  CSC    Cancer stem cells   
  DDS    Drug delivery system   
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  EPR (effect)    Enhanced permeability and retention (effect)   
  GI    Gastrointestinal   
  HMDI    Hexamethylene diisocyanate   
  HPMA     N -(2-Hydroxypropyl)methacrylamide   
  IT    Intratumoral   
  LCST    Low critical solution temperature   
  MAbs    Monoclonal antibodies   
  MPEG    Methyl poly(ethylene glycol)   
  Mr    Relative molecular mass   
  Mw    Molecular Weight   
  NP    Nanoparticles   
  PCL    Poly(ε-caprolactone)   
  PEA    Poly(ethylene adipate)   
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  PEO    Poly(ethylene oxide)   
  PEG    Poly(ethylene glycol)   
  PES    Poly(ethylene succinate)   
  PHA    Poly(hexamethylene adipate)   
  PK    Pharmacokinetics   
  PLGA    Poly(lactic-co-glycolic acid)   
  PLLA    Poly( l -lactic acid)   
  PNIPAM    Poly( N -isopropylacrylamide)   
  RA    Ricinoleic acid   
  SA    Sebacic acid   
  PSA    Poly(sebacic acid)   
  UCST    Low critical solution temperature   
  VEGF    Vascular endothelial growth factor   

23.1           Introduction 

    Solid tumors account for the major cancer burden, causing millions of deaths each 
year [ 1 ]. Systemic chemotherapy combined with surgery or radiotherapy is the most 
commonly used therapeutic strategy, although considerable limitations exist. 
Anticancer drugs are delivered intravenously at maximum tolerable doses, which 
cause severe toxicities in healthy tissues or even death [ 2 ]. However, despite the 
adverse whole body effect, many anticancer drugs have limited distribution from 
blood vessels in solid tumors, which limits their effectiveness. The limited drug 
distribution in the solid tumor is inevitable because of the tumor architecture.    Large 
distances between blood vessels, the dense and rigid extracellular matrix (ECM), 
cell–cell adhesion, high interstitial fl uid pressure, lack of convection, and drug 
metabolism and binding all contribute to the limited drug distribution in the tumor 
[ 3 ] (Fig.  23.1 ). Thus, localized delivery of the anticancer drugs to the solid tumors 
holds potential advantages of improved drug delivery, because it can maintain low 
systemic drug levels while ensuring therapeutic levels at the tumor site [ 6 ].

   Polymer-based systems have had an enormous impact on drug therapies. When a 
pharmaceutical agent is encapsulated in a polymer or lipid, drug safety and effi cacy 
can be greatly improved and new therapies are possible [ 7 ]. With this approach 
the polymer-anticancer drug formulation can be implanted or injected in the body at 
the place of interest (Fig.  23.2a ). Earlier formulations were composed of nonde-
gradable polymers, such as silicone rubber used in Norplant® for delivery of con-
traceptives. Later on, the focus switched to the degradable polymeric systems with 
slow and controlled drug delivery. The degradable polymer can release the drug 
locally at the implantation site while fully degrading and eliminating the need for 
surgical removal of the empty polymer device. Solid polyanhydride matrices were 
used to locally deliver chemotherapeutic drug carmustine (BCNU) to treat brain 
tumor [ 9 ,  10 ], and GLIADEL® was the fi rst polymeric system approved by FDA 
for clinical use in 1996. In this case, the surgeon removes as much of the tumor as 
possible during surgery and places up to eight small polymer–drug wafers at the 
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  Fig. 23.1    The effect of tumor environment on drug penetration. ( a ) An illustration of drug’s limited 
distribution from blood vessels in solid tumors. The existing gradient of oxygen, nutrients, energy, 
and drug concentration combined with irregular blood network limits systemically delivered antican-
cer drug’s effectiveness. (The illustration was reproduced from Minchinton et al. [ 3 ].) ( b ) The tumor 
microenvironment presents with more organized and dense ECM (late stroma,  bottom ) compared to 
a loosely packed early tumor environment (early stroma,  top ) which results in decreased penetration 
of extravasated chemotherapeutic agents from circulation into the tumor microenvironment. 
 Left panels  are representative illustrations of damaged blood vessels and drug delivery systems or 
drug molecules penetrating through ECM.  Middle and right panels  depict reconstructed confocal 
images of indirect immunofl uorescence showing ECM molecules fi bronectin ( middle ) and collagen 
I ( right ) fi bers derived from assorted fi broblasts (The illustrations are reproduced with permission 
from Cukierman et al. [ 4 ] and confocal images from Amatangelo et al. [ 5 ])       

 



  Fig. 23.2    Emerging and existing drug delivery system for treating cancer. ( a ) Examples of differ-
ent delivery strategies include polymer microspheres loaded with anticancer drugs for passive or 
active tumor targeting, solid polymer wafers loaded with BCNU for the localized treatment of 
brain tumors, osmotic pumps for anti-angiogenic drug delivery, liposomes, polymer–drug moiety 
conjugates, and controlled release microchips. Examples of local delivery polymeric drug delivery 
systems that are currently used in clinic ( b —GLIADEL®), in clinical trials ( c —ReGel®), and    in 
preclinical developments [( d ) injectable elastin-like polypeptides and ( e ) injectable P(SA:RA)]. 
The images were reproduced from Moses et al. [ 7 ] and MacroMed [ 8 ]       
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tumor resection site (Fig.  23.2b ). The drug is slowly released from the polymer to 
kill the surviving cancer cells, followed by complete degradation of the polymer. 
With this approach the patients’ survival rate after 2 years was fi ve times greater 
compared to the control group; however, the need of surgical delivery of the solid 
polymeric system is the main drawback with this system. To address this limitation 
various intratumoral (IT) liquid and pasty drug delivery systems (DDS) were devel-
oped to be directly injected into superfi cially accessible tumors, such as skin, breast, 
and cervix, or into deeper tumors, such as liver, esophageal, and pancreatic, using 
imaging equipment for precise placement. The main advantage of the injectable 
DDS is that they form solid depot system after the IT injection. Thermosensitive in 
situ forming gels, adhesive injectable hydrogels, elastin-like polypeptides (ELPs), 
and fatty acid-based polymers are some of the representative examples of the injectable 
DDS that will be discussed in this chapter (Fig.  23.2c–e ).

   Currently the main use of local anticancer DDS is as an adjuvant or neoadjuvant 
therapy in combination with other anticancer treatments, such as surgery, radiother-
apy, and systemic chemotherapy. When the anticancer DDS serves as an adjuvant 
therapy after the surgical tumor removal, it is placed in the remaining tumor cavity to 
kill surviving cancer cells and achieve an improved local control, like the earlier 
mentioned GLIADEL®. Neoadjuvant DDS therapy is aimed to debulk the tumor to 
reduce its load before the surgery or to treat cases of inoperable tumors. 

 IT delivery holds an unlimited potential to treat solid tumors through incorpora-
tion of various properties in its design. For example, targeting technology can be 
active, passive, or physical. Passive targeting is typically accomplished through 
the enhanced permeability and retention effect using macromolecules for delivery. 
This can be used to produce greater accumulation of the drug in a tumor site as 
opposed to normal tissue. Active targeting is accomplished through direction of the 
agent to a specifi c body tissue by using antibodies against specifi c cell targets. 
Physical targeting can be employed to selectively treat the location or to bypass 
physiological barriers [ 6 ,  7 ]. Additionally, to address the heterogeneous population 
of cancer cells in some tumors or to inhibit the angiogenic potential of the tumors, 
multiple therapies can be incorporated and delivered in one system. This will result in 
better drug penetration through the tumor and improved effi ciency. Treatments that 
substantially reduce local recurrence result in decreased mortality, fi rmly supporting a 
link between local control and overall survival in cancer patients [ 11 ].  

23.2     Locally Injectable Polymeric DDS 

23.2.1     Thermosensitive Sol–Gel Reversible Hydrogels 

 Stimuli-sensitive hydrogels are aqueous polymeric solutions, which undergo reversible 
volume phase transition in response to the external physical or chemical stimuli 
such as temperature or pH [ 12 ]. The sol phase is defi ned as a fl owing fl uid, whereas the 
gel phase is a non-fl owing hydrogel that maintains its integrity [ 13 ]. Temperature is 
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one of the most widely used stimuli for stimuli-sensitive hydrogels, because it is 
easy to control and has practical advantages both in vitro and in vivo. The solution 
is prepared and the drug is mixed in while the formulation is at the sol state, and the 
hydrogel forms in situ after the injection to the site of interest. Temperature-sensitive 
hydrogels undergo a sol–gel transition at a critical temperature, namely, lower criti-
cal solution temperature (LCST) or upper critical solution temperature (UCST) 
[ 14 ]. The LCST polymers exhibit a hydrophilic-to-hydrophobic or sol–gel transi-
tion with increasing temperatures, which is also termed a reverse thermogelation. 
These polymeric systems can be designed to be liquid at room temperature and form a 
gel upon exposure to a body temperature after injection. The UCST systems undergo a 
sol–gel transition with decreasing temperatures. The polymer solution, the drug incor-
poration, and the injection are performed at the elevated temperatures (above UCST), 
and the gel forms in vivo upon cooling to a body temperature [ 12 ,  14 ]. 

23.2.1.1     UCST Thermosensitive Hydrogels 

 Natural polymers, such as gelatin and polysaccharides, such as agarose, exhibit a 
sol–gel transition on lowering the temperature. The proposed mechanism for the gel 
formation is helix formation followed by aggregation of the helices that act as knots, 
i.e., the physical junctions of the gels [ 14 ].    While natural polymers remain an excit-
ing and inspiring topic to study, they suffer from low degree of modifi cation: haz-
ards in using naturally derived products and low batch-to-batch reproducibility. 
Synthetic polymers on the other hand can be tailor-made and modifi ed to provide 
desirable mechanical and chemical properties for specifi c applications. 

 Synthetic biodegradable block copolymer that exhibits UCST has been proposed 
for an injectable gel system by Jeong et al. [ 13 ] (Fig.  23.3a, b ). The copolymers of 
poly(ethylene oxide) (PEO) and poly( l -lactic acid) (PLLA) were synthesized by ring 
opening polymerization of  l -lactide, followed by coupling of the diblock units and 
resulting in a triblock polymer PEO–PLLA–PEO (Mr 5,000-2,040-5,000). PEO is a 
non-biodegradable polymer and PEO blocks of high relative molecular mass 
(Mr above 10,000) are unsuitable for fi ltration through human kidney membrane due 
to the large hydrodynamic radius. On the other hand, PLLA is a hydrolytically 
degradable polyester. Thus, to ensure biodegradability of the system, PEO units of 
Mr 5,000 were incorporated in the triblock polymer to allow kidney secretion of the 
nondegradable PEO blocks after the degradation of the polyester block. The pro-
posed mechanism for sol–gel transition is micelle formation, which at high concen-
tration levels is caused by the association of the micelles [ 13 ]. The sol–gel transition 
is a function of the polymer concentration as well as composition of the block poly-
mer. Increasing the hydrophobicity of the block polymer by increasing the PLLA 
block length increases the aggregation tendency, resulting in a steepening of the gel–
sol transition curve slopes and the onset of gelation at lower concentration. Thus, a 
delicate balance has to be kept to allow fl uidity and injectability of the formulation 
at the temperatures that can be tolerated and not harmful for the body while having 
the system form a solid gel at 37 °C and not disperse from the injection site. 
The reported PEO–PLLA–PEO (Mr 5,000-2,040-5,000) was liquid at 45 °C, 
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when the drug formulation was prepared, and set a solid gel at 37 °C, after injection 
[ 13 ]. However, concerns about the relatively high temperature of the preparation 
and injection that can be harmful to some drugs and proteins, as well as painful, 
limit the practical applications of the UCST systems [ 12 ].

  Fig. 23.3    Thermosensitive sol–gel reversible hydrogels. ( a ) The chemical structure of a PEG–
PLGA–PEG (ABA) triblock copolymer. ( b ) Gel–sol transition curves of typical polymer with 
UCST. Here shown is a PEG–PPLA–PEG triblock copolymer (Reproduced from Jeong et al. [ 13 ]). 
( c ) Phase diagram of a PEG–PLGA–PEG triblock copolymer solution exhibiting LCST (Reproduced 
from Jeong et al. [ 15 ])       
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23.2.1.2        LCST Thermosensitive Hydrogels 

 Thermosensitive polymers that can transition from a free-fl owing solution at cool 
temperatures (2–20 °C) to a viscous, water-insoluble hydrogel at body temperature 
are attractive for biomedical applications. The physiological transition point makes 
these polymer systems easy for fabrication, non-harmful for the encapsulated agent, 
and non-painful for the injection. Polymer precipitation in solution on raising the 
temperature often occurs in aqueous systems and results from the balance of intermo-
lecular forces between the polymer and the solvent as well as between polymers [ 14 ]. 
Cellulose, a natural polymer, is not soluble in water, but by introducing hydrophilic 
moieties, cellulose derivatives become water soluble and exhibit reverse thermoge-
lation. When cellulose derivatives have an optimum balance of hydrophilic and 
hydrophobic moieties, water becomes a poorer solvent with increasing temperature 
and polymer–polymer interactions become dominant at higher temperature, result-
ing in a gel. Methylcellulose and hydroxypropyl cellulose have a sol–gel transition 
temperature at 80 °C and 55 °C, respectively, making those polymers non-useful to 
serve as injectable in situ solidifying hydrogels [ 16 ,  17 ]. Advances in synthetic 
polymer synthesis allow adjustment of the desired qualities, and several examples of 
the synthetic polymers that are designed to exhibit lower and more physiologically 
relevant LCST are discussed in the following paragraphs. 

   Poly( N -Substituted Acrylamide)-Based Block Copolymer Hydrogels 

 Poly( N -substituted acrylamide), especially poly( N -isopropylacrylamide) (PNIPAM), 
are one class of the most widely studied temperature responsive polymers. A linear 
PNIPAM chain undergoes a rapid coil-to-globule (hydration-to- dehydration) tran-
sition in aqueous solution at its LCST of around 32 °C [ 12 ]. The LCST of PNIPAM 
can be elevated or reduced to a desirable value by incorporating  N -isopropylacrylamide 
(NIPAM) with more hydrophilic or hydrophobic monomers, respectively [ 18 ], 
which makes it an attractive candidate for biomedical applications. However, the 
major drawback of poly( N -substituted acrylamide) is non-degradability, and only 
PNIPAM with limited molecular weight could be excreted by glomerular fi ltration 
without long-term accumulation in vivo.  

   PEO/PPO-Based Block Copolymer Hydrogels 

 The poly(ethylene oxide)- b -poly(propylene oxide)- b -poly(ethylene oxide) triblock 
copolymers (PEO–PPO–PEO), known as Pluronic® (BASF) or Poloxamer® (ICI), 
have surface-active properties and are widely used in pharmaceutical systems [ 12 ]. 
It has been established that the PEO block is dominantly hydrophilic within the 
temperature range from 0 to 100 °C, whereas the water solubility of the PPO block 
undergoes a dramatic decrease as temperature is increased above 5 °C [ 19 ]. Unimer-
to- micelle transition, and further micelle aggregation as the temperature reaches the 
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sol–gel transition point, was proposed as a gelation mechanism [ 19 ]. The Pluronic 
hydrogels exhibit considerable viscosity, partial rigidity, and a certain persistence 
time, due to the ordered micellar packing structure and intermicellar entanglements. 
The above properties and the gelation at physiological temperature are convenient 
for the incorporation of both hydrophilic and hydrophobic drugs and biomedical 
applications. However, there are still many drawbacks in the Pluronic hydrogel systems, 
such as weak mechanical strength, high permeability, non-biodegradability, and 
limitation of molecular weight [ 12 ].  

   PLGA–PEG–PLGA Triblock Copolymers 

 Kim and coworkers [ 13 ] have already reported that incorporation of biodegradable 
polyester between two PEO blocks results in degradable system, but gels as the 
temperature decreases (UCST), which is less favorable for biomedical applications. 
The next generation of thermosensitive hydrogels, which were based on PLGA–
PEG–PLGA (BAB) triblock copolymers, was subsequently developed [ 20 ,  21 ]. The 
synthesis of PLGA–PEG–PLGA was simpler than that of PEG–PLGA–PEG 
(ABA), because the coupling procedure using HMDI could be avoided. PLGA–
PEG–PLGA also exhibited a reversible sol–gel–sol transition with increasing tem-
perature, and the phase diagram was infl uenced by the block length and composition 
as well as additives [ 20 ,  22 ] (Fig.  23.3c ). One specifi c formulation of PLGA–PEG–
PLGA with block lengths of 1,500-1,000-1,500 became commercially available 
(ReGel®), and further optimization allowed matching polymer’s unique properties 
for the desired release rate of the active pharmaceutical agent [ 23 ]. Formulation 
design has demonstrated that ReGel may be used to deliver small and large hydro-
phobic molecules, peptides, and proteins [ 24 – 27 ] (Fig.  23.2c ). 

 OncoGel™, a non-Cremophor-based formulation of paclitaxel in ReGel, was 
designed for local delivery of paclitaxel to solid tumors to provide targeted cytotox-
icity without systemic toxicities associated with conventional treatment [ 28 ]. The in 
vitro release of paclitaxel from ReGel® exhibited a diffusion-controlled release 
profi le in the initial 2 weeks, followed by a combined diffusion-degradation process 
for about 5 weeks. The in vivo distribution of paclitaxel was monitored after intra-
tumoral injection of ReGel® containing [ 14 C]-radiolabeled paclitaxel. The C-14 
levels in tumors decreased slowly over 6 weeks and eliminated mainly through 
feces and urine, with less than 0.1 % being distributed to other organs.  ReGel®/
paclitaxel showed higher antitumor effi cacy and lower drug-related adverse effects, 
as compared with the maximum tolerated systemic dose of the commercially avail-
able paclitaxel formulation (Taxol®) [ 21 ]. Nonclinical studies with OncoGel demon-
strated safety and improved tolerability versus systemic administration of paclitaxel, 
localization within and around the tumor site, safety and effi cacy as a stand-alone 
treatment, and effi cacy and tolerability in combination with other therapies. The 
promising results in preclinical studies led to three completed clinical studies in 
superfi cially accessible solid tumors [ 29 ] and in combination with radiation therapy 
(RT) in esophageal cancer [ 30 ].  
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   Other LCST Di-, Tri-, and Multiblock Copolymer Systems 

 Several block copolymers composed of PEG and other biodegradable aliphatic 
polyesters also showed a thermoreversible sol–gel transition in the aqueous solutions. 
The ABA type of PEG–aliphatic polyester–PEG triblock copolymer was prepared 
by coupling MPEG with the polyester blocks, including poly(hexamethylene 
adipate) (PHA), poly(ethylene adipate) (EA), and poly(ethylene succinate) (PES), 
and they showed sol–gel transition as the temperature increased [ 31 ]. ABA and 
BAB triblock copolymers consisting of PEG and PCL also displayed a clear sol–gel 
transition as the temperature increased from 10 to 60 °C. Although PCL–PEG–PCL 
was easier to synthesize than PEG–PCL–PEG, it was unstable and turned to an 
opaque gel in 1 h at room temperature, which can bring inconvenience for clinical 
application. The gelation at room temperature was attributed to the crystallization of 
the polymer, which was quite different from the micellar aggregation mechanism 
of the thermo-induced gelation at 37 °C. The unstable behavior of the triblock copo-
lymers led to the synthesis of PEG–PCL multiblock copolymers by terephthaloyl 
chloride coupling. The 20 wt.% aqueous solution of the PEG–PCL multiblock 
copolymer not only showed a LCST sol–gel transition but also existed as a stable 
transparent solution at room temperature. 

 PEG/PLLA and PEG-SA multiblock copolymers also showed LCST transition 
at 37 °C and showed controlled release of fi broblast growth factor and FITC-dextran 
from the hydrogels [ 32 – 34 ].  

   Poly(organophosphazenes) 

 Song et al. [ 35 ] designed a biodegradable thermosensitive poly(organophosphazenes) 
substituted with PEG and amino acid ester groups. Many different copolymers were 
obtained by the reaction of poly(dichlorophosphazene) with sodium salt of MPEG, 
followed by the reaction with an excess amount of amino acid esters. The resulting 
polymers exhibited LCST in the aqueous solution at the range between 25.2 and 
98.5 °C, depending on the MPEG molecular weight, the amino acid ester, and the mole 
ratio of the two substituents. The described polymers followed the rule of the phase 
transition of the thermosensitive polymers that is attributed to a change in the 
 hydrophilic–hydrophobic balance of the polymers with respect to their interaction 
through hydrogen bonding between the polymer and water molecules. Below the 
LCST, the hydrogen-bonding interactions with water predominate over the 
 hydrophobic interaction of the polymers, which results in liquid aqueous solution. 
As the temperature rises, the hydrophobic interactions of the polymer increase and 
the polymer precipitates from the solution. For the described polymers bearing MPEG 
and glycine ethyl ester groups, the LCST increases with increasing MPEG content 
because of the increased hydrophilicity. On the other hand, increasing the hydro-
phobicity of the ester group with methyl, ethyl, and benzyl ester of glycine caused 
lower LCST of 88.5, 77.5, and 49.5 °C, respectively. The LCST was also dependent 
on the type of amino acids and it decreased in the order of glycine, alanine, 

A. Shikanov and A.J. Domb



521

amino- malonic acid,  l -aspartic acid, and  l -glutamic acid ethyl esters. The physio-
logically relevant LCST of 25.2, 35, and 38.5 °C were achieved at a low ratio of 
MPEG (0.2, 0.31, and 0.66) with  l -glutamic, glycine, or aspartic acid ethyl esters 
[ 35 ]. The hydrolytic degradation of polyphosphazenes substituted with amino acid 
esters as side groups has been explained in terms of carboxylic acid-catalyzed deg-
radation. It has been proposed that the initiation step of hydrolytic degradation is the 
hydrolysis of pendant ester group [ 36 ]. The generated carboxylic acid groups attack 
the polymer backbone, resulting in backbone cleavage [ 37 ,  38 ]. 

 The biodegradable poly(organophosphazene) hydrogels were extensively used to 
overcome low bioavailability of highly hydrophobic anticancer drugs, such as silib-
inin [ 39 ], 2-methoxyestradiol [ 40 ], and paclitaxel [ 41 ]. The aqueous solution of 
poly(organophosphazene) enhanced the solubility of silibinin 2,000 times. Although 
the polymer degradation based on polymer weight loss was almost complete in 28 
days, the release of silibinin in pH = 7.4 was only 40 % of the loaded drug compared 
to 90 % at pH = 6.8 after 21 days. Nonetheless, in the HT-29 human colon 
adenocarcinoma- xenografted mice model, the IT-injected hydrogel with silibinin 
exhibited a good tumor control compared to the control group [ 39 ]. 

 Long-term theragnostic hydrogel system is another interesting application of 
poly(organophosphazene) polymer. Theragnosis has two major functions: the tar-
geted therapy and the imaging diagnosis. However, achieving effective concentra-
tion in lesion sites after systemic delivery was challenging, and IV-type theragnostic 
agents cannot be localized within specifi c tumor sites over long-term periods. In a 
recent study [ 41 ], poly(organophosphazene) hydrogels loaded with PEGylated 
cobalt ferrite nanoparticles and paclitaxel were injected into H-29 subcutaneous 
solid tumors. The theragnostic hydrogel gradually released paclitaxel at the tumor 
site and simultaneously supplied MR imaging for over 3 weeks.    

23.2.2     Elastin-Like Polypeptides 

 Another macromolecular carrier for cancer therapy—ELP—has been in develop-
ment for the last decade. ELPs are a class of temperature-sensitive biopolymers 
based on the structural motif found in mammalian tropoelastin [ 42 ,  43 ]. ELPs con-
sist of a repeated pentapeptide sequence (VPG X G)  n  , where X is any amino acid 
except proline. ELPs exhibit a thermodynamic inverse phase transition in aqueous 
solution at a specifi c temperature ( T  t ), below which ELPs are soluble and above 
which ELPs become insoluble and form a gel, similar to LCST [ 44 ] (Fig.  23.2d ). 

 ELPs exhibit many of the properties desired from a polymeric delivery system 
to serve in biomedical application. ELPs are composed of amino acids; they are 
nontoxic and biodegradable [ 45 ,  46 ]. They are designed and synthesized using 
genetic engineering, which allows precise control of their Mw and polydispersity, 
as well as encoding their composition at the gene level. 

 The tunable properties of ELPs allow using them for both systemic and local 
delivery using different strategies. In the fi rst strategy, hydrophilic ELPs with a  T  t  much 
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greater than a body temperature can be used as soluble, hydrophilic macromolecular 
carriers of conjugated drugs to advantage of the EPR effect at the tumor site for 
systemic delivery [ 47 ]. In a second approach ELPs can be designed to exhibit  T  t  
between 37 and 42 °C; systemic delivery of ELPs conjugated with a drug in combi-
nation with local hyperthermia to a solid tumor leads to enhanced tumor accumula-
tion [ 48 ]. Finally, ELPs are useful for local delivery of conjugated or mixed drugs by 
IT injection, as they can be designed to be soluble at room temperature and solidify 
at 37 °C, similar to other thermosensitive copolymers [ 44 ]. 

 Liu et al. [ 49 ] investigated the feasibility of IT therapy using ELPs loaded with 
 125 I in 4T1 subcutaneous tumors in Balb/c nu/nu mice. They have shown that ELP 3  
with  T  t  of 27 °C successfully formed a gel in the injection site and over 40 % of the 
gel was there after 24 h, decreasing to roughly 10 % after 1 week. In the effi cacy 
studies  131 I-ELP 3  demonstrated inhibition of 4T1 tumor growth and prolonged sur-
vival for 1 week, compared to saline administration. To improve ELP performance, 
the investigators plan to redesign the ELP to prolong its tumor retention, increase 
the delivered dose of the drug, and allow multiple injections.  

23.2.3     Fatty Acid-Based Polymers 

 Previously described thermoreversible hydrogels as well as ELPs are prepared as 
aqueous solutions of the polymer and the drug. As the search after the ideal inject-
able biodegradable polymer continues, our group was interested to explore the pos-
sibilities of designing a natural fatty acid-based polymer that can be injected as a 
uniform system alleviating the need for the solution preparation. New biodegrad-
able poly(ester anhydride)s were prepared by the melt polycondensation of diacid 
oligomers of poly(sebacic acid) (PSA) transesterifi ed with ricinoleic acid (RA)[ 50 ] 
(Fig.  23.2e ). The transesterifi cation of PSA with ricinoleic acid to form oligomers 
was conducted via a melt bulk reaction between a high molecular weight PSA and 
ricinoleic acid. Polymers with weight-average molecular weights of 2,000–60,000 
and melting temperatures of 24–77 °C were obtained for P(SA:RA) containing 
20–90 % (w/w) RA. The polymer properties in terms of physical state, melting 
point, degradation rate, and injectability can be tuned by controlling the ratio of the 
monomers, while ricinoleic acid contributes to the liquid properties and sebacic acid 
for the solid [ 51 ]. The polymer was tested as a delivery system for both hydrophilic 
and hydrophobic drugs [ 52 – 54 ]. Furthermore, the majority of the bonds in the poly-
mer structure are ester bonds between the fatty acids. It is known that anhydride 
bonds are more susceptible to moisture and reactions with reactive amino or acid 
groups in the drugs. P(SA:RA) stability studies showed small or no effect on polymer 
Mw when the polymer–drug (paclitaxel and cisplatin) formulation was stored for a 
long period of time. The slow controlled release of paclitaxel from the formulation 
was dependent on the initial drug loading and mainly limited by the low aqueous 
solubility, when 10 % w/w paclitaxel released 15 % of the incorporated drug in 1 
month compared to 30 % from a 5 % w/w paclitaxel formulation [ 55 ]. On the other 
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hand, cisplatin release was fast and completed in 5 days [ 53 ]. Effi ciency in vivo 
studies in heterotopic model of bladder and melanoma subcutaneous tumors in mice 
showed successful tumor growth inhibition and better long-term survival, compared 
to blank polymer or paclitaxel solution control. The formulation was also tested and 
showed improved effi ciency and reduced toxicity in the orthotopic model of prostate 
cancer in rats [ 56 ]. Paclitaxel and cisplatin distribution in both the implant sur-
rounding tumor and blood were tested in mice after IT injection. The drug released 
from the polymer killed the malignant cells and diffused throughout the tumor, up to 
7 mm distance from the injection site, as was confi rmed in the histology evaluation. 
Additionally, not only apoptotic cells were found in that region, but also a reduction 
in tumor cells density. Similar results were obtained for cisplatin distribution, and 
both studies showed minimal or low systemic toxicity [ 53 ,  55 ,  57 ].   

23.3     Microparticles and Nanoparticles for Anticancer 
Drug Delivery 

 Particulate drug delivery offers a number of advantages. Similarly to the polymeric 
delivery systems injected as a bulk, particles can be injected or deposited directly at 
the site of action, providing a high local drug level over an extended period, while 
minimizing systemic toxicity. On the other hand, the particles can also be injected 
systemically, aimed at specifi c locales at which to release the encapsulated drugs, 
using active or passive targeting methods [ 58 ]. This feature is especially valuable to 
treat distant undetected metastases that have similar properties to the primary tumor 
and can be targeted by systemically injected particles. 

 During particle formation, drugs dispersed or dissolved in the solvent droplets 
formed by an emulsion system can partition into the surrounding external aqueous 
phase. The smaller the particle, the greater the proportion of the drug that will have 
access to the external aqueous phase. This can lead to substantial loss of payload or to 
a lower maximal drug loading for smaller than larger particles. In formed particles, 
a greater proportion of drug can leave the surface of smaller entities by diffusion. 
Likewise, water will penetrate smaller particles more rapidly, which will result in a 
“burst release” and generally in more rapid kinetics. In addition, in polymers that 
are degraded hydrolytically, water penetration will result in particle deterioration, 
which will further accelerate drug release [ 58 ,  59 ]. 

 The particle size greatly affects the clearance rate. Locally injected microparti-
cles tend to stay at the injection site, as was demonstrated by Kohane et al. [ 60 ], 
where 60 μm polymeric particles composed of a slowly degrading polymer injected 
at the sciatic nerve were still found at the injection site 8 weeks later. The difference 
between micro- and nanoparticles (NPs) was demonstrated by injecting NPs and 5, 
25, 60, and 250 μm in diameter microparticles in the abdominal cavity. The NPs 
showed almost complete clearance, while the microparticles remained for at least 2 
weeks [ 61 ]. When injected intravenously, large microparticles can embolize vessels 
with the same diameter. The exact particle size at which embolism becomes a 
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problem is not clear, but particle aggregation, particle–blood interactions, and slurry 
viscosity are important issues. NPs are generally too small to cause embolic 
phenomena and can circulate throughout the vasculature. 

 The surface chemistry of the particles allows physical absorption or chemical 
conjugation with hydrophilic polymers, such as PEG, slowing the particles’ clearance 
from the bloodstream by the reticuloendothelial system. For example, Park et al. 
[ 62 ] demonstrated that doxorubicin (DOX) cytotoxicity can be maximized and 
dose-limiting cardiotoxicity minimized by controlled release from PEGylated 
PLGA NPs, ~130 μm in diameter. They used an avidin–biotin coupling system to 
control PEG conjugation and showed that after intravenous injection to mice, these 
sterically stabilized DOX-NPs showed longer  t  1/2  in plasma compared to unmodifi ed 
NPs or free DOX. In a subcutaneous murine B-cell lymphoma model (A20), 
IT-injected PEGylated NPs showed similar effi cacy to regular NPs combined with 
reduced cardiotoxicity. 

 PEG–PSA-based particles are another example of biodegradable drug carriers 
designed for IT injection [ 63 ]. Up to 40 % etoposide was encapsulated in particles 
with ~1 μm in diameter. The system showed controlled drug release over 6 days and 
effectively suppressed subcutaneous lung tumor growth in a xenograft mouse model 
with 100 % survival after 31 days compared to 0 % survival in a free drug group. 
While the described particles are too large for intravenous delivery, they have shown 
effi cacy not only in IT delivery but also in aerosol delivery to the lungs and good 
mucus penetration. 

 Although this chapter is focused on local delivery of anticancer drugs, one can-
not avoid mentioning some of the creative ways particles were designed to actively 
or passively target tumors after systemic delivery. Passive targeting of systemically 
injected long-circulating NPs (100–600 μm in diameter) is based on the unique 
properties of the cancer microenvironment. A dysfunctional lymphatic drainage, 
which results in enhanced fl uid retention in the tumor interstitium, and leaky vascu-
lature, whose permeability is greater than in healthy tissues, result in extensive non-
specifi c accumulation in the tumor [ 59 ]. Stealth properties were incorporated in 
another example of NPs developed for passive targeting. Tamoxifen was loaded to 
long-circulating poly(ε-caprolactone) (PCL) NPs that were surface-modifi ed with 
Pluronic® F-68 or F-108 [ 64 ]. After intravenous injection in mice bearing human 
breast xenograft, the long-circulating NPs induced greater drug accumulation in the 
tumor compared to the free drug. 

 Specifi c or active targeting of NPs has emerged as a valuable approach to target 
specifi c site of interest while avoiding the associated systemic adverse effect on 
healthy tissues. For example, in receptor-mediated strategy, paclitaxel targeting to 
liver cancer cells was investigated by using PEGylated poly(γ-benzyl- l -glutamate) 
particles endcapped with galactose moieties which specifi cally bind asialoglycoprotein 
(ASGP) receptors in hepatocytes. This formulation showed greater toxicity in 
HepG2 cells compared to a free paclitaxel [ 65 ]. 

 Additional approaches involve monoclonal antibodies (MAbs), folate, or trans-
ferrin receptor-mediated targeting, where specifi c antigens or receptors on tumor 
cells promote NP accumulation [ 66 – 69 ]. Peptides that bind overexpressed integrins 
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on the tumor cells surface allow selective targeting [ 70 ]. In conclusion, intravenously 
injected NPs show prolonged circulating times compared to a free drug and allow 
active targeting not only to the primary tumor but also to metastases and circulating 
tumor cells. However, the low drug loading, fast release kinetics, and relatively 
short cell exposure leave a lot of space of formulation design improvement.  

23.4     Polymer–Drug Conjugates for Systemic and Local 
Anticancer Treatment 

 Drug conjugation to a polymer not only enhances its aqueous solubility but also 
changes drug pharmacokinetics in the whole organism and even at a subcellular level 
with the possibility to clearly enhance drug therapeutic value [ 71 ,  72 ]. In systemi-
cally delivered polymer–drug treatments, the “leakiness” of tumor vasculature allows 
selective extravasation of the conjugate in tumor tissue, and the lack of an effective 
lymphatic drainage subsequently promotes polymer accumulation, similarly to NPs’ 
passive targeting. Active targeting could be also achieved by the incorporation of 
additional specifi c residues within the polymer carrier inducing a receptor-mediated 
endocytic uptake [ 73 ] (Fig.  23.4 ).

   The conjugation chemistry between the polymer and the drug usually involves a 
covalent bond that stays stable in blood, but able to release the drug at an optimum 
rate at the site of interest. For example, a tetrapeptide Gly-Phe-Leu-Gly can be 
cleaved by lysosomal thiol-dependent proteases and release the drug in the cell. 
The linker chemistry used has primarily evolved to cater for the chemical function-
ality available in the bioactive agent to be bound (e.g., ester linkages for paclitaxel), 
the desired site of linker cleavage (e.g., azo bonds for degradation by bacterial 
azo- reductases in GI tract), and a desire to promote intracellular drug release 
(e.g., pH- sensitive and disulfi de linkers) [ 75 ]. 

  N -(2-Hydroxypropyl)methacrylamide (HPMA) copolymer conjugates containing 
DOX designed 30 years ago were the fi rst synthetic polymer-based anticancer con-
jugates to enter clinical trials in 1994 [ 76 – 78 ], followed by clinical trials with pacli-
taxel, camptothecin, and platinates. Clinical use of anthracyclines and platinates is 
severely constrained by their acute and chronic toxicities so alteration of their PK 
by HPMA conjugation allowed promoting tumor targeting and limit toxicity [ 79 ]. 
Additionally, HPMA conjugation improved aqueous solubility and availability of 
paclitaxel and anthracyclines. Recent developments emerging from genomics and 
proteomics research have led to the incorporation of drugs directed towards inhibition 
of specifi c kinases (PI3 kinase [ 80 ]), activation of apoptosis pathways (HSP-90 
chaperone inhibition [ 81 ]), or angiogenesis modulation (TNP-470 [ 82 ]). Poly(ethylene 
oxide-co-glycidol) (poly(EO-co-Gly)) is another example of a polymer used as a 
polymer–drug conjugate. Its structure resembles PEG but has multiple pendant groups 
in its backbone that allows drug conjugation. Poly(EO-co- Gly)-platinate showed 
similar antitumor activity as free cisplatin in human nasopharyngeal carcinoma 
xenografts in mice combined reduced toxicity [ 83 ]. 
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 We have already described thermosensitive poly(organophosphazene) hydrogels 
as injectable DDSs with physically incorporated drugs. Chun et al. [ 38 ,  84 ] have 
recently reported the synthesis of poly(organophosphazene) hydrogels conjugated 
to paclitaxel or camptothecin by covalent ester linkage between the drug and the 

  Fig. 23.4    Schematic illustration of nanoscale drug carriers used for combinatorial drug delivery 
aimed for passive or active targeting: ( a ) liposome, ( b ) polymeric micelle, ( c ) polymer–drug con-
jugate, ( d ) dendrimer, ( e ) oil nanoemulsion, ( f ) mesoporous silica nanoparticle, and ( g ) iron oxide 
nanoparticle (Reproduced from Hu et al. [ 74 ]). ( h ) A schematic representation for the understand-
ing of action mechanism of poly(organophosphazene)–PTX conjugate (Reproduced from Chun 
et al. [ 38 ])       
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carboxylic acid-terminated polymer. The aqueous solutions of these conjugates 
showed a sol–gel transition at 35 and 40 °C. Release studies showed that paclitaxel 
was cleaved from the polymer by carboxylic acid-catalyzed degradation, which was 
more effi cient in the acidic environment. At pH = 6.8, which corresponds with the 
endosome or lysosome environment, 90 % of the conjugated drug was released in 
24 h, compared to a slow hydrolytic degradation of 60 % in 15 days in pH = 7.4. 
IT-injected polymer–drug conjugates showed tumor growth inhibition over time com-
pared to controls or free drug combined with reduced systemic toxicity. Interestingly, 
free paclitaxel was more effective at day 3 compared to polymer–drug conjugate, and 
the researchers hypothesized that the delay in the polymer–drug group appeared 
because of the required time for cellular uptake and active drug release. The intracel-
lular delivery and transfer of the drug out of the endosomal or lysosomal compart-
ments contribute to prolonged effi cacy and reduced systemic toxicity and also 
provide an opportunity to bypass the mechanisms of drug resistance that are reliant 
on membrane effl ux of the free drug [ 38 ].  

23.5     New Targets for Polymer-Based Combination Therapy 

 The complex molecular basis of cancer often means that the application of single 
agent therapy is insuffi cient for effective and sustained therapy. Furthermore, 
systemic administration of chemotherapeutics is associated with various and severe 
adverse effects that limit the dose and the number of therapies for a patient. As we 
mentioned earlier, polymeric DDSs can be used as adjuvant or neoadjuvant therapy, 
but also allow combining several drugs in one system, or combination of therapeutic 
drugs with imaging, targeting, or radio-sensing agents. Wu et al. [ 85 ] described the 
design of core–shell structured hybrid nanogels that simultaneously combine optical 
temperature sensing, cancer cell targeting, fl uorescence imaging, and chemo- 
photothermal treatment in the same system. They constructed the nanogels by coat-
ing the Ag–Au bimetallic NP core with a thermoresponsive nonlinear PEG-based 
hydrogel as a shell and added the targeting ligands as a semi- interpenetrating 
hyaluronic acid chain into the surface networks of the gel shell. The Ag–Au core 
can emit strong visible fl uorescence for cancer cell imaging, while the PEG gel 
provides high loading capacity for the anticancer drug. 

  Cancer Stem Cells 

 Another important cancer mechanism that can be targeted by combined therapy is 
the existence of cancer stem cell (CSC) in solid tumors and their contribution to 
tumor heterogeneity and treatment failure. From a clinical perspective these cells 
need to be eradicated in order to provide long-term disease-free survival. Quiescent 
CSCs are thought to be more resistant to chemotherapy, while targeted therapy has 
to target only the tumor CSCs without ablating normal stem cells. In one strategy 
directed at eradicating CSCs in glioblastomas, Piccirillo et al. [ 86 ] showed that bone 
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morphogenetic proteins (BMPs) could induce differentiation of CD133+ cells, mark-
edly attenuating their tumor-forming ability. Thus, polymer delivery system that can 
combine two types of chemotherapy, one against cancer cells and the other against 
CSCs, can be highly potent.  

  Tumor Angiogenesis 

 Angiogenesis is essential for tumor growth and metastasis; thus, controlling angio-
genesis is a promising tactic in limiting cancer progression [ 87 ]. Preventing mobili-
zation of the various bone marrow-derived cell types with anti-angiogenic drugs 
reduces the angiogenic response, sensitizes the tumor to therapy, and limits meta-
static spread in multiple preclinical models [ 88 ,  89 ]. However, in both preclinical 
and clinical settings, resistance mechanisms limit the long-term benefi t of VEGF- 
targeted therapy. Combination of a function-blocking antibody to placenta growth 
factor, which upregulation causes the resistance, improves sensitivity to anti-VEGF 
therapies [ 90 ]. Daenen et al. have shown that combination of chemotherapy with 
anti-angiogenic therapy had induced antitumor activity, compared to each treatment 
alone [ 91 ].  

  Tumor-Associated ECM 

 The tumor microenvironment, collectively known as stroma, is complex and is 
composed of connective tissue that contains an altered ECM as well as several dif-
ferent cell types. During tumor development, fi broblastic stroma progression, also 
known as stromatogenesis, results in signifi cant changes to the surrounding mesen-
chyme in response to tumor growth, which are believed to promote tumorigenesis 
[ 92 – 95 ]. The outcome of these stromal modifi cations is the remodeling of the 
ECM, which can alter tumor cell responsiveness to various chemotherapeutics 
[ 96 – 99 ]. Further contributing to overall drug resistance is the low pH and hypoxic, 
glucose-deprived conditions that exist in the tumor environment [ 100 – 102 ]. Olive 
et al. have shown a dramatic improvement in the delivery and drug effi cacy of gem-
citabine in a mice model of pancreatic cancer, when coadministered with a drug 
known as IPI-926 [ 103 ]. IPI-926 has been shown to be involved in the depletion of 
tumor-associated stromal tissue via inhibition of the Hedgehog cellular signaling 
pathway [ 103 ,  104 ].  

  Multidrug Resistance 

 The use of multiple therapeutic agents in combination has become the primary 
strategy to treat drug-resistant cancers. Various nanoparticle platforms such as 
liposomes, polymeric micelles, dendrimers, and mesoporous silica particles 
have been used to carry broad classes of therapeutics including cytotoxic agents, 
chemosensitizers, siRNA, and anti-angiogenic agents that were lately reviewed 
[ 74 ,  105 ].   
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23.6     Conclusions and Outlook 

 Polymer-based anticancer DDS present a powerful and versatile platform for cancer 
therapy. The synthesis and design fl exibility have enabled unprecedented control in 
delivering a wide range of therapeutics, while specifi cally targeting tumor cells and 
reducing the systemic toxicity. Various strategies focused on formulation design and 
engineering opened up promising options in addressing cancer complexity, such as 
CSCs, multidrug resistance, angiogenesis, and metastasis. The recent progress in 
immunology and human genomics combined with the existing polymeric and 
nanoparticulate platform resulted in improved targeting and brought us closer to the 
development of the cancer vaccine. The fi eld of the polymer-based anticancer therapy 
is highly interdisciplinary and benefi ts from the contributions from chemists, biolo-
gists, engineers, pharmacists, and clinicians. The limitations of the preclinical tools 
and the inherently diffi cult nature of the disease resulted in a low ability to translate 
cancer research to clinical success. However, the latest discoveries in biomedical 
sciences, molecular biology, and polymer sciences, combined with improved in vitro 
three-dimensional culture systems and better animal models, should facilitate a trans-
parent discovery process and consistently lead to signifi cant patient benefi t.     
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      Abbreviations 

   AK    Actinic keratoses
     ALA    5-aminolevulinic acid   
  BPO    Benzoyl peroxide
     HPV    Human papilloma virus   
  HSV     Herpes simplex virus
MNE    Magnetic nanoemulsion     
MSRA    Methicillin- resistant         staphylococcus aureus   
  NE    Nanoemulsion   
  NLCs    Nanostructured lipid carriers   
  NMSC    Non-melanoma skin cancer   
  NRC    Nitrosyl ruthenium complexes   
  PLGA    Poly-lactide-co-glycolic acid   
  PUVA    Psoralen and UV-A phototherapy   
  siRNA    Small interfering RNA   
  SLNs    Solid lipid nanoparticles   
  SNs    Silver nanoparticles   
  SOD-2    Superoxide dismutase 2   
  TEM     Transmission electron microscopy     
UV    Ultraviolet     
VREF    Vancomycin- resistant         Enterococcus faecalis   
  α-IFN    Alpha interferon
     γ-IFN    Gamma interferon     
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  Symbols    

·OH    Hydroxyl radical   
  AgNO 3     Silver nitrate   
  C 60     carbon nanostructures fullerenes   
  IC 50     Half maximal inhibitory concentration   
  NO    Nitric oxide   
  ZnO    Zinc oxide   
  γ-Fe 2 O 3     Maghemite         

24.1     Introduction 

 The topical route is being extensively explored for possible breakthroughs in 
dermatological treatment modalities owing to rampant increase in skin associated 
clinical manifestations and the drawbacks associated with systemic drug delivery. 
Here nanotherapeutic approaches are establishing an edge over conventional topical 
formulations by ensuring better therapeutic effi cacy. To appreciate this approach to 
topical nanodelivery systems, the most important factors which need to be understood 
are anatomy and barrier functions of skin. 

24.1.1    Skin: An Innate Barrier 

 Skin, also known as integumentary system, is the largest body organ existing as 
external body surface that accounts for about 16 % of body weight and plays a decisive 
role in body homeostasis, fortifi cation and sensory recognition. Anatomically it varies 
in thickness from 0.5 mm to 4 mm and comprises an upper epithelial tissue region 
called epidermis and an underlying connective tissue layer known as dermis along 
with skin appendages, viz. hair, sebaceous glands, sudoriferous glands and nails [ 1 , 
 2 ]. Table  24.1  describes various cellular components of skin along with their key 
features and defence mechanisms [ 1 – 3 ].

   Structurally, the epidermis is a stratifi ed squamous epithelium formed of hetero-
geneous layers, viz. stratum basale, stratum spinosum, stratum granulosum, stratum 
lucidum (exclusively present in thick skin undergoing wear and tear) and stratum 
corneum sequentially arranged from proximal to distal end, wherein keratinocytes 
are present as principal cells forming the fi rst line of defence against the entry of any 
external molecules. This barrier property of keratinocytes, especially in the region 
of outermost stratum corneum, results from synthesis of protective protein keratin, 
formation of close cellular network via intercellular desmosomal connections along with 
the fi brous proteins keratohyalin, involucrin and presence of lipid matrix. Further, 
sebum, a secretion from the sebaceous gland composed of triglycerides, cholesterol, 
proteins and inorganic salts, forms an additional defence layer. This stringent 
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lipophilic set-up offers a formidable barrier against the entry of hydrophilic polar 
molecules, whereas it facilitates the entry of nonpolar molecules via paracellular 
pathways. Further, skin offers an obstruction to the entry of microbes through 
immunity induction generated by epidermal Langerhans cells, release of certain 
antimicrobial pheromone proteins like defensins, cathelicidins and acidic pH of 
skin (pH 5) maintained by lactic acid, amino acids and other fatty acids in sweat and 
sebum [ 2 – 5 ]. Besides this, amongst various environmental factors affecting skin, 
ultraviolet (UV) radiation is the most detrimental as it can cause skin damage up to 
an extent of malignancy. Herein skin offers a natural barricade, primarily by 

   Table 24.1    Cellular components of skin [ 1 ,  2 ]   

 Skin component  Key features 
 Major function and barrier 
mechanisms 

 Epidermis 
 Keratinocytes (90 % 

of epidermal 
cells) 

 Keratin synthesis  Thermoregulation, protection 
against chemicals and microbes, 
cytokines production in response 
to injury 

 Lamellar granules releasing 
hydrophobic sealant 

 Water repellent barrier 

 Intercellular desmosomal 
connection 

 Restricts entry of foreign molecules, 
refl ection of UV radiation 

 Viable epidermal 
cells 

 Synthesis of defensins and 
cathelicidins—pheromones/
chemoattractants for APC cells 

 Antimicrobial function against 
gram-positive and gram-negative 
organisms fungi and viruses 

 Melanocytes (8 % 
of epidermal 
cells) 

 Melanin synthesis and melanin 
granule transport to 
keratinocytes 

 Skin colouration, protection against 
nuclear DNA damage by UV 
radiation, protection towards 
Langerhans cells 

 Langerhans cells  Immune response  Protection against microbes 
 Merkel cells  Formation of tactile disc in 

connection with sensory neurons 
 Sensation and underlined protection 

 Dermis 
 Papillary region  Tactile receptors, areolar connective 

tissue 
 Sensation and underlined protection, 

elasticity 
 Reticular region  Connective tissue, fi broblast, 

collagen, elastic fi bres, T-cells, 
vascular and lymphatic network 

 Elasticity, stretch, immune response, 
nutrient supply 

 Skin appendages 
 Hair  Keratinised hair shaft  Protection, release of sweat and 

sebum 
 Sebaceous glands  Sebum secretion  Protection against chemicals and 

microbes 
 Sudoriferous glands  Sweat secretion  Thermoregulation, skin pH 

regulation, microbial resistance 
 Nails  Dead keratinised cell plate  Protection against trauma 

 Hypodermis (region below skin) 
 Subcutaneous 

region 
 Areolar and adipose tissue, vascular 

network 
 Skin anchoring, thermoregulation 
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keratinocyte-induced light refl ection restricting radiation ingress along with the 
more intense mechanism of formation of melanin envelope (synthesised by melano-
cytes present in epidermal region) around keratinocyte nucleus, arresting radiation- 
induced DNA damage [ 1 – 3 ]. 

 Dermis, a deeper skin tissue beneath epidermis, represents a fl exible layer 
providing protection against mechanical stress and is separated from epidermis by 
basal membrane. The dermis is differentiated into upper papillary region with 
ridges and lower reticular region which together is comprised of connective tissue, 
T-cells, collagen and elastic fi bres that produce fi broblasts, vascular network. These 
are held in position by hydrophilic proteoglycan ground substance. The point to 
note here is that presence of vasculature makes the dermis a route for systemic 
absorption of drugs and being hydrophilic offers an impedance against the entry 
of epidermally permeated lipophilic molecules and thus affects their absorption 
[ 3 ,  4 ,  6 ]. 

 As discussed earlier, though nonpolar molecules are abstained from epidermal 
paracellular transport pathway, they permeate skin through intracellular/follicular 
pathway via skin appendages wherein hair follicle forms a major pathway that 
comprises of keratinised hair shaft and has its root in dermal region where it 
provides an opening port for sebaceous and apocrine sweat glands [ 1 ,  6 ]. 

 In a nutshell, the cellular components of skin together form an armoury of pro-
tective mechanisms that confi ne the entry of foreign molecules and ensure safety. 
Yet, it must be considered that the skin is not totally impervious and that it presents 
opportunities to deliver the desired molecules cutaneously via paracellular and/or 
follicular pathways, opening an entire arena of topical drug delivery systems for 
therapeutic and cosmeceutical application.  

24.1.2    Topical Nanodelivery Approaches: Rationale and Scope 

 The cutaneous manifestation of skin ailments has created a remarkable impetus in 
the fi eld of topical drug delivery approaches with a rationale to achieve restricted and 
directed delivery of drugs at the desired site of action, i.e. skin. Cutaneous delivery 
will not only reduce the required dose but will also avoid non-site-specifi c drug 
adverse effects associated with oral and systemic delivery. Further, the maximum 
protection against environmental factors, viz. radiations, chemicals, microorganisms, 
etc. can only be assured via topically applied protective skin coats. In addition, 
possible self-administration and patient compliance makes cutaneous delivery a 
lucrative option to treat various skin conditions topically which is well evident from 
large number of formulations available in the market for topical application. 

 Though effective, conventional gels, creams and other topical preparations often 
possess issues with respect to desired epidermal and dermal drug penetration and 
sustained release owing to barrier properties of skin as discussed in the earlier 
section. To counteract this, various strategies like nanoapproaches, penetration 
enhancers, solubilisers, drug conjugates, iontophoresis, needle-free injections, 
microneedles, etc. are being successfully investigated [ 7 ], amongst which nanodelivery 
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approaches are being explored most extensively due to their multifaceted advan-
tages, viz. noninvasiveness, enhanced skin penetration, possible modulation of 
site-specifi c and rate-controlled drug release profi le, high drug loading, increased 
surface area, conferring stability to sensitive drugs, skin-healing potential, ease of 
dosage form development, etc. Recognising these benefi ts, topical nanoformulations 
have already emerged in the market. These are listed in Table  24.2 .

   While understanding the potential role of nanointerventions in topical treatments, 
selection of an appropriate nanodelivery system becomes an issue of prime impor-
tance.    This selection primarily depends on various factors: physicochemical proper-
ties of drug (molecular weight, log P, etc.), desired depth of skin penetration, site of 
action, required drug loading, dose and drug release kinetic profi le. Considering 
aforementioned factors and on the basis of literature reports, a probable scheme of 
nanodelivery system selection for topical application is depicted in Fig.  24.1 .

   Till date, various nanoapproaches have been investigated including lipid, 
polymeric, micellar, colloidal, metallic, nonmetallic and emulsion-based nanocarri-
ers which are discussed in subsequent sections with respect to their application 
in ailments and cosmeceutical treatment module, which are further summarised in 
Table  24.3  and Fig.  24.2  gives their schematic depiction.

    Looking at the available literature, amongst all lipid nanocarriers, viz. liposomes, 
modifi ed liposomes, solid lipid nanoparticles (SLNs) and nanostructured lipid 
carriers (NLCs) have gained immense importance as they form an occlusive layer 
on skin and enhance permeation via interaction with lipidic component of stratum 
corneum. Further, liposomes in this category provide additional benefi t of deep skin 
penetration and allow loading of both hydrophilic and lipophilic drugs [ 8 – 10 ,  12 ]. 
Owing to these benefi ts, two liposomal formulations, FUNGISOME ™  Gel (drug: 
amphotericin B) and PSORISOME ®  Gel (drug: dithranol) have entered the market. 

 Further, to enhance drug penetration incorporation of positive charge on nanopar-
ticles, biofunctionalisation, etc. is being investigated as cell-specifi c targeting 
approaches that ensure further reduction in drug dose and cellular drug internalisa-
tion which are especially useful for cell-specifi c infections [ 59 ]. 

 Not only in dermatological conditions, but topical route is now also being explored 
for systemic delivery of drugs, viz. proteins, peptides, etc. which are otherwise diffi -
cult to deliver via oral route and is being established as a promising pathway for active 
immunisation [ 50 ,  65 ,  66 ], which is also covered within the scope of this chapter.   

24.2    Antimicrobial Nanotherapeutics 

 Skin is most vulnerable to infections due to its incessant exposure to environmental 
pathogenic microorganisms that cause both dermatological and systemic complica-
tions. Common infections have fungal, viral, parasitic or bacterial origin and require 
meticulous treatment to ensure complete pathogenic mitigation avoiding any relapse 
and further seek caution owing to their contagious pattern [ 4 ,  67 ]. The treatment 
module differs with regard to type and severity of infection and is discussed in detail 
in subsequent sections. 

24 Topical Nanointerventions for Therapeutic and Cosmeceutical Applications
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    Table 24.3    Topical nanoformulations: literature at glance   

 Drug  Nanodelivery system  Indication/use  References 

 Liposomes 
 Fluconazole  Liposomal gel  Fungal infections 

majorly candidiasis 
 [ 8 ] 

 γ-IFN  Liposome dispersion  Viral infections  [ 9 ] 
 Lauric acid  Liposome dispersion  Acne vulgaris  [ 10 ] 
 Tea catechins 

[(−)-Epigallocatechin-
3- gallate] 

 Liposome dispersion  Antioxidant, 
chemoprotective 

 [ 11 ] 

 Sodium ascorbyl 
phosphate 

 Liposome dispersion  Cutaneous 
photoprotection 

 [ 12 ] 

 Modifi ed liposomal nanocarriers 
 Calcipotriol  PEGylated liposomes  Psoriasis  [ 13 ] 
 Amphotericin B  Positively and negatively 

charged liposomes 
 Cutaneous leishmaniasis  [ 14 ] 

 Zinc phthalocyanine  Ultradeformable photosensitive 
liposomes 

 Cutaneous leishmaniasis  [ 15 ] 

 Econazole nitrate  Ethosomes  Fungal infections, 
majorly candidiasis 

 [ 16 ] 

 Clotrimazole  Ethosomes and ultradeformable 
liposomes 

 Fungal infections, 
majorly candidiasis 

 [ 17 ] 

 5-Aminolevulinic acid  Ethosome  Psoriasis  [ 18 ] 
 Paclitaxel  Ethosomes  Cancer  [ 19 ] 
 Paromomycin sulphate  Transfersomes  Cutaneous leishmaniasis  [ 20 ] 
  Curcuma longa  extract  liposomes, ethosomes and 

transfersomes 
 UV radiation-damaged 

skin 
 [ 21 ] 

 Paclitaxel  TyroSomesTM  Psoriasis  [ 22 ] 
 Niosomes 
 Fluconazole  Niosomes in gel base  Fungal infections, 

majorly candidiasis 
 [ 8 ] 

 Tretinoin  Photostable niosomes  Antioxidant, acne vulgaris  [ 23 ] 

 Lipid nanoparticles 
 Clotrimazole  SLNs and NLCs  Bacterial infections  [ 24 ] 
 Psoralen  SLNs and NLCs  Psoriasis  [ 25 ] 
 Nitrosyl ruthenium 

complex releasing NO 
 SLNs and NLCs  Cancer  [ 26 ] 

 Fluconazole  SLNs and NLCs  Fungal infections, 
cutaneous candidiasis 

 [ 27 ] 

 Retinoic acid  SLNs  Acne vulgaris  [ 28 ] 
 Sphingosine-1-phosphate  SLNs  Acne vulgaris  [ 29 ] 
 Resveratrol  SLNs  Cancer  [ 30 ] 
 Triptolide  SLNs in gel base  Anti-infl ammatory  [ 31 ] 
 Celecoxib  NLCs in gel base  Fungal infections  [ 32 ] 
 Acitretin  NLCs  Psoriasis  [ 33 ] 
 α-IFN  Biphasic vesicles in cream base  HPV infections  [ 34 ] 

 Micro/nanoemulsion 
 Acyclovir  W/O/W nanoemulsions  Viral infections  [ 35 ] 
 Flurbiprofen  Nanoemulsion  Anti-infl ammatory  [ 36 ] 

(continued)
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 Drug  Nanodelivery system  Indication/use  References 

 Penciclovir  Microemulsion  HSV infection  [ 37 ] 
 Sodium ascorbyl 

phosphate 
 Microemulsion  Antioxidant  [ 38 ] 

 Modifi ed nanoemulsion 
 Foscans ®   Magnetic nanoemulsion  Cancer  [ 39 ] 
 Zinc phthalocyanine  Magnetic nanoemulsion  Cancer  [ 40 ] 
 camphor, menthol and 

methyl salicylate 
 Hydrogel (carbomer 940) 

thickened nanoemulsion 
 Arthritis, minor joint and 

muscle pain 
 [ 41 ] 

 Inclusion complexes 

 Propiconazole nitrate  β-Cyclodextrin complex  Fungal infections  [ 42 ] 

 Polymeric nanoparticles 
 Spantide II and 

ketoprofen 
 Chitosan and PLGA bilayered 

nanoparticles converted to 
nanogels 

 Anti-infl ammatory  [ 43 ] 

 Chlorhexidine  Poly(ɛ-caprolactone) 
nanocapsules in gel base 

 Hygienic hand 
disinfection 

 [ 44 ] 

 Triclosan  Polymeric micelles of 
poloxamine 

 Drug-resistant bacterial 
infections 
(MRSA,VERF) and 
biofi lm mitigation 

 [ 45 ] 

 Clarithromycin  PLGA nanoparticles for 
intravenous, ocular and 
oral and topical application 

 Bacterial infections  [ 46 ] 

 Azidothymidine 
triphosphate and 
cidofovir 

 Poly( iso butyl cyanoacrylate) 
nanocapsules 

 Viral infections  [ 47 ] 

 Betamethasone  Ethyl cellulose nanoparticles  Anti-infl ammatory  [ 48 ] 
 Triclosan  Eudragit ®  E 100 nanoparticles  Antiacne  [ 49 ] 
 Hydrophilic proteins—

[bovine serum 
albumin (67 kDa) and 
insulin (6 kDa)] 

 Chitosan-Pluronic F127 
conjugated fl exible 
nanoparticles 

 Protein and peptide 
delivery 

 [ 50 ] 

 Celecoxib  Micellar gel  Anti-infl ammatory  [ 32 ] 
 Silver sulfadiazine  Drug dendrimer complex in 

cream base 
 Burn wound infections  [ 51 ] 

 Inorganic nanoparticles 
 Silver  SNs, SNs in titanium implants, 

biofunctionalised SNs 
 Microbial infections with 

strong bactericidal 
effect, wound healing 

 [ 52 – 57 ] 

 Griseofulvin  β-Cyclodextrin inclusion 
complex grafted on silica 
nanoparticles 

 Superfi cial fungal skin 
infections 

 [ 58 ] 

 ZnO  ZnO micro–nanostructures 
with partial negative 
charge 

 HSV type 1 infcetion  [ 59 ] 

Table 24.3 (continued)

(continued)
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24.2.1    Antibacterial Nanotherapeutics 

  Staphylococcal  and  Streptococcal  bacterial infections are the most rampant bacterial 
skin infections. These appear on the skin as scabs, ulcerations and lesions and on the 
scalp as papules, abscesses and the more severe infl ammatory lesions called car-
buncles. These are generally treated with various classes of available antibiotics 
both systemically and topically. 

 To overcome major drawbacks of conventional antibiotic delivery like ineffi cient 
skin penetration, high-dose requirement and dose-dependent adverse effects, 
nanodelivery approaches are emerging as a promising solution that ensures their 
effi cient delivery at target site. A few of them include lipidic nanocarriers of 
clotrimazole [ 24 ], liposomes of benzoyl peroxide (BPO) [ 68 ], ethosomes of eryth-
romycin [ 69 ], polymeric poly ( d , l -lactide-co-glycolide) (PLGA) nanoparticles of 
clarithromycin [ 46 ], etc. 

 A potent threat towards effective antibiotic therapy is emergence of antibiotic- 
resistant bacterial strains, viz. methicillin-resistant  Staphylococcus aureus  (MSRA), 
vancomycin-resistant  enterococcus faecalis  (VREF), etc. and needs major attention. 
To troubleshoot this, Chiappetta et al. prepared poloxamine polymeric micelles of 
broad-spectrum antibiotic triclosan and demonstrated their effi cacy not only against 
aforementioned drug-resistant bacterial strains but also against eradication of 
 Staphylococcus epidermidis , a hospital biofi lm causative bacterium responsible for 
nosocomial acquired infections [ 45 ]. Further, a combinatorial approach towards the 
obliteration of antibiotic drug-resistant bacterial strains and the emergence of nan-
onisation has rejuvenated the potential use of silver as a potent antibacterial agent in 
arena of topical nanodelivery systems, viz. dendrimers, metallic nanoparticles, 
nanogels, nanolotions, etc. [ 51 – 54 ]. In one such study, dendrimer- conjugated silver 
sulfadiazine nanoparticles were prepared which possessed enhanced antibacterial 
activity due to increase in drug solubility at topical site and were successfully con-
verted to a patient compliant cream base form [ 51 ]. Additionally, researchers have 
also developed metallic silver nanoparticles (SNs) of <100 nm size by reduction of 
silver nitrate (AgNO 3 ) with either chemicals (sodium citrate) or plant extracts 

 Drug  Nanodelivery system  Indication/use  References 

 Carbon nanostructure 
 Carbon molecules with 

radical scavenging 
potential 

 Fullerene in gel base  Acne vulgaris  [ 60 ] 

 Miscellaneous 
 Tretinoin  Lipopolymeric 

chitosan—SLNs 
 Antioxidant, Acne 

vulgaris 
 [ 61 ] 

 Ascorbyl palmitate  Self-assembled aspasomes  Antioxidant  [ 62 ] 
 Methotrexate  Amino acids stabilised solid in 

oil nanocarriers 
 Antirheumatic  [ 63 ] 

Table 24.3 (continued)
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( Artemisia nilagirica,  etc.), and these were shown to have compelling bactericidal 
activity against  Staphylococcus aureus, Bacillus subtilis, Escherichia coli and 
Proteus subtilis  [ 52 ,  54 ]. Further, to understand the effi cacy of these nanoparticles 

Polymeric
Nanosphere

Polymeric
Nanocapsule

Polymeric
Micelle

Hydrophobic
core

Polymeric  Nanocarriers

Dendrimer

Liposomes/ 
Modified LIposomes

Lipid Nanocarriers

Nanosuspension Inorganic  Nanocarriers

Metallic/  Nonmetallic
Core

Optional:
Stealth Coat/ Ligand/ Drug

Imperfect Amorphous Multiple

Drug nanoparticles
+ Stabilizer

Conjugated Drug Encapsulated Drug

Lipophilic
Bilayer

Aqueous
Core

Drug

Microemulsion/
Nanoemulsion

Perfect structure
Solid Lipid 

Nanoparticles Nanostructured Lipid Carriers

Carbon Nanocarriers

Carbon Nanotube Fullerene

  Fig. 24.2    Schematic representation of various nanodelivery systems for topical application 
(Modifi ed from Desai et al. [ 64 ])       
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more intricately, the effect of nanonised silver particle shape on antibacterial activity 
was investigated, wherein a comparative study between silver nanoparticles, 
nanorods and nanoplates (surface area of 17.8 m 2 /g, 38.8 m 2 /g, 121.1 m 2 /g, respec-
tively) indicated that nanoplates had best bactericidal activity by virtue of highest 
surface area [ 55 ]. 

 Besides aforementioned bacterial infection, the most common with prime cosme-
ceutical concern is acne vulgaris which is discussed in detail under Sect.  24.4 .  

24.2.2    Antifungal Nanotherapeutics 

 The most common fungal infections are caused by candida (yeast) and dermato-
phytes (tinea) which appear as erythematous and scaly plaques and being superfi cial 
infections anticipate localised topical therapy. In this context, researchers are now 
focusing on inclusion complexes of antifungal drugs with prime focus on 
β-cyclodextrin inclusion complexes (e.g. propiconazole, nystatin, etc.) because of 
their epidermal accumulation potential, increased solubility of drug at the therapeu-
tic site and reduced systemic side effects [ 42 ,  58 ]. As an evidence, it should be noted 
that in an antifungal assay against 56  Candida albicans  strains, such developed 
propiconazole nitrate, β-cyclodextrin complexes, showed remarkably low    MIC 90  
value of 0.0312 mg/L as compared to 128 mg/L in case of propiconazole alone [ 42 ]. 
As an advancement to this approach, with an anticipated additional epidermal depot 
effect, Hbaieb et al. developed a nystatin β-cyclodextrin complex and immobilised 
it on silica nanoparticles which are reported to accumulate in the pilosebaceous unit 
of skin [ 58 ]. 

 Besides these, SLNs and NLCs of various antifungal drugs, viz. ketoconazole, 
clotrimazole and fl uconazole [ 27 ] are reported to achieve signifi cant epidermal skin 
penetration via paracellular pathways with further benefi t of sustained drug delivery. 
In one such study, both SLNs and NLCs of fl uconazole were compared for their 
skin retention ability (in both stratum corneum and viable skin) wherein the results 
indicated 5- and 3.3-fold enhancement in skin retention in case of NLCs and SLNs, 
respectively, when compared to the corresponding plain drug solution at end of 
12 h. This can be attributed to the more fl exible structure of NLCs over SLNs that 
ensure better penetration and retention [ 27 ]. 

 Additionally, to ensure better skin penetration in case of severe fungal infections, 
liposomes and niosomes are emerging as effective approaches. In a comparative 
study, liposomal gel of fl uconazole showed 14.2- and 3.3-fold more drug accumulation 
with better penetration and high antifungal activity against cutaneous candidiasis as 
compared to niosomal and plain drug gel [ 8 ]. 

 The aforementioned case study undoubtedly ascribes liposomes to be an effective 
topical drug delivery system, but the physical instability of liposomes poses a hurdle 
for their effective use in topical treatments. To overcome this, scientists are now 
focusing on modifi ed liposomal formulation, viz. ultradeformable liposomes with 
higher amount of surfactants and ethosomes which can be described as ethanolic 
nanovesicles comprised of phospholipids that ensure deep skin penetration by 
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virtue of permeation-enhancing effect of ethanol and high vesicular fl exibility [ 16 ,  17 ]. 
To understand their effi cacy, ethosomal, liposomal and hydroethanolic gels of econ-
azole nitrate were assessed for skin penetration using confocal laser scanning 
microscopy, which revealed that amongst all, only ethosomal gel penetrated up to 
the lowest epidermal site, i.e. stratum basale, and thus ensured its potential in treat-
ment of deep skin fungal infections, viz. candidiasis [ 16 ].  

24.2.3    Antiviral Nanotherapeutics 

 Amongst various viral manifestations on skin, the most prevalent are viral warts, 
skin lesions and chicken pox caused by human papilloma virus (HPV), herpes sim-
plex virus (HSV) and  Varicella zoster , respectively [ 67 ]. The conventional topical 
antiviral drug therapy utilises potent nucleoside analogues like acyclovir, penciclo-
vir, cidofovir, etc. [ 35 ,  37 ,  47 ] which possess high-dose-induced skin irritation 
when applied as plain creams or gels due to lack of skin penetration and superfi cial 
accumulation. 

 As rationalised earlier, based on drug encapsulation, emulsifi cation and enhanced 
permeation effect, a plethora of nanodelivery systems are being investigated for 
effi cient antiviral therapy. To describe a few, Hillaireau et al. encapsulated azido-
thymidine triphosphate and cidofovir in poly(isobutyl cyanoacrylate) nanocap-
sules [ 47 ], whereas Yu et al. demonstrated reduced skin irritancy and signifi cant 
replication inhibition of HSV-1 with penciclovir-loaded microemulsion (droplet 
size ~36.5 nm) as compared to the marketed cream [ 37 ]. Further, the W/O/W nano-
emulsion (NE) of acyclovir (droplet size ~100 nm) was reported to be stable and 
interestingly in vitro skin permeation studies demonstrated 1.3-fold higher fl ux as 
compared to acyclovir aqueous solution [ 35 ]. 

 Currently, apart from traditionally used liquid nitrogen and topical salicylic acid, 
an approved drug for treating HPV infections is alpha interferon (α-IFN), a19-kDa 
protein. Though very effective, its administration via intramuscular and intralesional 
injections is reported to be painful and cause systemic side effects [ 34 ,  67 ], and thus 
noninvasive delivery of α-IFN using biphasic vesicle cream becomes a promising 
approach, reportedly delivering α-IFN to viable epidermis up to depth of 70 μm 
through formation of three-dimensional cubic polymorphic phase via interaction with 
stratum corneum lipids that facilitate intercellular nanopathway [ 34 ]. Further, when 
compared, the individual components of biphasic vesicles, i.e. liposomes and submi-
cron emulsion of gamma interferon (γ-IFN), showed negligible permeation beyond 
stratum corneum establishing the synergistic effect of combination approach [ 9 ]. 

 Further, considering cell-specifi c infestation of HPV primarily in corneal fi bro-
blasts, the most effective tactic is arresting cellular entry of virus that will restrict 
further event cascade. In one such approach, fi rst step of binding of positively charged 
viral envelop with a negatively charged fi broblast cell surface was challenged by use 
of negatively charged fi lopodia-like zinc oxide (ZnO) micro–nanostructures in the 
presence of UV light. The developed system indicated marked virostatic behaviour 
by causing disruption of viral envelope glycoproteins that bind to the fi broblast [ 59 ].  
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24.2.4    Antiparasitic Nanotherapeutics 

 Parasitic skin infections show their clinical appearance in the form of skin itchiness, 
nodules and scales as consequence of skin infestation by small insects. The common 
infections include cutaneous leishmaniasis, pediculosis, scabies and onchocerciasis 
[ 4 ,  15 ,  67 ]. Various species of protozoal genus  Leishmania  cause cutaneous leish-
maniasis and are reported to be present in amastigote and promastigote forms during 
their life cycle; thus, therapy anticipates protection against both forms. Clinically 
fi rst-line treatment recommends use of very potent pentavalent antimonials, viz. 
sodium stibogluconate and meglumine antimoniate given intravenously and intra-
muscularly, but considering the incompliance associated with invasive therapy 
[ 70 ,  71 ], the current research is focused on topical delivery of newer drugs with 
more promising activity against both protozoal forms. Zinc phthalocyanine is an 
antileishmanial photosensitiser with 20 % anti-promastigote and antiamastigote 
activity which when incorporated in ultradeformable liposomes was shown to pos-
sess 100 % and 80 % activity, respectively, at the same dose and further demon-
strated seven- and eightfold enhancement in amount and depth of drug penetration 
in stratum corneum as compared to plain liposomes. Thus this can be considered 
as a superior delivery system over plain drug and liposomal formulation and is 
claimed to be very effective at early stages of infection [ 15 ]. Paromomycin sul-
phate is another potent drug that is currently undergoing clinical trials and is 
reported to provide a signifi cantly high fi vefold drug skin retention when applied 
as a transferosomal formulation (particle size ~200 nm) in contrast to conventional 
cream [ 20 ]. 

 Besides this, amphotericin B, a drug of choice in systemic antifungal therapy, is 
advised as second-line drug therapy against all forms of leishmaniasis [ 72 ]. Further 
to enhance its topical delivery, effect of charged liposomal amphotericin B was 
investigated wherein the positively charged liposomes showed higher stratum 
corneum transport fl ux of 58 ng/cm 2 /h. This was attributed to their interaction with 
the negatively charged skin surface, and they were found to be more stable over 
negatively charged liposomes [ 14 ]. 

 Shifting focus to other parasitic infections, it should be noted that their effi cient 
management with available topical conventional formulations has restricted intensive 
research in this fi eld to a greater extent.   

24.3    Antiproliferative Nanotherapeutics 

 Hyperproliferative skin diseases commonly result from aberrant infl ammatory 
responses and are broadly identifi ed in the form of lesions. Amongst diverse detri-
mental effects, the most widespread are psoriasis and cutaneous carcinomas. 

 Despite intensive research over past few decades, the underlying aetiology of 
psoriatic disease is still not revealed completely. The known facts describe 
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psoriasis as genetically originated pervasive infl ammatory skin condition with 
clinical variants, viz. guttate psoriasis, sebopsoriasis and pustular form, and can 
worsen to psoriatic arthritis. The common forms of psoriatic lesions are seen in the 
form of pink to red plaques with white scales on skin showing lymphocyte and 
neutrophil infi ltration resulting from keratinocyte hyperproliferation and immune 
system induction. Therapy is majorly focused on symptomatic diminution via topi-
cal psoralen and UV-A phototherapy (PUVA) along with antineoplastic drugs, viz. 
paclitaxel, methotrexate, etc., retinoids, vitamin D and corticosteroids. The impor-
tant point to consider here is, if treated properly, psoriasis can be completely cured 
of its symptomatic appearance but possesses high risk of relapse due to various 
environmental factors like smoking, stress, alcohol and other medical conditions 
like HIV [ 22 ,  25 ,  73 ]. 

 Thus to ensure effi cacious treatment and to avoid non-site-specifi c adverse effects 
of antineoplastic drugs, nanodelivery approaches are being extensively investigated as 
promising anti-psoriatic treatment modules. One such important class of drugs is pso-
ralen which, on photoexcitation, intercalates into a DNA adduct arresting cell prolif-
eration. Fang et al. compared effi cacy of psoralens when delivered as SLNs and in 
form of NLCs. Both SLNs and NLCs indicated enhanced permeation of actives in 
order of 8-methoxypsoralen > 5-methoxypsoralen > 4,5,8-trimethylpsoralen with 
zero-order kinetics as compared to respective drug suspension and lipid emulsion, 
wherein NLCs showed better permeation profi le as compared to SLNs [ 25 ]. Besides 
psoralen, a prodrug, 5-aminolevulinic acid (ALA) is widely used as second- generation 
photosensitiser forming an active protoporphyrin IX upon photoexcitation. This is 
available in market as 20 % topical solution (Levulan Kerastick ® ) and displays 
drawbacks with respect to skin irritation and low skin permeation owing to hydro-
philicity of the drug. To overcome these issues ALA ethosomes comprising of phos-
phatidylethanolamine were prepared which showed marked enhancement of about 
5- and 26-fold in drug accumulation in contrast to drug solution in normal and 
hyperproliferating murine skin model, respectively. Further, deep skin penetration 
up to 80 μm was observed with ethosomes in hyperproliferative murine skin as 
compared to 30 μm with drug solution indicating marked effi cacy of ethosomes in 
topical application [ 18 ]. 

 In another interesting study, Knudsen et al. formulated lipopolymer, poly(ethylene 
glycol)-distearoylphosphoethanolamine-stabilised liposomes of calcipotriol, a 
vitamin D derivative, wherein lipopolymer used at 1 mol % concentration not only 
stabilised the liposome via alteration in lipid bilayer packing, forming a mushroom- 
like confi guration, but also enhanced drug deposition in stratum corneum due to 
presence of head poly(ethylene glycol) molecules [ 13 ]. 

 Amongst various polymeric nanocarriers, an appealing tyrosine-derived block 
copolymer poly(ethylene glycol)-β-oligo(desaminotyrosyl-tyrosine octyl ester 
suberate)-poly(ethylene glycol) nanospheres named TyroSpheres ™  is proposed by 
Kilfoyle et al. for delivery of paclitaxel (particle size ~70 nm) which showed topical 
sustained and controlled drug delivery over a period of about 3 days with improved 
drug cytotoxicity proven by about 45 % reduction in the half maximal inhibitory 
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concentration (IC 50 ) value as compared to the free drug. Further, they proved to be 
very apt in psoriatic treatment as TyroSpheresTM indicated preferential accumula-
tion in epidermal sites with better control over keratinocyte proliferation and mini-
mum systemic side effects [ 22 ]. 

 Apart from the genetic disposition, the major advent of hyperproliferative skin 
disease occurs from chronic exposure to UV radiation that results in non-melanoma 
skin cancer (NMSC). The most common form is visualised as lesions known as 
actinic keratoses (AK). Microscopically these lesions show ulceration, granulomatosis 
papules and nodules [ 19 ]. 

 Various conventionally used cytotoxic drugs which are investigated for their 
effective topical delivery to treat cutaneous carcinomas are described in Table  24.3 . 
Apart from conventional use of nitric oxide (NO) in the treatment of hypertension 
and angina pectoris, recent reports have shown the apoptotic and cell destruction 
ability of NO at high concentration (above 10 mM), making them a reliable option 
in the treatment of carcinomas. To ensure release of NO only at the target site, 
stable transition metal complexes of NO that release NO at target site on irradiation 
[e.g. nitrosyl ruthenium complexes (NRC)] have been explored for its topical 
delivery via SLNs (particle size ~275 ± 15 nm) and NLCs (particle size 
~211 ± 31 nm). Release studies in pure water revealed signifi cantly slow release of 
NRC from lipid nanocarriers (about 60–70 % at end of 4 h) as compared to drug 
solution which was further reduced to about 22 % in case of lyophilised SLNs 
ensuring absence of ionic load while in contact with skin homogenates. SLNs indi-
cated almost 100 % drug retention as compared to about 71 % in case of drug solu-
tion at the end of 1 h signifying the importance of lipid nanocarriers in topical 
carcinoma therapy [ 26 ]. 

 Additionally, Rastogi et al. reported development of self-assembling triblock 
poly(caprolactone)-poly(ethylene glycol)-poly(caprolactone) copolymer-based 
polymerosomes with very low particle size of 122 ± 20 nm in the treatment of mela-
nomas and basal cell carcinomas with ability to cross stratum corneum in <2 h with 
deep tissue accumulation via fl uorescent labelling. Researchers have also reported 
their potential to replace liposomes due to their high fl exibility and layered structure 
revealed by transmission electron microscopy (TEM) [ 74 ]. Moving further, 
researchers have also proposed ethosomes (described earlier in this section) for 
potential delivery of paclitaxel [ 19 ]. 

 Recent research in topical anticancer treatment has emerged with a new nanodeliv-
ery system named magnetic nanoemulsion (MNE) combining the effects of magnetic 
nanoparticle-induced hyperthermia and photodynamic therapy for effective tumour 
destruction working in synergy with incorporated anticancer drug. The developed oil 
in water emulsion contained magnetic nanoparticle in the form of phosphate-coated 
maghemite (γ-Fe 2 O 3 ) and Foscan ® , a second-generation photosensitiser. In vitro 
skin permeation studies revealed about twofold increase in diffusional fl ux with 
fourfold improvement in drug accumulation in case of NME when compared to 
plain nanoemulsion [ 39 ].  
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24.4     Antiacne Nanotherapeutics 

 Global Alliance to Improve Outcomes in Acne describes acne as the most widespread 
chronic dermatological condition that results in development of infl ammatory and/or 
noninfl ammatory lesions associated with pilosebaceous unit of skin [ 75 ,  76 ]. 
Estimated prevalence of acne is about 85 % in adolescent population out of which 
about 60 % of acne conditions can be cured by acute treatment, while in other cases 
prolonged therapy is desired [ 76 ,  77 ]. The pathogenic cascade in acne ramifi cation 
involves 4 major steps, viz.:

    1.    Androgen-stimulated excessive sebum secretion (seborrhea   ) by the sebaceous gland   
   2.    Follicular colonisation of anaerobic bacterium,  Propionibacterium acnes    
   3.    Immune response followed by release of infl ammatory mediators in skin   
   4.    Hyperproliferation of keratinocytes mimicking type IV hypersensitivity response 

[ 75 – 77 ]    

  Further, these lesions are reported to harbour other bacterial strains like 
 Pityrosporum ovale  and  Staphylococcus epidermidis  [ 77 ]. Previously, considering 
the bacterial origin of the disease, antibacterial agents were used as monotherapy, 
both orally and topically, but it resulted in development of resistant bacterial strains 
desiring a more effective treatment regimen. Thus, the fi rst-line acne therapy today 
involves combination of antimicrobial agents with topical retinoids and an oxidising 
agent BPO to take care of both infl ammatory and noninfl ammatory lesions [ 76 ]. 
Topical delivery of these formulations is further associated with diffi culties pertain-
ing to drug penetration in pilosebaceous unit, retention, requirement of high drug 
dose leading to side effects of BPO, viz. erythema, burning and scaling and of reti-
noids, viz. skin irritation, light sensitivity, etc. [ 10 ,  28 ]. Thus, considering afore-
mentioned drawbacks and prolonged duration of therapy, nanodelivery systems are 
emerging as an effi cient treatment modality in antiacne therapy. 

 Lauric acid is reported to be a strong bactericidal agent, superior to BPO. Owing 
to poor water solubility, liposomal formulation of lauric acid with particle size of 
about 120 nm was investigated for antiacne activity. It showed compelling antiacne 
activity proportional to loading of lauric acid, and the postulated mechanism 
involves fusion of liposomes with bacterial membranes, availing entry of lauric acid 
directly inside the bacterium [ 10 ]. 

 Further, considering the proportional effect of drug loading on effi cacy, Castro et al. 
formulated stable SLNs of retinoic acid with enhanced entrapment effi ciency of about 
94 % via ion-pair approach wherein retinoic acid was coupled with cationic stearyl 
amine as compared to only 13 % with retinoic acid alone. These SLNs were proven to 
be less skin irritant as compared to marketed cream signifying a promising solution in 
treatment of acne by overcoming side effects associated with retinoic acid [ 28 ]. 

 Additionally, novel nanointerventions in antiacne therapeutics involve use of 
fullerenes, cage-structured spherical carbon nanostructures. Through open trial on 11 
human patients, Inui et al. reported that fullerenes demonstrate antiacne activity by 
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arresting oxidative stress-induced apoptosis of keratinocytes, neutrophil infi ltration 
and sebum production. Further deep penetration potential in epidermis, absence of 
skin irritation and skin moisturising potential make them a lucrative candidate for 
topical treatment of acne vulgaris [ 60 ].  

24.5    Anti-Ageing Nanotherapeutics 

 Skin ageing is an intricate biochemical process broadly classifi ed as intrinsic and 
extrinsic ageing that results in both functional and aesthetic changes in the skin. 
Intrinsic or chronological ageing is associated with natural age-dependent genetic 
and hormonal changes which are identifi ed as wrinkling, loss of skin elasticity, triv-
ial epidermal skin atrophy, collagen bundle thickening, etc. Extrinsic ageing is 
mainly due to environmental factors like dietary habits, smoking, gravity, sleeping 
postures and radiation amongst which photo-ageing is most prevalent and is associ-
ated with photodamage, majorly caused by the UV radiation due to chronic sun 
exposure leading to premature ageing. This is generally exaggerated in combination 
with intrinsic ageing process. Starting from skin redness and swelling, this results in 
severe skin damage, viz. coarse wrinkling, pigmentation, hyperproliferation of 
keratinocytes, acanthosis, collagen bundle degradation, telangiectasia, elastosis, 
hypermetabolism and increased oxidative stress [ 78 – 80 ]. The foremost reason 
underlying ageing is oxidative stress resulting from the inadequate activity of enzy-
matic and nonenzymatic natural skin antioxidant mechanisms and increased lipo-
protein oxidation with age. Thus, use of antioxidants and radical scavengers is 
proposed to be the most eloquent approach in anti-ageing therapeutics [ 79 ]. 
Antioxidants used in conventional formulations are by and large inactivated before 
reaching the target site and thus require multiple application at higher doses to 
achieve desired anti-ageing effect. In this parse, nanocarriers are emerging as an 
encouraging solution as they ensure stability of antioxidants with additional benefi ts 
of increase in surface area availing better scavenging activity and site-specifi c tissue 
accumulation that ensures better effi cacy at lower doses. One such example is coen-
zyme Q10. Despite being a very potent antioxidant, issues related to lipid solubility 
make it a poor candidate for topical delivery. This has led to an extensive research 
resulting in the development of various nanodelivery systems for this drug, viz. 
SLNs, NLCs, self-emulsifying nanosystems, gamma cyclodextrin supramolecular 
complexes, PLGA polymeric nanoparticles, nanocrystals, etc. [ 81 ]. Yue et al. devel-
oped    NLCs of coenzyme Q10 with particle size of about 65 nm which in compari-
son to simple emulsion with globule size of about 1,000 nm showed marked 
improvement in stratum corneum penetration and accumulation in dermis. Further, 
these NLCs showed 61.5 % reduction in lipid peroxidation product, malonaldehyde 
indicating marked reduction in oxidative stress with marked increase in activity of 
antioxidant enzymes [ 82 ]. 

 Further, with a short- and long-term human volunteer study, Moddaresi et al. 
reported increased skin hydration potential of tocopherol acetate-loaded lipid 
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nanocarriers when given in form of hydrophilic gel or foam in contrast to its satu-
rated solution in silicon oil. This effect can be attributed to enhanced occlusion 
effect of nanodelivery system forming a lipid monolayer by virtue of nanoscale size 
and extensive surface packing [ 83 ]. In addition to lipid nanocarriers, use of other 
biocompatible and biodegradable nanodelivery systems comprising polymers, sur-
factants, etc. is well appreciated for topical delivery of actives. One such example is 
micellar lecithin organogel which is reported to form self-assembled cylindrical to 
rod-shaped micelles that can carry both lipophilic and hydrophilic drugs assuring 
deep skin penetration and is investigated for variety of applications including skin 
lighteners, antifungal, anticancer, vitamin, peptide, antioxidant delivery, etc. It is of 
prime importance from anti-ageing perspective as lecithin itself acts as protease- 
activated receptor 2 inhibitor asserting protection against UV-induced skin ageing 
and thus acts synergistically with anti-ageing bioactives [ 80 ]. 

 Interestingly, carbon nanodelivery systems are now taking shape as promising 
approach in anti-ageing therapeutics. Recently, C 60  fullerenes (initially described to 
have strong antiacne activity) are proven to be strong antioxidants working by accu-
mulation at mitochondrial sites and thereby reducing mitochondrial mechanism- 
induced oxidative stress. Further, in hydrated form they act as strong hydroxyl ( · OH) 
radical scavengers thus taking care of both intrinsic and extrinsic ageing [ 81 ,  84 ]. 
Recently carbon nanotubes functionalised with gallic acid via radical grafting are 
reported to retain strong antioxidant and radical scavenging properties and were 
reported to be biocompatible. This opens a new arena of therapeutic strategies to 
tackle ageing via covalent coupling of actives [ 85 ]. 

 In current scenario, metal oxide-based nanodelivery systems are gaining limelight 
for their anti-ageing potential. In this context, Colon et al. investigated radioprotec-
tive activity of cerium oxide nanoparticles on normal colon cells that demonstrated 
reduction in reactive oxygen species via reversible binding of oxygen and increase 
in production and activity of a natural antioxidant enzyme superoxide dismutase 
2 (SOD-2) [ 86 ]. Additionally, other studies have shown neuroprotective and cardio-
protective effect of these nanoparticles against oxidative stress which has estab-
lished their supplementary potential towards intrinsic ageing. Besides this, pectin or 
poly( N -vinyl-2-pyrrolidone)-stabilised platinum nanoparticles are proven to com-
bat oxidative stress via SOD-2 and catalase mimetic activity, whereas gold nanopar-
ticles are anticipated to have anti-ageing potential via carbon-centred radical 
scavenging    [ 81 ]. 

 Combinatorial approach towards aforementioned strategies is reported in a form 
of an electrospun nanofi bre mask loaded with strong antioxidants like ascorbic acid 
and retinoic acid in conjunction with gold nanoparticles and collagen. This multi-
functional face mask ensures patient compliance and stability of antioxidants as 
they are moistened just before their skin application in contrast to prewetted con-
ventionally available masks. Further the nanofi bres warrant intimate skin contact 
resulting in high drug permeation, retention and thus better effi cacy [ 87 ]. Further, 
 l -ascorbic acid, a vitamin C derivative, has potent skin-nourishing effect, but its 
activity is impeded due to its high water solubility and degradation. To overcome 
this solid-in-oil nanosuspension of  l -ascorbic acid was prepared with enhanced 
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stability as compared to its aqueous solution which is postulated to enhance and 
sustain skin-nourishing effect [ 88 ]. 

 As a precautionary measure to control photodamage and associated complications, 
it is advised to use sunscreens. These sunscreen agents form a chemical and/or 
physical barrier to prevent both UV-A and UV-B radiation-induced damage on skin. 
A point to note here is that initially much appreciated use of nano-zinc oxide, nano-
silica and nano-titanium dioxide in sunscreens to enhance protection due to increase 
in surface area is currently under controversy due to reported toxicities, viz. deep skin 
deposition and systemic absorption of these inorganic nanomaterials and possible 
carcinogenicity [ 7 ,  89 – 91 ]. As a result, a company named Badger Ltd. has discon-
tinued the use of zinc oxide nanoparticles in their marketed sunscreen formulation. 
Thus, nano though looks a lucrative option, it must be explored with caution and 
stringently examined for possible toxicities which may result from possible cellular 
interaction due to their nanosize [ 92 ].  

24.6    Miscellaneous Nanotherapeutics 

 In recent years, topical nanoimmunisation is gaining avid importance for overcom-
ing issues related with patient incompliance, possible reinfections due to lack of 
sterility and high cost associated with conventional invasive immunisation 
approaches. The mechanism proposed for topical immunisation includes presentation 
of antigens to Langerhans cells and dendritic cells present in the epidermis and 
dermis, respectively, followed by their drainage to lymphatic system where the 
active immune response is generated via T-cell-mediated pathways [ 66 ]. A wide 
range of nanodelivery systems investigated includes one novel lipid vesicular system 
referred to as ultradeformable archaeosomes which, in contrast to liposomes, com-
prise of total polar lipids derived from archaebacteria majorly glycolipids. This is 
reported to enhance topical adjuvancy and phagocytic uptake leading to better topical 
immunisation [ 65 ]. 

 The other emerging fi eld which is still in its infancy under preclinical trials is 
topical delivery of gene and small interfering RNA (siRNA) to control a variety of 
skin disorders [ 93 ,  94 ]. Their extreme hydrophilic and sensitive nature imposes a 
major hurdle in their effective delivery which is now being tackled by the development 
of novel cationic gemini surfactants-based self-assembling nanoparticles. Cationic 
gemini surfactants are made up of spacer linked with two cationic heads connected 
to hydrocarbon tails individually. So developed γ-IFN gene-loaded nanoparticles 
indicated better plasmid packing and lack of irritancy as compared to simple cat-
ionic lipid nanoparticles and further showed signifi cant enhancement in gene 
expression as compared to untreated controlled, naked gene treatment when studied 
in γ-IFN-defi cient mouse model [ 93 ]. Additionally, liquid crystalline phase nano-
dispersions comprising of monoolein with cationic polyethylenimine polymer and 
oleylamine lipid were investigated as nonviral vectors for delivery of siRNA wherein 
the nanodispersion indicated skin penetration up to viable epidermis with marked 
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reduction in target protein expression. Besides nanodimensions, the probable 
underlined mechanism involves electrostatic interaction between positively charged 
nanodispersion with cellular negative charge which was found to be in conformity 
with better effi cacy shown with more cationic polymeric nanodispersion (zeta 
potential ~31.80 ± 0.60 mV) as compared to less cationic lipid nanodispersion (zeta 
potential ~6.69 ± 0.60 mV) [ 94 ]. 

 Besides aforementioned specifi c delivery approaches, some reported platform 
nanotechnologies that are gaining wide attention include bicellar systems that 
mimic micelles and comprised a mixture of small- and long-chain phospholipids 
that retain the bilayer structure as that of liposomes with smaller comparative 
diameter (10–50 nm) and are devoid of surfactants overcoming skin irritation asso-
ciated with high surfactant content of micelles. Thus, this is reported to hold an 
edge over conventional liposomes and micelles as a potential carrier for variety of 
xenobiotics [ 95 ].  

24.7    Concluding Remarks 

 To summarise, the chapter gives a current market and research insight into the fi eld of 
topical nanodelivery systems from both therapeutic and cosmeceutical perspective. 
Currently, very few topical nanotechnology-based therapies are available in market 
amongst which liposomes are most established. Thus, in addition to extensive 
research going on in the fi eld of topical nanointerventions, more attention needs to 
be focused on scale up and commercialisation of such promising technologies given 
their tremendous potential to fulfi l unmet need towards effi cient management of 
skin diseases.     
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25.1            The Nail Unit 

25.1.1     Composition and Function 

 The nail unit—consisting of the nail plate, the nail bed, the nail folds, the hypo-
nychium and the nail matrix (Fig.  25.1 )—protects the delicate tips of the fi ngers and 
toes against trauma, enhances the sensation of fi ne touch and is used for scratching, 
for grooming, to relieve boredom and as a cosmetic organ and a tool [ 1 – 11 ]. 
Artefacts dating from 3000  bc  show the use of the fi ngernail to decorate pottery 
(Fig.  25.2 ), although for optimal nail health, the use of the nail as a tool is to be 
discouraged. Nail art has spawned a vibrant multibillion dollar industry and has a 
long history; the ancient Egyptians are said to have dyed their fi ngernails with 
henna, and traces of the latter have been found on the hands of 5,000-year-old 
Egyptian mummies [ 12 ].

25.1.2         Nail Matrix, Bed, Hyponychium and Folds 

 The nail unit is anchored in place by attachment to the distal phalanx and is well 
perfused by blood and lymph and has a rich nerve supply. The nail matrix—also 
called the root of the nail—is the living tissue whose cell division gives rise to the 
(dead) nail plate and whose distal portion is visible (especially in the thumbs 
and great toes) through the transparent nail plate as a white, semilunar area, 
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  Fig. 25.1    A schematic diagram of a nail unit (and its components) at the tip of a fi nger/toe       

  Fig. 25.2    Photograph (taken at the Museum of London, London) of a pottery bowl 3000  bc . 
Decorative markings on the pottery were created by fi ngernails       
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called the lunula. The nail bed is a very thin epithelium underneath the nail plate, 
to which the nail plate is fi rmly held. The hyponychium is the region underneath the 
free edge of the nail plate where the nail plate starts to separate from the nail bed. 
The lateral and proximal nail folds enclose the nail plate at its lateral and proximal 
edges, respectively. The dorsal surface of the proximal nail fold covers part of the 
nail matrix and is continuous with the cuticle. The latter, also called eponychium, 
extends from the proximal nail fold and adheres strongly to the nail plate surface, 
creating a physical seal against the entry of exogenous materials.  

25.1.3     Nail Plate 

 The nail plate—commonly called the nail—is a major focus of research due to its 
obvious role in disease and therapy. Its appearance is affected by diseases of the nail as 
well as those of more distant organs. For example, yellow nails indicate pulmonary 
problems. Thus, changes in the appearance of the nail plate are used to diagnose 
local as well as systemic diseases. In addition to its appearance, the nail plate com-
position and properties are being explored for disease diagnosis, e.g. dielectric 
properties of the nails in diabetes [ 13 ], protein content and nitration in the nails of 
autistic children [ 14 ]. The nail plate is the main site where medicines are applied for 
the treatment of nail diseases. In addition to its role in the medical fi eld, the nail 
plate’s composition is being used/researched for purposes as diverse as determination 
of binge drinking [ 15 ], a source of ancient and modern DNA [ 16 ] and to reconstruct 
the diets and lifestyles (e.g. whether food was stored) of the Palaeolithic era [ 17 ], 
as it refl ects food uptake and the environment [ 18 ], during its growth. 

 The nail plate grows throughout life, the fi ngernail and toenail at, on average, 
3 mm and 1.5–1 mm per month, respectively [ 2 ]. Thus, on average, fi ngernails grow 
out completely in 6 months and toenails in 12–18 months. The rate of nail plate 
growth rate is infl uenced by age (slower with age); pregnancy (faster); local and 
systemic disease (can increase or decrease); nutrition (slower in malnutrition); 
trauma/nail-biting (faster); hand dominance (faster in the dominant hand); the 
environment such as the weather (slower in cold climate); chemicals, e.g. drugs (can 
increase or decrease) [ 19 ] and references therein. The nail plate is transparent (which 
enables visualisation of the supporting nail bed whose capillary network imparts a pink 
colour to the nail plate), hard yet slightly elastic and is curved in both the longitudinal 
(in the direction of growth) and transverse (perpendicular to the direction of growth) 
directions. Its size, shape, thickness, surface ridging, curvature and mechanical prop-
erties such as fl exibility vary within and among individuals, with site (fi nger/toe), 
age and other endogenous and exogenous factors such as disease states and seasons. 
Fingernail plates are thinner (~0.5 mm at the distal edge) than the big toe (up to 
1 mm at the distal edge) and in children (~0.25 mm) [ 20 ]. In males, the fi ngernail 
plate is larger (longer and broader), thicker [ 20 ] and less curved in the transverse 
direction [ 21 ] compared to females. 
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 The nail plate may be divided into three (or two according to some researchers 
[ 22 ]) distinct parallel strata—dorsal, intermediate and ventral in a ratio of 3:5:2 in 
terms of thickness [ 23 – 25 ]—and consists of 80–90 layers of dead, fl attened, kera-
tinised cells and an intercellular ‘cement’ (thought to consist of proteins and/or 
mucopolysaccharides [ 4 ]) between the cells. The latter can be visualised by light 
microscopy following tape stripping (Fig.  25.3 ). On average, the dimensions of the 
fl attened corneocytes in the upper nail layer are 34 × 60 × 2.2 μm, while the cells in 
the lower nail layer are thicker, at 40 × 53 × 5.5 μm [ 13 ]. Keratin forms the main bulk 
of the nail plate [ 26 ,  27 ]. Other constituents include water (between 5 and 30 %, [ 28 , 
 29 ]) and lipids (<5 % w/w in adults) such as, cholesterol sulphate, ceramides, free 
sterols, free fatty acids, triglycerides, sterol and wax esters and squalene [ 27 ,  30 ]. 
Elements such as calcium, magnesium, sodium, potassium, iron, copper, zinc, alu-
minium, chlorine, selenium and fl uoride can also be measured and used as biomark-
ers; therapeutic and recreational drugs can be measured to assess drug therapy/
abuse; pollutants, e.g. arsenic, can be used to assess the environment and isotopes 
(e.g. 13C, 15 N) are used in archaeological samples [ 31 – 35 ].

   A number of drug formulations are applied on the nail plate’s dorsal surface. The nail 
plate surface properties are therefore especially important in infl uencing contact 
between the drug formulation and the nail and, subsequently, ungual (pertaining to the 
nail; onycheal is an alternative term) drug permeation. The dorsal nail plate surface 
is often ridged longitudinally, especially in older people and in certain diseases such 
as rheumatoid arthritis [ 36 – 38 ]. Scanning electron micrographs of the nail plate 
surfaces show dorsal surface cells’ edges to overlap (Fig.  25.4 ) which ensures good 
barrier properties of the nail plate to topically applied substances. The nail plate’s 

  Fig. 25.3    Light micrograph of onychocytes that have been isolated by tape stripping the dorsal 
nail surface. Bar represents 100 μm       
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surface free energy—expected to infl uence the adhesion of topical drug carriers as 
well as that of microorganisms—is approximately 34 mJ/m 2  [ 39 ], while its surface pH 
is around 5 [ 40 ]. The presence of a very small amount of sebum (2.1 ± 1.7 μg/cm 2 ) 
on the nail plate’s surface has also been measured [ 11 ]. The presence of sebum—an 
oily substance produced by the skin’s sebaceous glands—on the nail plate surface 
could be due to its spreadability which would allow its fl ow from the surrounding 
skin onto the nail plate surface and cause the sheen of nail plates. At the same time, 
sebum on the nail plate surface could infl uence the contact between the nail plate 
and topical formulations.

25.2         Nail Diseases 

 Disease can affect some or all the parts of the nail unit, for example, in some 
diseases, only the perionychial tissues (the nail folds) are affected, while the nail 
plate is normal. The nail folds can become swollen and infl amed, and pus may be 
present. In other diseases, the nail plate is affected—with changes in its shape, 
surface features, colour, mechanical properties and attachment to underlying 
soft tissues—without any major effects on the perionychial tissues. The nail plate 

  Fig. 25.4    Scanning electron microscope of the dorsal nail plate surface shows the edges of the nail 
plate cells overlap       
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may be totally or partially absent, excessively long, short, large or small, over- or 
under-curved, thickened and hard or excessively soft, fl exible, friable, fragile and 
prone to breaking/splitting at the free edge. Its colour may change due to changes in 
the nail plate itself or in the underlying tissues which is then seen through the trans-
lucent nail plate. Its surface may be rough, excessively ridged/lined longitudinally or 
transversely or covered in pits (shallow depressions in the nail plate). The nail plate 
may also become detached from the nail bed at its distal and/or lateral edges, or even 
in its centre. 

 The symptoms mentioned above can result from a diverse range of causes, 
including chemicals (e.g. medicinal drugs), infections, trauma and congenital, 
hereditary, systemic and local diseases. Treatment of the nail disease depends on the 
cause, for example, antimicrobial therapy for infections; surgical removal of 
tumours/foreign bodies and treatment of abnormalities, such as ingrowing toenails; 
the wearing of rubber gloves to protect against excessive exposure of the nail to 
occupational hazards such as offensive chemicals and the replacement of systemic 
drugs which cause nail changes. Other nail symptoms, such as white spots, grow out 
with the growing nail plate (although new ones can reappear). 

 The two nail diseases which are commonly treated by focal drug application are 
onychomycosis and nail psoriasis. These make up the majority of nail disorders and 
are diffi cult-to-cure long-term conditions. They are thus the main targets for research 
on focal ungual drug delivery and are described in the following sections. 

25.2.1     Onychomycosis 

 Onychomycosis (fungal infections of the nail plate and/or nail bed) is responsible 
for up to 50 % of all nail disorders [ 41 ,  42 ] and is a very common problem, affecting 
10 % of the general population, 20 % of people aged over 60 years, up to 50 % of 
people aged over 70 years and up to one-third of diabetics [ 43 ]. Its incidence is on 
the rise, and predisposing factors include increasing age, gender (male), diabetes, 
immunosuppression, HIV and AIDs, peripheral vascular diseases, smoking, certain 
activities such as mining, sports (toes) and the wearing of tight-fi tting shoes [ 44 – 52 ]. 
Most (90–95 %) of the infections are caused by dermatophytes (especially 
 Trichophyton rubrum and Trichophyton mentagrophytes ), the rest being caused by 
yeasts ( Candida albicans  mainly) and non-dermatophytes, such as  Scytalidium 
dimidiatum, Scytalidium hyalinum and Fusarium  species. Toenails are affected 
more than fi ngernails [ 53 ] and are also more recalcitrant to treatment. 

 Clinically, onychomycosis is classifi ed depending on where the infection 
begins [ 47 ]:

    1.    Distal and lateral subungual onychomycosis (DLSO, Fig.  25.5 ). The infection 
starts at the hyponychium and the distal or lateral nail bed and progresses towards 
the nail matrix.

       2.    Superfi cial onychomycosis. Patches appear on the dorsal surface of the nail plate, 
as the latter is invaded.   
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   3.    Proximal white subungual onychomycosis (PWSO). The fungus penetrates via 
the proximal nail fold and produces a white discoloration in the area of the 
lunula. PWSO is rare but less so in patients with AIDS or who are otherwise 
immunosuppressed.   

   4.    Endonyx onychomycosis (EO). Areas of superfi cial and deep fungal invasion 
coexist in the nail plate, which is pitted and has lamellar splits at its distal end, 
causing it to be friable and split.   

   5.    Total dystrophic onychomycosis (TDO). This is the potential endpoint of all forms 
of onychomycosis, and the entire nail plate and bed are invaded by the fungus. 
The nail plate can crumble off to expose a thickened and abnormal nail bed.    

25.2.1.1      Oral Drug Therapy of Onychomycosis 

 Onychomycosis is largely treated orally with the antifungal agents, terbinafi ne, 
itraconazole and fl uconazole. Following oral administration and absorption into the 
systemic circulation, the drugs diffuse from the blood vessels into the nail plate via 
the nail bed. Terbinafi ne is the drug of choice due to its greater effi cacy and safety 

  Fig. 25.5    Distal and lateral subungual onychomycosis (DLSO) in a toenail       
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profi le [ 54 ]; it interacts with few drugs, unlike itraconazole and fl uconazole, and is 
dosed at 250 mg daily for 6–12 weeks. Itraconazole and fl uconazole can be dosed in 
pulses, itraconazole because of its high affi nity for keratinised tissues and subsequent 
persistence in the nail plate following administration and fl uconazole because of its 
long plasma half-life. Itraconazole is taken daily (200 mg for 3 months) or inter-
mittently (200 mg twice daily for 7 days; repeated after 21 days, for two courses 
for fi ngernails and three courses for toenails). Fluconazole is taken once weekly 
(100–300 mg) for 6 months. The adverse effects of these oral drugs include headache 
and gastrointestinal symptoms, taste disturbance and more rarely, but seriously, 
liver and kidney disturbances. 

 Unfortunately, oral therapy of onychomycosis is far from perfect and a high 
recurrence rate—40 to 70 %—is found, due to relapse (infection is not completely 
cured and returns) or reinfection (an onychomycotic cure is followed by a new 
infection by the same or different organism) [ 43 ]. Infection recurrence could be due 
to the presence of fungal spores (which are resistant to drug) in the nail [ 55 ,  56 ], 
which germinate and produce a ‘new’ fungal infection months after cessation of 
therapy and an apparent ‘cure’. Other reasons for infection recurrence include poor 
patient compliance; misdiagnosis; development of resistant organisms; systemic 
factors, e.g. diabetes and incomplete fungal kill by the antifungal drug due to its 
impeded movement within thickened and/or onycholytic nail containing dermato-
phytoma (a hyperkeratotic mass containing densely packed thick-walled dermato-
phyte hyphae).  

25.2.1.2     Focal Drug Therapy of Onychomycosis 

 Focal drug therapy of onychomycosis involves the topical application of antifungal 
agents in diverse vehicles, such as paints, solutions, creams and lacquers. Focal 
therapy eliminates the adverse events and drug interaction problems associated 
when the drugs are administered orally and may have greater patient compliance. 
However, its effi cacy is low [ 56 ], mainly due to the poor permeability of the nail 
plate, and it is generally recommended for mild and distal infection when up to two 
nails are affected or for superfi cial white onychomycosis or when systemic therapy 
is contraindicated, for example, in pregnancy [ 57 ]. Topical therapy is sometimes 
used in combination with systemic therapy as this improves cure rate [ 58 ]. Some 
authors suggest that in certain cases, for example, when faced with a high risk of 
treatment failure, the oral and topical combination approach should be considered 
as the fi rst line of therapy [ 43 ]. Prior to topical drug application, as much diseased 
nail as possible is removed (mechanically, chemically or surgically). The nail plate 
can also be fi led, e.g. using an abrasive to increase drug permeation into the nail. 

 The most convenient (and recommended) topical preparations are the nail 
lacquers (nail varnish) containing the antifungal agents amorolfi ne (Loceryl®, 
licensed in the UK and other countries but not the USA) and ciclopirox (Penlac®, 
licensed in the USA and other countries). Following application to the nail plates, 
the lacquers dry within a few minutes and leave a water-insoluble fi lm, from which 
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the drug partitions out and into the nail plate. Loceryl is applied 1–2 times weekly 
to fi led nail plates for up to 6 months for fi ngernails and for 9–12 months for 
toenails. Penlac is applied once daily, preferably at bedtime, for up to 48 weeks. 
Every 7 days the existing Penlac fi lm is removed before reapplication of the lacquer. 
Penlac and Loceryl are generally well tolerated, though slight burning with Loceryl 
and periungual erythema with Penlac have been reported (Patient Information 
Leafl ets for Penlac and Loceryl). Success rates of topical therapy using amorolfi ne 
and ciclopirox nail lacquers have been fairly low however, being 34 and 24 % for 
amorolfi ne and ciclopirox, respectively [ 59 ]. 

 A number of other formulations are also available, although they are not the fi rst 
line of treatment, and some have been discontinued in certain countries. These 
include tioconazole nail solution (Trosyl®), an undecenoate solution (Monphytol® 
discontinued in the UK), salicylic acid paint (Phytex®), Excilor® (a pen-shaped 
applicator containing the active acetic acid), Fungal Free Nails™ (a mixture of nat-
ural products including essential oils) and Scholl Fungal Nail Treatment (a mixture 
of acid, urea, glycerine, panthenol and other ingredients). These are applied once or 
twice daily for long durations, in some cases up to 12 months or ‘until the nail has 
recovered completely’ (Excilor Patient Information Leafl et). They act either by 
directly inhibiting the fungus or creating an acidic environment in the nail which is 
hostile to fungal growth.  

25.2.1.3     Boosted Oral Antifungal Treatment and Boosted Antifungal 
Topical Treatment 

 As mentioned above, the existence of dormant drug-resistant fungal spores within 
the nail plate leads to incomplete cure rates for onychomycosis. To address the fun-
gal reservoir in the nail plate, boosted oral antifungal therapy (BOAT) and boosted 
antifungal topical treatment (BATT) have been developed [ 56 ,  60 ], where a piece of 
Sabouraud agar gel is secured onto the affected nail plates during systemic or topi-
cal therapy. Sabouraud medium is thought to convert dormant fungal spores into 
drug-susceptible fungal hyphae, thus helping fungal eradication.  

25.2.1.4     Other Options for the Focal Therapy of Onychomycosis 

 Photodynamic therapy of onychomycosis involves application of a photosensitising 
agent, such as 5-aminolevulinic acid, to the nail plate, followed by irradiation with 
visible light, to generate reactive oxygen species which then kill fungal cells [ 61 ]. 
Drug-free therapies have also been tried. For example, a drug-free polymer fi lm 
applied to the nail plate was found to have some success at treating onychomycosis. 
The fi lm occludes the nail plate and thereby alters the latter’s microenvironment, 
which is said to be conducive to cure [ 62 ]. Application of laser light to onychomycotic 
nails has been found to exert benefi cial effects, although the mechanisms of action 
remain(s) to be elucidated [ 63 ].   
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25.2.2     Nail Psoriasis 

 It is thought that 80–90 % of patients with skin psoriasis (which affects 1 and 3 % 
of most populations [ 64 ]) will also suffer from nail psoriasis over their lifetime [ 65 ]. 
At the same time, 1–5 % of patients with nail psoriasis do not present any overt 
cutaneous disease [ 66 ]. Psoriasis can affect the nail matrix, nail bed and nail folds. 
The location of psoriasis dictates the symptoms of the nail disease, which include 
white spots, pitting, transverse furrows, salmon-coloured ‘oil drop’ discolouration 
of the nail plate, onycholysis, subungual hyperkeratosis, splinter haemorrhages, 
paronychia, nail fragility, crumbling and nail loss (Fig.  25.6 ).

   Nail psoriasis is very diffi cult to treat [ 67 ] and has been treated by a range of oral 
and focal—rather than one standardised—options as certain symptoms respond 
better to certain therapies, to accommodate patient preference, and due to the lack of 
a clear optimal treatment [ 68 ,  69 ]. An expert panel recently concluded that systemic 
therapy would most likely be required to treat patients suffering from both skin and 
nail psoriasis and recommended methotrexate and the TNF antagonist infl iximab as 
the fi rst and second lines of systemic therapy, respectively [ 67 ]. Other drugs that 
have been used systemically include retinoids, cyclosporine and nimesulide, 
although they are not recommended for the treatment of nail psoriasis in the absence 
of skin psoriasis [ 67 ]. Focal options include intralesional, topical and radiation 
therapies and are discussed below. 

25.2.2.1     Intralesional Drug Therapy of Nail Psoriasis 

 Injection of long-acting corticosteroids (most commonly triamcinolone acetonide) 
into the nail folds (most commonly the proximal ones) is effective in treating 

  Fig. 25.6    Nail pitting—a 
symptom of nail psoriasis. 
Reproduced from 
Jiaravuthisan et al. [ 68 ], with 
kind permission from 
Elsevier       
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psoriasis lesions of the nail matrix. The injections are repeated (e.g. monthly, weekly) 
using a fi ne gauge needle, and a local anaesthetic may be used to ease the pain of 
the injection. As well as being painful, these injections are time consuming, are 
unpopular with patients and can cause subungual hematomas, reversible atrophy at 
the injection site and potential atrophy of the underlying bone [ 68 ,  69 ].  

25.2.2.2     Topical Drug Therapy of Nail Psoriasis 

 Topical application of drugs is much more patient-friendly than injections in the 
nail folds, and different drugs have been evaluated. Glucocorticoids (e.g. betameth-
asone, clobetasol, fl uocinolone acetonide, triamcinolone acetonide) and vitamin D3 
analogs (calcipotriol, tacalcitol, calcitriol) are the most popular drugs, although 
anthralin, 5-fl uorouracil, tazarotene and cyclosporine have also shown promise [ 68 ]. 
A recent expert panel recommended that a corticosteroid be used as the fi rst- line 
topical therapy, as the effi cacy of other drugs currently used for the management of 
skin psoriasis (such as tazarotene, 5-fl uorouracil, calcipotriol) is limited when nail 
disease is being treated, due to their poor permeation into the nail following topical 
application [ 67 ]. 

 Topical drug formulations are applied onto the nail plate and/or nail folds and/or 
nail bed (or as close to it as possible), depending, to some extent, on the location of 
the psoriatic lesion. For example, if onycholysis is present, the nail plate is trimmed 
to the point where it separates from the nail bed prior to application. Sometimes, 
the nail plate is chemically removed (following the topical application of urea 
formulations), and the medicine is applied onto the nail bed. To enhance the drug 
movement into the nail unit, patients may be advised to cover the topical formula-
tions with an occlusive dressing, such as by wearing plastic gloves.  

25.2.2.3     Other Focal Therapies for the Treatment of Nail Psoriasis 

 Phototherapy (UVB) and photochemotherapy (oral or topical psoralen plus UVA) 
has shown benefi ts for certain, but not all types of, nail dystrophies. Superfi cial 
radiotherapy, Grenz rays, electron beam therapy and pulsed dye laser applications 
have also demonstrated variable response rates.    

25.3      Topical Ungual Formulations 

 Topical therapy of nail diseases is the ideal mode of treatment, as it is non-invasive, 
painless and patient-friendly. A range of topical formulations, such as lotions, oily 
solutions, paints, lacquers, creams, ointments and gels, have been applied to the 
nail plate for the treatment of nail diseases [ 70 ]. Many of these formulations 
were originally developed for application to the skin, and there have been relatively 
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fewer topical preparations developed specifi cally for the treatment of nail diseases. 
This could be due to the former perception that nail diseases did not provide a large 
enough market for drug development and/or that nail diseases were mainly a cos-
metic issue. Fortunately, the situation is now improved with new nail-specifi c prod-
ucts (e.g. Loceryl and Penlac nail lacquers) launched fairly recently, more products 
in the pipeline and much research on topical ungual drug delivery [ 19 ,  71 – 74 ]. 
An ideal ungual formulation should be cosmetically acceptable, be easy to apply 
(and easy to remove when removal is desired), have a long residence time on the 
nail plate such that frequent application is not required and, most importantly, 
release the drug which can then permeate into the nail. Topical ungual formulations 
are described below. 

25.3.1     Solutions, Lotions and Paints 

 Solutions (formulation where all the components, i.e. drug, excipients and solvent, 
are molecularly dispersed) have been investigated for the treatment of nail diseases. 
Examples include a solution of cyclosporine in maize oil for nail psoriasis, a solu-
tion of vitamin E in dimethyl sulfoxide for the treatment of yellow nail syndrome 
and terbinafi ne solution for onychomycosis. A lotion is a liquid for external use, 
which may be a solution, a suspension or an emulsion. Belanyx® lotion—a solution 
composed of propylene glycol and urea in water—was developed to serve as a car-
rier for 5-fl uorouracil and has shown effi cacy in the treatment of nail psoriasis. 
Paints are concentrated aqueous or alcoholic antimicrobial solutions which are for-
mulated with a volatile vehicle. Upon application, the vehicle evaporates leaving a 
fi lm of active substance on the nail plate. Tioconazole nail solution (Trosyl) con-
tains the antifungals tioconazole and undecylenic acid and ethyl acetate as the sol-
vent. Following application, the solution takes 10–15 min to dry, leaving a 
transparent, slightly greasy fi lm on the nail plate. Salicylic acid paint (Phytex) con-
tains tannic acid, boric acid, salicylic acid and methyl salicylate as the active agents 
and industrial methylated spirit and ethyl acetate as the solvents. The borotannic 
complex possesses fungistatic properties. When dissolved, the active complex ionises 
producing a low pH (about 2.0) which is fungicidal. After application the solvent 
evaporates to leave a clear fi lm over the infected area. Monphytol® paint is a solu-
tion containing the actives methyl undecenoate, propyl undecenoate, salicylic acid, 
methyl salicylate, propyl salicylate and clorobutanol. Due to the easy removal of 
these liquids upon washing, they have to be applied once (or more) daily.  

25.3.2     Creams, Ointments and Gels 

 These semi-solid preparations, formulated for skin conditions, have been applied to 
the nail plate, nail bed and nail folds, mainly for the treatment of nail psoriasis. 
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Examples include tazarotene gel, calcipotriol cream/ointment, anthralin in petroleum 
and betamethasone ointment. Tazarotene gel has also been evaluated for the treatment 
of brittle nails. Gels are also being researched for onychomycosis. These formula-
tions are however easily wiped/washed off the nail during routine activities and 
have to be administered frequently. Patients are sometimes advised to apply an 
occlusive dressing or wear a pair of plastic gloves following drug application, to 
prevent loss of the formulation.  

25.3.3     Nail Lacquers 

 Nail lacquers can be used to treat both onychomycosis and nail psoriasis, although 
commercially available pharmaceutical lacquers are only available for onychomy-
cosis. They seem to be the most popular drug carriers for the focal treatment of nail 
diseases and are thus discussed at greater length. A lacquer is defi ned as a ‘type of 
surface coating that consists of a fi lm forming system dissolved in a volatile organic 
solvent phase’ [ 75 ,  76 ]. In typical cosmetic nail lacquers, the fi lm-forming phase 
is composed of a primary fi lm former (nitrocellulose), a secondary fi lm former 
(also called ‘modifying resin’ which improves the fi lm’s properties such as adhe-
sion to the nail plate, water resistance and gloss), plasticiser(s) (which improve(s) 
the fl exibility of the fi lm) and miscellaneous additives (e.g. silicones, micronised 
waxes, which make the fi lm surface smooth and slippery).    The volatile organic solvent 
phase consists of active solvent(s) (which dissolve(s) the fi lm-forming phase), 
coupling solvent(s) (which improve(s) the solvency power of the active solvents) 
and sometimes diluent(s) (volatile material(s) added to reduce bulk cost). In addition 
to the fi lm-forming and volatile phases, pigmented cosmetic lacquers also contain 
pigments, suspending agents and pearlescent materials [ 76 ]. 

 In contrast to cosmetic nail lacquers, the commercially available pharmaceutical 
nail lacquers Loceryl and Penlac contain far fewer chemicals, and most obviously 
do not contain nitrocellulose as the fi lm former. Despite its many advantages 
(low toxicity, compatibility with many resins and plasticisers, low cost, manufac-
ture from renewable resources), nitrocellulose has some serious drawbacks such as 
its explosivity, fl ammability and sensitivity to degradation by sunlight and heat [ 76 ], 
which may have precluded its use in the pharmaceutical lacquers. Loceryl is com-
posed of the solvents butyl acetate, ethyl acetate and ethanol, the fi lm former meth-
acrylic acid copolymer and the plasticiser triacetin, in addition to the antifungal 
amorolfi ne at 5 %. Penlac® contains the solvents ethyl acetate and isopropyl 
alcohol and the polymer butyl monoester of poly(methyl vinyl ether/maleic acid) in 
addition to the antifungal ciclopirox at 8 %. 

 Like cosmetic nail lacquers, drug-containing nail lacquers must be chemically 
and physically stable, the different components must be compatible, and the viscos-
ity of the lacquer must allow it to fl ow freely into all the edges and grooves of the 
nail for ease of application. Once applied, the lacquer must dry quickly (within 
3–5 min) and form an even fi lm. The latter must adhere well to nail plates and must 

25 Focal Drug Delivery to the Nail



574

not come off during daily activities, but must be able to be removed cleanly with 
nail varnish remover and the fi lm must be well tolerated. Drug-containing lac-
quers must also be colourless and nonglossy to be acceptable to male patients, and 
most importantly, the drug must be released from the fi lm so that it can penetrate into 
the nail [ 77 ,  78 ]. 

 Both Loceryl and Penlac are clear colourless liquids which give rise to clear 
colourless fi lms following application to the nail plate and rapid (within a few minutes) 
evaporation of the solvents. Both fi lms are water insoluble, although the fi lm formed 
by Loceryl was found to have longer staying power on the nail plate than that of 
Penlac [ 79 ], which might explain the application regimen (1–2× weekly for Loceryl 
versus daily for Penlac). The lacquer fi lms have higher drug concentrations than the 
original formulations (25 % for Loceryl from the original 5 % and 35 % for Penlac 
from the original 8 %) due to the loss of the volatile phase from the lacquers [ 80 ,  81 ] 
and form a drug reservoir on the nail plate, from which drug can permeate into the 
nail plate along the thermodynamic activity gradient. Film formation on the nail 
plate reduces transonychial water loss (TOWL, loss of water from the body into the 
atmosphere via the nail plate) [ 82 ,  83 ], which is likely to cause increased hydration 
of the upper nail layers [ 83 ], which could enhance ungual drug diffusion [ 81 ], drug 
diffusivity being known to increase with nail plate hydration [ 84 ]. Ciclopirox and 
amorolfi ne have been reported to penetrate into nails following just one application 
of the nail lacquer, while repeated applications result in drug concentrations above 
the inhibitory and fungicidal concentrations of most pathogens in all nail layers 
[ 80 ,  85 ]. However, as expected from the inherently low nail plate permeability, sys-
temic absorption of the antifungals from the nail lacquers is negligible [ 80 ,  86 ]. 

 Other antifungal lacquers in development include EcoNail™—a formulation 
containing econazole and 2- n -nonyl-1,3-dioxolane. The latter is also known as 
SEPA (soft enhancement of percutaneous absorption) and is thought to act at the 
lacquer/nail interface to enhance the ungual drug permeation [ 87 ,  88 ]. Terbinafi ne 
HCl has also been formulated into a nail lacquer, with dodecyl-2- N , N - 
dimethylaminopropionate  hydrochloride (DDAIP HCl, trade name NexACT-88) as 
an ungual permeation enhancer [ 89 – 92 ].    Clotrimazole lacquer, comprising cellu-
lose derivative(s) as fi lm former(s), dibutyl phthalate as plasticizer, acetone and 
ethanol as solvents, and urea is also being developed [ 93 ]. A lacquer based on a 
hydroalcoholic solution of hydroxypropyl chitosan (HPCH) polymer has been for-
mulated with the antifungal ciclopirox, amorolfi ne and octopirox. Interestingly, 
HPCH polymer and the fi lm formed by this lacquer are water soluble; the fi lm thus 
is easily removed by washing with water, without the need for organic solvents. 
While easy removal could be considered an advantage, it does necessitate daily 
application of the lacquer at bedtime when avoidance to water exposure over a rela-
tively long period can reasonably be expected. Other lacquers in investigation 
include bilayered and phase-separating lacquers [ 94 ,  95 ]. 

 In addition to their role in onychomycosis, pharmaceutical nail lacquers are 
also being investigated for the topical treatment of nail psoriasis, for chemical nail 
avulsion and to improve nail quality. A nail lacquer containing 8 % clobetasol-17- 
propionate was found to improve onycholysis, pitting and salmon patches in 
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psoriatic nails as well as nail pain, without causing any local or systemic adverse 
effects [ 96 ,  97 ]. A drug-free water-soluble nail varnish containing HPCH, horsetail 
extract ( Equisetum arvense ) and methylsulphonylmethane was also reported to 
improve the appearance of psoriatic nails [ 98 ]. Apart from having a benefi cial effect 
on psoriatic nails, the HPCH lacquer improved the quality of brittle nails, reducing 
nail roughness and fragility and increasing nail strength. Nail lacquers containing 
urea at 10 % have also been tested for their ability to increase nail plate quality [ 99 ], 
while lacquers containing 40 % urea have been used to chemically avulse diseased 
nail plates [ 100 ]. 

 Despite the increased activity in the research and development of nail lacquers as 
evidenced by the number of patents and lacquers in clinical trials, the literature per-
taining to the systematic investigation of lacquer formulation is limited. Obviously, 
the formulation of the nail lacquer is critical for optimal drug delivery to the nail unit. 
The nature and concentrations of the solvents, fi lm-forming polymer, resins, plasti-
cisers and drug affect the lacquer’s properties such as the liquid’s fl ow and drying 
rate, the fi lm’s quality in terms of adhesion to the nail plate, brittleness, fl exibility, 
resistance to washing and to other mechanical barriers to its residence time, and the 
drug release from the fi lm. The hydrosoluble HPCH-based lacquer was reported to 
be a better vehicle for ciclopirox and amorolfi ne, compared to the commercially 
available preparations of these two antifungal agents [ 101 ]. In contrast, Hui et al. 
reported similar ungual drug permeation from three different lacquer formulations 
of AN2690 (a new boron-containing antifungal agent) where the fi lms formed were 
water insoluble and resistant to removal, water soluble and easily washed off or 
water insoluble but removable by peeling or scratching, using the polymers poly(vinyl 
methyl ether-alt-maleic acid monobutyl ester)   , poly(2- hydroxyethyl methacrylate) 
and poly(vinyl acetate), respectively [ 102 ]. Reports on the infl uence of the solvent on 
ungual permeation have also been confl icting; Franz reported greater ungual fl ux of 
amorolfi ne from a methylene chloride lacquer compared to an ethanol lacquer, while 
Polak showed a lack of infl uence of solvent nature (ethanol or methylene chloride) 
[ 85 ,  103 ]. Nalamothu and Schwartz observed that higher concentrations of drug 
(clotrimazole), fi lm-forming polymer poly(methyl vinyl ether-co-maleic anhydride) 
and tailing solvent (propylene glycol) resulted in increased adhesion of the lacquer 
fi lm [ 104 ]. Much more systematic research is needed in this fi eld to assist the rational 
design of pharmaceutical nail lacquers.  

25.3.4     Patches 

 There has been very little research into drug-containing patches for application to 
the nail plate for the treatment of nail diseases. Like nail lacquers, patches have the 
benefi ts of ‘containing’ the drug so that the latter is not lost from the nail during 
routine activities and of a long residence at the site of action, if desired. The patch 
can also be designed to be occlusive, which would reduce transonychial water loss 
and increase nail plate hydration, which would in turn favour drug fl ux into the nail, 
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drug diffusivity being known to increase with nail plate hydration. A drug-in- adhesive 
patch containing the antifungal sertaconazole was developed and tested in volunteers. 
Following application for 6 weeks (the patch being replaced at weekly intervals), 
drug concentrations above the minimum inhibitory concentrations (MICs) were 
found in the nail plate, and as expected from the low nail plate permeability, no 
systemic absorption was observed [ 105 ]. Patches have also been used as vehicles 
(for 5-aminolevulinic acid) in investigations on the photodynamic therapy of ony-
chomycosis [ 61 ]. Myoung and Choi showed that the nature of the pressure- sensitive 
adhesive and of the vehicles infl uenced drug (ciclopirox) permeation across hoof 
membranes (used as model for nail plate) [ 106 ].  

25.3.5     Films 

 Drug-containing fi lms consisting of hydroxypropyl cellulose (HPC) and/or polyeth-
ylene oxide (PEO), prepared by hot-melt extrusion, have also been investigated as 
topical drug delivery vehicles for onychomycosis. Repka et al. characterised the 
fi lms in terms of their surface appearance, mechanical properties, adhesion to 
human nail, the state of the drug (crystalline or amorphous) within the fi lms, drug 
release and in vitro ungual drug permeation. The fi lms’ properties were infl uenced 
by their composition, and ungual drug permeation was enhanced when fi lms were 
applied to nail plates whose dorsal surface had been etched with phosphoric acid, 
etching resulting in increased surface roughness, hence area, and increased adhesion 
of the fi lm to the nail plate [ 107 – 110 ].   

25.4     Improving Focal Drug Delivery for the Treatment 
of Nail Diseases 

 The current focal therapies for nail diseases are not ideal. Injection of steroids into 
the nail folds—the main treatment for nail psoriasis—is painful, time consuming 
and can cause subungual hematomas, as well as atrophy at the injection site and of 
the underlying tissues, as mentioned earlier. On the other hand, topical therapies for 
both onychomycosis and nail psoriasis have a low success rate and need to be used 
for long durations [ 59 ]. Topical drug treatment of onychomycosis and nail psoriasis 
has advantages over the respective mainstay oral and intralesional therapies, such as 
elimination of adverse effects and drug interactions. Following the topical applica-
tion of a drug formulation onto the nail plate, the drug is expected to partition out of 
the formulation into the nail plate, diffuse through the latter and, fi nally, partition 
into the nail bed. Drug transport into the nail plate is thus expected to be infl uenced 
by the physico-chemical properties of the drug molecule (e.g. size, shape, charge, 
hydrophobicity), its interaction with nail keratin, the formulation characteristics 
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(e.g. nature of vehicle, pH, drug concentration) and the properties of the nail 
(e.g. hydration, disease state) [ 19 ]. In order to improve the focal therapy of nail 
diseases, a number of different strategies are needed/currently being researched and 
are discussed below. 

25.4.1     Elimination of the Needle in Intralesional 
Therapy of Nail Psoriasis 

 Elimination of the needle to deliver drugs inside the nail unit may eliminate/reduce 
the incidence of injection-related pain, hematomas and atrophy. The needle could 
be replaced by other modalities such as iontophoresis, ultrasound and laser which 
are known to enhance the permeability of the skin and could therefore enable drug 
delivery to the nail unit via the nail folds. Iontophoresis has already been shown to 
increase the amount of drug delivered to the matrix when it is applied to the proximal 
nail fold [ 111 ].  

25.4.2     Increased Knowledge of the Properties 
of Diseased Nails 

 The diseased nail is obviously very different to the healthy nail described above. 
Onychomycotic nails are often thicker and more crumbly. While the appearance of 
diseased nails has been described and is used in diagnosis, other properties such as 
the mechanical strength, permeability, constituents and intercellular contact are little 
known. We recently reported that the disulphide content of diseased nails was similar 
to that of healthy nails [ 112 ]. Work is underway to further understand the different 
properties of diseased nails in order to inform the treatment of nail diseases.  

25.4.3     Development of Improved Ungual Drug Formulations 

 The low success rate of the commercially available topical onychomycotic prepara-
tions could be due to suboptimal formulation. The active agents in the older prepa-
rations were not suffi ciently potent against the fungal organisms. The newer 
formulations, such as the lacquers containing amorolfi ne or ciclopirox, have short 
residence on the nail plate following topical application [ 79 ,  113 ]. Amorolfi ne 
lacquer was almost completely lost within 2 days [ 113 ]. This lacquer is supposed to 
be applied once or twice a week, which means that under the prescribed application 
regimen, there would be a number of drug-free days every week, and as a result 
insuffi cient drug would be delivered to the nail. It is also possible that insuffi cient 
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drug partitions out of topical preparations and into the nail unit. While it is claimed 
that drug concentrations above the MICs of the causative fungal organisms are 
achieved in the nail plate following application of many topical onychomycotic 
preparations, the MICs used are those that have been determined in standard labora-
tory assays and may be well below the MICs needed in the nail plate to cure a fungal 
infection. Research is underway to develop improved formulations as described 
in Sect.  25.3 .  

25.4.4     Development of Drugs with Optimal Properties 
for Ungual Permeation After Topical Application 

 Very few drugs have been specifi cally designed for ungual uptake, especially after 
topical application. Synthesis of new active chemical entities taking into account of 
the existing literature on ungual drug delivery is one way of improving the therapy 
of nail diseases. Such drug molecule must be potent, as very little of the applied 
drug normally permeates into the nail, due to the nail plate’s low permeability. 
In addition, it is probably preferable for topical therapy that the drug does not bind 
to keratin and is thus in a free form to act, for example, kill fungus in onychomy-
cotic nails; drug binding to keratin has been shown to have a deleterious effect on its 
antifungal effi cacy [ 114 ]. The drug molecule must be small—molecular weight has 
been found to be the most important parameter which infl uences its permeation into 
and through the nail plate [ 27 ,  28 ]. The smaller the molecule, the greater is its 
permeation. The molecule would also be uncharged (unless it is delivered by ionto-
phoresis); ionic species have ~10-fold lower permeability than their unionised 
counterparts due to a small increase in their apparent molecular size upon their 
hydration [ 28 ]. Permeant hydrophilicity/lipophilicity is also thought to be impor-
tant, although investigations into the infl uence of permeants’ lipophilicity on their 
permeability have been hampered by the fact that increasing lipophilicity in a series 
is also accompanied by increasing permeant molecular weight.  

25.4.5     Enhancement of Ungual Drug Permeation 
Following Topical Application 

 The poor permeability of the nail plate to topically applied drugs limits the success of 
topical therapy. For example, van Hoogdalem calculated the total drug uptake into the 
nail to be <0.2 % of the applied dose after twice daily application for 6 weeks [ 7 ]. 
For effective topical therapy, ungual drug permeation must be enhanced. As men-
tioned above, one way of doing this is to optimise the drug formulation so that drug 
partitioning out of the vehicle and into the nail plate is enhanced. Other ways of 
increasing ungual drug permeation involve the use of physical and chemical enhanc-
ers which disrupt the nail plate to a small extent, reducing its barrier properties or, 
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which encourage drug permeation into intact nail plate [ 74 ]. The physical techniques 
include fi ling the dorsal nail surface, either manually using an abrasive or using 
electrical equipments such as dental drills; etching the dorsal nail surface using an 
acidic preparation, such as tartaric acid solution or a phosphoric acid gel and creating 
holes in the nail surface using lasers, electricity or low-frequency ultrasound and ion-
tophoresis. Except for the latter, the nail is exposed to the physical techniques prior 
to drug application. In contrast, chemical ungual enhancers can be included in the 
formulations, making drug administration a one-step process. The chemical enhanc-
ers disrupt the chemical and physical (disulphide, peptide, hydrogen and polar) 
bonds responsible for the stability of nail plate keratin. Of these, the disulphide 
bond has received the most attention, due to its critical role in protein stability. 
Cleavage of the disulphide bond has mainly been achieved by its reduction, though 
oxidation has also been attempted. Only a few ungual chemical enhancers have been 
identifi ed; these include thiols [-SH containing compounds such as  N -acetylcysteine, 
mercaptoethanol, thioglycolic acid,  N -(2-mercaptopropionyl) glycine (MPG)], 
sulphites (e.g. sodium sulphite), salts, hydrogen peroxide, urea (acts synergistically 
with other enhancers) and enzymes (e.g. keratinase, papain). More research is needed 
to identify and characterise additional enhancers.   

25.5     Concluding Remarks 

 Nail diseases—whether localised to the nail or related to systemic disorders—are 
not trivial and need to be treated effectively to improve the health and well-being of 
sufferers. Focal therapy of localised nail diseases is ideal as it avoids systemic 
adverse reactions and drug interactions. However, current focal therapies are not 
suffi ciently effective, and more research and drug development is needed in this 
fi eld to produce new topical medicines and improve the treatment of nail diseases.     
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26.1            Introduction 

 Skin is the largest organ of the body covering 1.7 m 2 . It is a bilayered construct with 
a stratifi ed epidermis and a thick layer of dermal connective tissue. Epidermis pro-
vides a barrier to microbial invasion and prevents loss of moisture or fl uid, as well 
as plays a vital role in other physiological functions, such as protection from ultra-
violet light, thermoregulation, sensation, and appearance. The lower, thicker dermal 
layer consists of collagen fi bers and glycosaminoglycans (GAG) [ 1 ,  2 ]. The dermis 
provides mechanical functions of strength and elasticity, and it supplies nutrition 
and immune defense to both the skin layers by means of its vasculature [ 3 ]. Beneath 
the dermis lies the hypodermis which is a loose connective layer comprising primarily 
of adipose tissue. 

 The skin’s continuity and integrity can be compromised as a result of trauma 
arising from physical or thermal damage or an underlying pathological condition 
resulting in wounds. The problem of large skin losses occurs most often in wounds, 
diabetic ulcers, and burns. Wounds extend to different layers of skin and thus result 
in variable thickness of injury. First-degree burns or superfi cial partial-thickness 
wounds cause epidermal destruction only, which heal spontaneously and require no 
skin replacement. Second-degree wounds involve partial damage to dermis and skin 
appendages and heal spontaneously by epithelialization from the deeper appendages 
but with the likelihood of scar formation and wound contracture [ 4 ]. Third- degree 
or full-thickness wounds involve complete destruction of the epidermis and dermis. 
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The unassisted wound healing process in these cases does not result in the formation 
of normal dermis. A full-thickness wound is life-threatening, not only due to the 
local loss of barrier functions but also due to a systemic physiological response of 
fever and hypercatabolic metabolism. Examples of injuries or diseases that can 
result in large, full-thickness wounds include burns and other trauma (e.g., diabetes 
ulcers), benign skin tumor surgery, cancer surgery, reconstructive surgery, and con-
genital cutaneous anomalies like the removal of giant hairy nevus [ 5 ]. At this scale of 
burn/wound, a skin dressing and drug delivery is needed to heal the wound rapidly and 
aesthetically [ 6 ]. 

 This chapter discussed different wound management dressings and advanced 
technologies for achieving improved healing for wounds, burns, and diabetes- 
related ulcers. Several dressings have been used for delivering drugs to acute and 
chronic wounds. These dressings could be classifi ed in number of ways depending 
on the type of material used for healing [ 7 ], type of wound, and physical state of dress-
ings [ 8 ]. Active ingredients (antimicrobials, growth factors (GFs), or other supple-
ments) could be incorporated into medicated dressing which will be useful in wound 
healing either directly or indirectly [ 9 ]. Apart from incorporating drugs in the dress-
ings, several pharmacological agents have been given systemically route and/or 
locally to inhibit the microbial growth or to improve the wound healing process. These 
agents include antibiotics [ 10 ], gene therapy and cytokines [ 11 ], GFs [ 12 ], stem cells 
[ 13 ], and other drugs like antioxidants [ 14 ], antihistamines [ 15 ], phenytoin [ 16 ], anti-
sense gel [ 17 ], and traditional drugs [ 18 ] and will be discussed in the later part of the 
chapter along with the pathogenesis of wounds, burns, and diabetes ulcers.  

26.2     Skin Anatomy and Pathophysiology of Wounds, 
Burns, and Diabetes-Related Ulcers 

 Skin is the largest organ of the body, both in terms of outer surface area and in mass. 
Skin is amassed of three layers: dermis, epidermis, and hypodermis (Fig.  26.1 ). 
These layers protect the body from external mechanical and thermal injury like 
burns and wounds. Epidermis is a thin and outermost layer of the skin which acts as 
a protection barrier against external factors. Dermis lies below the epidermis, covers 
major component of skin, and supports it structurally and nutritionally. Appendages 
such as hairs and glands are derived from the epidermis, but they project deep into 
the dermal layer. The epidermal layer is 0.1–0.2 mm in depth and consists of a self- 
renewing population of keratinocytes programmed to be replaced continuously for 
a lifetime from basal cells located in the basement membrane (BM) zone [ 1 ].

   Skin acts as a barrier to the external environment and protects the body from 
harmful chemicals and microbial invasion, maintains moisture balance, and ensures 
thermoregulation [ 2 ]. Approximately 1 in 100 individuals suffers from wounds 
requiring medical intervention. The skin barrier function is achieved by layers of 
differentiated keratinocytes fusing together in a tightly integrated epidermal sheet. 
This natural barrier might get wounded as a result of trauma, including surgery, or 
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it can become damaged secondary to an underlying pathology, such as reduced 
venous or arterial circulation, thus causing wounds. Superfi cial wounds are capable 
of self-healing and cause no impairment; however, full-thickness wounds and 
third- degree burns (extending to deeper layers of the skin) are a signifi cant threat to 
the patient because of fl uid and protein loss and the potential for bacterial invasion. 
For the development of effective therapies, it is important to understand the patho-
physiology of acute, chronic, and nonhealing wounds. Acute wound healing involves 
three phases: infl ammation, proliferation (new tissue formation), and remodeling/
contraction. Disruption in normal process leads to chronic nonhealing wounds [ 14 ]. 
In chronic wounds phenotypes of some cells are altered [ 19 ], as keratinocytes are 
not able to migrate on wound edges properly and thus cannot be closed completely 
[ 20 ,  21 ]. This could be because of the downregulation of cell signaling pathways that 
encourage cell migration after tissue injury. 

 Tissue injury elicits immediate activation of intrinsic and extrinsic coagulation 
pathways which is associated with infl ammation. Infl ammation is an important 
event of injury which contributes in tissue repair and regeneration in wound healing. 
During wound healing process, local vasodilatation, blood, extravasation fl uid in 
extravascular cavity, and blocking drainage of lymphatic fl uid can produce funda-
mental symptoms of infl ammation, including redness, swelling, and heat. The fi rst 
phase of wound healing infl ammation to injury provides necessary framework to 
forming new protection barrier. In proliferative phase major events involve intro-
duction of permeability barrier (reepithelialization), provide proper blood supply 
(angiogenesis), and support the injured dermal tissues (fi broplasias) which leads to 
fi brin clot fabrication. The third one which is remodeling phase comprises matrix 
deposition, and it occurs throughout the wound healing process. In this phase fi brin 
clot in proliferation phase is replaced by granulation tissues which is ample of type III 

  Fig. 26.1    Schematic representation of human skin       
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collagen and matured blood vessels later on substituted by collagenous scar which 
is predominant of type Ι collagen and less mature blood vessel. As in the case of 
diabetes, burns, infection, poor nutrition, or other pathological disease, disruption 
of normal healing process or excessive fi brosis (hypertrophic scars and keloids) 
may lead to altered structure and loss of function. Acute wounds follow all phases 
of normal wound healing, but chronic wounds do not comply with orderly process. 
All wounds may extend to different skin layers and could be responsible for fi rst- 
degree, second-degree, or third-degree wound (Fig.  26.2 ).

   In chronic wounds like diabetic ulcers, fi broblasts depicted a decreased response to 
TGF-β1 and other GFs as well as diminished expression of the TGF-β receptor and 
vitiated signal transduction [ 22 ]. Patients suffering from diabetis show slow wound 
healing because of impairment in immune response with lesser enrolment of infl am-
matory cells at damaged site due to reduced chemotactic effects, leading to the slow-
ing down of healing and higher risk of bacterial infection [ 23 – 25 ]. When an 
infl ammatory response is instituted for longer period of time, it shifts to an aggrava-
tion of infl ammation and proteolysis [ 26 ]. Hyperglycemia for prolonged time 
responsible for glycation of proteins and commotion of cell responses, which 
extends to improper fi brosis process and tissue repair [ 27 – 29 ]. Chronic diabetic 
ulcers may involve some specifi c processes like prevention of quick entrance and 
accumulation of leucocytes in the ulcers, which, consequently, fail to accomplish 
normal healing. Another reason of chronic ulcer formation is the concentration of the 
high-molecular- weight hyaluronic acid in the pericellular matrix of fi broblast from 
diabetic patients. 

 Burn is a type of acute wound and progressively occurring injury to the skin 
precipitated due to thermal shock and leads to invasion of microorganism and anti-
gen and generation of free radicals. Pathophysiology of burns starts with increasing 
the body surface temperature, as higher temperature produces local responses, and 
dissipation of heat involves vasodilatation and proceeds many cascade events. As 
the temperature increases it causes increase in local infl ammatory mediator’s forms 
leading to systemic organ injury. Free radicals are also involved in cell damage in case 
of thermal shock in connection with tissue ischemia and hypoxia. 

 Skin is the largest organ of the body and serves as a protective barrier against 
foreign materials. It might be affected by various injuries which can cause loss of 
skin integrity (Fig.  26.3 ). Acute wounds, including surgical incisions, generally 

  Fig. 26.2    Different types of skin wounds       
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communicate through the phases of infl ammation, proliferation, and remodeling. 
But in case of chronic wounds, it exhibits delayed healing 12 weeks after the initial 
shock often due to prolonged pathological infection and infl ammation [ 30 ]. Diabetic 
foot ulcers have been classifi ed in different categories and grade on the basis of size, 
area, and depth of ulcers. Wagner-Meggitt classifi cation is a practical idea of pos-
sibility of amputation and prediction for healing [ 31 – 33 ].

   Burns are classifi ed based on depth and the surface area of the skin that is affected. 
First-degree burns involve only the epidermal layer but result in pain and erythema 
and generally heal within several days without any scarring. Second- degree burns 
involve the intact epidermis and some portion of dermis. It is further classifi ed in 
superfi cial partial-thickness or deep partial-thickness burns, based on the depth of 
injury to the dermis. Superfi cial partial-thickness burns usually heal within 2 weeks 
with minimal scarring, while deep partial-thickness burns may require up to 3 weeks 
for healing with signifi cant scarring. Full-thickness or third- degree burns involve the 
entire epidermis and dermis with destruction of nerves and maximal scarring.  

26.3     Drug Delivery to Wound, Burns, 
and Diabetes-Related Ulcers 

26.3.1     Dressings 

 For effective treatment of skin condition, the primary choice is wound dressing 
which could be either medicated or non-medicated. These dressings should posses some 
ideal properties like removal of excess exudates, maintaining moist environment, 

Types of skin 
injury

Wound

Acute
Chronic

Diabetic ulcers

Grade 1- Partial skin thickness

Grade 2- Full skin thickness

Grade 3- Underlying tissues (fascia,
ligaments, tendons) involved

Grade 4–3 + abscess or 
osteomyelitis

Grade 5–4+ necrotic tissues

Grade 6- Gangrenous tissues found

Burns

First degree
Second degree
Third degree

  Fig. 26.3    Different types of skin injuries       
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no trauma on removal, protecting against bacteria, no allergies, providing thermal 
insulation, relieving pain, and cost-effective. Dressings can be classifi ed in different 
ways based on their function (debridement, antibacterial, occlusive, absorbent, adher-
ence) [ 34 ], type of material (e.g., hydrocolloid, alginate, collagen) [ 7 ], and physical 
form (ointment, fi lm, foam, gel) [ 8 ]. Dressings are further classifi ed into primary, sec-
ondary, and island dressings [ 35 ] and also into medicated and non- medicated dressings 
(Fig.  26.4 ). Non-medicated dressings were initially prepared from traditional treat-
ment of plant source, animal fat, and honey and recently from synthetic scaffold. 
To fasten the healing process and avoid infection at wound site, dressing has been 
medicated with antimicrobials, GFs, and supplements. The choice of dressing is 
usually determined by the type and pathological condition of wound. The aspects 
that need consideration are wound location, depth, amount of eschar or slough 
present, amount of exudate, condition of the wound margins, presence of infection, 
need for adhesiveness, and conformability of the dressing. Periodic evaluation of 
wound is needed since wound environment changes constantly during treatment [ 36 ].

26.3.1.1       Non-medicated Dressing 

 Non-medicated dressings have essential characteristics to hold and make moist 
surroundings around the wound to facilitate wound healing. These dressings are mainly 
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form

Film

Ointment

Foam

Gel

Medicated

Antimicrobials

Growth
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  Fig. 26.4    Dressings for wound healing       
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classifi ed on the basis of material from which they are developed such as hydrocolloids, 
alginates, and hydrogels and generally occur in the form of gels, thin fi lms, and 
foam sheets. 

   Hydrocolloid Dressings 

 Hydrocolloid term describes the products obtained from colloidal (gel-forming 
agents) materials combined with other materials such as elastomers and adhesives. 
Hydrocolloid dressings are biodegradable and adhere to the skin, so external taping 
is not required. They mostly occur in the form of thin fi lms and sheets or in combi-
nation with other material such as alginates. These are helpful in wound healing 
because they adhere to both dry and moist wound sites [ 37 ]. These dressings can be 
used for light to moderately exuding wounds such as minor burns, pressure sores, 
and traumatic injuries and also in leg ulcers [ 38 ]. A randomized trial showed that the 
hydrocolloid attains faster healing and is a less painful dressing [ 39 ]. These dressings 
are not useful for infected wounds that require a certain amount of oxygen to heal 
rapidly. Examples of hydrocolloid dressings include Granufl ex™ and AQUACEL® 
(ConvaTec, Hounslow, UK), Comfeel™ (Coloplast, Peterborough, UK), and 
Tegasorb™ (3M Health Care, Loughborough, UK).  

   Alginate Dressings 

 Alginate dressings are developed from the calcium and sodium salts of alginic acid, 
a polysaccharide-containing mannuronic and guluronic acid units. These occur 
either in the form of freeze-dried porous sheets (foams) or as fl exible fi bers. These 
dressings form a protective fi lm of gel over wounds by exchanging calcium ions 
present in alginates with those present in exudates and blood, resulting in the forma-
tion of polymer constructs [ 40 ]. Calcium alginate dressings are ideal material as 
scaffold for tissue engineering [ 41 ,  42 ]. These dressings are useful for moderate to 
heavily exuding wounds, but it cannot be used for dry wounds and those covered 
with necrotic tissue because it requires moisture to function properly. Some exam-
ples of alginate dressings are Sorbsan™ (Maersk, Suffolk, UK), Kaltostat™ 
(ConvaTec), and Tegagen™ (3M Health Care). Comfeel Plus™ is a  hydrocolloid/
alginate combination dressing.  

   Hydrogel Dressings 

 Hydrogels are insoluble, swellable hydrophilic materials constituted from synthetic 
polymers such as poly(methacrylates) and polyvinylpyrrolidone. These can be 
given either as an amorphous gel or as an elastic, solid sheet or fi lm. These dressings 
contain signifi cant amounts of water (70–90 %) and thus cannot take up much exudate 
and are suitable only for light to moderately exuding wounds. Additionally, they 
clean dry, sloughy, or necrotic wounds by rehydrating dead tissues and enhance 
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self-digesting debridement [ 43 ]. Examples of hydrogel-based dressings are 
NU-GEL® (Johnson & Johnson, Ascot, UK), Purilon™ (Coloplast), Opsite™ 
(Smith & Nephew, Hull, UK), Cutifi lm™ (B.D.F. Medical, Milton Keynes, UK), 
BIOCLUSIVE® (Johnson & Johnson), and Tegaderm™ (3M Health Care).   

26.3.1.2     Medicated Dressing 

 Pharmaceutical agents can be incorporated into dressings to overcome the disad-
vantages of topical agents as already discussed in the previous section and provide 
better and faster healing than non-medicated dressings [ 44 ]. Drugs incorporated in 
dressings could act as cleansing or debriding agent for removing necrotic tissue, 
antimicrobials which cures infection or growth agents (factors) to assist in tissue 
regeneration. 

   Antimicrobials 

 Antimicrobials and antibiotics are basically applied for the purpose of preventing 
infection at the affected site, e.g., for treating infections in case of diabetic foot ulcers 
[ 45 ,  46 ]. These can also be used in surgical and accident wounds where chances of 
infection are very high due to the higher trauma. Antibiotics and antimicrobials like 
minocycline-incorporated dressings have shown better healing in severe burn 
wounds [ 47 ]. 

 Some other Antimicrobial incorporated dressings that delivered drugs for 
wound healing include tetracycline delivery via freeze-dried fi brin discs [ 48 ] and 
ofl oxacin delivery via lactic acid-based dressings to inhibit the  Staphylococcus 
aureus  and  P. aeruginosa  in split-thickness wounds [ 49 ]. Antimicrobial-
incorporated silicone gel sheets treated superfi cial burns by promoting epitheli-
alization [ 50 ]. Topical delivery of antibiotics to the wounds through dressings 
can provide tissue compatibility, more bacterial sensitivity, and less interference 
with wound healing [ 51 ]. 

 In systemic delivery there is a chance of drug toxicity like accumulation and 
organ toxicity of aminoglycosides in the kidneys and ears [ 52 ,  53 ]. So the use of 
dressing reduces the dose of antibiotics which further leads to lowering systemic 
toxicity. Along with its local delivery from dressings can also overwhelm the inef-
fective systemic antibiotic therapy problem resulting from poor blood circulation 
at the appendages in diabetic foot ulcers. Cutisorb™ is a dialkyl carbamoyl chlo-
ride antibiotic-loaded dressing used for delivery to wounds. A wide variety of 
semiocclusive dressing formats, such as foams (Contreet®, Coloplast), hydrocol-
loids (Urgotul SSD, Urgo), alginates (Silvercel®, Johnson & Johnson), and 
Hydrofi ber® (Aquacel, ConvaTec), are commercially available. For instance, 
Acticoat® is a 3-ply gauze dressing made of an absorbent rayon polyester core, with 
upper and lower layers of nanocrystalline silver-coated high-density polyethylene 
mesh [ 54 ].  
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   Growth Factors 

 Though antibacterial agents are helpful for the treatment of infections and wound 
healing, they do not take an active physiological part in the wound healing process. 
Growth factors (GFs) promotes wound healing and involves in cell division, migra-
tion, differentiation, protein expression, and enzyme production. These growth fac-
tors show their healing activity by the angiogenesis induction and cellular 
proliferation, which affects both the production and the degradation of the extracel-
lular matrix (ECM), and is also important in cell infl ammation and fi broblast activ-
ity [ 55 ]. Hence, all phases such as infl ammatory, proliferation, and migratory of 
wound healing are affected by GFs which involve in normal wound healing [ 56 ]. A 
number of GFs have been reported which are helpful in wound healing including 
epidermal growth factor (EGF), platelet- derived growth factor (PDGF), fi broblast 
growth factor (FGF), transforming growth factor (TGF-β1), insulin-like growth fac-
tor (IGF-1), human growth hormone, and granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) [ 12 ,  57 ]. 

 Growth factors (GFs) were delivered through medicated dressings which include 
hydrogel dressings for delivering TGF-β1 [ 58 ,  59 ], collagen fi lm dressings for 
delivering PDGF [ 60 ], alginate dressings for delivering human growth hormone 
[ 61 ] and endothelial growth factor [ 62 ], and polyurethane and collagen fi lm dress-
ings for delivering EGF [ 63 ]. Collagen-hyaluronic acid matrix, containing tobramy-
cin, basic FGF, and PDGF, signifi cantly increased wound healing in comparison to 
dressings which comprise only the antibiotic [ 64 ].  

   Supplements 

 In wound healing process another groups of active compound which can be used 
are vitamins and mineral supplements [ 65 ], including vitamins A, C, and E as 
well as zinc and copper. Vitamin A is helpful in epithelial cell differentiation, col-
lagen synthesis, and bone tissue development [ 66 ] and also involved in facilitating 
normal physiological wound healing [ 67 ]. Vitamin C plays an important role in 
the synthesis of collagen and other components of skin and other connective tis-
sues. In addition, vitamin C helps in ameliorating immune system especially dur-
ing infection. Vitamin A and C incorporated collagen sheet dressings were used 
in burn wound treatment. Vitamin E has antioxidant and anti-infl ammatory activ-
ity; along with this, it also promotes angiogenesis and reduces scarring, resulting 
in accelerating wound healing [ 68 ]. Vitamin E has also been used in hypertrophic 
and keloid scar treatment in combination with silicone gel sheets. Zinc-containing 
topical formulation reduced healing times in deep second-degree burn wounds 
signifi cantly [ 69 ] and also enhanced reepithelialization in diabetic foot ulcers. 
This healing time reduction was further improved when basic FGF and EGF were 
used in combination with the zinc preparation. Copper-based dressings were shown 
to improve wound contraction and wound healing at a faster rate than zinc-based 
dressings.    
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26.3.2     Antibiotics 

 The moist, warm, and nutritious environment provided by the exposed surface after 
wounding along with compromised immune function and inadequate wound perfu-
sion creates an ideal milieu for the growth of bacteria and microbial colonization. 
Clinical studies have revealed that 86 % of the ulcers contain more than one bacte-
rial species though without any clinical signs of infection [ 70 ]. Most predominant 
species found in infected wounds include  Staphylococcus aureus ,  Pseudomonas 
aeruginosa ,  Escherichia coli ,  Enterobacter cloacae ,  Klebsiella  species, 
 Streptococcus  species,  Enterococcus  species, and  Proteus  species [ 71 ]. If a wound 
becomes infected, the infl ammatory phase during healing becomes chronic, sup-
pressing the next phase, that is, the regenerative phase. Moreover, the enzymes and 
toxins expressed by the colonizing microorganisms affect the structural integrity of 
healing tissue along with the surrounding skin as well as the wound dressing [ 72 ]. 
In such a situation, wound healing is compromised, the patient suffers increased 
trauma, treatment cost rises, and general wound management practices become 
more complicated and critical [ 73 ]. Thus, it is critical for proper healing to prevent 
infections in the healing wound bed. 

 To suppress the infection during wound healing, antibiotics are delivered sys-
temically (e.g., silver sulfadiazine, fusidic acid, and metronidazole) or topically 
(such as chlorhexidine and povidone-iodine). Systemic delivery of antibiotics 
entails poor penetration into ischemic and necrotic wounded tissue and can cause 
systemic toxicity with associated renal and liver complications due to larger amount 
of drugs required to achieve therapeutic concentrations at the infection site and 
needs longer duration of treatment [ 74 ,  75 ]. Alternatively, local delivery of antibiot-
ics by either topical administration or using a delivery device may enable the main-
tenance of a high local antibiotic concentration for an extended duration of time 
without causing systemic toxicity. These topical antimicrobials should have some 
ideal properties, which are described in Table  26.1 . Some wounds are infected 
because they have pussy secretions or some of the fundamental expressions of 
infl ammation that have determined the host response to tissue damage caused by 
infective microorganisms [ 76 ]. In most of the wounds, bacteria remain inside the 
wound cavity where they induce chronic infl ammation that retards healing and also 

  Table 26.1    Ideal properties 
of topical antimicrobial for 
wound healing [ 126 ]  

 Specifi c antibacterial activity 
 Rapid bactericidal activity 
 Sustained action at infected site 
 Activity in the presence of body fl uids and proteins 

in wound exudate 
 Should not produce resistant 
 No systemic side effects 
 No allergic reactions 
 Acceptable cosmetic and aesthetic qualities 
 Cost-effective 
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produce resistant to antimicrobial therapy. Some wound infections can heal without 
antimicrobial therapy, but in case of immunocompromised patients, it can progress 
to involve deeper tissues and leads to systemic pathogenesis. These infl ammatory 
processes are mostly mediated by toxins and metabolic wastes produced by micro-
organisms, but it also depends on the sensitivity of host towards infection [ 77 ].

   A variety of antibiotic products are available for treating chronic wounds [ 10 ]. 
Antibiotics are chemicals produced either naturally (by a microorganism) or syn-
thetically that in dilute solution inhibit or kill other microorganisms. Topical antimi-
crobial therapy is not commonly used for uninfected wound healing; however, it can 
be used for critically infected wounds which may be either chronic or acute. 
Antimicrobials have also been reported for burn wounds in which blood vessels to 
the skin are frequently ruined and help in reducing sepsis as well as infection [ 78 ]. 
Topical agents can also be used prior to skin grafting for reducing bacterial burden 
or for reducing odor linked with nonhealing and necrotic wounds.  

26.3.3     Gene Therapy and Cytokines 

 Full-thickness wound and thermal injury are a major trauma characterized by high 
cardiac output, increased oxygen consumption, and protein and fat wasting. 
Increased hypermetabolic state compromises the immune system and decreases 
wound healing. Moreover, it causes tissue damage by membrane destabilization and 
energy depletion at the cellular level, resulting in tissue necrosis. Skin trauma could 
be prevented by blocking immediate triggering of the infl ammatory cascades that 
result in prolonged metabolic imbalances. Gene therapy and cytokines have been 
reported as a predicting approach for the treatment of skin diseases, wound healing 
[ 79 ,  80 ], and diabetic pathologies [ 81 ,  82 ]. 

 Therapeutic approach to promote wound healing would be to block the immedi-
ate activation of the infl ammatory reactions, and second approach for therapy would 
be to enhance wound healing factors. Another approach for wound healing is the 
effect of “positive” growth hormones, and cytokines may be raised and that of 
“negative” factors suppressed through molecular or genetic manipulation [ 11 ]. 
   Cytokines such as TGF-β and HB-EGF (heparin-binding epidermal growth factor-
like growth factor) used for the local treatment of wounds was found to be ineffec-
tive due to lack of enzymes and proteases locally present in the wounds and also 
because of lack of adequate receptors [ 83 ]. Gene delivery to the wounds is impor-
tant phenomenon for overexpressing wound healing-promoting factors for a defi nite 
time period. Local application of adenoviral constructs has shown wound healing, 
especially in processes of reepithelialization and vascularization. 

 Gene therapy is rising as an effective therapeutic approach to promote wound 
healing including after thermal injury [ 84 ]. Gene therapy to the skin is dependent, 
however, on a number of factors and has the following aims. Firstly, suitable 
therapeutic gene should be selected, and it should not be restricted by the size of 
the gene. Secondly, therapeutic genes should be expressed at application site for 
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desirable time. Eventually, cells should take up the therapeutic gene through par-
ticular delivery vehicle [ 85 ]. 

 Gene therapy has been classifi ed into two categories of viral and nonviral gene 
delivery. Viruses that include retroviruses, adenoviruses, and adeno-associated 
viruses are the most commonly used natural vehicles for gene delivery. Some non-
viral vector such as plasmid DNA have also been used because they have potential 
to target the genes at the affected site without recombination with virus so due to 
this site injury can also be prevented which is due to repeated exposure of virus. 
Direct plasmid application, lipofection, and receptor-mediated delivery vectors are 
mostly used nonviral vectors for gene delivery. Electroporation and laborious 
microinjection of DNA are also other nonviral techniques [ 86 ]. 

 Viral vectors [ 84 ], naked nonencapsulated DNA or plasmid DNA constructs alone, 
without viral genes and nonviral liposomal cDNA genes as stable complexes have 
shown faster wound healing [ 83 ,  87 ]. Gene has delivered through subcutaneous injec-
tion with the use of microseeding, microfabricated needles, and puncture- mediated 
DNA transfer at the wound margin [ 88 – 90 ] and nucleic acid vaccine to promote 
wound healing [ 90 ].  

26.3.4     Growth Factors 

 For wound healing, tissue engineering approach could be adopted to create an envi-
ronment to mimic the natural “healing cascade” for induction of regeneration and to 
hasten tissue regrowth capability that is generally termed regenerative medicine. 
In wound healing cascades, GFs are known to play a primal role in information 
transfer between a wide range of cells and their ECM. GFs regulate most aspect of 
fi broblast, endothelial cell, and keratinocyte function, including cell proliferation, 
migration, and synthesis of ECM in wound healing process [ 91 ]. GFs and ECM 
molecules could be incorporated into biomaterials for regulating cellular prolifera-
tion, migration, differentiation, adhesion, and gene expression [ 92 ]. 

 Various GFs have shown to accelerate cell proliferation in vitro and to promote 
wound healing in animal models. TGF-β might be helpful in wound repair as it 
promotes cell proliferation, differentiation, and matrix production. TGF-β has 
shown accelerated cutaneous wound repair in animal models when administered 
either topically or systemically [ 93 ,  94 ]. Similarly, PDGF promoted reepithelializa-
tion and revascularization in diabetic wounds [ 95 ,  96 ]. PDGF is released from cells 
which involved in the initiation of wound healing such as platelets, macrophages, 
endothelial cells, and fi broblasts [ 97 ]. PDGF helps in wound healing by inducing 
granulation tissue formation [ 95 ] and collagen gene expression [ 98 ]. 

 HB-EGF was applied topically through slow-release cholesterol lecithin pellets 
shown to accelerate wound healing in murine burn models [ 99 ]. EGF alleviates 
epidermal cell regeneration and helps in dermal wound healing through stimulation 
of proliferation and migration of keratinocytes. It also promotes the formation of 
granulation tissue and induces fi broblast motility [ 100 ]. Endothelial cell growth 
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factor (ECGF) is responsible for promoting angiogenesis in rats when applied via 
controlled release formulation [ 101 ], and this may have important signifi cance for 
wound healing. 

 Basic fi broblast growth factor (bFGF) has been used in impaired wound healing 
which is angiogenic in several animals [ 102 ] and accelerates wound repair in full- 
thickness skin wounds [ 103 ]. The topical application of GFs (EGF, bFGF, HB-EGF, 
TGF-β, PDGF) is being a useful treatment [ 104 ,  105 ], and combinations of these 
factors are being the most effi cacious for wound healing [ 106 ,  107 ].  

26.3.5     Stem Cells 

 Wound healing involves a well-organized complex biological and molecular event 
of cell migration and proliferation; along with this, it also requires ECM deposition, 
angiogenesis, and remodeling [ 108 ]. Stem cells, due to their differentiation ability 
into various tissue types and self-renewal capacity, may create such a complex 
structure. They can be classifi ed on the basis of the source, and thus, stem cells can 
be considered as either embryonic or adult in nature [ 13 ]. Stem cells have been 
isolated from a variety of sources, such as bone marrow, peripheral blood, umbilical 
cord blood, adipose tissue, and skin/hair follicles (epithelial cells), to regulate heal-
ing response of acute and chronic wounds. 

26.3.5.1     Bone Marrow-Derived Mesenchymal Stem Cells (MSCs) 

 Mesenchymal stem cells were fi rst isolated from bone marrow, and these are gener-
ally defi ned as plastic-adherent cells with a fi broblast-like morphology and have in 
vitro multipotent differentiation capacity [ 109 ]. MSC-based therapies target wound 
repair by stimulating cellular responses to injury and promote regeneration rather 
than scar formation. Murine excisional wound treated with bone marrow stem cells 
in diabetic mouse model by topical delivery of single treatment with 7.5 × 10 5  cells 
showed enhanced epithelialization, granulation tissue formation, and angiogenesis 
[ 110 ]. MSC treatment affects all phases of wound healing including infl ammation, 
epithelialization, granulation tissue formation, and tissue remodeling [ 111 ].  

26.3.5.2     Umbilical Cord-Derived Stem Cells 

 Stem cells from umbilical cord blood were able to differentiate into epithelial cells 
under in vitro conditions, so it could also be a good source for large skin defect 
treatment [ 112 ]. It was found that the amniotic membrane of the umbilical cord to 
be an extremely rich source of stem cells for burn healing and the isolated cells 
called as cord lining stem cells was divided into cord lining epithelial cells and cord 
lining mesenchymal cells. These cells have been employed to treat partial-thickness 
and full-thickness burns as well as chronic diabetic wounds [ 113 ].  
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26.3.5.3     Adipose-Derived Stem Cells 

 Adipose-derived stem cells encouraged human dermal fi broblast proliferation 
through direct cell-to-cell contact and by secretory-induced paracrine activation, 
which is important in wound healing by enhancing reepithelialization and regen-
eration [ 114 ].  

26.3.5.4     Epithelial Stem Cells 

 Epithelial stem cells are a type of adult somatic stem cells as they are dormant but 
self-renew and differentiate into at least one type of daughter cells [ 115 ]. When these 
cells activate, it enrolls a number of proliferating cells and plays an important func-
tion in wound healing. Stem cells extracted from the human bulge region demon-
strate hair follicle differentiation and form epidermal and sebaceous cells in vitro 
[ 116 ]. The role of Epithelial stem cell is not only limited for epidermis regeneration 
in wound healing, but also in the center of wounds, these cells can also assume mor-
phogenetic plasticity, and along with wound dermis, it can employ in an embryonic-
like process of hair follicle neogenesis [ 115 ].   

26.3.6     Other Drugs 

26.3.6.1    Antioxidants 

 Reactive oxygen species (ROS) at low levels are required for the defense against 
infecting pathogens and also essential mediators of intracellular signaling. However, 
excessive amounts of ROS are deleterious due to their high reactivity [ 117 ]. Free 
radicals or ROS are generated in wound and burn trauma, which are responsible for 
promoting injury; most deleterious ROS are superoxide anion and hydrogen perox-
ide that overcome the scavenging capacity of endogenous enzymes. 

 Antioxidants which have been used to antagonize ROS include (1) vitamin E, the 
lipid-soluble chain-breaking antioxidant; (2) vitamin C, which, in addition to its 
antioxidant effect, helps to recycle vitamin E; (3) zinc sulfate, which has acute and 
chronic antioxidant effects; (4) allopurinol, the well-known xanthine oxidase (XO) 
inhibitor, which might be benefi cial for burn healing; (5) melatonin, the pineal gland 
product that has potent antioxidant effects through its direct scavenging effect and 
stimulation of antioxidant enzymes; and (6)  N -acetylcysteine, which is rapidly 
metabolized to cysteine, which is a direct precursor in the synthesis of intracellular 
glutathione (GSH), the natural antioxidant. The use of these antioxidants in the 
treatment of burns and wounds may have improving effects [ 118 ]. Polyphenolic 
drugs such as quercetin-incorporated collagen matrix [ 119 ] and curcumin have 
shown wound healing by modulating collagen and decreasing ROSs [ 120 ].  
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26.3.6.2    Nutritions 

 For wound healing and wound decontamination processes, metal ion-ligand interac-
tions are essential, and these metal elements are required at desirable concentration 
along with other nutritions for repair and regeneration. When wound occurs, some 
trace metal elements are essential to support the healing processes, and defi ciency 
of fundamental supply of these elements may lead to slow or nonhealing. A more 
direct route to producing nutritional components at their optimum levels is that of 
total parenteral nutrition (TPN) [ 14 ]. 

 Essential elements of TPN are calcium, chromium, copper, fl uorine, iodine, iron, 
manganese, molybdenum, phosphorus, selenium, and zinc. Other important compo-
nents of TPN fl uids which, with the exception of specially selected drugs, are required 
by healing wounds are (1) energy sources such as amino acids, glucose, soya protein, 
phospholipids, and glycerol, (2) nitrogen source such as amino acids, (3) minerals 
such as electrolytes, (4) trace elements, (5) impurities, (6) vitamins, and (7) water 
and drugs such as anticoagulants [ 14 ].  

26.3.6.3    Antihistamines and Gabapentin 

 Itching is associated with wound healing, and it may be defi ned as the sensation that 
induces the urge to scratch [ 121 ]. The H1 receptor antagonists such as diphenhydr-
amine, hydroxyzine, and cetirizine and selective H2 receptor antagonist such as 
cimetidine and gabapentin are the most commonly used agents for treatment of 
itching associated with wound healing. Although, gabapentin is basically an anti-
epileptic drug used in neuralgias, it has also been used in the treatment of postburn 
pruritus [ 15 ].  

26.3.6.4    Phenytoin 

 Phenytoin has dose-dependent hyperplasia adverse effect due to collagen prolifera-
tion, which could be useful for wound healing. Phenytoin has been used in the treat-
ment of superfi cial burn wound [ 16 ], diabetic ulcer [ 122 ], and variety of chronic 
nonhealing wound ulcers [ 123 ].  

26.3.6.5    Connexin-Targeted Antisense Gel 

 The gap junction protein Cx43, dominantly found in epidermis, plays an important 
role in acute wound healing at different stages. The Cx43 is presented in the wound 
edge keratinocytes of human chronic wounds [ 124 ]. Unusual expression of Cx43 in 
wound-edge keratinocytes was shown to cause improper wound healing in diabetic 
rats, and by using antisense gel, its expression was targeted to restored normal 
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healing [ 125 ]. Antisense gel accelerated the downregulation of Cx43, and it has the 
effect of speeding the migration of keratinocytes and fi broblasts, which results in 
closing the wound and forming the granulation tissue [ 17 ].  

26.3.6.6    Traditional Drugs 

 Many Ayurvedic herbal plants have a very important role in the process of wound 
healing. Traditional drugs are more potent wound healers because they promote the 
repair mechanisms in the natural way. Various medicinal plants have been used for 
wound healing [ 18 ].    

26.4     Conclusions 

 Skin is the largest organ in the body which might be associated with a lot of injuries 
like wound, burns, and diabetic ulcers. Various drugs in dressings as well as topically 
without dressings for wound healing have been discussed here. Dressings were used 
as matrices for skin replacement and delivery of therapeutic agents like antibiotics, 
vitamins, and mineral supplements for the management of skin injuries. Apart from 
dressings different classes of drugs were also delivered topically to the skin. 
Antibiotics/antimicrobials were delivered topically to reduce bioburden on wounds 
and prevented from infection. Many cytokine proteins and genes were delivered for 
promoting the expression of wound healing GFs, and a number of GFs were also 
applied directly to the affected site. Stem cells were used for improving skin repair and 
regeneration, and antioxidant enhanced wound healing by scavenging free radicals. 
Other drugs like antihistamines for preventing itch, phenytoin for accelerating collagen 
formation, antisense gel for the downregulation of connexin gap junction proteins, 
and medicinal drugs for wound healing were also considered in this chapter.     
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     Abbreviations 

   ARV    Antiretroviral   
  CAP    Cellulose acetate phthalate   
  CTAB    Cetyltrimethylammonium bromide   
  CVF    Cervicovaginal fl uid   
  EFV    Efavirenz   
  FTC    Emtricitabine   
  HAART    Highly active antiretroviral therapy   
  HIV    Human immunodefi ciency virus   
  HSV-2    Herpes simplex virus 2   
  IRV    Intravaginal ring   
  nanoART    Nano-antiretroviral therapy   
  NRTI    Nucleotide reverse transcriptase inhibitor   
  PBMC    Peripheral blood mononuclear cell   
  PCL    Poly(caprolactone)   
  PDLLA    Poly( d,l )-lactic acid   
  PEG    Poly(ethylene glycol)   
  PEO    Poly(ethylene oxide)   
  PLA    Poly(lactic acid)   
  PLGA    Poly(lactic-co-glycolic acid)   
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  PLLA    Poly( l -lactic acid)   
  PPI    Poly(propyleneimine)   
  PVA    Poly(vinyl alcohol)   
  SHIV    Simian-human immunodefi ciency virus   
  SIV    Simian immunodefi ciency virus   
  SLS    Sodium lauryl sulfate   
  SQV    Saquinavir   
  STI    Sexually transmitted infection   
  TDF    Tenofovir disoproxil fumarate   
  TFV    Tenofovir   
  VFS    Vaginal fl uid simulant   
  VP5k    Vitamin E/5 kDa PEG   

27.1           Gross Anatomy and Physiology of the Vagina 

    The usefulness of the vagina as an administration site for local or systemic drug 
delivery has been known for many years; however, the successful development of a 
reliable vaginal delivery system for humans is fraught with challenges. However, 
topical delivery to the vaginal mucosa has many salient applications for prevent-
ing human immunodefi ciency virus (HIV) and other sexually transmitted infec-
tions (STIs), mucosal vaccines, treatment of various STIs, and maintenance of 
reproductive health.   From a drug delivery viewpoint, the vagina is characterized by a 
constantly changing environment. It is a complex organ with multiple functions and 
physicochemical, physiological, histological, and anatomical parameters that 
change with age, pregnancy, and sexual excitement, all of which play a role in 
effi ciency and potential duration of vaginal drug delivery. Thus, the design of any 
effective intravaginal drug delivery system must take into account the anatomy and 
physiology of the vagina. 

27.1.1     Gross Anatomy 

 The human vagina may be described as a slightly s-shaped highly expandable, 
fi bromuscular tube ~7–10 cm in length [ 1 ]. The vagina extends from the lower part 
of the uterine cervix to the external part of the vulva known as the labia minor [ 2 ]. 
It can be divided into four areas relative to the cervix, these being the posterior 
fornix, which is capacious; the anterior fornix, which is shallow; and two lateral 
fornices. The anterior and posterior walls of the vagina come together to form two 
ridges of folds causing it to assume an H-shape appearance in cross section [ 3 ]. 
The vaginal wall is composed of three layers: the epithelial layer, the muscular 
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coat, and the tunica adventitia [ 3 ]. The epithelium consists of a lamina propria and 
an epithelial cell layer which, at different stages of the menstrual cycle, changes in 
thickness by ~200–300 μm. Therefore, the menstrual cycle may affect drug perme-
ation through the vaginal mucosa. The muscular coat consists of smooth and elastic 
fi bers in a spiral arrangement which are covered by the tunica adventitia (a loose 
connective tissue). These features allow stretching of the epithelium. At its surface, 
the vagina has transverse muscular folds called “rugae.” The surface area of the 
vagina is increased by these folds and by microridges covering the epithelial cell 
surface which provides the vagina with a relatively large surface area [ 4 ]. 
Characterization of the vaginal mucosa on a cellular level was performed and 
compiled in a complete textbook on the human vagina edited by Hafez and Evans 
in 1978 [ 5 ]. This book provides an excellent reference for the fundamentals, and its 
individual chapters have been extensively referenced in publications involving the 
human vagina.  

27.1.2     Physiology of the Vagina 

27.1.2.1     Blood Supply 

 The vagina receives its blood supply from the uterine and pudendal arteries which 
arise from the internal iliac arteries. Blood leaving the vagina enters the peripheral 
circulation through an abundant venous plexus surrounding the vagina and eventually 
empties directly into the internal iliac veins, thus bypassing the liver metabolism 
[ 1 ,  4 ,  6 ]. This immediate access to the systemic circulation also circumvents the gas-
trointestinal tract, thereby eliminating the problems of degradation and gastrointesti-
nal side effects that oral delivery systems must sometimes contend with [ 4 ].  

27.1.2.2     Vaginal Fluid 

   Origin and Contents 

 Even though the epithelia have no secretory glands, it is usually covered with a thin 
fi lm of vaginal fl uid. The composition of the fl uid is complex and changes with age, 
stage of menstrual cycle, and health condition [ 1 ,  6 ]. This vaginal fl uid arises from 
cervical secretions and exudate from the blood vessels, and its presence in the 
vagina is dependent upon adequate blood fl ow [ 7 ]. This fl uid also contains secre-
tions from the endometrium and fallopian tubes, desquamated vaginal epithelial 
cells, and leukocytes [ 8 ]. The chemical composition of the fl uid is reported to 
include carbohydrates, amino acids, aliphatic acids, proteins and immunoglobulins 
[ 9 ], several enzymes, enzyme inhibitors, alcohols, hydroxy ketones, and aromatic 
compounds [ 4 ].  
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   Mucus 

 The chemical and physical nature of the vaginal fl uids can signifi cantly affect drug 
adsorption [ 1 ,  10 ], sometimes positively, for example, thick cervical mucus may 
assist in the bioadhesion of microparticles, and sometimes negatively, for example, 
the thick cervical mucus may also act as a diffusional barrier to drug diffusion. The main 
physical properties of the vaginal mucus that may affect absorption are its rheological 
parameters. These include viscosity, fl ow elasticity, spinnbarkeit, thixotropy, and 
tack [ 4 ] which are dependent upon the amount, composition, and physical charac-
teristics of the cervical mucus which in turn change with the menstrual cycle [ 4 ]. 
For example, there is an increase in fi brosity, pH, and mucin content and a decrease 
in the viscosity, cellularity, and albumin concentration at the time of ovulation due 
to an increase in the amount of cervical secretions at this time of the menstrual 
cycle. Overall, mucus composition may infl uence drug delivery [ 10 ].  

   pH 

 The pH value of the vaginal fl uids depends upon the location within the vagina 
(the pH is lowest near the anterior fornix and highest near the cervix [ 11 ]) as well 
as upon the menstrual cycle (pH values are reported to be at their lowest during 
ovulation and pre-menstruation [ 1 ]). The basal pH value of vaginal fl uid in healthy 
mature women ranges between pH 4 and 5. The acidity is produced mainly by the 
commensal microorganism  Lactobacillus acidophilus . The carbohydrate glucagon 
is released into the lumen from exfoliated epithelial cells arising from the superfi cial 
layers of the vaginal wall, and  Lactobacillus acidophilus  converts the glucagon into 
lactic acid [ 6 ]. The cervical mucus varies in pH from 7 to 9 during different days of 
the cycle, reaching its most basic during ovulation. The acidic nature of the vaginal 
fl uid is important since it offers natural resistance to the colonization of bacteria that 
cause pus, and changes in pH can infl uence the release profi le from an intravaginal 
drug delivery system through alteration of the extent of ionization of the drug in the 
vaginal fl uids or its solubility in the vaginal fl uid. It should also be taken into con-
sideration that any drug delivery system administered to the vagina must take into 
account the presence of these lactic acid producing bacteria and not disturb their 
processes which are essential in maintaining a healthy vaginal environment [ 1 ].  

   Volume 

 The volume (weight) of vaginal discharge can be variable. For example, the weight 
of discharge measured in women of reproductive age was observed to be 3–4 g per 
4 h, while menopausal women produced 50 % less [ 6 ]. When cervical caps were 
fi tted to women, only 2.7 g/24 h secretion was measured. The variability in fl uid 
volume can have a variable effect upon vaginal drug delivery since drugs have to be 
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in solution in order to become absorbed. A large volume of fl uid can be advanta-
geous for adsorption of drugs which need to dissolve before their subsequent absorp-
tion, but the fl uid will gradually fl ow out of the vagina and thus may remove released 
drug with it as it leaves the vagina. Alternatively, copious amounts of fl uid may 
reduce drug delivery by increasing drug diffusional distances.  

   Enzymes 

 The vagina plays host to a variety of enzymes present in its epithelial and basal cell 
layers [ 6 ] which provides a potential enzymatic barrier toward the intravaginal 
delivery of peptides and proteins. An excellent review by Lee describes the various 
enzymatic barriers to peptides and proteins present in the vagina [ 12 ]. The activity 
of vaginal enzymes varies with the menstrual cycle and declines with the onset of 
menopause.  

   Microfl ora 

 The vaginal environment contains a mix of anaerobic microbes, mainly 
 Lactobacillus ,  Bacteroides , and  Staphylococcus  species. It is known that some 
medications can have a direct infl uence on the vaginal microfl ora, for example, 
administration of antibiotics may result in the colonization of the vagina by oppor-
tunistic pathogens.    

27.1.3     Drug Candidates and Absorption 

27.1.3.1     Physicochemical Properties of Drug 

 Drug absorption across the vaginal mucosa is infl uenced by the physicochemical 
properties of the drug [ 13 ]. These properties include its molecular size, molecular 
weight, partition coeffi cient (lipophilicity), extent of ionization, and chemical 
nature [ 6 ]. 

 The list of drugs that are absorbed across the vaginal mucosa includes peptides and 
proteins [ 4 ], several local or topically active agents such as spermicides and antifungals 
[ 1 ], steroids, prostaglandins, antimicrobials, proteins, and nonoxynol-9 [ 2 ].  

27.1.3.2     Absorption Mechanisms 

 The pathways for drug diffusion across vaginal epithelium are essentially similar to 
other mucosa of the body [ 1 ,  6 ] and can occur via three primary routes: diffusion 
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through the transcellular route in the presence of a concentration gradient, diffusion 
between cells (intercellular or paracellular transport), or vesicular or receptor-mediated 
transport [ 4 ]. These absorption routes can be affected by many physiological factors 
which are in turn infl uenced by the stage of the menstrual cycle. For example, vaginal 
epithelial thickness and porosity change during the menstrual cycle.   

27.1.4     Vaginal Drug Delivery Systems 

 There are a wide range of systems that can be used to deliver drugs to the vagina for 
local or systemic activity. These include traditional pharmaceutical formulations 
such as creams, pessaries, foams, gels, tablets, and particulate systems; more 
advanced delivery systems that attempt to account for the conditions prevailing in the 
vagina which may incorporate the use of one or more mucoadhesive polymeric 
components; and specifi cally designed intravaginal delivery systems that generally 
involve solid polymeric systems, usually either elastomers or hydrogels [ 14 ]. Some 
key considerations when designing an intravaginal drug delivery system were 
described by Woolfson et al. [ 14 ]. These are shown in Table  27.1 .

   Table 27.1    Key considerations when designing an intravaginal drug delivery system   

 Design consideration  Comment 

 Whether the delivery system is 
for local or systemic 
delivery 

 Utilize traditional dosage forms such as creams or gels. 
Enhance the delivery system through the use of excipients 
that promote increased intravaginal residence time 

 Whether the goal of treatment 
is site specifi c or if the drug 
needs to be distributed 
rapidly throughout the 
vaginal space 

 Site-specifi c delivery requires a self-locating system, typically 
a mucoadhesive formulation, although an intravaginal ring, 
due to its elastomeric nature, will remain located high in the 
vaginal space 

 For rapid distribution throughout the vaginal cavity, semisolid 
or fast-dissolving solid systems are appropriate. However, 
remember that the rheological properties of the formulation 
will be critical determinants of their ability to spread and 
speed of spreadability 

 The desired drug release 
profi le 

 Different formulations may be required dependent upon 
whether an immediate or modifi ed (sustained or controlled 
release) drug release profi le is required for optimal treatment 

 For systemic drug delivery via 
the intravaginal route 

 Considerations to take into account include the physicochemical 
and potency of the drug. These include partition coeffi cient, 
molecular weight and size, and epithelial permeability 

 The cultural acceptability of 
the vagina as a route for 
drug delivery 

 Between and within different cultures, the personal bias for the 
application of delivery systems that can be self- inserted and 
removed, or considerations relating to leakage, will vary 

 Commercial considerations  From an industrial perspective, the cost-benefi t in relation to the 
commercial value of the active component(s) and the likely 
benefi ts in relation to the disease state must be considered 
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27.2         Rational Design of Vaginal Drug Delivery Systems 

 The rational design of vaginal drug delivery systems is directed toward the goal of 
delivering target concentrations of one or more agents to tissues and cells that will 
elicit desirable pharmaceutical responses for a specifi ed duration. For the vaginal 
route of drug delivery, agents may be of various compositions that act locally or 
systemically to achieve therapeutic or prophylactic outcomes. Therapeutic or pro-
phylactic opportunities for vaginal drug delivery include HIV/AIDS, cancer, and a 
multitude of other indications (STIs, contraception, vaccines). The development of 
topical microbicides for HIV prevention chronicles both the history of development 
and innovation in vaginal drug delivery systems as well as lessons learned in the 
rational design of effective products. Herein we examine the design constraints 
associated with the development of topical microbicides that are based on product 
structure-function relationships known to correlate with protection against sexual 
HIV transmission. 

27.2.1     Protecting the Frontlines: Tissue and Cellular 
Targets for HIV 

 Studies from high-dose vaginal challenge models using nonhuman primates support 
the conclusion that prevention strategies should target early events that occur during 
the fi rst week of HIV-1 infection [ 15 ]. The critical events following mucosal expo-
sure to high-dose simian immunodefi ciency virus (SIV)/simian-human immunode-
fi ciency virus (SHIV) indicate that the virus can cross the mucosal epithelial barrier 
within hours to infect susceptible target cells that are spatially dispersed within the 
epithelium and stroma of the vagina, ectocervix, and endocervix [ 16 – 18 ]. Therefore, 
successful delivery strategies for highly active antiretroviral (ARV) microbicides 
targeting HIV-1 must be highly retentive, penetrate mucosal epithelial barriers, and 
make bioavailable a combination of ARV agents at concentrations that inhibit the 
expansion of locally infected cells and preempt systemic infection. 

 The cervicovaginal tract provides natural barriers to infection that can be addi-
tionally fortifi ed by topical prevention strategies but only if these strategies are able 
to localize protective concentrations of drugs to the tissues and cells targeted by the 
virus. Therefore, an effective intravaginal drug delivery system for HIV-1 preven-
tion must (1) penetrate mucus and tissue barriers before being diluted and cleared 
by vaginal secretions (cervical vaginal mucus is produced at a rate of 2–8 mL/day 
and cleared every 6–17 h [ 19 ]); (2) deliver and target ARV agents to free virions and 
infected cells that are dispersed in genital secretions, the epithelium and submucosa; 
and (3) respond to variations in vaginal pH and microfl ora that occur during intercourse, 
menstrual cycle, and infection with bacterial and viral pathogens. In addition, 
microbicides products must be safe, easy to use, and cost-effective.  
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27.2.2     Pharmacological Considerations: The Right 
Drug at the Right Place 

 Pharmacological agents must be maintained at effective concentrations in tissue and 
cellular compartments to inhibit various mechanisms of HIV transmission at exposure 
sites within the vaginal mucosa. Current ARV drugs being evaluated for oral or topical 
pre-exposure prophylaxis show varying levels of drug concentration within tissues 
(vaginal, rectal) and biological fl uids (blood plasma, cervicovaginal fl uids (CVFs)) 
that depend on the route of delivery, on the physicochemical properties of the drug, 
and on drug pharmacokinetics. For example, tenofovir (TFV) is a water- soluble 
nucleotide reverse transcriptase inhibitor (NRTI) that achieves 100-fold lower con-
centration in CVF and genital tissue when administered orally compared to vaginal 
dosing [ 20 ,  21 ]. In contrast, emtricitabine (FTC), an NRTI with tenfold higher aque-
ous solubility than TFV, shows higher concentrations in CVF than in blood plasma 
after oral administration [ 21 ]. The disoproxil diester prodrug of tenofovir (TDF), 
which is more lipophilic and cell-permeable than the dianionic TFV, results in up to 
1,000-fold higher intracellular concentration of the phosphorylated active metabolite 
than the parent drug when delivered orally [ 22 ]. Finally, the intracellular half-lives of 
specifi c pharmacological agents will dictate the required dosing frequency to achieve 
protective effi cacy. Therefore, the correlation between cellular pharmacology and 
clinical therapeutic or prophylactic outcome cannot be generalized but rather should 
be determined specifi cally for each drug. 

 To date, the majority of clinical HIV microbicide trials have used gel-based sys-
tems for intravaginal drug delivery. The CAPRISA 004 clinical trial showed that 
signifi cant protection from HIV infection was associated with TFV concentration of 
>1,000 ng/mL in CVF, which is tenfold higher than can be achieved from oral TFV 
delivery [ 23 ]. Although the before-and-after sex dosing regimen of the TFV gel in 
the CAPRISA 004 trial was suffi cient to be protective, low user adherence resulted 
in an overall reduction in HIV acquisition of only 39 % [ 24 ]. Therefore, design of 
vaginal drug delivery systems must also account for aesthetic aspects of the dosage 
form that support user compliance in addition to facilitating the pharmacological 
properties of the delivered drug. Aesthetic properties that effect user compliance 
include organoleptic properties such as color, odor, taste, and texture of the dosage 
form. User preferences can vary widely based on cultural reasons, but it is generally 
accepted that dosage forms be colorless and smooth and have no odor or taste so as 
to allow for discreteness. In addition, user requirements that involve dosage fre-
quency, use of an applicator, potential for lubrication, or messiness of the formu-
lation will also be decisive factors in the success or failure of the dosage form. 
The ability to control all these attributes individually and in combination while 
maintaining effective drug activity  in vivo  is at the core of rational design of vaginal 
drug delivery systems.  
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27.2.3     Design Constraints: Physical and Biological Evaluation 
of Vaginal Delivery Systems 

 Studies show that inadequate coating of vaginal rugae by intravaginal delivery 
systems is associated with incomplete protection against vaginal challenge with 
STIs [ 25 ]. For HIV prevention, protecting the cervix is equally as important to pro-
tecting the vaginal epithelium since the fi rst cellular targets for HIV have been 
observed in the endocervical epithelium [ 26 ]. Microbicides that coat  both  the cervix 
and the vagina will be the most effective in preventing sexual HIV transmission. 
Vaginal delivery systems are also subject to dilution by genital secretions during 
application and coitus that cause erosion and reduce retention of the protective coating 
layer [ 27 ]. Therefore, products that resist erosion and elimination and are instead rap-
idly absorbed by the mucosa should signifi cantly enhance drug bioavailability. Finally, 
we propose that delivery of a combination of agents with different mechanisms of 
actions will have the greatest likelihood of enhancing potency and decreasing toxicity 
[ 28 – 30 ]. However, co-formulating agents with different physicochemical properties 
while preserving mechanical properties that maintain the structure or sustain the 
aesthetic qualities of the vaginal drug delivery system have been challenging [ 30 ]. 

 Despite the prevalence of gel-based systems in human clinical trials of microbi-
cides, there are several limitations with this dosage form [ 29 ,  31 – 33 ]. Inadequate 
retention and spreading may contribute to low tissue and cellular concentrations of 
active agents that have likely contributed to the outcome that inhibitors that act with 
nanomolar potency are required at millimolar concentrations for consistent protec-
tion against HIV-1 transmission in nonhuman primate models using a high-dose 
viral challenge [ 34 – 40 ]. Gel-based formulations also limit the ability to deliver mul-
tiple ARV compounds that have desirable synergistic properties but are chemically 
incompatible [ 41 ]. As a consequence, the next-generation delivery strategies must 
enable a more tailored approach for addressing the unique challenges associated 
with delivery of different chemical classes of compounds while preserving physical 
attributes that support user adherence. 

27.2.3.1     Physical, Rheological, and Retentive Properties of Vaginal 
Delivery Systems 

 Vaginal drug delivery systems are comprised of the specifi c pharmaceutical agents to 
achieve the therapeutic or prophylactic outcomes and may also include various excipi-
ents in the formulations. Excipients    may include binders, diluents, preservatives, 
antioxidants, and other agents that affect drug stability as well as user acceptability. 
Current vaginal dosage forms can be classifi ed as solids (fi lms, rings), semisolids 
(gels, ointments), or liquids (foams, douche) and have different requirements for 
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excipients. The drug-excipient interactions are designed to maintain the drug stability 
during manufacturing, transport, and storage while also preserving and facilitating the 
intended biological activity upon deployment. The physical attributes of a dosage 
form include its dimensions (shape), volume (size), and rheological and bioadhesive 
properties. These attributes are guided by specifi c design specifi cations that are impor-
tant for deployment and biological function of the vaginal delivery system. Advantages 
and disadvantages of solid, semisolid, and liquid dosage forms are compared in 
Table  27.2 .

   Only solid dosage forms allow for control of the geometry and shape of the 
vaginal delivery system and are important considerations for administration and 
user compliance as well as manufacturing and packaging. Among the solid dosage 
forms, intravaginal rings (IVRs) and quick-dissolving fi lms are the lead technolo-
gies, which also include tablets, capsules, and suppositories. The physical attri-
butes of IVRs and fi lms are constrained by the materials and their fabrication 
process. Poly(ethylene-co-vinyl acetate), silicone, and polyurethane polymers are 
the primary materials used in the fabrication of IVRs. Balancing the mechanical 
fl exibility and strength of an IVR are needed to permit insertion and retention 
within the vaginal cavity without causing tissue abrasion [ 43 ]. Differences in the 
material mechanical stiffness impact the requirement for the cross-sectional 

   Table 27.2       Comparison of current dosage forms for vaginal drug delivery   

 Strategy  Examples  Advantages  Disadvantages 

 Solid  Vaginal ring  Ease of application  Mechanical requirements of vaginal 
rings limit drug selection 

 Film  Capacity for sustained release  Must be hydrated for drug release 
 Sponge  Long shelf life 
 Tablet  Minimal packaging 
 Capsule  Controllable geometry 
 Suppository 
 Diaphragm 

 Semisolid  Gel  High user acceptability in 
sub-Saharan Africa 

 Limited retention time 

 Cream  Can be designed for 
bioadhesive and rheologi-
cal properties 

 Messiness, leakage 

 Ointment  Large area of initial coverage  Limited chemical compatibility with 
drugs with poor aqueous solubility 

 Liquid  Foam  Can be designed for 
bioadhesive and rheologi-
cal properties 

 Very limited retention time 

 Spray  Large area of initial coverage  Messiness, leakage 
 Douche  Limited chemical compatibility with 

drugs with poor aqueous solubility 
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diameter of IVRs to avoid expulsion. Unlike IVRs, quick-dissolving vaginal fi lms 
have greater potential to design for physical dimensions since these dosage forms are 
typically fabricated via solvent-casting processes [ 44 ]. However, all vaginal fi lms 
have a quadrilateral geometry (squares, rectangles) to maximize the surface area 
for rapid dissolution and are typically smaller than 5 cm 2 . The average thickness 
(<0.3 mm) and mass (~300–400 mg) of the fi nal vaginal fi lm dimensions will also 
depend on the requirement for the amount of drug loading. Vaginal fi lms are advan-
tageous due to their ease of application, minimum packaging requirements, and 
reduced messiness compared to conventional vaginal gels. Overall, there has been 
limited opportunity to design the geometry of existing vaginal drug delivery sys-
tems. This limitation may be due to the particular fabrication and manufacturing 
processes used for some solid dosage forms. The greater challenge, however, is 
likely the inability to design independently the physical attributes of the dosage 
form without consequently affecting their biological function. 

 In contrast to solid dosage forms, semisolid and liquid vaginal delivery systems 
do not have strict physical dimensions. The lead semisolid and liquid vaginal dos-
age forms include vaginal gels and foams, respectively. However, liquid dosage 
forms show low effi cacy associated with poor user adherence due to inconveniences 
such as leakage, messiness, and poor retention. Therefore, these dosage forms are 
generally not a development priority for the fi eld. An attractive feature of semisolid 
and liquid vaginal delivery systems, as well as hydrated vaginal fi lms, is the ability 
to design and control for rheological and bioadhesive properties. The rheological 
properties of a dosage form are important during manufacturing (packaging, 
storage, transport) as well as for their end use (application, spreading, and reten-
tion). Viscosity is a standard rheological measurement for gels and fi lms, which 
have reported specifi c viscosity values in the range of 80 and 0.01 Pa⋅s, respectively 
[ 33 ,  45 ]. These viscosity values may be appropriate initial targets to inform design 
specifi cations that are conducive for spreading and retention under both steady and 
dynamic shear stresses experienced within the vaginal cavity. Delivery systems 
that are designed to be bioadhesive can promote retention of dosage forms that are 
rapidly cleared after application due to short residence times in the vagina. Materials 
that promote bioadhesion include acrylic acid-based polymers, high-molecular- 
weight poly(ethylene glycol) (PEG), and natural polymers such as chitosan and 
carrageenan [ 46 ]. Target values for bioadhesion would allow for formulations to be 
maintained in the vaginal cavity for 24 h [ 42 ]. Several methods to measure bioadhe-
sion have been developed but no single method has been standardized. The most 
accepted method is to use tensile testing to measure the force required to separate 
the dosage form adhered to mucosal tissue. 

 Collectively, if designed correctly, physical and rheological properties of the 
vaginal delivery systems will promote user adherence and biological function. 
A critical criterion for biological function is to deliver therapeutic and protective 
concentrations of the drugs to tissues and cells. Programming drug release kinetics 
is a primary goal of many vaginal delivery systems.  
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27.2.3.2     Engineering Vaginal Delivery Systems for Controlled Release 

 For topical products that are used against HIV prevention, most vaginal drug delivery 
systems are designed to provide bolus delivery combined with sustained drug release 
profi les that can achieve rapid onset as well as prolonged drug activity. One advan-
tage of IVRs is that they allow for sustained release of agents up to several months. 
   Zero-order release kinetics up to 90 days has been reported for a number of different 
drug compounds. Released drug acts locally where the dissolution in vaginal fl uid 
will dictate the drug biodistribution and coating of cervicovaginal surfaces. Unlike 
IVRs, quick-dissolving vaginal fi lms are hydrated upon insertion by vaginal fl uid. 
Hydration and dissolution of fi lms have been reported to be in the range of 4–20 min 
[ 47 ,  48 ]. The resulting drug release from quick-dissolving vaginal fi lms is typically 
complete after 20 min and shows linear release kinetics over this time span. 

 The goals of programming drug release in vaginal drug delivery systems are to 
deliver from the dosage form effective concentrations of the active agents into 
tissues and cells. As discussed above, the physicochemical and pharmacological 
properties of the drug will have important consequences related to tissue absorption, 
cell permeation, and biological activity. Vaginal drug delivery systems have the 
potential to achieve specifi c delivery kinetics of the drug that is aligned with the 
drug pharmacokinetics. However, many novel delivery formulations are also focused 
on altering the pharmacokinetics of the parent compound so as to enhance potency, 
stability, or decrease cytotoxicity. Nanomaterials offer one such strategy to control 
over both delivery kinetics and drug pharmacokinetics (Fig.  27.1 ). The remainder of 
this chapter will focus on nanoparticles and nanofi bers as next-generation strategies 
for vaginal drug delivery.

  Fig. 27.1    Rationale for novel nanomaterial strategies for vaginal drug delivery. Nanoparticles and 
nanofi bers represent two nanomaterial drug delivery platforms that offer individual and combined 
advantages for vaginal drug delivery       
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27.3          Nanomaterial Strategies for Vaginal Delivery 

27.3.1     Nanocarriers for Drug Delivery: Overview 

 Nanocarriers    have been widely investigated for many drug delivery applications due 
to their potential for intracellular delivery, sustained release, formulation of a diverse 
range of agents, and targeting capabilities. Nanocarriers are identifi ed by their size of 
10–1,000 nm and include carriers such as nanoparticles, liposomes, micelles, den-
drimers, nanotubes, and nanolipogels. They have been studied as delivery vehicles to 
the cardiovascular, pulmonary, and central nervous systems for applications such as 
cancer therapy, hormone delivery, and vaccination, and many have advanced to 
clinical trials [ 49 ]. Many extensive reviews on nanocarriers for drug delivery have 
been published [ 50 – 52 ], so here we will provide only an overview of this topic. 

 One advantage that nanocarriers facilitate compared to other delivery systems is 
their ability to deliver contents intracellularly, which may allow for greater concen-
trations of drug to reach their targets. Submicron-sized particles have been shown to 
have greater cell uptake and better submucosal penetration than microparticles [ 51 ]. 
Nanocarriers have been documented to enter cells via endocytic pathways, pinocy-
tosis, receptor-mediated transport, and facilitated transport [ 53 ]. The small size of 
nanocarriers that enables intracellular delivery is an attractive feature of this system, 
particularly for agents with intracellular sites of action. 

 Nanocarriers also provide a strategy to sustain the release of agents over time, 
decreasing the need for frequent administration. Poly(lactic-co-glycolic acid) 
(PLGA) particles have been shown to escape the endosomal compartment and 
remain in the cytoplasm for extended periods of time [ 54 ]. Animal studies using 
PLGA nanoparticles for gene delivery have shown sustained levels of tissue gene 
expression for at least 4 weeks after administration [ 55 ]. Additional studies have 
shown that nanoparticles can extend the period of drug delivery from 3 days to 2 
weeks or longer compared with free drug in solution [ 54 ,  56 ]. 

 Besides providing intracellular delivery and sustained release of agents, nano-
carriers enable versatility in the types of agents that can be delivered. Nanocarriers 
can be made from polymers with varying rates of degradation, chemical, and physi-
cal properties. They have been used to deliver a diverse range of agents including 
hydrophilic drugs [ 57 ], hydrophobic drugs [ 56 ], DNA [ 55 ], siRNA [ 58 ,  59 ], and 
proteins [ 47 ]. For many of these agents, encapsulation within nanocarriers pro-
vides protection from degradation due to surrounding environment. This is particu-
larly true for drugs and proteins that are susceptible to enzymatic or hydrolytic 
degradation [ 60 ]. 

 Both synthetic and natural materials have been used to create nanocarriers [ 61 ]. 
PLGA has been one of the most widely used synthetic polymers for nanoparticles, 
due to its controllable degradation rate and biocompatibility, and it is already being 
used in humans for sutures, bone screws, and contraceptive implants [ 51 ]. Other 
synthetic materials such as poly(lactic acid) (PLA)[ 62 ], poly(caprolactone) (PCL)
[ 63 ], and poly(acrylates)[ 64 ] have also been used as materials for nanoparticles. 
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Synthetic materials offer the advantage of providing greater control over the molecular 
weight distribution and side chain identity compared to natural materials. Some natu-
ral polymers that have been used for fabricating nanocarriers include chitosan, 
alginate, collagen, and gelatin [ 65 ]. Natural polymers often possess reactive sites that 
can be cross-linked or modifi ed with ligands, and they are generally cytocompatible, 
although some concerns have been raised about their immunogenicity [ 61 ]. 

 Several fabrication methods have been used to synthesize nanoparticles, including 
single and double emulsion techniques [ 66 ], nanoprecipitation [ 67 ], spray drying, 
and electrospraying [ 68 ]. Concerns have been raised with the ability to scale up 
emulsion and nanoprecipitation techniques, and spray drying can result in reduced 
product yields [ 66 ]. After fabrication, particles are generally characterized for their 
size and zeta potential using dynamic light scattering, morphology with scanning 
electron microscopy, and drug loading and release using chromatographic methods. 
Various assays are used to confi rm that agents retain their activity after encapsulation 
into particles and are biocompatible, depending on the application. 

 Despite all the potential advantages that nanocarriers offer for enhanced delivery, 
several barriers exist that have prevented nanocarriers from advancing toward clini-
cal application. First, a trade-off exists between enhanced uptake and controlled 
release. While the small size of nanocarriers enhances tissue penetration and intra-
cellular uptake, this comes at a cost of a less controllable release profi le due to their 
large surface area. Smaller nanoparticles generally display signifi cant burst release, 
while larger particles display more controlled release but have reduced uptake [ 53 ]. 
Second, depending on surface properties, nanoparticles can have poor colloidal sta-
bility and problems with aggregation [ 69 ,  70 ]. Third, low drug encapsulation effi -
ciencies have been observed for some agents [ 71 ], likely due to drug partitioning 
into the aqueous phase during formulation. Finally, nanocarriers have been shown 
to either stimulate or suppress immune responses, and methods to characterize 
potential adverse immunologic responses are not yet well established [ 72 ]. 
Immunoglobulins and complement proteins C3, C4, and C5 are capable of binding 
to the surface of some nanoparticles, making them detectable by the mononuclear 
phagocytic system and preventing them from reaching their targets [ 73 ]. New 
approaches are needed to address these concerns and more extensively evaluate the 
immune response to nanoparticles. For instance, modifying particle surface chemis-
try to prevent aggregation may enhance colloidal stability and reduce interactions 
with the immune system, and higher encapsulation effi ciencies may be obtained 
using electrospraying technology for particle synthesis.  

27.3.2     Nanocarriers for Vaginal Drug Delivery 

 Due to their ability to be rationally designed for specifi c environments, nanocarriers 
are a promising platform to overcome barriers associated with mucosal delivery 
routes including to the vaginal and cervical epithelium. Nanocarriers are being 
developed that can penetrate the mucus layer [ 74 ,  75 ] and respond to pH changes 
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within the vagina [ 76 ,  77 ] for optimal delivery.    Local administration of nanocarriers 
to the vagina also allows for the bypass of hepatic fi rst-pass metabolism, higher 
local drug concentrations at the site of infection, and reduced side effects compared 
to systemic delivery. This is especially benefi cial for diseases that are transmitted 
sexually like HIV, in which the initial cellular targets of viral infection are the 
immune cells of the vagina and cervix. Additionally, the cervicovaginal tract offers a 
large area for nanocarrier delivery because the surface is comprised of numerous folds 
called rugae. Several helpful reviews on nanoparticles for mucosal drug delivery have 
been published [ 44 ,  53 ,  78 ,  79 ]. Here we will focus on nanomaterials engineering 
strategies that have been used to overcome specifi c barriers related to vaginal drug 
delivery (Fig.  27.2 ).

27.3.2.1       Overcoming the Mucus Barrier 

 Although local delivery offers many advantages, one particularly challenging aspect 
of vaginal delivery is that of the mucus barrier produced by mucus-secreting cervi-
cal cells. Cervicovaginal mucus is a cross-linked viscoelastic hydrogel composed 
primarily of water with ~2–5 % mucin by weight [ 79 ]. The composition, pH, and 
rheological properties are highly variable, depending on the menstrual cycle and 
health and reproductive status of the woman. The presence of semen (pH 7–8) also 
infl uences mucus properties [ 80 ]. The pore size of cervicovaginal mucus has been 
estimated to be 340 nm on average, with a range of 50–1,800 nm [ 81 ]. Notably, 
CVF is a discontinuous layer, with some areas along the cervicovaginal tract having 
no mucus and some areas having a mucus layer that is several millimeters thick 
[ 82 ]. Because mucus is shear thinning, it is able to maintain an unstirred layer of 
mucus called the adherent layer that lies directly underneath the more rapidly 
cleared luminal layer [ 79 ,  83 ]. The mucus barrier must be crossed in order for 
nanoparticles to reach the underlying target cells, but its variable properties make it 
challenging to characterize. 

 Nanoparticles are being designed to overcome this barrier by controlling the sur-
face properties and size of particles to modulate their interaction with the mucus 
layer [ 53 ,  79 ,  80 ,  84 ]. Particle size in the range of 200–500 nm has been found to be 
optimal for diffusion through mucus [ 79 ]. Large particles (>1,000 nm) are too large 
to penetrate porous mucus network, but small particles (100 nm) can become physi-
cally entrapped within the tortuous polymer network [ 82 ]. The hydrophobicity of 
the particle surface also appears to greatly impact particle diffusivity. PEGylation of 
particles has been shown to increase transport in mucus [ 79 ,  85 ,  86 ]. Further, sur-
face charge has been shown to greatly infl uence particle diffusion through mucus. 
Negatively charged particles are able to move more quickly through mucus than 
positively charged particles, likely due to electrostatic repulsion between particles 
and negatively charged functional groups on mucin [ 82 ]. The effect of electrostatics 
on transport through mucus has been demonstrated with HIV virions themselves. 
The production of lactic acid in cervical mucus has been shown to neutralize the 
negative surface charge of the HIV virion and signifi cantly slow its diffusion 
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compared to cervicovaginal mucus at pH 6–7, in which HIV can maintain its 
negative charge [ 87 ]. 

 Mucoadhesive particles and mucoevasive particles have proposed as two strate-
gies to overcome the mucosal barrier. Mucoadhesive particles are typically 
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  Fig. 27.2    Strategies to overcome barriers in vaginal drug delivery. Intravaginal delivery of drugs 
presents several unique barriers depicted above: (1) cervicovaginal mucus that can trap drugs and 
nanocarriers, (2) fl uid fl ow out of the body due to normal discharge of vaginal fl uid, (3) variable 
vaginal pH arising from presence of semen or stage of menstrual cycle, (4) potential for drug deg-
radation due to vaginal enzymes and reactive oxygen species, and (5) the vaginal epithelium layer, 
which provides a barrier to drugs intended for intracellular delivery to underlying cell populations. 
In designing vaginal drug delivery systems such as topical microbicides, much can be learned from 
how HIV itself has evolved to penetrate these barriers. Examples of strategies and drug delivery 
systems that have been engineered to overcome these barriers are listed above          
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fabricated with a positively charged surface that will electrostatically bind to the 
negatively charged carboxyl and sulfate groups on mucin [ 53 ]. These particles are 
designed to remain in the mucus, slowly releasing their contents that can then dif-
fuse through the mucus layer into underlying cells. Chitosan has been used as a 
material for mucoadhesive particles for nasal siRNA delivery [ 58 ] and vaginal drug 
delivery [ 71 ] because of its cationic nature resulting from protonated amine groups. 
In addition to surface charge, another determinant of mucoadhesion is size. Meng 
et al. studied the effect of particle size on mucoadhesion and encapsulation effi -
ciency of the microbicidal drug candidate TFV [ 71 ]. They found that 188 nm par-
ticles demonstrated a twofold increase in mucoadhesion to porcine vaginal tissue 
compared with 900 nm particles. However, the smaller particles only resulted in 
5 % encapsulation effi ciency compared with 20 % for the larger particles, so the 
authors concluded that the larger-sized particles were most optimal for delivery of 
TFV. One must consider the balance between size and diffusivity in designing 
mucoadhesive particles. While smaller particles have increased surface area that 
leads to greater mucoadhesion, they may also have increased diffusivity in mucus 
compared to larger particles. 

 A contrasting approach to mucoadhesive particles is to create mucus-penetrating 
particles that are able to reach the underlying cells in the submucosa by penetrating 
the mucus layer. Since particle retention is also limited by the periodic sloughing of 
the mucus layer, particles that are trapped within this layer may be expelled before 
reaching their cellular targets [ 53 ]. As such, several groups have designed the sur-
face properties of nanoparticles so that they can better penetrate the negatively 
charged mucus layer [ 74 ,  79 ,  82 ,  85 ]. One of the more successful strategies has been 
to mimic viral strategies for mucus penetration by creating hydrophilic, net neu-
trally charged surface to minimize adhesion-causing hydrophobic and electrostatic 
interactions [ 53 ,  79 ]. 

 The density of PEG surface coating and molecular weight of PEG were found to 
greatly infl uence transport, as demonstrated by Wang et al. [ 86 ]. A highly dense 
surface coating of PEG was found to result in faster transport due to minimized 
hydrophobic interactions with mucin. Low-molecular-weight PEG was also found 
to enhance transport, with 2 kDa and 5 kDa PEG resulting in much faster transport 
than 10 kDa PEG. The authors suggested that high-molecular-weight PEG may 
result in entanglements with mucin polymer chains, preventing diffusion [ 86 ]. Using 
this strategy, Lai et al. modifi ed the surface of polystyrene nanoparticles with a high 
density of low-molecular-weight (2 kDa) PEG to create a net neutrally charged, hydro-
philic surface [ 79 ]. They found transport rates in human mucus were enhanced by three 
orders of magnitude for 200 and 500 nm particles. Mert et al. have also shown that a 
dense coating of low-molecular-weight PEG is optimal for mucus penetration [ 85 ]. 
They report that vitamin E/5 kDa PEG (VP5k)-coated PLGA nanoparticles better 
penetrate human cervicovaginal mucus than poly(vinyl alcohol) (PVA) or 1 kDa PEG-
coated particles and that VP5k allowed for controlled release of paclitaxel over 4 days. 
They attributed this difference to the denser PEG coating and more neutral surface 
charge for 5 kDa PEG-coated particles compared with the 1 kDA PEG particles. 

 Conferring a negative surface charge to nanoparticles also appears to enhance 
their ability to penetrate mucus. Das Neves et al. have studied the infl uence of 
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surface charge on rate of transport in simulated vaginal fl uid-containing mucin 
adjusted to pH 4.2 and 7.0 [ 82 ]. They evaluated dapivirine-loaded PCL particles 
with three different surface coatings: poloxamer 338 NF (PEO), sodium lauryl sul-
fate (SLS), and cetyltrimethylammonium bromide (CTAB). They found that all 
PCL particles were mildly mucoadhesive on their own, likely due to hydrophobic 
interactions between the PCL polymer and mucin. However, they reported that 
nanoparticles with negatively charged surfaces (modifi ed with PEO or SLS) were 
able to move through mucus simulant by subdiffusive transport at rates that may be 
appropriate for microbicide delivery. In contrast, transport of nanoparticles with 
positively charged surfaces (CTAB modifi ed) was impaired, likely from electro-
static interactions with mucin. This work highlights the importance of considering 
surface charge in engineering nanoparticles with mucoevasive properties. 

 There is emerging evidence that conventional (i.e., uncoated) polymeric nanopar-
ticles may be unable to penetrate cervicovaginal mucus to reach the underlying 
target cells. For example, Yu et al. report that PLGA particles were slowed by 
12,000-fold in human cervicovaginal mucus compared to water, whereas particles 
made from the diblock copolymer PLGA-PEG were slowed only eightfold in human 
cervicovaginal mucus compared to water [ 75 ]. Cu et al. have studied the distribution 
of PEG-modifi ed (mucus-penetrating), avidin-modifi ed (mucoadhesive), and 
unmodifi ed PLGA nanoparticles following intravaginal administration in mice [ 84 ]. 
They found that that surface properties signifi cantly impact their ability to penetrate 
tissues. Approximately fi ve times greater vaginal retention was observed for both the 
mucus-penetrating PEG particles and the mucoadhesive avidin-modifi ed particles 
over 24 h compared to unmodifi ed PLGA particles. However, signifi cantly more 
PEG-modifi ed PLGA particles remained in tissue extracts up at to 6 h following 
administration, leading the authors to conclude that the mucus-penetrating modifi -
cation was most effective for intravaginal delivery. Ensign et al. developed mucus-
penetrating 5 kDa PEG-conjugated polystyrene particles loaded with acyclovir 
that were able to prevent herpes simplex virus 2 (HSV-2) in mice [ 74 ]. The acyclo-
vir mucus-penetrating particles protected 53 % of mice against HSV-2 challenge 
compared to 16 % of mice receiving soluble drug. In addition, they found over a 
nearly threefold improvement in tissue coverage (from 30 to 87 %) and longer 
tissue retention provided by mucus-penetrating particles compared with conven-
tional (carboxyl-modifi ed polystyrene) particles. 

 While the improved mucus penetration and tissue retention attained by mucus- 
penetrating particles represents an important advance in vaginal drug delivery, some 
challenges remain. Particularly, the effect of modifying surface properties for mucus 
penetration on intracellular uptake has yet to be determined. Particles with a net 
neutral charge may be optimal for penetrating mucus, but there may be a trade-off 
with lower levels of intracellular uptake. Size, material composition, and surface 
chemistry have been shown to affect cell uptake [ 88 – 90 ]. Specifi cally, PEG modifi -
cation has been shown to reduce phagocytosis in macrophages [ 88 ,  91 ]. Studies that 
pair mucus penetration capabilities of nanoparticles with their intracellular uptake, 
such as those performed by Das Neves et al., would provide valuable insight into 
this potential setback [ 63 ,  82 ]. Balance between the ability of nanoparticles to 
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penetrate the mucus layer and deliver their payload intracellularly may best be 
achieved by evaluating particle transport, intracellular uptake, and cytotoxicity in 
parallel for all formulations.  

27.3.2.2     Overcoming Variations in Vaginal pH 

 Another challenge unique to vaginal drug delivery is the varying pH present in the 
reproductive tract. Normal physiologic pH in the vagina ranges from 4 to 6 but can 
change with the presence of bacterial infections, changes in the menstrual cycle, or 
presence of semen [ 53 ,  92 ]. Lactobacilli convert glycogen to lactic acid and are the 
primary microbe responsible for maintaining vaginal pH in premenopausal women 
[ 53 ]. Once particles penetrate the vaginal epithelium, they would be subject to 
increasing pH in the subepithelial layer and intracellularly. 

 Instead of seeing vaginal pH fl uctuation as a barrier, several groups have used this 
variation as a stimulus for “smart” drug delivery from nanoparticles. The normally 
acidic pH of the vagina is altered during sexual intercourse, since the pH of semen is 
known to be basic (7–8) with a high buffering capacity [ 93 ]. Polymers that are solu-
ble in alkaline solutions but insoluble in acidic solutions could serve as stimuli-
responsive materials to release drug contents upon an increase in pH.    Such polymers 
could be used to trigger release of agents that block HIV action when the virus enters 
the body via semen. Zhang et al. have created Eudragit ®  S-100/PLGA pH-responsive 
particles for semen-triggered vaginal delivery of TFV [ 76 ].    Eudragit ®  S-100 is a pH-
responsive copolymer made from methacrylic acid-methyl methacrylate (1:2) that is 
soluble in an alkaline environment. They show a fourfold increase in drug release 
rate from these particles over 72 h in the presence of a semen fl uid simulant (pH 7.6) 
compared with vaginal fl uid simulant (VFS) (pH 4.2). Yoo et al. also investigated 
Eudragit ®  S-100 as a material to create pH-responsive particles for mucosal delivery 
[ 77 ]. They show that particles loaded with hydrophilic or hydrophobic model drugs 
release <40 % of contents in vitro at pH 4.0, compared with >90 % of contents at 
pH 7.4 over 6 h. While this system has yet to be evaluated in vivo, initial results 
suggest that pH-triggered release from Eudragit ®  particles may be a feasible method 
for stimuli-responsive drug delivery to the vagina.  

27.3.2.3     Vaginal Delivery of Antiretroviral Agents, Proteins, 
and Nucleic Acids 

 First generation microbicides for HIV chemoprophylaxis were based on materials 
with nonspecifi c action against HIV and included surfactants, polyanions, and 
dendrimers [ 94 ]. Disappointingly, these products failed to show effi cacy in clinical 
trials, with some even increasing susceptibility to HIV. The fi rst microbicide to show 
clinical effi cacy was a microbicide gel containing 1 % TFV, resulting in an overall 
39 % reduction in HIV infections among South African women [ 24 ]. The current 
paradigm for designing microbicides has shifted to focus on agents with specifi c 
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mechanisms of actions against HIV [ 95 ].    While delivering agents with specifi c 
against HIV may prove to be more effective than nonspecifi c methods, formulating 
them into vaginal products so that they are active and bioavailable has been 
challenging. 

 Nanoparticles offer several advantages for the development of HIV microbicides 
in particular, including overcoming challenges of drug stability and solubility, co- 
delivery of diverse agents, and providing sustained release. First, many ARVs have 
low aqueous solubility, making them hard to administer in their free forms. 
Nanoparticles have been used to encapsulate and release dozens of hydrophobic 
drugs, including many ARVs [ 53 ,  96 ]. They also offer a means to protect their con-
tents from premature degradation by vaginal pH and enzymes. Nanoparticles have 
been made that encapsulate ARVs including zidovudine [ 91 ,  97 ], efavirenz (EFV) 
[ 56 ], saquinavir [ 98 ], lopinavir [ 56 ], ritonavir [ 56 ], TFV [ 71 ,  76 ], TFV disoproxil 
fumarate [ 76 ], dapivirine [ 63 ], and indinavir [ 99 ]. Some of these particles were 
designed for systemic delivery for HIV therapy, and some were proposed for topical 
application for HIV prevention. Several helpful reviews have previously been pub-
lished on ARV-loaded nanoparticles [ 96 ,  100 ,  101 ]. 

 One paradigm for engineering next-generation microbicides is that of highly 
active antiretroviral therapy (HAART). HAART has been used successfully to treat 
people infected by HIV through the coadministration of multiple ARV drugs, 
surmounting the drug-resistant strains that come from a rapidly mutating virus. 
However, co-formulating antiviral drugs of diverse physicochemical properties into 
a single product has posed a challenge for topical microbicide development. 
Polymeric nanoparticles are a platform that allows for individual formulation of 
ARVs that can subsequently be delivered simultaneously. 

 Chaowanachan et al. have investigated the potential for ARV nanoparticles to 
provide drug synergy [ 102 ]. They formulated PLGA nanoparticles loaded with EFV 
or saquinavir (SQV) and evaluated their antiviral activity and synergy with free 
TFV in TZM-bl cells. EFV nanoparticles resulted an ~50-fold decrease in IC50 
value compared to free EFV, in addition to strong synergism when delivered with 
TFV. SQV nanoparticles resulted in a ~2-fold reduction in IC50 and also showed 
synergistic activity in combination with TFV. Even though intracellular delivery 
was not measured in this study, the authors expect this is the mechanism by which 
nanoparticles produced increased activity compared to free drug. This    work demon-
strates the potential for nanoparticles not only to facilitate greater delivery than 
unformulated ARVs but also to allow for drug–drug interactions that may not be 
possible just by delivering free drug combinations. 

 In addition to the delivery of hydrophobic ARV drugs, nanocarriers have also 
been used as a vehicle for the vaginal delivery of biologic agents, including peptides 
and nucleic acids. These agents would likely be quickly degraded by the acidic 
vaginal pH or enzymes in their free form, so nanocarriers may prove especially 
helpful for their delivery. 

 PSC-RANTES, a chemokine analogue that blocks CCR5 expression, is of 
particular interest for vaginal drug delivery due to its picomolar potency and its 
demonstrated in vivo protection against HIV-1 when topically applied in rhesus 
macaques [ 36 ]. However, for in vivo effi cacy, doses were required which were 
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orders of magnitude higher than concentrations necessary for in vitro effi cacy. 
Hypothesizing that nanoparticles could overcome problems with free protein delivery 
such as poor submucosal tissue penetration or premature protein degradation, Ham 
et al. have created PLGA nanoparticles loaded with PSC-RANTES [ 47 ]. Indeed, they 
found a fi vefold increase in tissue uptake over 4 h for PSC-RANTES encapsulated in 
nanoparticles versus unformulated PSC-RANTES in an ex vivo cervical tissue model. 
Nanoparticles also provided enhanced tissue penetration of the peptide and localiza-
tion at basal layers of the epithelium. They also report that encapsulation into nanopar-
ticles did not affect the in vitro anti-HIV activity of PSC- RANTES. Approximately 
70 % of the peptide was released in vitro over 30 days, with release being affected 
by the pH of release media and the L (lactide):G (glycolide) ratio of PLGA used for 
nanoparticle formulation. Decreased PSC-RANTES release was observed with 
increased pH (4.6–7.4) and with increasing L:G ratio (50:50–85:15). These results 
provide evidence that PLGA nanoparticles can be used to encapsulate and sustain 
release of a peptide relevant to vaginal drug delivery and further that the L:G ratio 
of PLGA may be used to control release kinetics. 

 PLGA nanoparticles have also been investigated as a strategy for the vaginal 
delivery of nucleic acids. Woodrow et al. loaded PLGA nanoparticles with siRNA 
targeted against the gene encoding enhanced green fl uorescent protein and studied 
gene expression after topical intravaginal application to transgenic mice [ 59 ]. In vitro 
release studies showed that particles were able to provide sustained, linear release 
of siRNA over 30 days, with about 50 % of total encapsulated siRNA released. 
Sustained gene silencing was observed throughout the mouse reproductive tract for 
at least 14 days after a single topical application of nanoparticles, and histological 
analysis revealed that particles were able to penetrate deeply into the epithelial 
tissue. The authors concluded that PLGA nanoparticles provide effective and sus-
tained release of siRNA and are less infl ammatory than siRNA lipoplexes and thus 
demonstrate an expanded application of PLGA nanoparticles to mucosal surfaces. 
This work has been expanded on by Eszterhas et al. who hypothesized that by 
lowering expression of CD4 and CCR5 receptors in tissue, infection could be 
reduced because HIV would be less able to enter cells [ 103 ]. They delivered CD4- 
and CCR5-specifi c siRNA in INTERFERin ®  (Genesee Scientifi c) nanoparticles to 
human cervical explants and monitored gene expression and HIV-1 infection over 5 
days. Explants exposed to nanoparticles were found to have lower levels of CD4 and 
CCR5 transcripts, as well as reduced HIV-1 reverse transcripts. They also observed 
increased production of IFN-α, a potent antiviral cytokine, which may strengthen 
antiviral activity. These examples demonstrate that nanoparticles can be used to 
effectively deliver siRNA intravaginally, which may have applications for topical 
microbicides for HIV prevention.  

27.3.2.4     Drug Targeting and Intracellular Vaginal Delivery 

 Besides the challenge of formulating multiple drugs for simultaneous delivery, user 
adherence has been a substantial challenge in clinical trials of vaginal microbicides 
for HIV prevention. Low adherence to vaginal gels requiring daily administration 

27 Vaginal Drug Delivery



628

has been suggested as a primary reason for the lack of effi cacy observed in FEM- 
PREP and VOICE trials [ 104 ,  105 ]. The development of a long-acting microbicide 
that requires less frequent administration provides a means to increase adherence. 
As discussed previously, nanoparticles have been shown to provide sustained release of 
agents for 2–4 weeks after a single administration. As such, nanoparticles may offer 
a means to create a long-acting microbicide by allowing for sustained intracellular 
delivery and targeting of agents with activity against HIV. 

 Research done by Destache et al. has provided insight into the persistence time and 
intracellular release profi les of ARV-loaded PLGA nanoparticles in peripheral blood 
mononuclear cells (PBMCs) [ 56 ]. They synthesized EFV-, lopinavir-, and ritonavir-
loaded nanoparticles and measured intracellular drug levels over 28 days. Free drugs 
administered to PBMCs reached a peak concentration at 8 h and were eliminated 
within 48 h. In contrast, ARV-loaded nanoparticles reached peak drug concentrations 
at 24–96 h, and drug levels persisted at >0.9 μg for the full 28 days of the study. 
This study provides strong evidence for the ability of PLGA nanoparticles to provide 
sustained release of ARVs and potential application for a long- acting microbicide. 

 Das Neves et al. have done work to investigate the relationships between surface 
modifi cation of nanoparticles, cellular uptake, and antiviral activity using six cell 
types relevant to vaginal HIV transmission [ 63 ]. They formulated dapivirine-loaded 
PCL nanoparticles with three different surface modifi ers (CTAB, PEO, or SLS) to 
create particles with either positively or negatively charged surfaces. Nanoparticles 
with a positive surface charge (CTAB) resulted in higher drug concentrations in 
VK2/E6E7 vaginal epithelia cells and HeLa cervical cells compared to negatively 
charged particles (SLS, PEO). They found that all nanoparticles resulted in enhanced 
intracellular drug levels in phagocytic cells and similar or improved activity against 
HIV compared to free drug, indicating a passive targeting mechanism of nanopar-
ticles. Due to the relatively high levels of cytotoxicity observed with CTAB-modifi ed 
particles, they concluded that particles with a negative surface charge (PEO or SLS 
modifi ed) were better candidates for vaginal delivery of dapivirine. This study is 
consistent with other research that has shown that for some drugs, ARV nanoparti-
cles result in enhanced antiviral activity when compared to free ARVs [ 102 ]. 

 Another strategy for the delivery of ARVs has been termed “nanoART” (nano- 
antiretroviral therapy), which refers to crystalline drug broken into nano-sized 
pieces using techniques like wet-milling. NanoART has been proposed as a strategy 
to overcome pharmacokinetic limitations of ARVs by providing a more long-acting 
formulation with better biodistribution. Nowacek et al. have investigated several 
wet-milled ARVs for their physicochemical properties, intracellular delivery, and 
ability to prevent HIV-1replication in monocyte-derived macrophages [ 106 ]. They 
found that properties such as particle size, surface charge, and shape infl uence cell 
uptake and ARV effi cacy. Specifi cally, a strong correlation of 0.92 was found 
between intracellular drug levels and protection against HIV for EFV and atazana-
vir. These results suggest that intracellular drug delivery is a key component of 
establishing high levels of effi cacy. Roy et al. evaluated nanoART in HIV-1-infected 
human peripheral blood lymphocyte-reconstituted mice for the combination deliv-
ery of ARVs as a long-acting formulation [ 107 ]. They found decreased viral 
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replication and higher CD4+ T-cell populations for mice receiving weekly subcu-
taneous injections of nanoART compared to orally administered conventional 
ARVs. While nanoART has shown promise as a strategy for systemic delivery of 
ARVs for HIV therapy, little work has been done yet to evaluate nanoART for topical 
application for HIV prevention. 

 A distinctive feature of nanoparticles compared with other delivery systems is 
their ability to be targeted to specifi c cell types through passive or active targeting. 
Passive targeting is based on physicochemical properties like hydrophobicity and 
size that lead to preferential uptake, whereas active targeting involves the use of 
targeting ligands or molecules. Targeted nanoparticles have been widely investi-
gated as a strategy for cancer therapy, as many types of tumors are known to over-
express specifi c receptors [ 108 ]. Nanoparticles have been targeted to tumor surfaces 
using molecules such as monoclonal antibodies, aptamers, oligopeptides, and folic 
acid [ 109 ]. Targeted nanoparticles may also have valuable applications in vaginal 
drug delivery, particularly for HIV treatment and prevention. However, unlike in 
some types of tumor targeting, a surface marker that is unique to all cells infected 
with HIV has not been identifi ed [ 110 ]. HIV is known to infect only certain cell 
types, including CD4+ T cells, CD4+ monocytes/macrophages, dendritic cells, fol-
licular dendritic cells, some fi broblasts, and microglial cells [ 110 ]. Consequently, 
the HIV receptor CD4, coreceptors CCR5 and CXCR4, and macrophage or den-
dritic cell receptors may serve as potential targets. Gunaseelan et al. have published 
an informative review on targeting strategies for HIV infection [ 110 ]. 

 Much research on HIV targeting has been aimed at developing a drug delivery 
system to eradicate virus from already infected persons through targeting reservoir 
cell populations that are latently infected with HIV. In particular, many strategies 
have focused on targeting the CD4+ lymphocyte [ 111 ] or macrophage reservoirs 
[ 112 ,  113 ]. Macrophages constitute a major HIV reservoir that harbors the virus in 
its latent form and are resistant to the cytotoxic effects of HIV, preventing its com-
plete eradication from the body. Though CD4+ lymphocytes represent the largest 
HIV reservoir by number, the dynamics of HIV replication in macrophages indicate 
that this reservoir may be of even greater importance. Unlike CD4+ lymphocytes, 
which are rapidly killed by HIV, macrophages have been shown to continually pro-
duce high levels of HIV for at least 60 days after virus challenge [ 112 ]. 

 Tuftsin is a tetrapeptide (Thr-Lys-Pro-Arg) that has been shown to naturally acti-
vate macrophages [ 113 ]. It binds specifi cally to macrophages, monocytes, and poly-
morphonuclear leukocytes. Dutta et al. have designed poly(propyleneimine) (PPI) 
nanoparticle dendrimers conjugated with tuftsin to deliver EFV to macrophages 
[ 113 ]. They showed a 34.5-fold increased cellular uptake for the dendrimers conju-
gated with tuftsin compared with free drug, as well as signifi cantly higher cellular 
uptake of tuftsin-conjugated PPI nanoparticles versus PPI nanoparticles. Interestingly, 
they also observed increased uptake of tuftsin-conjugated PPI nanoparticles in 
HIV-infected macrophages versus uninfected macrophages, which they attribute to 
an increased activation state of macrophages infected with HIV. Other strategies for 
targeting macrophages include molecules that target the formyl peptide receptor 1, 
mannose receptor, or the Fc receptor [ 110 ]. 
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    While macrophages may represent a primary target for targeting HIV reservoirs 
for therapy, other cell types may be more appropriate targets for HIV prevention 
strategies that are intravaginally administered. Perhaps the most relevant targets for 
prevention are the cells considered to be the initial sites of HIV infection, including 
CD4+ T cells and Langerhans cells. HIV infection is thought be established through 
the transport of free HIV virions or cell-associated virus (primarily in macrophages) 
through the vaginal or cervical epithelium to underlying CD4+ cells [ 114 ]. Targeting 
strategies that would prevent this transport of free or cell-associated virus are potential 
approaches for designing novel microbicides. 

 In addition to cells expressing CXCR4 or CCR5, dendritic cells also play an 
important role in establishing productive HIV infection. Dendritic cells can uniquely 
bind to HIV without the use of these receptors by means of interactions between 
DC-SIGN and viral gp120 [ 115 ]. Langerhans cells can mediate trans-infection by 
transporting virions across the cervicovaginal epithelium to susceptible cells and 
migrating to T-cell-rich lymph nodes [ 115 ]. Targeting dendritic cells may therefore 
be a useful strategy for creating a more effective HIV microbicide. For example, 
Penadés et al. have developed mannosylated gold nanoparticles that interfere with 
DC-SIGN as a potential microbicide [ 116 ]. They report that these gold particles are 
able to inhibit DC-SIGN-mediated trans-infection of human T cells. By mimicking 
HIV in its cluster presentation of oligomannosides, this group was able to utilize the 
high surface area of nanoparticles, allowing for maximal interaction with gp120. 
Other targeting strategies specifi c to dendritic cells include targeting the C-type 
lectins present on dendritic cells, the CD205 receptor, or Langerin found on intraep-
ithelial Langerhans cells [ 117 ]. 

 Given the variety of cell types that can be infected by HIV, nanoparticles targeted 
to just one cell type may not be suffi cient to prevent infection or completely eradicate 
virus from all reservoir sites. However, as the biology of HIV transmission becomes 
better understood, nanoparticles offer a strategy to specifi cally target early stage viral-
host interactions. It is also conceivable that multiple types of nanoparticles that 
target different cell populations could be delivered simultaneously. Nanoparticles 
have also been made that directly target the HIV itself instead of indirectly targeting 
cells that could be infected by HIV. Examples include silver nanoparticles that have 
been found to specifi cally interfere with HIV entry [ 118 ] and polystyrene particles 
with concanavalin-A on their surface that can capture viral gp120 [ 119 ].  

27.3.2.5     Future Challenges and Directions for Nanoparticles 
for Vaginal Delivery 

 Beyond the advances made in overcoming mucus barrier and variations in vaginal 
pH, several challenges remain for successful nanoparticle-mediated vaginal drug 
delivery. First, there is a need for studies that investigate how long nanoparticles can 
sustain the delivery of drugs to the vagina and surrounding tissue. As discussed 
previously, much work has demonstrated the potential of nanoparticles to sustain 
drug release when delivered via other routes of administration. Cellular uptake of 
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dapivirine-loaded nanoparticles and intracellular dapivirine levels has been moni-
tored over 6–10 h in six cell types relevant to vaginal drug delivery [ 63 ]. Similar 
studies are needed that compare differences in intracellular drug concentrations 
from delivering nanoparticle-formulated drug versus free drug, evaluated in vaginal 
cell lines but over time scales extending to several days or weeks. Discerning 
whether these drug levels actually correspond to protective concentrations that 
could prevent diseases such as HIV-1 would be of great relevance to this fi eld. 

 Even if nanoparticles are shown to sustain intracellular drug levels and provide a 
long-acting dosage form, a practical method of administration of nanoparticles to 
the vaginal mucosa is still lacking. Several in vivo studies have administered 
nanoparticles intravaginally to mice in aqueous suspensions [ 74 ,  84 ], but it is 
unclear how this would translate to human use. A method of vaginal delivery for 
nanoparticles is needed that allows for a long product shelf life and enhanced reten-
tion time to provide better coverage of the vaginal tissue. One potential solution 
may be combination dosage forms, such as nanoparticles that release from a solid- 
state dosage form such as a vaginal ring, diaphragm, or electrospun nanofi ber mesh. 
Further work that evaluates shelf stability, vaginal retention, and biodistribution that 
result from various dosage forms would serve to more quickly advance this work to 
clinical applications. Although there are many complex barriers that have prevented 
effective vaginal drug delivery in the past, nanocarriers represent a versatile delivery 
vector that may be able to overcome them.   

27.3.3     Nanofi bers for Drug Delivery: Overview 

 Electrospinning technology has been an area of tremendous growth in the last decade 
[ 120 ], as it offers great fl exibility to engineer platforms that can be tailored to specifi c 
applications. Electrospinning is a simple process in which a polymer solution is 
pumped through a needle and an electric fi eld is applied across the positively charged 
needle and grounded collector. Static electrical charges are induced on the molecules 
of the polymer solution, which then repel each other [ 121 ]. The polymer liquid is 
stretched into fi bers upon the force of the electric fi eld overcoming the surface 
tension of the solution. As the fi bers stretch toward the collector and the solvent 
evaporates, they undergo whipping instability and form a mat of fi bers on the collector. 
We refer the reader to several reviews on the topic of electrospun fi bers for a more 
detailed explanation [ 120 ,  122 ,  123 ]. 

 One of the attractive features of electrospinning is its versatility in terms of material 
selection, control over processing parameters, and product geometries (Fig.  27.3 ). 
Over 100 polymers of both hydrophilic and hydrophobic nature have been electros-
pun as of 2007 [ 123 ]. Polymers can be blended prior to electrospinning to adjust 
properties like degradation rate and mechanical behavior [ 124 ]. Properties includ-
ing fi ber diameter, pore size, spatial deposition, and alignment can be controlled 
through modifying parameters like fl ow rate, applied voltage, and polymer concen-
tration [ 120 ,  122 ,  125 ,  126 ]. Electrospun fi bers can also be engineered to mimic the 
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  Fig. 27.3    Electrospun fi bers enable multiple design specifi cations within a single device. One 
attractive feature of electrospun fi bers is that their versatility may allow for multiple design require-
ments to be achieved in a single product for vaginal drug delivery. Fibers can be electrospun with 
controllable fi ber diameters over a wide size range in comparison to microorganisms and carbon 
nanotubes (fi gure adapted from Greiner and Wendorff [ 199 ]). A diverse polymer space compatible 
with electrospinning allows for selection of materials that are most appropriate for the application. 
Various patterns including aligned and randomly oriented fi bers are possible. Fiber architectures 
like the hollow fi ber and core-shell fi ber displayed above can also be obtained (reprinted with per-
mission from Xia et al. [ 200 ]). Such control over polymer selection and patterning allows for fi bers 
to be spun with versatile mechanical properties comparable with a latex condom [ 201 ]. 
Electrospinning also allows for a wide range of release kinetics, such as the burst release and 
sustained release of maraviroc from PLLA/PEO and PDLLA/PLLA fi bers [ 141 ]       
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structure of the native extracellular matrix, a cross-linked porous network of glycos-
aminoglycans with collagen fi bers ranging from 500 nm to 15 μm in diameter [ 127 ]. 
As such, they have been investigated for applications including 3-D tissue engineer-
ing scaffolds [ 121 ,  128 ,  129 ] and medical device coatings to reduce the foreign 
body reaction [ 130 ]. Geometries of the fi ber mat (e.g., aligned mats, hollow tubes, 
yarn) and the degree of fi ber alignment can be controlled by changing the nozzle 
confi guration or type of collector [ 122 ]. Another advantage of electrospinning is 
that it is economical, allowing for high encapsulation effi ciencies and relatively 
easy scale-up [ 121 ].

   Electrospun fi bers have recently been investigated for their potential as drug 
delivery systems. Fibers offer a large surface area-to-volume ratio that is amenable 
to quick drug delivery and have the capacity for high drug loading [ 131 ]. In addi-
tion, fi bers can be engineered to achieve desired release properties by selecting 
materials with appropriate degradation rates, controlling electrospinning process 
parameters, and varying the drug binding mechanism. Fibers have been electrospun 
to deliver drugs such as antibiotics, anticancer drugs, proteins, and DNA [ 122 ]. 
Methods for incorporating drugs into fi bers include adding drug to the polymer solu-
tion prior to electrospinning, or coating fi bers with drug after electrospinning. Some 
have also utilized hydrogen bonding, hydrophobic, or electrostatic interactions 
between drug and polymer to complex drugs with fi bers [ 120 ,  132 ]. Drug release 
from fi bers is governed by three mechanisms: (1) desorption of drugs from fi bers 
surface, (2) solid-state diffusion of drug through fi bers, and (3) polymer degradation 
of fi bers in vivo [ 120 ]. Several strategies have been employed to control drug release 
from fi bers, including embedding drug within fi bers versus coating drugs on the 
outside of fi bers, modulating polymer crystallinity, changing fi ber diameter, and 
creating a rate-controlling outer fi ber shell using coaxial or emulsion spinning [ 120 ]. 
One of the key strategies has been using coaxial electrospinning to create “core-shell” 
fi bers. Coaxial spinning allows for two different polymers to be electrospun into a 
single fi ber, with one material forming an outer shell and another forming an inner 
core. This technique can protect biologic agents, nucleic acids, and even cells from 
organic solvents and the effects of the electric fi eld, in addition to providing another 
way to modulate release [ 133 ,  134 ].  

27.3.4     Considerations in Engineering Nanofi bers for Vaginal 
Drug Delivery 

 Although electrospun fi bers have been widely investigated for many drug delivery 
applications including transdermal [ 135 ], oral [ 136 ,  137 ], ocular [ 138 ], and abdominal 
delivery [ 139 ], they are just beginning to be explored for vaginal drug delivery. There 
are currently only two publications to our knowledge in which electrospun fi bers 
have been studied as a drug delivery platform to the vaginal mucosa [ 140 ,  141 ]. 

 Huang et al. have electrospun cellulose acetate phthalate (CAP) fi bers that dis-
solve quickly upon increase in pH as potential semen-triggered microbicides [ 140 ]. 
CAP is an especially interesting material for HIV prevention given its ability to 
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induce conformational changes in HIV glycoproteins and interfere with entry. 
To enhance the inherent antiviral activity of the CAP fi bers, the fi bers were loaded 
with two reverse transcriptase inhibitors (TMC 125 or TFV disoproxil fumarate). 
Unloaded CAP fi bers were found to neutralize 50 % of HIV at 0.05 mg/mL CAP, 
and drug-loaded CAP fi bers were found to achieve complete neutralization at 0.5 μg 
TFV disoproxil fumarate/mL. Electrospun fi bers displayed low toxicity toward vag-
inal epithelial cells (<1.8 mg/mL CAP) as well as three strains of  Lactobacillus  
(<0.1 mg/mL CAP). Fibers were observed to completely dissolve in <20 s when 
added to mixtures of semen and VFS, in contrast to their insolubility in VFS alone. 
The authors expect that these fi bers would remain intact upon vaginal insertion, and 
then locally dissolve and release ARVs upon exposure to semen. 

 Ball et al. report electrospinning fi ber meshes from blends of PLLA and PEO 
loaded with ARV and contraceptive agents for the prevention of HIV-1 infection 
and unwanted pregnancy [ 141 ]. They electrospun fi bers incorporating inhibitors of 
viral reverse transcriptase and CCR5 binding that potently inhibited HIV infection 
in vitro. The PLLA and PEO blends demonstrated rapid burst release of >70 % of 
ARV payload within 1 h in VFS. By blending the amorphous isomer poly( d , l )-
lactic acid (PDLLA) with semicrystalline PLLA, they were able to prevent the burst 
release and obtained small (5 %) but sustained release of maraviroc over 144 h. 
They further demonstrated that fi ber meshes act as a both a chemical and physical 
barrier to sperm. The fi bers could act to chemically inhibit sperm by releasing glyc-
erol monolaurate to impair sperm motility and physically block sperm from pene-
trating the tortuous fi brous mesh. Fiber meshes were electrospun into a cylindrical 
geometry intended to provide physical coverage of both the vaginal epithelium and 
cervix. Nanofi bers were expected to provide enhanced coverage of the mucosal tissue 
and vaginal rugae, supported by the extent of coverage observed when fl uorescent 
fi ber meshes were applied to mice. The authors envision that fi ber meshes could be 
inserted simply with a tampon applicator, rendering this platform as discreet, female 
controlled, and reversible. They project that the application of drug- eluting fi bers 
for vaginal delivery can extend beyond use as a microbicide and contraceptive to 
other applications such as mucosal vaccine delivery, STI treatment, and rectal 
microbicides. Figure  27.4  summarizes potential applications of nanofi bers for vaginal 
drug delivery.

   While there are no other examples of electrospun fi bers for vaginal drug delivery 
in literature from which to draw direct conclusions, much can be learned from 
related work in transdermal drug delivery, wound dressings, and tissue engineering. 
We will now discuss aspects of electrospinning fi bers for drug delivery using examples 
from literature and comment on their implications for vaginal drug delivery. 

27.3.4.1    Engineering Nanofi bers with Controllable Release Profi les 

 Electrospun fi bers have been engineered to provide long-term sustained release of 
drugs over several months, ultrafast burst release within seconds, and asynchronous 
release of multiple agents. All three of these release profi les may be desirable for 
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various applications for delivery to the lower female reproductive tract. For example, 
a quick-dissolving fi ber platform may be most appropriate for a pericoitally admin-
istered microbicide so that the drug is able to reach target cell populations to provide 
protection before the virus. However, for a fi ber-incorporating vaginal ring or dia-
phragm intended to remain in place for weeks to months, fi bers that can provide 
long-term, sustained drug release with zero-order kinetics would be preferable. 
One can envision many types of products being created from electrospun fi bers for 
vaginal delivery that facilitate release on time scales of <5 min to several months. 

 Many studies have been done showing that controlled release is possible from 
nanofi bers [ 142 – 145 ]. Strategies to control drug release from fi bers include coating 
them after electrospinning to prevent burst release [ 146 ,  147 ], creating a core-shell 
fi ber structure using emulsion or coaxial electrospinning [ 148 – 150 ], cross-linking 
the polymer to slow release [ 151 ], and introducing air into fi bers with an air 

  Fig. 27.4    Potential applications of nanofi bers for vaginal drug delivery. Nanofi bers are relevant 
for vaginal drug delivery with applications in HIV prevention, contraception, and HSV-2 preven-
tion, among other reproductive health prevention and therapy applications. (1) Electrospun fi bers 
have been shown to encapsulate agents relevant to vaginal delivery, including maraviroc, glycerol 
monolaurate, and acyclovir (shown  above ) [ 141 ]. (2) The tortuous network of an electrospun fi ber 
mesh has been shown to physically block sperm penetration [ 141 ]. (3) Fibers have been fabricated 
into diverse geometries varying from simple tubular structures [ 141 ] to complex structures like an 
artifi cial heart valve (reprinted with permission from Szentivanyi et al. [ 196 ]). It is conceivable that 
fi bers could be electrospun into vaginal dosage forms similar to fi lms, rings, diaphragms, or coatings 
for tampon applicators       
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displacement technique [ 143 ]. Simply modifying the choice or ratio of the polymer/
drug combination can also be used as a means to control release. Jannesari et al. 
demonstrated that by lowering ciprofl oxacin HCl drug loading from 10 to 5 % in 
PVA/poly(vinyl acetate) fi bers, the burst release effect was reduced from ~75 to 
~25 % of total drug content, with sustained release observed for 80 days [ 152 ]. 
Xie et al. developed PLGA nanofi bers as chemotherapy implants and demonstrated 
in vitro release of drug for 60 days [ 153 ]. In settings where adherence to a product 
that must be frequently administered is a challenge, such as sub-Saharan Africa, a 
vaginal product that provides predictable, sustained release of active agents over a 
longer time is desirable. Furthermore, given the high rate of clearance in the vagina 
and presence of enzymes and reactive oxygen species that can degrade drugs 
[ 4 ,  154 ], the potential of fi bers to slowly release drug while protecting unreleased 
contents from the vaginal microenvironment is promising. 

 Besides their ability to provide controlled release over weeks to months, electro-
spun fi bers can also be designed to provide ultrafast release of drugs. Such a release 
profi le may be desirable for vaginal delivery applications such as for pericoital HIV 
prevention or contraception in which the product is applied just prior to or after 
intercourse. Polymers that degrade quickly (e.g., PVA, PEO, alginate, chitosan) 
may be good candidates for quick release vaginal drug delivery. Examples of fi bers 
designed for sublingual or oral delivery are especially insightful for engineering 
fi bers with a quick release profi le. Li et al. created PVA nanofi bers for the quick 
release of caffeine and ribofl avin that dissolved in <5 s and displayed burst release 
of 100 % of caffeine and 40 % of ribofl avin within 60 s [ 136 ]. Macri et al. created 
fi bers for the topical delivery of a hydrophilic peptide with controllable release 
kinetics [ 155 ]. By changing polymer composition, they were able to change the 
dominate release mechanism from polymer erosion to diffusion and thus obtain 
release over 9 h to 4 days. Similar strategies may be useful for engineering fi bers as 
quick-dissolving platforms for vaginal drug delivery. 

 Another attractive feature of electrospun fi bers is the ability to obtain asynchro-
nous release profi les, in which the timing, order, and duration of the release of 
multiple drugs can be controlled. By layering or simultaneously electrospinning 
different fi ber types, customized release profi les for multiple agents can be obtained 
within a single device. Okuda et al. show time-programmed release of two model 
dyes from tetra-layered poly( l -lactide-co-ε-caprolactone) fi bers incorporating “bar-
rier” and “basement” fi ber layers to modulate release [ 156 ]. By changing the thick-
ness and fi ber diameters of the mesh layers, they were able to extend the 
release-suppressing period for one dye from 30 min to 1 h. Combination therapies 
have improved clinical outcomes for many diseases, including the advent of HAART 
for the treatment of HIV [ 157 ]. Applying the paradigm of HAART to HIV preven-
tion has been considered as a promising strategy in the microbicide development 
fi eld, but strategies to deliver multiple drugs simultaneously from one product are 
lacking. Electrospun fi bers may offer a drug delivery platform that allows not only 
for the co-formulation of multiple drugs but also for asynchronous release of those 
drugs. Few existing drug delivery platforms can offer the same versatility in release 
profi les as electrospun fi bers.  
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27.3.4.2     Fibers Enable Encapsulation and Simultaneous Delivery 
of Diverse Agents Including Drugs, Biologics, Cells, 
and Nanoparticles 

 Many diverse agents have been proposed for vaginal drug delivery, including drugs 
with a wide range of physicochemical properties, peptides, nucleic acids, antibodies, 
and nanocarriers. These agents are often diffi cult to co-formulate into a single 
device and sometimes even challenging to individually formulate into carriers by 
themselves. Additionally, due to the acidic environment and degrading enzymes 
present in the vagina [ 4 ], many of these agents degrade before reaching their targets. 
Since some polymers can be electrospun in water instead of organic solvents, fi bers 
offer a platform to protect biologic agents from harsh formulation conditions, as well 
as from conditions present in the vagina. The versatility of materials that can be used 
in electrospinning can allow for individual fi ber types that can be customized to 
encapsulate specifi c agents. Multiple fi ber types could then be layered or simultane-
ously electrospun using multi-jet confi gurations, enabling the creation of a single 
product capable of simultaneously delivering multiple diverse agents. This would 
have profound implications for multipurpose prevention technologies, which are 
products that act against multiple indications, such as preventing HIV-1 infection 
and unwanted pregnancy. In addition, fi bers may be a suitable platform for the 
delivery of nanoparticles, which are of great relevance for vaginal delivery but lack 
a practical method for uniform intravaginal distribution. 

    The materials selection and processing requirements for vaginal rings impose 
constraints on what pharmaceutical agents can be loaded [ 43 ], and hydrophobic 
drugs have limited solubility in vaginal gels [ 158 ]. In contrast, numerous studies 
show that electrospun fi bers can incorporate drugs with a wide range of solubility 
[ 135 ,  141 ,  159 ,  160 ]. Electrospun fi bers have been used as a means to increase bio-
availability of poorly water-soluble drugs by solid dispersion. Verreck et al. created 
fi bers loaded with a poorly water-soluble drug, itraconazole, and confi rmed with 
differential scanning calorimetry the lack of a melting endotherm for the drug, sug-
gesting a solid drug dispersion within fi bers [ 161 ]. Yu et al. have shown similar 
improvement of delivery of ketoprofen from drug-loaded fi bers via solid dispersion 
[ 162 ]. This strategy is of particular interest for vaginal drug delivery, since many 
ARVs of interest for topical HIV prevention have low aqueous solubility that limits 
their formulation in products like vaginal gels [ 163 ]. Fibers offer potential to 
increase bioavailability of such drugs for intravaginal administration. 

 Biologic agents including peptides, antibodies, enzymes, bacteria, and nucleic 
acids have been proposed for vaginal delivery. However, designing vehicles that can 
both encapsulate and deliver biologics to the vaginal mucosa without altering their 
activity remains a challenge. Electrospinning has been used to encapsulate a wide 
range of biologics, including proteins [ 164 ,  165 ], viruses [ 166 ], DNA [ 167 ], siRNA 
[ 168 ], bacteria [ 169 ,  170 ], and cells [ 171 ]. Maretschek et al. demonstrated tunable 
release of cytochrome C, a hydrophilic protein, from PLLA nanofi bers by blending 
in a more hydrophilic polymer (PEG) to increase release [ 172 ]. Growth factors 
including human β-nerve growth hormone and basic fi broblast growth factor have 
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also been embedded within [ 165 ,  173 ] or immobilized onto the surface of nanofi bers 
[ 174 ] for tissue engineering applications. Two groups utilized coaxial spinning to 
protect adenovirus for gene delivery or plasmid DNA within the core of fi bers 
during electrospinning [ 166 ,  167 ]. They demonstrated that these agents retained 
bioactivity when released from fi bers in vitro. Another group reported on the 
controlled release of siRNA from PCL fi bers for 28 days, with a silencing effi ciency 
of 61–81 % similar to conventional siRNA transfection [ 168 ]. Although many of 
the examples discussed here has been targeted toward cancer therapy or tissue 
engineering applications, nanofi bers may serve as useful drug delivery systems for 
antibodies against HIV-1 or sperm, bacteria such as  Lactobacilli  for the treatment of 
bacterial vaginosis, antigens for mucosal vaccines, or siRNA or DNA for vaginally 
administered gene therapy. 

 One aspect of nanofi bers that may prove especially valuable for vaginal drug deliv-
ery is their potential to deliver nanoparticles, as a method suitable for the vaginal deliv-
ery of nanoparticles is currently lacking. Delivering nanoparticles in a conventional 
vaginal gel raises concerns about nanoparticle stability in an aqueous environment, 
long-term storage, and suboptimal gel retention. Given the breadth of work being 
done in designing nanoparticles for vaginal drug delivery as discussed previously, a 
platform suitable for uniform delivery of nanoparticles that provides long-term stability 
is greatly needed. 

 Several groups have shown that nanoparticles can be successfully incorporated 
into and released from nanofi bers [ 68 ,  175 – 177 ]. Release profi les vary based on the 
drug/material combination. Composites made from coumarin-6 PLGA nanoparticles 
and PVA/PEO fi bers showed 100 % release within 24 h [ 175 ]. In contrast, a zero-
order release of fi broblast growth factor from heparin-based nanoparticle/chitosan 
fi ber composites was observed over 30 days [ 176 ]. Besides a wide range in release 
profi les, nanofi bers can also serve to protect agents from the surrounding environ-
ment. Chen et al. observed sustained release of intact siRNA for 50 days from chi-
tosan nanoparticles embedded within PLGA fi bers [ 177 ]. Nanoparticle/nanofi ber 
composites may offer not only a suitable platform for the vaginal delivery of 
nanoparticles but also another method for controlling release profi les and enabling 
intracellular delivery from a single product.  

27.3.4.3     Versatility in Engineering Bulk Properties of Fibers: Functionalized 
Surfaces, Mechanical Properties, and Stimuli Responsive 

 Along with versatility in the types of agents that can be encapsulated in electro-
spun fi bers, they offer versatility in bulk properties that can be engineered, 
including modifying surface chemistry, mechanical properties, and stimuli-
responsive drug release. Such features are attractive for vaginal drug delivery, 
potentially allowing for products to be engineered with mucoadhesive coatings 
to confer greater retention, mechanical properties appropriate for vaginal inser-
tion, and “smart” drug release mechanisms that are triggered by vaginal physio-
logic cues. 
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 The surfaces of electrospun fi bers have been chemically functionalized with 
drugs, enzymes, cytokines, bioactive ligands, and polysaccharides to produce 
desired functions [ 178 ]. Strategies that have been used for surface modifi cation are 
well described in the reviews by Yoo et al. [ 178 ] and Agarwal et al. [ 179 ] and 
include plasma treatment, surface grafting, co-electrospinning, and a wet chemical 
method. Of particular interest to vaginal drug delivery would be engineering the 
surface of fi bers to be mucoadhesive. Poor vaginal retention has been cited as a 
problem for vaginal gel and other microbicide formulations, which can wash out 
with vaginal fl uid fl ow or can leak from normal movement or due to gravity [ 44 , 
 115 ,  180 ]. Thus, engineering the surface of a nanofi ber-based drug delivery system 
to be mucoadhesive may alleviate some of these problems. Puttipaiboon et al. elec-
trospun gastro-mucoadhesive fi bers out of a blend of chitosan, PEO, and the corn- 
derived biopolymer zein [ 181 ]. They selected chitosan for its mucoadhesive 
properties and zein for its resistance to gastric fl uid degradation and found that 
electrospun fi ber fi lms had adhesive strength similar to other gastro-mucoadhesive 
materials. By selecting materials for specifi c surface properties or modifying the 
fi ber mesh surface post-electrospinning, fi bers offer potential for a more effi cient, 
longer-lasting formulation for vaginal drug delivery. 

 Depending on the method of insertion and the desired time scale of release, vaginal 
products have differing mechanical requirements. Vaginal rings must be fl exible 
enough to be inserted without damaging the tissue but stiff enough so they do not 
slip or become expelled during normal use [ 182 ]. Diaphragms require a low 
compression relaxation value so they can form-fi t closely around the cervix [ 183 ]. 
A relatively high tensile strength of vaginal fi lms has been found to be important for 
optimal insertion and handling [ 184 ]. Nanofi bers have previously been engineered 
to have a wide range in mechanical properties. Baji et al. have published an infor-
mative review on the effects of electrospinning parameters on fi ber morphology, 
microstructure, and tensile properties [ 185 ]. For example, mechanical properties 
such as elastic modulus and strength have been found to increase with decreasing 
fi ber diameter [ 185 ]. Additives like carbon nanotubes have been used to increase 
polymer chain orientation within fi bers and thus strengthen their mechanical prop-
erties [ 186 ]. Another way to modulate mechanical properties is by increasing fi ber 
alignment with a rotating mandrel collector [ 187 ,  188 ]. The ability to tune mechani-
cal properties may offer a unique advantage for electrospun fi bers to be tailored to 
the mechanical requirements of a variety of vaginal devices. 

 With the advances in “smart” polymers for drug delivery, there are opportunities 
to create nanofi bers with stimuli-triggered release. Huang et al. has published a 
review on stimuli-responsive fi bers, documenting reports of different types of fi bers 
that change in response to pH, temperature, photo/optical, magnetic fi eld, humidity, 
ethanol, glucose, or proteins [ 125 ]. One potential physiologic cue relevant to vagi-
nal delivery is change in pH, as the presence of semen (pH 7–8) during intercourse 
raises the normal vaginal pH (pH 4–6) [ 140 ]. Other potential stimuli for vaginal 
delivery are the presence of reactive oxygen species, response to a vaginal enzyme, 
or an increase in temperature upon fi ber insertion that would cause a transition in 
material properties and subsequent release of active agents.  
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27.3.4.4     Diverse Geometries in Three-Dimensional Nanofi ber Structure 
Can Be Obtained 

    Another unique feature of nanofi bers is their ability to be fabricated into a variety of 
geometries. Not only can the intrinsic geometry of individual fi bers be controlled 
(i.e., fi ber morphology, porosity, diameter) but also the structural geometry of the 
bulk fi ber mesh. Much work has been done in designing three-dimensional scaf-
folds from nanofi bers for tissue engineering [ 189 – 192 ]. Using techniques such as 
mixed electrospinning or multilayered electrospinning, one can obtain spatial con-
trol over the material composition of three-dimensional fi ber structures [ 190 ]. 
McLure et al. have created a three-layered blood vessel scaffold from PCL, elastin, 
and collagen blends with appropriate mechanical properties for each layer [ 192 ]. 
Teo et al. created tubular electrospun scaffolds with fi bers aligned to a 54.7° angle 
(optimal for blood vessel engineering) by using a collector with angled sharp metal 
blades [ 193 ]. Layering or co-electrospinning drug-loaded fi bers would allow for the 
creation of composite materials that could serve as multipurpose prevention technolo-
gies to simultaneously address needs for HIV prevention and contraception. 

 Even more complex geometries of electrospun fi bers have been obtained, such as 
a three-dimensional heart valve scaffold [ 194 ,  195 ]. These groups used convex or 
mildly concave collectors to obtain scaffolds, but more concave surfaces could be 
coated using air-blowing-assisted electrospinning [ 196 ]. Given preliminary results 
showing that electrospun fi bers serve as an effective barrier to sperm [ 141 ], their 
ability to be confi gured into complex geometries may allow for their application to 
contraceptive devices such as vaginal diaphragms, rings, or sponges.  

27.3.4.5    Considerations in Creating Products for Global Settings 

 Since an estimated 95 % of the 36 million people infected with HIV live in developing 
countries [ 197 ], it is important to consider what types of products would be most 
realistic for low-resource settings. Microbicides or contraceptive products that are 
available in a solid-state dosage form, have a long shelf life, and can be scaled-up in 
a cost-effective manner are highly desirable. Electrospun fi bers represent a solid- 
state dosage form that may provide enhanced stability compared with semisolid 
dosage forms like vaginal gels. Kayaci et al. encapsulated vanillin within cyclodex-
trin inclusion complexes in PVA nanofi bers and found prolonged shelf life and high 
temperature stability of the meshes [ 198 ]. Additionally, PVA nanofi bers were found 
to enhance the shelf life of lipase enzyme, even at elevated temperature and humid-
ity [ 164 ]. Similar enhancements in stability for ARVs or contraceptive agents would 
be valuable for vaginal drug delivery applications. Several manufacturers have also 
established cost-effective methods for large-scale productions of electrospun fi bers 
[ 121 ]. Electrospun fi bers represent a solid-state dosage form that would be easy to 
store and transport, result in minimal waste, and be scaled-up for mass production. 
Thus, fi bers may offer advantages for creating economic products for low-resource 
settings.  
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27.3.4.6     Future Challenges and Directions in Nanofi bers 
for Vaginal Drug Delivery 

 While the versatility of nanofi bers offers many potential benefi ts for vaginal drug 
delivery, several challenges remain. One important limitation of nanofi bers for vaginal 
drug delivery is that of limited penetration depth. Unlike nanoparticles, which are 
able to diffuse through tissue and be targeted for intracellular delivery, nanofi bers do 
not offer opportunities for such targeting. Nanofi bers are better suited to deliver 
agents that at locally within the penetration depth of the unformulated drug. On a 
basic science level, the fundamental physics of electrospinning are still not fully 
understood [ 122 ]. Continued research in this area may allow for even more control 
over fi ber morphology and drug distribution, which will be key for reproducible and 
predictable pharmacokinetics. Release profi les that occur through both diffusion and 
degradation mechanisms can be diffi cult to predict, so fi bers made from biodegrad-
able materials must be carefully engineered so that the drug contents do not burst 
release at toxic levels. 

 Further, limited in vivo testing of nanofi bers for drug delivery has been done, 
especially for vaginal delivery. Biocompatibility, infl ammatory, and immune 
responses of nanofi bers administered intravaginally must be well characterized 
before fi ber-based vaginal products advance to clinical trials. Additionally, although 
conceptually fi bers could be formed into diverse geometries, work remains to be 
done to evaluate what forms are practical for vaginal administration. Characterization 
of the mechanics, retention, and dissolution of various confi gurations will be neces-
sary for advancing fi bers for use in vaginal delivery. Safety and effi cacy of fi bers for 
vaginal delivery will need to be thoroughly evaluated before preclinical research 
can be translated to clinical applications. Despite these challenges, electrospun 
fi bers offer much potential as a vaginal delivery platform for products beyond HIV 
microbicides and contraception to other reproductive health applications like STI 
treatment, yeast infections, surgical meshes, and mucosal vaccines.       
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28.1            Introduction 

 Local anesthetics produce reversible blockade of conduction of nerve impulses. 
Since the introduction of cocaine as a topical anesthetic into clinical medicine in 
1884, a broad variety of synthetic local anesthetic agents have been developed for 
analgesia following surgery or for management of acute and chronic pain. However, 
their durations of action are generally limited to several hours, which may be insuf-
fi cient for prolonged acute pain (e.g., perioperative pain) and certainly inadequate 
for neuropathic and other chronic types of pain. The exact nerve block duration that 
is optimal is very context dependent; there are situations where prolongation by a 
few hours or by a factor of 2–3 may be all that is needed, while there are others 
where durations of days to weeks or longer might be best. 
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 Efforts to provide prolonged duration local anesthesia (PDLA) by modifi cation of 
the physicochemical properties of local anesthetics have been successful, but only by 
relatively small multiples; their effect continues to be measured in hours [ 1 ]. Simply 
increasing the dose is unlikely to result in very large increases in duration, and cardio-
vascular and central nervous system toxicity may be limiting [ 2 ,  3 ]. Clinicians have 
attempted to extend the duration of action through the addition of adjuncts that 
increase the duration of effect via different mechanisms of action [ 4 ]. The same is true 
of experimental drug combinations, such as the co-injection of tetrodotoxin or saxi-
toxin with more “conventional” local anesthetics [ 5 ,  6 ] (intended here to mean amino-
amide and amino-ester compounds in current clinical practice). Local or regional 
anesthesia lasting days can be achieved by indwelling catheters (e.g., epidural), but 
these may require inpatient hospitalization. If placed percutaneously, such devices 
present a risk of infection and require that the patient be tethered to a drug reservoir 
(syringe pump); if not, then the device would require implantation. 

 To address these shortcomings—but that of inadequate duration in particular—
the development of prolonged duration local anesthetics has been the subject 
of extensive research for several decades. The exact properties desired of PDLA 
formulations may vary depending on the specifi c clinical context and perhaps ana-
tomical location. Obviously, they should be effective and safe; this may necessitate 
a reliable and consistent rate of drug elution while minimizing the initial, uncon-
trolled release of large amounts of payload (burst release) [ 3 ], which could give rise to 
a rapid elevation of local and systemic drug levels and increase toxicity [ 2 ,  3 ,  7 ,  8 ]. 
A key concept is that although PDLA controlled release systems often contain drug 
dosages which could be lethal without controlled release [ 2 ,  3 ], they create a local 
concentration of drug high enough to block nerves without systemic toxicity by 
slowly releasing drug over a long period (Fig.  28.1 ). Ideally, tissue reaction should be 

  Fig. 28.1    Cumulative release of bupivacaine or lidocaine eluted from 50 % (w/w) drug-loaded 
PLGA microspheres compared to the release of unencapsulated 0.5 % (w/v) bupivacaine or lido-
caine. Controlled release systems contain very large doses of drug (potentially toxic) but safely 
deliver them over a long period of time. Data are medians with 25th and 75th percentiles. 
   Reproduction from [ 9 ] with permission from Lippincott Williams & Wilkins (2013)       
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benign (more on that topic below); this is an oft-neglected aspect of the evaluation 
of a formulation. If the device is to be biodegradable (i.e., nonrefi llable), the degra-
dation products should be nontoxic and should be cleared at a rate that is reasonable 
in relation to the release kinetics of the encapsulated drug so that residue is not pres-
ent for prolonged periods after nerve blockade resolves. Injectability is likely to be 
desirable, to avoid the need for implantation. In general, the nerve blockade should 
be fully reversible, i.e., nerve function should return to normal when the formula-
tion wears off. The duration of block achieved by a given dose of a formulation 
should be fairly reproducible, i.e., have a small coeffi cient of variation. It is also 
important that the relative durations and intensities of sensory and motor blockade 
be appropriate; a formulation which resulted in extended immobility of a body part 
without analgesia might not be desirable. Other important attributes that are 
common to most biomedical devices include cost-effectiveness, relative simplicity, 
ease of use, stability, and a reasonable shelf life. Arguably, patentability is also an 
important consideration, and there are downstream issues that may come into play 
(e.g., regulatory, whether a third-party payer will pay for it).

   This chapter will review some representative examples of controlled release 
systems that have been developed for PDLA, selected from a very extensive literature. 
A brief discussion of topical local anesthetics will follow. We note that comparison of 
the pros and cons of specifi c formulations is very diffi cult due to the marked heteroge-
neity in experimental design, defi nitions of nerve blockade, reporting of tissue reaction, 
dosing regimens, and even in vitro methodologies of device characterization.  

28.2     Physiochemical Properties of Conventional Local 
Anesthetics 

 The chemical properties of conventional local anesthetics are major determinants 
of their biologic effect as well as of the manufacturing technique and pharmacoki-
netics of the controlled release systems into which they are incorporated. In general 
conventional local anesthetic agents share a common chemical structure consisting 
of a lipophilic aromatic ring and a tertiary amine group [ 10 ] connected by an ester 
or an amide linkage. Esters include cocaine, procaine, chloroprocaine, tetracaine, 
and benzocaine. Amides include lidocaine, bupivacaine, mepivacaine, etidocaine, 
prilocaine, ropivacaine, and articaine. 

 Local anesthetics may also be differentiated by the direction in which they defl ect 
polarized light and are labeled as either S-(−)-levorotatory or R-(+)-dextrorotatory 
[ 10 ]. Despite the similarity of their physicochemical properties, the clinical effect of 
individual enantiomers can be dramatically different. For example, with epidural 
anesthesia, S(−)-bupivacaine (levobupivacaine) produces longer sensory blockade 
than racemic bupivacaine [ 11 ] and has signifi cantly less cardiovascular and central 
nervous system toxicity [ 10 ]. S(−)-bupivacaine and S(−)-ropivacaine (ropivacaine) 
are examples of single-isomer local anesthetic preparations. 

 Most conventional local anesthetics are weak bases and have p K  a  values (7.6–8.9) 
that are greater than physiological pH (approximately 7.4) [ 10 ]. In general, they 
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exist as either charged cations (from protonation of the tertiary amine) or neutral 
bases according to the Henderson-Hasselbalch equation: pH = p K  a  + log [neutral 
base]/[charged cation] [ 10 ]. Therefore, it is the ambient pH that determines the pro-
portion of each species present in a given solution such that charged cations (water 
soluble) are the dominant species in low pH solutions and neutral bases (lipophilic) 
dominate at high pH. Conventional local anesthetics are therefore amphiphilic. 

 These chemical considerations can have a marked impact on the manufacturing 
process for PDLA formulations. For example, in emulsion-based systems charged/
hydrophilic species selectively partition into the aqueous phase(s), whereas rela-
tively hydrophobic ones partition into the lipophilic environments, such as droplets 
of polymer in organic solvents. Similar considerations apply for liposomal and 
other systems. 

 The physiochemical properties of local anesthetics determine their potency, 
speed of onset, intensity, and duration of anesthetic action. After injection, usually 
in a mildly acidic solution so that the drug is in the cationic state, local anesthetics 
must transit across sequential biologic barriers to their intended site of action [ 10 , 
 13 ]. These barriers include the fi brous and cellular components of the epineurium, 
perineurium, endoneurium, and the neuronal lipoprotein membrane, known as the 
plasmalemma. In order to penetrate into nerve cells, the drug must partition into the 
plasmalemma as the neutral unionized form [ 10 ,  13 ]. Once inside the cell, the lower 
intracellular pH induces the ionized cationic form, which then associates with the 
D4-S6 domain of the α-subunit of voltage-gated sodium channels situated within 
the plasmalemma, blocking the inward fl ux of sodium ions [ 10 ]. 

 In general, conventional local anesthetics with high octanol/buffer partition coef-
fi cients (i.e., highly hydrophobic drugs) possess greater anesthetic potency [ 10 ,  13 ]. 
Similarly, the speed of onset of block is determined by the proportion of neutral 
base relative to cationic charged species and correlates with the p K  a  of the drug [ 2 ]. 
The closer the p K  a  is to physiological pH (7.4), the faster the onset of action.  

28.3     Nonconventional Local Anesthetic Agents 
and Adjuvants 

 The bulk of this review will concern itself with conventional local anesthetics, in 
large part because those are what have been employed in the majority of the PDLA 
literature. However, it bears noting that other types of compounds have been used to 
extend the duration of PDLA formulations and/or to mitigate local tissue reaction. 
The incorporation of the glucocorticoid receptor agonist dexamethasone into poly-
meric microspheres containing bupivacaine extended their duration of block from 6 
to 12 h to several days [ 15 ]. This prolongation was also seen with co-encapsula-
tion of bupivacaine and dexamethasone in lipid-protein-sugar particles [ 16 ]. The 
co-encapsulation of site 1 sodium channel blockers (compounds that act at a 
different site on the sodium channel than conventional local anesthetics) such as tetro-
dotoxin and saxitoxin extended the duration of action of bupivacaine-containing 
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polymeric microspheres [ 17 ] and liposomes [ 18 ] severalfold. Dexamethasone had a 
similar effect on saxitoxin liposomes [ 18 ], prolonging block duration from 2 days to 
1 week with very little variability (Fig.  28.2 ). The triple combination of bupiva-
caine, tetrodotoxin, and dexamethasone encapsulated in polymeric microspheres 
resulted in block durations (median 9 days) that were greater than those from com-
pounds encapsulated singly or in pairs [ 17 ]. That formulation had three drawbacks: 
the therapeutic index was very narrow because of the burst release of tetrodotoxin, 
perhaps due to diffi culties in incorporating that relatively toxic hydrophilic small 
molecule within a hydrophobic matrix; wide variability in duration of block due to 
a range of factors including needle clogging from the use of large (60 μm) particles; 
and relatively active tissue reaction. All three problems were markedly improved by 
the use of liposomes [ 11 ,  18 ].

   The interaction between site 1 sodium channel blockers and conventional local 
anesthetics [ 5 ,  6 ,  19 ] extends to chemically similar compounds [ 19 ,  20 ] and is just one 
example of interactions that result in prolonged nerve blockade even without the use of 
sustained-release systems. Vanilloid receptor agonists such as capsaicin, the pungent 
ingredient in chili peppers, resulted in synergistic prolongation of both nociceptive and 
motor blockade when coadministered with tetrodotoxin (TTX) [ 21 ]. Interestingly, this 

  Fig. 28.2    Following sciatic nerve injection with 75 mg of liposomes loaded with bupivacaine, 
STX, and/or dexamethasone, the duration of sensory and motor blockade was tested. “Fluid” lipo-
somes are comprised of low-phase transition ( T   c  ) lipids, whereas “solid” liposomes are prepared 
with high- T   c   lipids. Solid liposomes prolonged the duration of nerve blockade more than did fl uid 
liposomes. At lower concentrations dexamethasone greatly extended the duration of nerve block-
ade. At higher concentration dexamethasone altered the stability of the liposome, resulting in 
“leakage” and rapid release. Reproduction from [ 18 ] with permission from National Academy of 
Sciences, USA (2009)       
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synergistic combination was sensory selective at certain concentrations. Of note, high 
concentrations of capsaicin were neurotoxic. Epinephrine [ 19 ,  22 ], phenylephrine 
[ 22 ], and clonidine [ 22 ] prolonged block duration by tetrodotoxin and reduced its tox-
icity probably in large part by local vasoconstriction (by slowing drug release from the 
site of injection) [ 19 ,  22 ,  23 ]. (Bupivacaine also reduced the toxicity of TTX, presum-
ably by vasoconstriction [ 19 ].) Very high concentrations of phentolamine, propranolol, 
and yohimbine [ 23 ] (much higher than the concentrations required for specifi c recep-
tor blockade) also greatly prolonged the duration of block from TTX. It is possible that 
they acted as chemical permeation enhancers (CPEs), enhancing penetration of tetro-
dotoxin to the nerve surface. 

 In fact, established CPEs such as those used in transdermal drug delivery also 
increased the duration of nerve blockade from hydrophilic tetrodotoxin but were not 
effective with amphiphilic molecules such as bupivacaine [ 24 ], which presumably 
do not have diffi culty reaching their receptors. CPEs probably act by enhancing 
penetration to the intended site of action. CPEs have also been used in combination 
with the quaternary lidocaine derivatives QX-314 or QX-222 to produce sensory-
selective nerve blockade that lasted up to 7 h [ 25 ]. The relative lack of motor block-
ade may have been due to drug entrapment in the myelin sheaths of well-myelinated 
Aα motor fi bers, whereas the less well-myelinated pain fi bers (Aδ fi bers or small, 
unmyelinated C fi bers) were not protected. In rabbits, CPEs have also been shown 
to improve transmeningeal passage of ropivacaine into the intrathecal space, pro-
ducing an intrathecal ropivacaine concentration 1.6 times greater than administra-
tion without a CPE [ 26 ]. 

 Combinations of local anesthetics with adjuvants that do not belong to the class 
of local anesthetics have been employed in clinical practice. Epinephrine is com-
monly used with lidocaine or bupivacaine to extend the duration of action [ 4 ]. The 
use of opioids, alpha-2 agonists, and  N -methyl- d -aspartate receptor antagonists has 
also been described [ 4 ]. In all cases, however, the effects have been relatively small.  

28.4     Local Tissue Reaction and Systemic Toxicity 

 The specifi c drug employed can also have marked effects on tissue reaction and 
systemic toxicity. Tissue reaction can limit the usefulness of local anesthetics. For 
example, conventional local anesthetics are intrinsically myotoxic [ 7 ,  27 – 29 ] and 
neurotoxic [ 18 ,  30 ,  31 ], especially when delivered for extended periods [ 7 ,  28 ]. 
Both sequelae have been demonstrated for amino-amide and amino-ester local 
anesthetics [ 18 ,  32 – 36 ]. The degree of toxicity is agent specifi c [ 33 ,  35 ]: procaine 
and tetracaine produce the least and chloroprocaine and bupivacaine the most severe 
muscle injury [ 37 ]. When compared in rats, single injections of lidocaine produced 
milder muscle damage than did bupivacaine [ 35 ]. However, differences in myotoxic 
potential do not necessarily persist when these agents are administered as controlled 
release preparations; lidocaine and bupivacaine microspheres were equally myo-
toxic [ 9 ]. Multiple large doses [ 38 ,  39 ] and continuous catheter infusions [ 29 ,  40 ] 
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can produce severe myopathy and myonecrosis that is clinically relevant, and the 
risk of muscle injury is related to the duration of exposure [ 29 ,  40 ]. Neurotoxicity 
generally occurs at higher concentrations than those that cause myotoxicity [ 18 ,  30 , 
 31 ,  41 ]. Tricyclic antidepressants used as local anesthetics produced severe tissue 
injury characterized by ischemic necrosis and myotoxicity; there was also evidence 
of nerve injury [ 42 ,  43 ]. Similarly, QX-314, which could produce very long nerve 
blocks in animals [ 44 ], caused far worse local tissue injury than did conventional 
agents [ 20 ]. 

 In contrast, site 1 sodium channel blockers, such as tetrodotoxin (TTX), saxitoxin 
(STX), neosaxitoxin, and decarbamoyl saxitoxin, do not cause myotoxicity [ 45 ] or 
neurotoxicity [ 46 ]. However, these extremely potent local anesthetics can cause 
systemic toxicity when given as free drugs [ 19 ,  47 ] or if their release is not controlled 
properly. Conventional local anesthetics may also cause systemic toxicity from 
inadvertent intravascular or intrathecal injection, or after administration of very large 
doses, and primarily affect the central nervous system (CNS) and—at higher concen-
trations—the cardiovascular system [ 2 ,  10 ]. As mentioned above, stereospecifi city 
infl uences the local anesthetic binding affi nity for sodium channels and as a result 
infl uences the severity of systemic toxicity. For example, (+)-(R)-enantiomers bind 
cardiac sodium channels with greater affi nity than (−)-(S)-enantiomers [ 10 ]. 
The (−)-(S)-enantiomeric agents levobupivacaine and ropivacaine produce less CNS 
and cardiovascular toxicity than racemic local anesthetic preparations, allowing 
higher plasma concentrations before signs of systemic toxicity occur [ 10 ]. Systemic 
toxicity tends to be largely mitigated by controlled release [ 2 ,  3 ,  14 ]. 

 Considerations regarding adverse tissue reaction extend to controlled release for-
mulations as well. In vivo, the presence of delivery vehicles themselves enhances 
local anesthetic myotoxicity [ 7 ] and can cause infl ammatory responses at the nerve 
that may considerably outlast the duration of blockade [ 7 ,  9 ,  17 ,  28 ]. Reporting of 
local tissue injury from conventional local anesthetic controlled release formulations 
has been spotty and variable, in both animal and human studies. In the authors’ experi-
ence, muscle injury has been a ubiquitous fi nding in a wide range of extended- release 
bupivacaine formulations independently of the delivery vehicle [ 7 ,  9 ,  27 ,  28 ,  48 ] or 
co-encapsulated agent [ 17 ,  18 ,  45 ,  49 ], and it is sometimes severe. Tissue reaction has, 
on at least one occasion, proven fatal to the commercial prospects of a formulation en 
route to market [ 50 ].  

28.5     Specifi c Drug Delivery Vehicles 

28.5.1     Particulates 

 A variety of micro- and nanoparticulates have been employed in drug delivery and 
in PDLA. There are generalizations that can be made regarding particulate drug 
delivery systems, but it is important to realize that those generalizations do not nec-
essarily hold for all formulations or across classes/types of particles. Particle size in 
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particular has numerous effects [ 14 ], in many cases because the surface area-to- volume 
ratio of smaller particles is greater than that of larger ones. Therefore, all other 
things being equal, a larger particle is likely to have higher drug loading, release 
drug more slowly, and degrade more slowly. Larger particles are less likely to move 
from the site where they are deposited [ 51 ], and tissue reaction will be different 
[ 28 ]. Although nanoparticulate formulations may successfully provide PDLA [ 52 , 
 53 ], the rationale for microparticles is perhaps more compelling for this application 
as will be discussed below. For the purposes of this review, the terms “microparti-
cle” and “nanoparticle” refer to particles where the principal dimensions are use-
fully measured in micrometers and nanometers, respectively.  

28.5.2     Liposomes 

 Phospholipids in aqueous systems can form closed bilayered structures known as 
liposomes [ 54 ]. The basic structures of liposomes are either small or large unilamel-
lar, multilamellar, or multivesicular membranes consisting of concentric lipid bilay-
ers with an aqueous phase inside and between the lipid layers [ 55 – 57 ]. Lipid- soluble 
drugs partition into the lipid bilayers, whereas aqueous drugs partition into the inter-
nal aqueous compartments [ 54 ]. Due to the amphiphilic nature of local anesthetic 
agents, they may partition into the aqueous compartment either as charged species 
or as the hydrophobic freebase within the lipid bilayer [ 55 ] (Fig.  28.3a ). Early for-
mulations incorporated either the neutral freebase into the lipid bilayer [ 58 ] or the 
hydrophilic charged species into the aqueous compartments [ 59 ]. Encapsulation 
effi ciency and drug loading were found to be greater for vesicles with drug loaded 
into the aqueous core compared to those with freebase incorporated into the lipid 
bilayer [ 60 ]. “Remote” drug loading, a process that utilizes a transmembrane pH 
[ 61 ,  62 ] or chemical [ 63 – 65 ] gradient to drive charged (hydrophilic) species into the 
aqueous compartments of the liposome, increases encapsulation effi ciency and drug 
loading.

   Liposomes can suffer from a lack of stability (i.e., their shelf life may be short) due 
to oxidation and hydrolysis during storage, which result in leaking of encapsulated 
anesthetic [ 2 ,  66 ,  67 ]. One solution to this problem was to prepare liposomes with 
high-transition temperature ( T   c  ) lipids. The resulting “solid” vesicles demonstrated 
greater stability during storage [ 57 ] and produced longer durations of nerve blockade 
compared to “fl uid” liposomes [ 18 ] that utilized low- T   c   lipids, presumably by slowing 
the rate of drug release. To further enhance stability, “dehydration- rehydration ves-
icles” (DRVs) were prepared with either high- or low- T   c   lipids (“solid” or “fl uid,” 
respectively), remotely loaded with an ammonium sulfate gradient to encapsulate 
charged species, and freeze-dried until immediately prior to use [ 64 ]. Solid vesicle 
formulations resulted in greater encapsulation effi ciency compared to fl uid vesicles. 
Independent of lipid composition, dehydration conferred a signifi cantly longer shelf 
life (i.e., DRVs were more stable). 

 Tissue reaction to liposomes is generally considered to be benign [ 55 – 57 ,  66 ]. 
However, compounds and metabolites formed as part of production or metabolism 
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of some liposomes have been shown to be neurotoxic [ 66 ]. Hydrolysis and oxidation 
products of lecithin, such as lysophosphatidylcholine, fatty acid free radicals, and 
peroxides, are cytotoxic [ 68 ] and neurotoxic [ 69 ] and may cause demyelination. 
Despite these reports of toxicity, other liposomal formulations have been used for 
PDLA with no evidence of neurotoxicity from in vitro cytotoxicity studies, 
neurobehavioral experiments, high-resolution microscopy, and analyses of changes 
in gene expression in dorsal root ganglia [ 18 ]. Presently, the only commercially 
available PDLA formulation for clinical use is liposomal bupivacaine (DepoFoam, 
Exparel) [ 70 – 73 ], which has completed four phase three clinical trials in humans.  

28.5.3     Formulations Composed of Synthetic Hydrophobic 
Polymers 

 A variety of polymers have been used to form hydrophobic matrices that contain the 
local anesthetic freebase (Fig.  28.3b ). Thermoplastic aliphatic poly(esters) like 

  Fig. 28.3    Schematic representations of ( a ) a liposome loaded with an amphiphilic local anesthetic 
drug partitioned into either the internal aqueous space as a charged cation (LA+) or the hydrophobic 
lipid bilayer as a neutral base (LA); ( b ) a polymeric biodegradable microsphere with drug encapsu-
lated within the polymer matrix and adsorbed onto the surface; ( c ) a liposphere comprised of a solid 
hydrophobic core matrix impregnated with local anesthetic neutral base; ( d ) a composite hydrogel 
containing entrapped microgels containing local anesthetics. The hydrogel network is comprised of 
carboxymethylcellulose (CMC) and dextran cross-linked by aldehyde-hydrazide bonds       

 

28 Prolonged Duration Local Anesthesia



662

poly(lactic acid), poly(glycolic acid), and especially poly(lactic-co-glycolic acid) 
(PLGA) have been studied extensively due to their biocompatibility, biodegradabil-
ity, and approval for use in humans by the Food and Drug Administration of the 
USA. They are prepared as homo- or copolymers of poly(lactic) or poly(glycolic) 
acids. The molecular weights of the polymers as well as the ratio of lactide to gly-
colide are important determinants of biodegradation and release kinetics. PLGA 
formulations with high ratios of lactide to glycolide and/or high molecular weights 
degrade more slowly and release drug for longer periods of time [ 74 ,  75 ]. Although 
the majority of polymeric controlled release systems reported to date have utilized 
PLGA, other polymer preparations have been used with success, including poly(ε- 
caprolactone) (microspheres [ 76 ] and nanospheres [ 53 ]), polycarbonates [ 77 ], 
and PLA [ 53 ]. 

 Emulsion-based systems (e.g., oil/water emulsifi cation) are commonly used to 
make polymeric particles. Typically, local anesthetics in the freebase form are 
dissolved with the polymer in an organic solvent and emulsifi ed in an aqueous 
buffer. Hardened particles are produced by eliminating the solvent through an 
evaporation and/or extraction process and then lyophilizing the particles into a 
powder, which can subsequently be reconstituted into an aqueous solution for 
immediate use [ 56 ,  78 ]. One of the disadvantages of this process is the poor 
encapsulation effi ciency of relatively hydrophilic species, as they partition from 
the dispersed oil phase into the continuous aqueous phase in which the nascent 
particles are being formed [ 78 ]. For example, lidocaine (low octanol/buffer parti-
tion coeffi cient) [ 79 – 81 ] required greater molar concentrations in the starting 
materials to attain loading that was comparable to bupivacaine (high octanol/buf-
fer partition coeffi cient) [ 7 ,  9 ,  16 ,  17 ,  28 ,  51 ]. Synthesis by spray drying provided 
an alternative method of preparation that was faster and more suitable for scale-up 
and signifi cantly improved encapsulation effi ciency compared to traditional oil/
water emulsifi cation method [ 76 ,  82 ]. 

 Both oil/water emulsifi cation and spray-drying methods produced relatively 
polydisperse particle populations with a broad range of particle diameters [ 7 ,  9 ,  16 , 
 17 ,  28 ,  51 ,  76 ,  79 – 82 ]. The polydispersity and batch-to-batch variation in both the 
size and morphology of the resulting particles may produce undesirable variation in 
the rate of microparticle degradation, the stability of the drug, and the kinetics of 
drug release [ 83 ]. Monodisperse PLGA microspheres were synthesized using a 
microfl uidic fl ow-focusing device, which resulted in a signifi cantly lower initial 
burst release and slower overall drug release compared to the polydisperse formula-
tions made by conventional emulsion-based methods [ 83 ]. 

 PLGA has also been used to manufacture absorbable local anesthetic matrices 
for implantation into surgical incision sites for controlled release of various local 
anesthetics [ 84 – 87 ]. Such systems produced analgesia ranging from hours [ 84 ,  85 ] 
to several days following surgical incision [ 86 ]. Bupivacaine-loaded PLGA sutures 
manufactured by electrospinning conferred incisional analgesia to rats for 7 days in 
a skin wound model [ 12 ]. Other surgically implantable, non-PLGA polymeric for-
mulations have produced similar anesthetic effect [ 88 ,  89 ]. Neither implantable 
anesthetic matrices nor analgesic sutures impaired wound healing, suggesting 
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suitability for perioperative analgesia and the potential to mitigate the need for 
standard postoperative analgesics. 

 In general, tissue reaction to polymeric delivery systems is benign and is charac-
terized by generic acute and chronic infl ammation [ 28 ]. As we have noted above, 
that tissue reaction may not be benign once local anesthetics are incorporated [ 50 ]. 
A drawback of many of these systems is that residual excipient materials persist in 
the tissues long after the drug payload has been delivered [ 9 ,  28 ,  76 ].  

28.5.4     Lipid-Protein-Sugar Particles 

 Delivery vehicles that are characterized by short tissue dwell times relative to the 
duration of drug release may improve biocompatibility when compared to delivery 
systems with extended tissue dwell times. Lipid-protein-sugar particles composed 
of dipalmitoylphosphatidylcholine (DPPC), albumin, and lactose are absorbed rela-
tively quickly and were used to encapsulate bupivacaine. When compared to con-
ventional PLGA microspheres (which generate particle residues that last for 
prolonged periods) with 50 % (w/w) drug loading for rat sciatic nerve blockade 
[ 16 ], tissue reaction 4 days after injection was similar for both particle types (acute 
infl ammation with predominance of neutrophils). However, at 2 weeks animals in 
the LPSP group had mild, patchy infl ammation with macrophages and lymphocytes 
and no particles visualized, while animals injected with PLGA microspheres still 
had signifi cant polymeric residue surrounded by a foreign-body giant cell reaction 
that persisted for at least 8 weeks [ 28 ]. This difference in tissue reaction was attrib-
uted to the fact that the LPSPs were absorbed much more rapidly, although differ-
ences in composition of matter may have played a role as well.  

28.5.5     Lipospheres 

 Lipospheres were developed to address the high production costs and inherent insta-
bility of liposomes [ 90 ]. They are microparticles that consist of a solid, hydrophobic, 
triglyceride or fatty acid core impregnated with a hydrophobic drug, such as bupiva-
caine. The core is surrounded by a phospholipid monolayer [ 90 – 92 ] (Fig.  28.3c ). 
Early versions of the formulation containing bupivacaine were dispersions formulated 
with natural phospholipids such as egg or soy phosphatidylcholine (PC) and produced 
sensory blockade in the rat for 24–72 h depending on the method used to measure 
analgesia [ 91 ]. Because these formulations were found to solidify at room tempera-
ture within days of manufacture, they were limited to surgical implantation rather 
than injection [ 88 ,  89 ]. The problem of rapid    gelifi cation was overcome by adding 
synthetic phospholipids (such as dimyristoyl PC, dipalmitoyl PC, distearoyl PC, 
Precirol, and Miglyol) or a cellulosic polymer (carboxymethylcellulose) to improve 
the physical stability of the lipospheres [ 92 ,  93 ].  
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28.5.6     Hydrogels 

 Hydrogels are three-dimensional, cross-linked networks of water-soluble poly-
mers that form a hydrophilic microstructure whose pore size is readily tunable by 
manipulation of the cross-linking chemistry and density [ 94 ,  95 ]. They can also 
be chemically modifi ed to exhibit tunable affi nities for target drugs. Hydrogels 
typically possess favorable biocompatibility and produce only mild infl ammation 
[ 94 ,  95 ]. 

 One example of a hydrogel used for PDLA is hyaluronic acid (HA), a naturally 
occurring mucopolysaccharide which was used because (a) it can be made into a 
viscous aqueous solution; (b) the negative charge of the molecule can bind conven-
tional local anesthetics, which are all cationic when charged; and (c) it has excellent 
biocompatibility [ 27 ]. Unmodifi ed HA has variable effects on the duration of block 
from co-dissolved local anesthetics (including no effect at all). In one attempt to 
remedy this, HA was modifi ed to aldehyde and hydrazide forms that would cross- 
link upon mixing [ 96 ] at the time of injection, forming a gel in situ, trapping local 
anesthetics in the vicinity of the nerve for extended release [ 27 ]. The resulting 
cross-linked hydrogel doubled the duration of nerve blockade compared to the same 
concentrations of free bupivacaine. These HA formulations did not achieve dura-
tions of block such as those seen with some polymeric or other microsphere prep-
arations. However, the duration of blockade was adequate for many postoperative 
and/or dental situations without entailing the sequelae of microparticle injection 
(e.g., PLGA microspheres persisting at the injection site for weeks [ 9 ,  28 ]). Tissue 
reaction to cross-linked HA-based injections was restricted to a well-circumscribed 
area at the site of injection and consisted of interstitial chronic infl ammation 
(primarily lymphocytes and macrophages). Muscle injury was comparable to that 
from free bupivacaine at the same concentration. The principal limitation of cross-
linked HA formulations was the need for celerity by the practitioner during injec-
tion, in order to avoid needle blockage from hydrogel gelation; the use of a 
double- barreled syringe addressed that problem. 

 Synthetic hydrogel solutions have also been used for PDLA. Poloxamer 407 is 
a synthetic hydrogel that demonstrates reverse-phase thermal gelation (liquid 
phase at cold temperatures, gel at body temperature). When prepared as a 25 % 
(w/w) solution with 2 % (w/v) lidocaine HCL and administered at the rat sciatic 
nerve [ 97 ] or injected epidurally in pigs [ 98 ], sensory nerve blockade resulted for 
up to 210 min. Compared to free lidocaine, the lidocaine gel resulted in less sys-
temic absorption (lower peak serum concentration) and a longer time to peak 
serum concentration [ 98 ]. Cellulose additives (hydroxypropyl methylcellulose, 
carboxymethylcellulose, dextran) were found to increase the rate of release of lido-
caine from the poloxamer gel while paradoxically reducing lidocaine fl ux across 
porcine dura mater [ 97 ]. The authors hypothesized that the cellulose molecules 
formed a diffusion-reducing barrier with the relatively porous dura mater, thereby 
reducing the rate of lidocaine penetration across the membrane.  
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28.5.7     Cyclodextrins 

 Cyclodextrins (CDs) have been used to enhance aqueous solubility of poorly water- 
soluble drugs, while reducing drug toxicity and prolonging the duration of anes-
thetic effect [ 57 ]. Cyclodextrins are cyclic oligosaccharides comprised of 6–8 sugar 
subunits that form a hydrophobic internal cavity into which inclusion complexes 
with conventional local anesthetic agents can be formed [ 99 ,  100 ]. Naturally occur-
ring cyclodextrins are poorly soluble in water and organic solvents, limiting their 
use in pharmaceutical formulations. However, the introduction of alkyl [ 101 ] or 
sugar side chains [ 99 ,  100 ] confers improved aqueous solubility, thereby facilitating 
the development of aqueous injectable solutions. An aqueous solution of maltosyl-
β- CD complexed with levobupivacaine more than doubled the duration of both 
intrathecal [ 99 ] and sciatic nerve [ 99 ,  100 ] blockade. Similar results were achieved 
by complexation of ropivacaine with hydroxypropyl-β-CD [ 101 ]. 

 Although the duration of nerve blockade for cyclodextrin-complexed local 
anesthetics was modest, tissue reaction was favorable [ 57 ]. Hydroxypropyl-β-CD 
formulations of bupivacaine and ropivacaine produced less local anesthetic myotox-
icity on histologic analysis than did free drug injections [ 102 ]. However, unmodi-
fi ed cyclodextrins, such as β-CD, produce metabolites that are nephrotoxic when 
administered parenterally [ 57 ,  99 ,  100 ] and may produce hemolysis [ 99 ,  100 ]. Side 
chain functionalization may alter the metabolic fate and mitigate the potential for 
toxicity [ 57 ]. 

 The entrapment of hydrophobic drugs that have been rendered hydrophilic by 
cyclodextrin complexation into the aqueous core of liposomes has been demon-
strated, giving rise to    drug-in-cyclodextrin-in-liposome systems [ 103 ]. Liposomes 
can be “double-loaded” with the cyclodextrin-complexed drug in the aqueous core 
and the hydrophobic plain drug in the lipophilic shell [ 74 ,  103 ]. In a rabbit model of 
corneal analgesia, the use of this double-loading technique resulted in faster onset, 
greater intensity, and longer duration of analgesia [ 74 ].  

28.5.8     Injectable Liquid Polymers 

 Extensive investigation of poly(fatty ester-anhydrides) to dissolve bupivacaine 
within a hydrophobic matrix for controlled release has been performed. An early 
formulation comprised of poly(sebacic-co-ricinoleic acid) with 10 % (w/v) bupiva-
caine produced sensory nerve blockade lasting 30 h [ 75 ]. However, the anhydride 
bonds readily underwent hydrolysis, leading to rapid drug release. In an effort to 
produce a more hydrophobic polymer that would result in slower drug release from 
the hydrophobic matrix, polyester-poly(lactic acid-co-castor oil) was prepared with 
10 % (w/v) bupivacaine [ 8 ]. The formulation extended the duration of nerve block-
ade to 48 h but was limited by burst release that produced systemic toxicity. 
Interestingly, the burst release was eliminated, and the duration of nerve blockade 
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extended to 96 h by increasing the bupivacaine loading to 15 % (w/v) [ 104 ]. 
The paradoxical reduction in burst release from increased drug loading was attributed 
to increased formulation density and hydrophobicity, resulting in reduced water 
penetration into the drug-polymer matrix. The tissue reaction to these formulations 
was characterized by moderate infl ammation of the muscle and nerve at 3 days, 
with one of fi ve mice found to have necrosis of fat surrounding the nerve [ 104 ]. 
The injected polymer was present after 2 weeks and was accompanied by mild 
infl ammation that persisted for 3 months. 

 The polymers that are used for these preparations (without drug) demonstrated 
benign tissue reaction [ 105 ]. The main disadvantage was the prolonged time the 
polymer carriers persisted at the injection site, far beyond the duration of effect of 
the local anesthetic agent [ 2 ,  104 ,  105 ].  

28.5.9     Injectable Lipid Matrix 

 Lipid mixtures comprised of medium-chain triglycerides (MCTs) provide a physically 
stable liquid drug delivery system that is easy to inject and can be precisely tuned to 
contain large quantities of local anesthetics [ 106 ]. Such formulations can be used to 
produce ultra-long nerve blockade lasting for weeks. For example, a 1:1 eutectic 
mixture of lidocaine and prilocaine was dissolved into an MCT carrier fl uid matrix. 
The eutectic mixture was freely soluble in the MCT solution, and the concentration 
of local anesthetic was easily tunable from 2 to 80 % (v/v) [ 106 ]. The duration of 
sensory nerve blockade was 14 days for animals injected with 80 % (v/v) drug in 
MCT. However, “moderate” to “marked” neurotoxicity was observed for formula-
tions greater than 60 % (v/v) loading and appeared as axonal swelling and neuronal 
degeneration accompanied by myelin degeneration. The degree of neurotoxicity 
was directly correlated with drug loading. The MCT carrier alone did not produce 
any adverse tissue reaction, suggesting that the unfavorable tissue biocompatibility 
was attributable to the presence of local anesthetics [ 107 ]. All formulations were 
physically stable, with a shelf life of 1 year.  

28.5.10    Hybrid Formulations 

 Controlled release systems may be combined to form formulations with properties 
that differ from the individual delivery vehicles. Polymeric microparticulate formu-
lations are capable of high drug loading and prolonged drug release, but their clini-
cal applicability can be hindered by a tendency to aggregate during storage, leading 
to needle clogging at the time of injection; they also tend to cause local infl amma-
tion. Liposomes can possess good biocompatibility, short tissue dwell times, and 
favorable injectability, but they can be limited by a lack of physical stability that results 
in considerable leakage during storage. In situ gelling systems offer favorable 
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injectability, but are limited by their modest duration of nerve blockade. Composite 
formulations can mitigate the limitations of the individual systems and augment 
their desirable properties. 

 Systems have been developed incorporating microspheres within in situ-forming 
hydrogels. One such preparation, comprised of PLGA microparticles (31 % [w/w] 
lidocaine loading) suspended in the thermosensitive poloxamer 407 gel, yielded 
sciatic nerve blockade in rats lasting 8.5 h. Bupivacaine-loaded poly(ε- caprolactone) 
microspheres (50–90 % [w/w] drug loading) suspended in a hyaluronic acid-Plu-
ronic F-127 (a proprietary name of poloxamer 407) matrix achieved drug release in 
vitro for up to 42 days [ 108 ]. 

 Nanoparticles have also been employed in composite systems. Lidocaine-loaded 
poly(ε-caprolactone)-poly(ethylene glycol)-poly(ε-caprolactone) nanoparticles 
were prepared with 40 % (w/w) drug loading and mixed into a Pluronic F-127 gel 
[ 109 ]. The duration of analgesia following subcutaneous injection in rats was only 
6 h. Histologic analysis was not performed. 

 Microscale bupivacaine-loaded multivesicular liposomes, called Bupisomes, 
were prepared by remote loading and then entrapped within a calcium alginate 
cross-linked hydrogel (Bupigel) to form stable, injectable 3–5 mm beads that 
became a homogenous dispersion when injected [ 110 ]. Minimal bupivacaine leak-
age from the Bupigel system was observed after 2 years of storage at 4 °C. 
Subcutaneous injection of Bupigel in mice produced 35 h of analgesia. Tissue reac-
tion was not described. 

 A formulation consisting of soft composite injectable hydrogels containing 
entrapped copolymer microgels was developed as a delivery system for bupivacaine 
[ 95 ]. Anionically functionalized copolymer microgels composed of 
 N -isopropylacrylamide and acrylic acid were entrapped within an in situ gelling 
carboxymethylcellulose-based hydrogel (Fig.  28.3d ). By controlling the hydrogel 
cross-link density, degree of swelling, and affi nity for cationic bupivacaine of both 
the hydrogel and microgel phases, the investigators were able to engineer compos-
ites that achieved more prolonged drug release kinetics than could be achieved by 
the same hydrogels or microgels alone. Bupivacaine release was sustained for up to 
60 days in vitro, whereas the constituent hydrogel or microgel alone resulted in drug 
release for less than 1 week.  

28.5.11     Calcium Phosphate Apatite Matrix 

 Calcium phosphate materials are widely used in human surgeries for bone repair 
because their chemical composition, which is similar to that of bone, fosters the 
resorption/substitution process of bone healing [ 111 ]. They have also been used as 
drug delivery systems to bone [ 112 ,  113 ]. Recently, a bioresorbable, osteoconduc-
tive (i.e., facilitates reparative natural bone growth) synthetic matrix comprised of 
calcium- defi cient apatites (CDA) was used in rats as a carrier for bupivacaine for provi-
sion of analgesia to the periosteum following bone harvest [ 111 ]. CDA granules 

28 Prolonged Duration Local Anesthesia



668

containing 1, 4, or 16 % (w/w) bupivacaine were prepared by isostatic compaction 
[ 111 ], whereby a powder comprised of bupivacaine adsorbed to CDA was subjected 
to high pressure to produce granules. All 3 formulations demonstrated similar in 
vitro release kinetics, with approximately 80 % of drug released within 5 h and 
100 % by 24 h. Postoperative analgesic threshold was assessed by the von Frey 
monofi lament test. By their defi nition of analgesic effect, nerve blockade lasted for 
up to 72 h in a dose-dependent fashion.   

28.6     Topical Local Anesthesia 

 Many clinical procedures including needle insertions (vascular access, immuniza-
tions, regional nerve block, bone marrow aspiration) and dermatological procedures 
(skin biopsy, laser treatment) are painful [ 67 ]. Topical local anesthetic formulations 
bear brief mention here, given their adoption into broad clinical use as a method to 
reduce pain associated with procedures. 

 The impervious nature of skin is the greatest barrier to successful transdermal 
drug delivery [ 114 ]. Enhanced local anesthetic penetration of skin has been a major 
focus of research for more than 60 years [ 57 ]. A variety of topical local anesthetic 
delivery systems have been developed, intended to reduce the necessary concentra-
tion of local anesthetic, increase skin drug permeability, prolong local drug dwell 
time by reducing clearance, and/or limit local toxicity. 

 Bioadhesive patches with incorporated eutectic anesthetic mixtures have been 
studied extensively. One commercially available system in broad clinical use is a 
eutectic mixture of 2.5 % (w/v) lidocaine and 2.5 % (w/v) prilocaine in oil and water 
emulsion (EMLA™) [ 57 ]. Onset of anesthesia with EMLA is slow (up to 60 min) 
[ 57 ,  115 ]. To hasten the onset of analgesia, a lidocaine/tetracaine (1:1 mass ratio) 
medicated plaster (Synera™ in the USA, Rapydan™ in Europe) was developed 
with an integrated heating element designed to warm the skin by up to 5 °C upon 
contact with air, thereby enhancing drug fl ux. Analgesia was achieved within 10 min 
of application [ 115 ]. 

 Skin transit may also be augmented through the use of chemical permeation 
enhancers. Hydroxypropyl methylcellulose (HPMC) impregnated with mepivacaine 
has been used as a bioadhesive gel and evaluated in rats with the tail-fl ick analgesiom-
eter. The addition of a CPE (polyoxyethylene 2-oleyl ether) and a vasoconstrictor 
(tetrahydrozoline) were found to enhance local anesthetic action compared to HPMC 
alone [ 116 ], presumably by augmenting skin transit (by the CPE) and by maintain-
ing the drug at the site of placement (by the vasoconstrictor). Liposomal delivery 
systems, prepared as liquid (emulsions), semisolid (gels, creams, ointments), or solid 
formulations, have also been reported for transdermal local anesthetic delivery [ 57 ]. 

 Local anesthetics encapsulated in microemulsions comprised of permeation 
enhancers have also been shown to produce rapid transdermal penetration and effect 
[ 117 ,  118 ]. However, the surfactants and used to create the microemulsions may 
produce hemolysis and local tissue toxicity [ 117 ].  
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28.7     PDLA in Humans 

 Controlled release PDLA formulations have been used in humans for brachial 
plexus blockade [ 119 ], epidural injection [ 120 ,  121 ], subcutaneous infi ltration [ 63 , 
 122 ,  123 ], and intercostal nerve blockade [ 124 ]. Yet, despite at least 2 decades of 
published work, they have not been widely adopted clinically. A major limitation to 
broader clinical use has been adverse tissue reaction [ 50 ]. That tissue injury is a 
crucial consideration for PDLA systems is seen in the example of a sustained- 
release bupivacaine-dexamethasone formulation, where infl ammation and nerve 
and muscle injury in preclinical animal studies and clinical human trials led to with-
drawal of its Investigational New Drug application (IND#53,441) [ 50 ]. Few PDLA 
formulations are commercially available. One example is a liposomal bupivacaine 
preparation (DepoFoam bupivacaine, Exparel). In animal studies, mild granuloma-
tous infl ammation was reported to be the major histopathologic consequence [ 125 , 
 129 ,  130 ]. To date Exparel has undergone 4 clinical trials. Anesthetic effect was 
measured for perianal infi ltration in patients undergoing hemorrhoidectomy [ 70 ], 
peri-metatarsal infi ltration for bunionectomy [ 71 ], surgical site infi ltration for breast 
augmentation [ 73 ], and wound infi ltration for knee arthroplasty [ 72 ]. Patients from 
the hemorrhoidectomy and bunionectomy cohorts who received Exparel remained 
opioid-free for longer and required less cumulative opioid dosing compared to 
saline placebo. In studies where the saline placebo was replaced with conventional 
bupivacaine preparations, Exparel failed to produce statistically signifi cant differ-
ences in primary effi cacy measures [ 72 ,  73 ].  

28.8     Summary 

 The large number of reported PDLA formulations confi rms the intense interest in 
the development of effective and safe PDLA. Nonetheless, since the introduction of 
dibucaine-loaded PLA microspheres more than 3 decades ago [ 126 ], only one for-
mulation has become commercially available [ 70 – 73 ], and its recommended uses 
are limited to surgical incision sites (i.e., not recommended for epidural, intrathecal, 
intra-articular, or regional nerve blockade). Ultra-long duration anesthesia is achiev-
able by a variety of formulations (perhaps even lasting for months [ 107 ]), but there 
are concerns regarding the association of PDLA with adverse tissue reaction. When 
a PDLA formulation is used in anatomic locations with relatively low blood fl ow, or 
in patients with poor peripheral circulation, the potential for signifi cant tissue injury 
might be further increased, as these conditions might lead to the maintenance of 
high local tissue concentrations. Consequently, placement of PDLA formulations 
near nerves and major muscles should be approached with circumspection. 
Furthermore, surveillance for these complications will be necessary as these agents 
are adopted into broader clinical use. These considerations are not unique to any 
single formulation, but apply to all PDLA formulations that employ conventional 
local anesthetics. 
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 PDLA is also being investigated for uses beyond the simple ablation of pain. 
For example, it was possible to delay by 1 month the onset of neuropathic pain after 
spared-nerve injury of the rat sciatic nerve by delivering three sequential injections 
of dexamethasone-saxitoxin-loaded liposomes at the sciatic nerve that provided 
18 days of nerve blockade [ 11 ]. 

 New or nonconventional local anesthetic agents may also enhance PDLA for-
mulations. For example, tetrodotoxin, saxitoxin, or other site 1 sodium channel 
blockers may provide solutions to the problem of local tissue toxicity. As noted 
above, their narrow therapeutic indices indicate a need for caution in developing 
formulations with these compounds. Their use in humans to treat pain is already 
being explored [ 83 ,  127 ]. 

 Future studies in this developing fi eld will likely continue to be hampered by a 
lack of standardization of many important metrics relating to effectiveness or safety. 
More importantly, the relative durations of sensory and motor blockade and measures 
of systemic and local toxicity are frequently completely overlooked. These defi -
ciencies make it impossible to evaluate crucial performance criteria and make com-
parisons between systems very diffi cult. 

 The broader fi eld of drug delivery is growing rapidly and is incorporating many 
scientifi c disciplines, which could potentially bring great benefi ts to PDLA. For 
example, the development of remotely triggerable drug delivery systems [ 128 ] holds 
the promise of devices that allow the patient or doctor to determine exactly when 
pain relief begins and ends and how intense the analgesia is (with attendant motor 
defi cits), i.e., on-demand drug delivery. One can further envision—in a future where 
precise physiological or chemical correlates of pain were known and had been 
quantitated—entirely self-contained closed-loop systems that would be able to 
sense the presence of pain and release drugs to treat that pain.     
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