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Preface

The Handbook of Experimental Pharmacology is regarded as “one of the most

authoritative and influential book series in pharmacology”. It is said to provide

“critical and comprehensive discussions of the most significant areas of pharmaco-

logical research”. Obviously, this mission has already been followed for quite a

while, the present volume being number 197. It all started in the first half of the

twentieth century as Handbuch der Experimentellen Pharmakologie, founded by

Dr. A. Heffter who, among other things, acted as the first Chairman of the German

Society of Pharmacologists and as Rector of Berlin University in 1922. His

pharmacological interests included among other things a crystalline glycoside

from Strophanthus kombe. Accordingly, most volumes so far have covered various

active pharmaceutical ingredients (principles), or rather groups thereof.

Recently, the scope has become broader. This is reflected by the flanking

volumes and their subjects, namely Volume 196 which is on “Adverse Drug

Reactions” and Volume 198 on “Fertility Control”. Nevertheless, “Drug Delivery”

is certainly a topic which might not have been included in the series during the first

decades of the existence of the handbook. The problem in this context would not be

“drug”, although this would appear to be too broad a term in the context of a

particular volume of a handbook on pharmacology. The point really is “delivery”.

Certainly, today everybody and every institution has to deliver, the word being used

in the meaning of fulfilling expectations or reaching goals. The latter, in fact, comes

close to what is meant here. The term “delivery” in general life is used in many

contexts. In particular, it is related to commercial activity where goods have to be

transported, essentially from the producer to the user. In this context, for centuries a

major role has been played by vehicles, which can therefore be dubbed delivery

vehicles. While as late as the nineteenth century such vehicles were still carriages

moved by horse power, in a stricter sense today we might rather think in this context

of fast self-propelled objects such as rather small goods vehicles which virtually

dominate today’s motorways.
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Indeed, in modern drug treatment also, routes (of application) and exact time

frames have become critical for success in an era in which surrogate parameters for

efficacy are increasingly replaced by true outcome parameters.

The “Fundamentals” section of the table of contents of this present volume

introduces three terms which can be called key words of our time. In first place is

“targeting”. Active principles must definitely get to where they should be. This has

been familiar to the military for thousands of years, and more recently been has

highlighted in this field, coining the term “surgical warfare”. The idea is to increase

benefit-to-risk ratios by preventing what soldiers now call “collateral damage”.

The next term is “nanomedicine”. This word reflects a broader term, which is

“nanotechnology”. The term and the concept behind it have been greatly influen-

ced by the book The Coming Era of Nanotechnology, published in 1986 by

Dr. E. Drexler. This work reflected an earlier one by Dr. N. Taniguchi, who had

defined nanotechnology as early as 1974. The point in our context is that nanotech-

nology can, among other things, provide minute particles called nanoparticles as

potential carriers for active pharmaceutical ingredients. This approach in a way

reflects a natural approach used by the mammalian body, which is protein targeting.

Whatever the primary material for production might look like, we are talking about

carriers. One of the meanings of a “carrier” is a human being carrying goods for

third parties, another term being “porter”. Today, the term carrier is used in many

different contexts, one being aircraft carrier, essentially a ship from which military

fighter aircraft can be launched. In this way targets can be reached which would be

beyond the range of the aircraft alone.

The third term is “biosensing”. This means the use of biosensors, biological

structures capable of identifying particular analytes. Using metaphors from the

military field for the final time, we might think of the radar systems which help

both the aircraft carrier and the carried aircraft to perform their mission.

By now it has become obvious that very specific devices are essential to perform

the task of drug delivery as well as possible – often to save lives and quality of life.

Indeed, today there is a wide spectrum to be covered here, ranging from liposomes

to drug-delivering medical devices. When it comes to details, it is certainly impor-

tant whether drug delivery is considered in the context of therapeutics for systemic

or topical use. At least with one particular organ, namely the skin, there is

something which could be called the dual use option: while carriers can be required

simply to optimize topical treatment of skin disease, transdermal delivery is also a

relevant option in everyday drug treatment today when aiming for systemic drug

effects.

When planning the present volume, I was impressed by the breadth and depth of

current knowledge on drug delivery. Shortly before finally handing over the

manuscript to the publisher for printing, I have to admit that I am even now most

impressed – and I do hope that this enthusiasm will also be felt by the relevant

scientific community when looking at this new book. Certainly, the book would not

in the least have been possible without the support of 16 pre-eminent contributors

(and in some cases their collaborators) from various specialties or sub-specialties of

the life sciences. This could only happen because of the invitation and the
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continuing support from the series editor-in-chief, my distinguished colleague

Dr. Walter Rosenthal from Berlin, to whom I am indeed most grateful. Moreover,

thanks are due to Ms. Susanne Dathe from Springer Heidelberg for continuous

editorial support. Finally, I would like to thank for technical assistance Ms. Barbara

Brüggener, who helped me with the handling of the manuscripts.

Berlin, November 2009 M. Schäfer-Korting
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Monika Schäfer-Korting

Institut für Pharmazie (Pharmakologie und Toxikologie), Freie Universität Berlin,

Königin-Luise-Straße 2-4, 14195, Berlin, Germany

Marc Schneider

Pharmaceutical Nanotechnology, Saarland University, Im Stadtwald, 66123

Saarbrücken, Germany

Eliana B. Souto

Faculty of Health Sciences, Fernando Pessoa University, Rua Carlos da Maia, 296,

4200-150 Porto, Portugal

Vladimir P. Torchilin

Department of Pharmaceutical Sciences and Center for Pharmaceutical Biotech-

nology and Nanomedicine, Northeastern University, 360 Huntington Avenue,

Boston, MA 02115, USA

Stefan Weger
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Abstract The paradigm of using nanoparticulate pharmaceutical carriers has been

well established over the past decade, both in pharmaceutical research and in the

clinical setting. Drug carriers are expected to stay in the blood for long time,

accumulate in pathological sites with affected and leaky vasculature (tumors,

inflammations, and infarcted areas) via the enhanced permeability and retention

(EPR) effect, and facilitate targeted delivery of specific ligand-modified drugs and

drug carriers into poorly accessible areas. Among various approaches to specifically

target drug-loaded carrier systems to required pathological sites in the body, two

seem to be most advanced – passive (EPR effect-mediated) targeting, based on the

longevity of the pharmaceutical carrier in the blood and its accumulation in

pathological sites with compromised vasculature, and active targeting, based on

the attachment of specific ligands to the surface of pharmaceutical carriers to

recognize and bind pathological cells. Here, we will consider and discuss these

two targeting approaches using tumor targeting as an example.
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Keywords Drug delivery � Drug targeting � Tumors � Liposomes � Polymeric

micelles

1 Drug Targeting: General Considerations

By drug targeting, one usually understands an increased accumulation of an active

pharmaceutical ingredient (API) in the required area of the body compared to other

tissues and organs mediated by a spontaneous or external force or targeting moiety.

For the majority of pharmaceuticals currently in use, the specificity and activity of

pharmaceuticals towards disease sites or individual diseases is usually based on the

API’s ability to interfere with local pathological processes or with defective

biological pathways, but not on its selective accumulation in the specific intracel-

lular compartment or in the target cell, organ or tissue. Usually, pharmaceutical

agents, practically independently on the route of administration, are distributed

within the body rather evenly, proportionally to the regional blood flow. Moreover,

to reach the site of action, the API has to cross many biological barriers, such as

other organs, cells and intracellular compartments, where it can be inactivated or

express undesirable effects on organs and tissues that are not involved in the

pathological process. As a result, to achieve a required therapeutic concentration

of an API in a certain body compartment or certain tissue, one has to administer the

drug in large quantities (thus increasing the cost of the therapy), the great part of

which, even in the best case scenario, is just wasted in normal tissues, while

cytotoxic and/or antigenic/immunogenic agents can become the cause of many

negative side-effects.

Drug targeting can bring a solution to all these problems. In a very general sense,

one understands drug targeting as the ability of the API to accumulate in the target

organ or tissue selectively and quantitatively, independent of the site and method of

its administration. Ideally, under such conditions, the local concentration of the

agent at the disease site(s) should be high, while its concentration in other nontarget

organs and tissues should be below certain minimal levels to prevent any negative

side-reactions. The following advantages of drug targeting are evident: drug

administration protocols may be simplified; the drug quantity required to achieve

a therapeutic effect may be greatly reduced, as well as the cost of therapy; and drug

concentration in the required sites can be sharply increased without negative effects

on nontarget compartments. The same is true, to a great extent, for the use of many

diagnostic agents.

Although the concept of drug targeting, suggested by Paul Ehrlich early in the

twentieth century, considered a hypothetical “magic bullet” as an entity consisting of

two components – the first one should recognize and bind the target, while the second

one should provide a therapeutic action in this target – currently, the whole set of

suggested targeting protocols includes many different approaches to targeted drug

delivery. These approaches do not necessarily involve the use of specific targeting

moieties. In certain cases various physical principles and/or some physiological

4 V.P. Torchilin



features of the target area may be utilized for a successful targeting of pharmaceu-

ticals and pharmaceutical carriers.

The concept of targeted pharmaceuticals includes a coordinated interaction of

several components: pharmaceutical agent, targeting moiety, pharmaceutical car-

rier (soluble polymers, microcapsules, microparticles, cells, cell ghosts, liposomes,

and micelles) used to load many drug molecules per single targeting moiety, and a

target. The recognition of the target may proceed on various levels: on the level of a

whole organ, certain cells specific for this organ, or even individual components of

these cells (cell surface antigens). Recognition on the molecular level is certainly

the most universal form of target recognition, because in each organ or tissue

certain components can be found specific only to that organ or tissue.

Currently, numerous approaches for drug targeting have been described, permit-

ting the specific delivery of therapeutic and diagnostic pharmaceutical agents to a

variety of tissues and organs; some of them are discussed in many review-type

publications (see for example Francis and Delgado 2000; Gregoriadis 1977;

Muzykantov and Torchilin 2003; Torchilin 1995).

Attempts have been made to directly administer drugs into the affected zone, to

load APIs into certain carriers sensitive to specific values of pH or temperature in

pathological areas, or even use certain external forces, such as magnetic fields or

ultrasound, to guide drugs to required targets or to release APIs there. The passive

accumulation of many drugs and drug carriers due to their extravasation through

leaky vasculature (named the Enhanced Permeability and Retention [EPR] effect)

works very well for tumors, infarcts, and inflammation areas. The use of specific

delivery vectors (certain moieties possessing high specific affinity towards the

target areas) can target drugs and drug carriers almost everywhere.

Direct drug administration into an affected area was used in the intracoronary

infusion of thrombolytic enzymes for therapy of coronary thrombosis (Chazov et al.

1976), and in the intra-articular administration of nonhormonal drugs for the

treatment of arthritis (Williams et al. 1996). However, the direct administration of

a drug into an affected organ or tissue is technically quite difficult in a majority of

cases; in addition, many diseases are spread over a variety of cells or tissues. All

this limits the applicability of this approach to a very few clinical situations.

Various endogenous and/or exogenous physical factors have been shown to

mediate targeted delivery of pharmaceuticals. This approach utilizes, for example,

the differences in pH and temperature values between normal tissues and patholog-

ical areas (tumors, inflammation, etc.) that are characterized by acidosis (decreased

pH) and hyperthermia. With this in mind, it was suggested to load various pharma-

ceutical agents onto pH- or temperature-responsive drug carriers that can change

their properties and release an encapsulated agent when they are brought to the

areas with lower (compared to normal) pH or higher temperature. The advantage of

this approach is that even though the drug-loaded carrier is evenly distributed

within the circulation, it degrades and releases the drug only in the target area.

Moreover, the target area can be additionally heated from the outside by applying

external heat or ultrasound irradiation. Thus, it was shown that on intravenous

administration, the anti-cancer drug methotrexate accumulated in tumors in mice

Passive and Active Drug Targeting: Drug Delivery to Tumors as an Example 5



several times faster when it was incorporated into temperature-sensitive liposomes

and external heat was applied locally onto the tumor area (Weinstein et al. 1979).

Drug-loaded pH-sensitive liposomes are also frequently used for experimental

delivery of API and genetic material into a variety of compromised tissues (see

Budker et al. 1996; Torchilin et al. 1993 for just a few of many reviews). In many

cases, however, a pathological site does not differ much from normal tissues in

terms of temperature or local pH value, which makes the use of targeting based on

pH or temperature differences inapplicable.

An intentionally applied external magnetic field can also be used for the targeted

delivery of pharmaceuticals. In this case, the API of choice has to be attached to a

drug carrier possessing ferromagnetic properties. As a result, one can expect the

accumulation of a drug-loaded ferromagnetic carrier in the area to which an external

magnetic field is applied. High magnetic field gradient together with high blood

flow velocity and accompanying high shear strength in large blood vessels do not

allow this approach to work in blood vessels such as the aorta; however, magnetic

field-mediated drug accumulation in smaller blood vessels with slower blood flow

and located closer to the body surface was clearly demonstrated (Widder et al. 1983).

Dextran-coated microparticles of iron oxide have been used to couple the thrombo-

lytic enzyme streptokinase, and the preparation was successfully used for the tar-

geted thrombus lysis of artificially formed thrombi in carotid arteries of experimental

dogs when a small strong permanent magnet was implanted into the tissues next to a

vessel in the area of thrombus (Torchilin et al. 1988). The local prevention of

thrombosis in experimental dogs and rabbits was achieved by the intravenous

application of autologous red blood cells loaded with ferromagnetic colloid com-

pound and aspirin, when a strong magnet was positioned externally to the blood

vessel where the thrombus was initiated (Orekhova et al. 1990). Quite a few

examples exist (McBain et al. 2008; Pauwels and Erba 2007; Sun et al. 2008) of

magnetic targeting of various anticancer drugs to tumors, when such drugs have been

co-loaded together with magnetically sensitive nanoparticles into various pharma-

ceutical carriers and concentrated in tumors under the action of an external magnetic

field. However, magnetic drug delivery has its limitations connected with the blood

flow rate in the target, and is virtually impossible in large vessels or in “deep” tissues.

In this chapter, we will concentrate on drug targeting based on the EPR effect

(passive targeting) and on the use of targeting moieties (active targeting) and will

use as examples the studies related to drug delivery into tumors, which are the most

numerous and advanced.

2 Concepts of Passive and Active Targeting

It is now a well-established phenomenon that under certain circumstances the

endothelial lining of the blood vessel wall becomes more permeable than in the

normal state. This was clearly demonstrated in many tumors (Hobbs et al. 1998;

Jain 1999) and in infarcted areas (Palmer et al. 1984; Torchilin et al. 1992). As a
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result, in such areas, large molecules and even relatively large particles, such as

micelles and liposomes ranging from 10 to 500 nm in size, can leave the vascular

bed and accumulate inside the interstitial space. Assuming these large (polymeric)

molecules/particles are loaded with a pharmaceutical agent, they can bring this

agent into the area with the increased vascular permeability, where the API can be

eventually released from a carrier. Because the cut-off size of the permeabilized

vasculature varies from case to case (Hobbs et al. 1998; Yuan et al. 1995), the size

of a drug-carrying particle may be used to control the efficacy of such spontaneous

“passive” drug delivery or EPR effect (Maeda 2003; Maeda et al. 2000; Fig. 1).

This type of targeting requires drug delivery systems to be long-circulating (i.e., to

stay in the blood for extended periods of time) in order to provide a sufficient level

of accumulation in the target. The most usual way to keep drug carriers in the blood

long enough is to “mask” them by modifying (grafting) their surface with certain

water-soluble polymers with a well-solvated and flexible main chain, such as

polyethylene glycol (PEG) (Klibanov et al. 1990; Torchilin and Trubetskoy

1995). The surface-grafted “protective” polymers effectively prevent (slow down)

the opsonization of drug carriers and their clearance by the reticuloendothelial

system. The approach is best developed for liposomes (Lasic and Martin 1995;

Lasic and Papahadjopoulos 1998), although it has a rather broad applicability

(Torchilin 1998). The anticancer drug doxorubicin incorporated into long-circulating

PEG-coated liposomes, which is currently used in clinical conditions, demonstrates

Fig. 1 Schematics of the Enhanced Permeability and Retention (EPR) effect or “passive” target-

ing. (1) Drug-loaded nanocarrier; it cannot extravasate through normal endothelium and only

small molecules of free drug (4) can traverse normal endothelium to a certain extent in both

directions; (2) gaps between endothelial cells appear in pathological areas (3) (such as tumors,

infarcts, and inflammations), through which nanoparticles can extravasate and accumulate in such

areas creating high local drug concentrations
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high efficacy in EPR-based tumor therapy and strongly diminishes the side-effects

(Gabizon 1995, 2001) characteristic of free doxorubicin. Long-circulating polymeric

micelles (Torchilin 2001) may be used as carriers for drug delivery into tumors with a

smaller cut-off size (Hobbs et al. 1998; Yuan et al. 1995), as was shown in Lewis lung

carcinoma-bearing mice (Weissig et al. 1998).

Important advantages of prolonged circulation of drugs and drug carriers in the

blood flow include the possibility of maintaining a required concentration of an API

or drug carrier in the blood for a long time after a single administration; the ability

to utilize the EPR effect for the accumulation of pharmaceuticals in the areas with

leaky vasculature; and the possibility of enhancing targeting of drugs and drug

carriers into the areas with a limited blood supply and/or low concentration of a

target antigen, where an extended time is required to allow for a sufficient quantity

of a drug in the target zone. More information regarding the importance of drug

carrier longevity is given below.

It is important to mention, however, that in many pathological situations the

integrity of vascular endothelium remains unaffected and there is no opportunity

for EPR.

Many of the approaches to drug targeting described so far are not universal.

Thus, direct administration of a drug into an affected organ or tissue may be

technically difficult, or the disease site may be delocalized. Often, the affected

area does not differ much from normal tissues in terms of vascular permeability,

temperature or local pH value. Magnetic drug delivery also has limitations

connected with the blood flow rate in the target. The most natural and universal

way to impart to a nonspecific drug affinity towards its target is the binding of this

drug with another molecule (usually referred to as a targeting moiety or vector

molecule) capable of specific recognition and binding to a target site (Fig. 2). The

following substances can be used as targeting moieties: antibodies and their frag-

ments, lectins, other proteins, lipoproteins, hormones, charged molecules, mono-,

oligo- and polysaccharides, and some low-molecular-weight ligands, such as folate.

Monoclonal antibodies against characteristic components of target organs or tissues

are the most frequently used vector molecules.

Fig. 2 Schematics of the

specific ligand-mediated

active targeting. Nanocarrier

(1) loaded with the drug (2) is

modified with the moieties of

a specific ligand (3) capable

of recognizing certain binding

sites (4) on the cell surface

(5). As a result, the carrier

remains attached to the cell

surface and releases its drug

load there or can be

internalized bringing the drug

inside target cells
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Direct coupling of a drug to a targeting moiety seems the simplest way to prepare

a targeted drug. Immunotoxins represent the most vivid examples of this approach

(Vitetta et al. 1983). A natural toxin can be “cut” into active moiety (the toxic one)

and recognizing moiety, and then the latter is separated and the former is conju-

gated with an antibody. As a result, a toxic unit may be delivered only in those cells

that express an appropriate antigen (usually cancer cells), while antigen-free cells

will not be recognized by the immunotoxin and damaged. However, in this case

every single antibody molecule is able to carry just one active moiety. Since toxic

moieties of toxins/immunotoxins are extremely active (just one catalytic moiety of

the plant toxin ricin can kill a cell if gets inside and destroys thousands of

ribosomes), immunoxins may still find clinical application, primarily for cancer

treatment (Goldmacher et al. 2002; Vitetta et al. 1983).

Another example of this kind is the attachment of various thrombolytic enzymes

to some antibodies specific towards different components of thrombi. Thus, it was

clearly demonstrated in hamsters and baboons that effective thrombolysis may be

achieved by using the conjugate between single-chain urokinase-type plasminogen

activator and a bispecific monoclonal antibody against this activator and fibrin

(Imura et al. 1992). The data on enzyme–antibody conjugates for thrombolysis, as

well as on a variety of antibodies used to deliver the thrombolytic therapy directly

to the occlusion site, are numerous and well reviewed (Haber 1994; Khaw 2002).

Certain attempts have been also made to use direct drug–antibody conjugates for

targeted treatment of malignant diseases, such as human small cell lung cancer

(SCLC). Antibody against the proliferative compartment of mammalian squamous

carcinomas was conjugated with daunomycin and sharply enhanced drug potency in

the murine model (Ding et al. 1990). Murine monoclonal antibody NCC-LU-243

was conjugated with mitomycin C and used for the targeted therapy of nude mice

with the transplanted antigen-positive cell line of human SCLC (Kubota et al. 1992).

In general, however, the load of a pharmaceutical agent onto a single targeting

moiety should be much higher than a simple 1:1 ratio to make the whole approach

beneficial and practically applicable. Alternatively, some soluble or insoluble

carrier can be loaded with multiple active moieties and then conjugated additionally

with the targeting unit according to the scheme suggested by Ringsdorf in the mid-

1970s (Ringsdorf 1975). Different reactive and biocompatible soluble polymers can

be used as soluble carriers, whereas the family of insoluble carriers includes

microcapsules, nanoparticles, liposomes, micelles and cell ghosts. Various reser-

voir-type systems, such as liposomes or microcapsules, demonstrate the following

important advantages over other drug carriers: (a) maximum volume at a given

surface (i.e., maximum load of the drug); (b) few targeting moieties can carry

multiple drug moieties loaded into the reservoir; (c) the possibility to control size

and permeability.

To date, it has already been shown that body compartments and pathologies

that can be successfully targeted via different mechanisms include components

of cardiovascular system (blood pool, vascular walls, lungs, heart), reticulo-

endothelial system (liver and spleen); lymphatic system (lymph nodes and lym-

phatic vessels), tumors, infarcts, inflammations, infections, and transplants.
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The parameters determining the efficacy of drug targeting include: the size of the

target, blood flow through the target, number of binding sites for the targeted drug/

drug carrier within the target, number and affinity of targeting moieties on an API

molecule (drug carrier particle), and multipoint interaction of a drug/drug carrier

with the target.

3 Pharmaceutical Carriers: Liposomes and Micelles

as Examples

Numerous drug delivery and drug targeting systems, such as synthetic polymers,

microcapsules, cells, cell ghosts, lipoproteins, liposomes, and micelles (Cohen and

Bernstein 1996; Müller 1991), are currently developed or under development. Their

use aims to minimize drug degradation upon administration, prevent undesirable

side-effects, and increase drug bioavailability and the fraction of the drug accumu-

lated in the pathological area. To better achieve these goals, all listed drug carriers

can be made slowly degradable, stimuli-reactive (for example, pH- or temperature-

sensitive), and targeted (for example, by conjugating them with ligands specific

towards certain characteristic components/receptors of the area of interest). In

addition, drug carriers are expected to stay in the blood for prolonged time intervals

(Lasic and Martin 1995; Torchilin and Trubetskoy 1995) in order to maintain the

required therapeutic level of pharmaceuticals in the blood over an extended period,

to allow for their slow accumulation in pathological sites with affected and leaky

vasculature (tumors, inflammations, and infarcted areas) via the enhanced perme-

ability and retention (EPR) effect (Maeda et al. 2000; Palmer et al. 1984), and

facilitate targeted delivery of specific ligand-modified drugs and drug carriers into

poorly accessible areas (Torchilin 1998).

Pharmaceutical drug carriers, especially those for parenteral administration, are

expected to be easy and reasonably cheap to prepare, biodegradable, have small

particle size, possess high loading capacity, demonstrate prolonged circulation,

and, ideally, accumulate specifically or nonspecifically in required pathological

sites in the body (Gref et al. 1994).

The paradigm of using nanoparticulate pharmaceutical carriers to enhance the

in vivo efficiency of many drugs, anti-cancer drugs first of all, has been well

established over the past decade both in pharmaceutical research and in the clinical

setting and does not need any additional proofs. Various pharmaceutical nanocarriers,

such as nanospheres, nanocapsules, liposomes, micelles, cell ghosts, lipoproteins and

some others are widely used for experimental (and even clinical) delivery of thera-

peutic and diagnostic agents (Alonso 2004; Gregoriadis 1988; Müller 1991; Rolland

1993). Surfacemodification of these carriers is often used to control their properties in

a desirable fashion and make them simultaneously perform several different func-

tions. The most important results of such modification(s) include increased longevity

and stability in the circulation, changed biodistribution, targeting effect, sensitivity to
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stimuli (pH or temperature), and contrast properties. Frequent surface modifiers (used

separately or simultaneously) include: soluble synthetic polymers (to achieve carrier

longevity); specific ligands, such as antibodies, peptides, folate, transferrin, sugar

moieties (to achieve targeting effect); pH- or temperature-sensitive copolymers (to

impart stimuli sensitivity); and chelating compounds, such as EDTA, DTPA or

deferoxamine (to add a diagnostic/contrast moiety onto a drug carrier). Evidently,

different modifiers can be combined on the surface of the same nanoparticular drug

carrier providing it with a combination of useful properties (for example, longevity

and targetability, targetability and stimuli sensitivity, or targetability and contrast

properties).

Liposomes, artificial phospholipid vesicles, can be obtained by various methods

from lipid dispersions in water. Preparation of liposomes, their physico-chemical

properties and possible biomedical application have already been extensively dis-

cussed in several monographs (Gregoriadis 2007; Lasic and Martin 1995; Lasic and

Papahadjopoulos 1998; Torchilin and Weissig 2003; Woodle and Storm 1998). To

date, many different methods have been suggested for preparing liposomes of

different sizes, structure and size distribution. To increase liposome stability

towards the action of the physiological environment, cholesterol is incorporated

into the liposomal membrane (sometimes up to 50% mol). The size of liposomes

depends on their composition and preparation method and can vary from around

50 nm to greater than 1 mm in diameter. MLVs (multilamellar vesicles) range

from 500 to 5,000 nm and consist of several concentric bilayers. LUVs (large

unilamellar vesicles) range from 200 to 800 nm. SUVs (small unilamellar vesicles)

are around 100 nm (or even smaller) in size and are formed by a single bilayer (see

Fig. 3). The encapsulation efficacy for different substances is also variable depend-

ing on the liposome composition, size, charge, and preparation method. The use of

the reverse phase evaporation method (Szoka and Papahadjopoulos 1980) permits

the inclusion of 50% or more of the substance to be encapsulated from the water

phase into the liposomes. Besides, a variety of methods have been developed to

obtain lyophilized liposomal preparations possessing good storage stability

(Madden et al. 1985). The in vitro release rate of different compounds from

liposomes, including proteins of moderate molecular weight, such as lysozyme or

insulin, is usually under 1% per hour (assuming that the incubation temperature

sufficiently differs from the phase transition temperature of a given phospholipid).

Fig. 3 Liposomes can vary

in size between 50 and

1000 nm. Structures and drug

loading: soluble hydrophilic

drugs are entrapped into the

aqueous interior of the

liposome (1), while poorly

soluble hydrophobic drugs

are localized in the liposomal

membrane (2)
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In vivo, this parameter can vary within wide limits (minutes to hours) and depends

on the liposome membrane composition and cholesterol content, and location of the

liposome in the body.

Liposomes are biocompatible, cause no or very little antigenic, pyrogenic,

allergic and toxic reactions; they easily undergo biodegradation; they protect the

host from any undesirable effects of the encapsulated API, at the same time

protecting an entrapped API from the inactivating action of the physiological

medium; and, last but not least, liposomes are capable of delivering their content

inside many cells. Different methods of liposomal content delivery into the cyto-

plasm have been elaborated (Connor and Huang 1986). According to one of these

methods, the liposome is made of pH-sensitive components and, after being endo-

cytosed in the intact form, it fuses with the endovacuolar membrane under the

action of lowered pH inside the endosome, releasing its content into the cytoplasm.

In addition, liposomes have been shown to fuse with the microscopic pores on the

cell surface (which appear, for example, as a result of ischemia) (Khaw et al. 2001,

1995) and deliver their contents including DNA into the cell cytoplasm. Liposomes

modified on the surface with TAT-peptide (Torchilin and Levchenko 2003) (or

other cell-penetrating peptides, such as Antp, penetratin, or synthetic polyarginines;

see the review in Torchilin 2008) are also capable of delivering their cargo inside

cells (Torchilin et al. 2003a).

Liposomes have been considered promising drug carriers for over two decades

(Ringsdorf 1975). However, upon intravenous administration, plain liposomes are

very quickly (usually within 15–30 min) opsonized and sequestered by cells of the

reticuloendothelial system (RES), primarily by the liver (Ringsdorf 1975). From

this point of view, the use of targeted liposomes, i.e., liposomes with a specific

affinity for the affected organ or tissue, may both increase the efficacy of liposomal

drug, and decrease the loss of liposomes and their contents in RES.

To obtain targeted liposomes, different methods have been developed to bind

corresponding vectors (antibodies) to the liposome surface. These methods are

relatively simple and allow binding of sufficient numbers of antibody molecules

to a liposome surface without affecting the liposome integrity and antibody affinity

and specificity. At present, over 100 antibody molecules can be bound to a single

200 nm liposome, allowing for firm multi-point liposome binding with a target. The

routine methods for antibody coupling to liposomes include covalent binding to a

reactive group on the liposome membrane, and hydrophobic interaction of proteins

specifically modified with hydrophobic residues with the membrane (Francis and

Delgado 2000; Ringsdorf 1975).

A potentially important problem with liposomes (or any other microparticulate

drug carrier) is their inability to reach extravascular targets.

Despite some promising results with immunoliposomes as pharmaceutical car-

riers, the whole approach is limited because of the short lifetime of liposomes and

immunoliposomes in the circulation. The majority of antibody-modified liposomes

still end up in the liver as a consequence of an insufficient time for the interaction

between the target and targeted liposome. This is certainly the case when the target

has a diminished blood supply (ischemic or necrotic areas). Even high liposome
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affinity towards the target cannot provide substantial liposome accumulation

because of the small quantity of liposomes passing through the target with the

blood during the time period when liposomes are still present in the circulation. The

same lack of targeting can happen if the concentration of the target antigen is very

low, and even sufficient blood flow (and liposome passage) through the target does

not result in good accumulation due to the small number of “productive collisions”

between antigens and immunoliposomes. In both cases, better accumulation can be

achieved if liposomes can remain in the circulation long enough. This is why long-

circulated (usually PEGylated) liposomes have attracted so much attention over the

last decade.

Micelles represent colloidal dispersions with particle size from 5 to 50–100 nm.

At a certain concentration and temperature, such colloids are spontaneously formed

by amphiphilic or surface-active agents (surfactants), molecules of which consist of

two clearly distinct regions with opposite affinities towards a given solvent (Mittal

and Lindman 1991). At low concentrations, these amphiphilic molecules exist

separately as unimers; however, as their concentration is increased, aggregation

begins to take place at a certain concentration called the critical micelle concentra-

tion (CMC). The aggregates known as micelles include several dozens of amphi-

philic molecules and usually have a shape close to spherical. Hydrophobic

fragments of amphiphilic molecules form the core of a micelle, which can solubi-

lize poorly soluble pharmaceuticals (Lasic 1992). This solubilization phenomenon

was extensively investigated and reviewed in many publications (see, for example,

Attwood and Florence 1983). In aqueous systems, nonpolar molecules will be

solubilized within the micelle core, polar molecules will be adsorbed on the micelle

surface, and substances with intermediate polarity will be distributed along surfac-

tant molecules in certain intermediate positions (Fig. 4).

Polymeric micelles are usually prepared of amphiphilic block-copolymers of

hydrophilic PEG and various hydrophobic blocks. Numerous studies (see, for

example, Gao and Eisenberg 1993; Hunter 1991; Kabanov et al. 1992) have been

published on polymeric micelle formation and properties. Many good recent

reviews exist dealing with various aspects of polymeric micelle preparation, physi-

cochemical and biological properties, and possible applications as pharmaceutical

carriers (Adams et al. 2003; Jones and Leroux 1999; Kabanov et al. 2002a, b;

Kakizawa and Kataoka 2002; Kwon 1998, 2003; Lukyanov and Torchilin 2004;

Otsuka et al. 2003; Torchilin 2001).

In the majority of cases, amphiphilic unimers include PEG blocks with a

molecular weight from 1 to 15 kDa as corona-forming blocks, and the length of

a hydrophobic core-forming block is close to or somewhat lower than that of a

hydrophilic block (Cammas et al. 1997). Though some other hydrophilic polymers

may be used as hydrophilic blocks (Torchilin et al. 1995), PEG still remains the

corona block of choice. At the same time, a variety of polymers may be used to

build hydrophobic core-forming blocks: propylene oxide (Miller et al. 1997),

L-lysine (Katayose and Kataoka 1998), aspartic acid (Harada and Kataoka 1998),

b-benzoyl-L-aspartate (La et al. 1996), g-benzyl-L-glutamate (Jeong et al. 1998),

caprolactone (Allen et al. 1998), and D, L-lactic acid (Hagan et al. 1996). In certain
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cases, the starting copolymers can be prepared from two hydrophilic blocks and

then one of those blocks is modified by the attachment of a hydrophobic pharma-

ceutical agent (such as paclitaxel, cisplatin, antracyclin antibiotics, hydrophobic

diagnostic units, etc.) yielding amphiphilic micelle-forming copolymers (Katayose

and Kataoka 1998; Kwon and Kataoka 1995; Trubetskoy et al. 1997).

In some cases, phospholipid residues – short but extremely hydrophobic due to

the presence of two long-chain fatty acyl groups – can also be successfully used as

hydrophobic core-forming groups (Trubetskoy and Torchilin 1995). The use of lipid

moieties as hydrophobic blocks capping hydrophilic polymer (such as PEG) chains

can provide additional advantages for particle stability when compared with con-

ventional amphiphilic polymer micelles, due to the existence of two fatty acid acyls

which might contribute considerably to an increase in the hydrophobic interactions

between the polymeric chains in the micelle’s core. Similar to other PEG-contain-

ing amphiphilic block-copolymers, diacyllipid–PEG conjugates (such as PEG–

phosphatidyl ethanolamine, PEG–PE) were found to form very stable micelles in

an aqueous environment (Klibanov et al. 1990; Lasic et al. 1991b). Their CMC

values can be as low as 10�6 M (Kabanov et al. 2002a; Torchilin 2001), which is at

least 100-fold lower than those of conventional detergents (Rowe et al. 2003), so

that micelles prepared from these polymers will maintain their integrity even upon

strong dilution (for example, in the blood during a therapeutic application).

Fig. 4 A micelle as it self-assembles in the aqueous medium from amphiphilic unimers (such as

polyethylene glycol–phosphatidylethanolamine conjugate, PEG–PE; see on the top) with the

hydrophobic core (1) and hydrophilic corona (2). In water, nonpolar molecules will be solubilized

within the micelle core (3), polar molecules will be adsorbed on the micelle surface (4), and

substances with intermediate polarity will be distributed along surfactant molecules in certain

intermediate positions (5)
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The high stability of polymeric micelles also allows for good retention of

encapsulated drugs in the solubilized form upon parenteral administration.

Three targeting mechanisms can be seen for micelles, as for any other pharma-

ceutical long-circulating drug carrier. The first one is based on spontaneous pene-

tration of micelles into the interstitium through the leaky vasculature (EPR effect)

and is considered “passive targeting” (Gabizon 1995; Maeda et al. 2000; Palmer

et al. 1984). Thus, it was repeatedly shown that micelle-incorporated anticancer

drugs (such as adriamycin, see, for example, Kwon and Kataoka 1999) accumulate

much better in tumors than in nontarget tissues (such as the heart muscle), which

minimizes undesired drug toxicity. In certain cases, it is the small size of micelles

which makes them superior to other nanoparticulates, including liposomes. The

transport efficacy and accumulation of microparticulates, such as liposomes and/or

micelles, in the tumor interstitium is to a great extent determined by their ability to

penetrate the leaky tumor vascular endothelium (Jain 1999; Yuan et al. 1995); see

the schematic representation of this phenomenon in Fig. 1. Diffusion and accumu-

lation parameters were recently shown to be strongly dependent on the cut-off size

of tumor blood vessel wall, and the cut-off size varies for different tumors. As a

result, the use of PEG–PE micelles for the delivery of a model protein drug to a

murine solid tumor with a low permeability, Lewis lung carcinoma, provided the

best results compared to other particulate carriers (Weissig et al. 1998).

The second targeting mechanism is based on the fact that many pathological

processes in various tissues and organs are accompanied by local temperature

increase and/or acidosis (Helmlinger et al. 1997). Micelles made of temperature-

or pH-sensitive components, such as poly(N-isopropylacrylamide) and its copoly-

mers with poly(D,L-lactide) and other blocks, can disintegrate in such areas

releasing the micelle-incorporated drug (Jones and Leroux 1999).

Finally, specific ligands can be attached to the water-exposed termini of hydro-

philic blocks, such as antibodies and/or certain sugar moieties (Rammohan et al.

2001). In this case, in order to make the micelles targeted without creating any

steric hindrances for the antibody, the antibody of choice or its fragment can be

chemically attached to an activated water-exposed free terminus of a hydrophilic

block of micelle-forming polymer. For this purpose, relatively simple chemistry

can be applied similar to that developed earlier for liposomes (Torchilin et al.

2001a) and involving the use of amphiphilic PEG–PE with a protein-reactive

p-nitrophenylcarbonyl (pNP) group on the distal tip of the hydrophilic PEG block.

4 Chemistry Used to Provide Pharmaceutical Nanocarriers

with Various Functions

Preparing various functional nanocarriers with controlled properties requires the

conjugation of proteins, peptides, polymers, cell-penetrating moieties, reporter

groups and other functional ligands to the carrier surface (although in certain
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cases functional components may be loaded inside the nanocarrier or distributed

within the nanocarrier structure: thus, for example, fine ferromagnetic particles can

be loaded inside liposomes or polymeric nanoparticles to make them magnetic).

This attachment can proceed noncovalently, via the hydrophobic adsorption of

certain intrinsic or specially inserted hydrophobic groups in the ligands to be

attached onto or into the surface of the nanocarrier. Thus, amphiphilic polymers

or hydrophobically modified proteins can adsorb on the hydrophobic surface of

polystyrene nanoparticles (Yuan et al. 1995) or incorporate into the phospholipid

membrane of liposomes (Torchilin 1998) or hydrophobic core of micelles (Torch-

ilin 2001). More frequently, the attachment is performed chemically, via the

interaction of reactive groups generated on the carrier surface and certain groups

in the molecule to be attached. In the case of liposomes, the most popular drug

delivery system and convenient example of the techniques used, the conjugation

methodology, is based on three main reactions, which are quite efficient and

selective: reaction between activated carboxyl groups and amino groups yielding

an amide bond; reaction between pyridyldithiols and thiols yielding disulfide

bonds; and reaction between maleimide derivatives and thiols yielding thioether

bonds (Torchilin and Klibanov 1993). Some other approaches also exist, for

example yielding the carbamate bond via the reaction of the p-nitrophenylcarbonyl
groups introduced onto the surface of nanocarriers with amino group of various

ligands (Torchilin et al. 2001b). The detailed review of numerous coupling proce-

dures and protocols used for attaching a whole variety of surface modifiers to drug

carriers can be found in Klibanov et al. (2003) and Torchilin et al. (2003c).

It was shown, for example, that carboxylic groups of immunoglobulins can be

activated by water-soluble carbodiimide; activated protein can then be bound to

free amino-group-containing surfaces, such as PE-containing liposomes (Dunnick

et al. 1975). For further ligand attachment, corresponding reactive groups on the

surface of nanocarriers can be premodified with the aid of heterobifunctional

cross-linking reagents, such as the popular N-succinimidyl-3(2-pyridyldithio)-pro-

pionate (SPDP) used to synthesize a PE derivative further used for coupling to SH-

containing proteins (Leserman et al. 1980). Another possibility is to rely on the

reaction of the thiol groups on a ligand (protein) with the maleimide-carrying

surfaces (phospholipid molecules, in the case of liposomes). This approach (Martin

and Papahadjopoulos 1982) is now one of the most widely used in research and

practical applications. Different commercially available maleimide reagents can be

used for the preparation of maleimide-carrying phospholipids in a simple single-

step procedure. Various high and low molecular weight compounds have been

attached to liposomes by using pyridyldithiopropionyl-PE or maleimide reagents

(Klibanov et al. 2003; Torchilin et al. 2003c). The application of free thiol groups

located on immunoglobulin Fab fragments is also attractive. It is believed that these

SH groups are positioned far from the antigen-binding sites, enabling the nanocar-

rier-bound antibody fragments to retain their specific interaction with antigens.

Some ligands carry carbohydrate residues, which can be easily oxidized to yield

aldehyde groups that can react with surface aminogroups with the formation of

Schiff bases (Heath et al. 1980). Nanocarriers (such as liposomes) containing
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surface-exposed carboxylic groups were used for the attachment of different

ligands (Kung and Redemann 1986). In the case of liposomes, they can be prepared

by various techniques and activated with water-soluble carbodiimide directly prior

to ligand addition. The same chemical reactions can be used to attach nonmodified

proteins and peptides to various nanocarriers, including preformed liposomes,

containing membrane-incorporated reactive lipid derivatives, such as N-glutaryl-
PE or glutaryl-cardiolipin (Bogdanov et al. 1988; Weissig and Gregoriadis 1992;

Weissig et al. 1990). The use of a four-tailed hydrophobic cardiolipin derivative

instead of a two-tailed PE derivative allows for a decrease in the number of amino

groups involved in the conjugation reaction at the same degree of hydrophobicity.

This results in better preservation of the activity of the hydrophobized and lipo-

some-attached protein (Niedermann et al. 1991; Weissig et al. 1986). Some current

methods for attaching various (mainly, targeting) ligands to nanocarriers are

reviewed in Nobs et al. (2004).

Some special methods are designed to attach various sterically protective poly-

mers to the surface of nanocarriers (see below). Thus, for example, to make PEG

capable of incorporation into the liposomal membrane, the reactive derivative of

hydrophilic PEG is single terminus-modified with a hydrophobic moiety (usually,

the residue of PE or long-chain fatty acid is attached to PEG-hydroxysuccinimide

ester) (Klibanov et al. 1991, 1990). In the majority of protocols, PEG–PE is used,

which must be added to the lipid mixture prior to liposome formation. Alterna-

tively, it was suggested to synthesize single-end-reactive derivatives of PEG able to

be coupled with certain reactive groups (such as maleimide) on the surface of

already prepared liposomes, referred to as the postcoating method (Maruyama et al.

1995). Currently, numerous studies on the preparation and properties of polymer-

modified liposomes are well reviewed in several important books (Gregoriadis

1993; Lasic and Barenholz 1996; Lasic and Martin 1995). Spontaneous incorpora-

tion of PEG-lipid conjugates into the liposome membrane from PEG-lipid micelles

was also shown to be very effective and did not disturb the vesicles (Sou et al.

2000).

5 Longevity of Nanocarriers in the Blood and its Importance

for Drug Delivery

Longevity in the blood is one of the key properties of nanoparticulate drug delivery

systems for both passive and active targeting, and long-circulating pharmaceuticals

and pharmaceutical carriers currently represent an important and still growing area

of biomedical research (see, for example, Cohen and Bernstein 1996; Lasic and

Martin 1995; Moghimi and Szebeni 2003; Torchilin 1996b, 1998; Trubetskoy and

Torchilin 1995). There are quite a few important reasons for making long-circulat-

ing drugs and drug carriers. One of them is to maintain a required level of a

pharmaceutical agent (both therapeutic and diagnostic) in the blood for an extended
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time interval. Long-circulating diagnostic agents are of primary importance for

blood pool imaging, which helps in evaluating the current state of blood flow and

discovering its irregularities caused by pathological lesions. Blood substitutes

represent another important area for the use of long-circulating pharmaceuticals,

when artificial oxygen carriers should be present in the circulation for long

enough (Winslow et al. 1996). Then, as was discussed above, long-circulating

drug-containing microparticulates or large macromolecular aggregates can slowly

accumulate (“passive” targeting: Maeda 2001; Maeda et al. 2000) in pathological

sites with affected and leaky vasculature (primarily tumors) and improve or

enhance drug delivery in those areas (Gabizon 1995; Maeda 2001; Maeda et al.

2000). In addition, the prolonged circulation can help to achieve a better targeting

effect for targeted (specific ligand-modified) drugs and drug carriers, allowing more

time for their interaction with the target (Torchilin 1996b) due to larger number of

passages of targeted pharmaceuticals through the target.

Chemical modification of drugs and drug carriers with certain synthetic poly-

mers is the most frequent way to add in vivo longevity to other functions of drugs

and drug carriers. Hydrophilic polymers have been shown to protect individual

molecules and solid particulates from interaction with different solutes. This phe-

nomenon relates to the stability of various aqueous dispersions (Molyneux 1984),

and within the pharmaceutical field it helps to protect APIs and drug carriers from

undesirable interactions with components of the biological milieu. The term “steric

stabilization” has been introduced to describe the phenomenon of polymer-

mediated protection (Naper 1983). The most popular and successful method to

obtain long-circulating biologically stable nanoparticles is coating with certain

hydrophilic and flexible polymers, primarily with poly(ethylene glycol) (PEG), as

was first suggested for liposomes (Allen et al. 1991; Klibanov et al. 1990;

Maruyama et al. 1991; Senior et al. 1991). On the biological level, coating nano-

particles with PEG sterically hinders interactions of blood components with their

surface and reduces the binding of plasma proteins with PEG particles, as was

demonstrated for liposomes (Allen 1994; Chonn et al. 1991, 1992; Lasic et al.

1991a; Senior et al. 1991; Woodle 1993). This prevents drug carrier interaction with

opsonins and slows down their fast capture by RES (Senior 1987; Fig. 5). The

mechanisms of preventing opsonization by PEG include shielding of the surface

Fig. 5 The mechanism of

steric protection of

pharmaceutical nanocarriers

by surface-grafted polymers.

As an example, PEG chains

(1) on the liposome surface

prevent opsonin (2) from

being adsorbed on the

liposome and allow for its

prolonged circulation
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charges, increased surface hydrophilicity (Gabizon and Papahadjopoulos 1992),

enhanced repulsive interaction between polymer-coated nanocarriers and blood

component (Needham et al. 1992), and formation of a polymeric layer over the

particle surface which is impermeable for other solutes even at relatively low polymer

concentrations (Gabizon and Papahadjopoulos 1992; Torchilin et al. 1994).

Although quite a few polymers have been tried as steric protectors for nanopar-

ticular drug carriers (Torchilin and Trubetskoy 1995), which will be discussed

further, the majority of research on long-circulating drugs and drug carriers was

performed with the use of PEG as a sterically protecting polymer because of the

very attractive combination of properties of PEG: its excellent solubility in aqueous

solutions and its ability to bind many water molecules, high flexibility of its

polymer chain, very low toxicity, immunogenicity, and antigenicity, lack of accu-

mulation in the RES cells, and minimum influence on specific biological properties

of modified pharmaceuticals (Pang 1993; Powell 1980; Yamaoka et al. 1994;

Zalipsky 1995). It is also important that PEG is not biodegradable and subsequently

does not form any toxic metabolites. On the other hand, PEG molecules with

molecular weight below 40 kDa are readily excreted from the body via the kidneys.

From the practical point of view, PEG is easily commercially available in a variety

of molecular weights. PEGs which are normally used for the modification of drug

and drug carriers have a molecular weight from 1,000 to 20,000 Da. Single-

terminus reactive (semitelehelic) PEG derivatives are often used for modification

of pharmacologically important substances without the formation of cross-linked

aggregates and heterogenic products. Currently, there exist many chemical

approaches to synthesize activated derivatives of PEG and to couple these deriva-

tives with a variety of drugs and drug carriers. Extensive reviews of these methods

and their applicability for solving various problems in the drug delivery area were

done by several authors (Torchilin 2002; Veronese 2001; Zalipsky 1995). Despite

well-developed chemistry of PEG coupling, the search for alternative sterically

protecting polymers is quite active. These polymers should be biocompatible,

soluble, hydrophilic, and have a highly flexible main chain (see some data in

Chonn et al. 1992; Lasic et al. 1991a; Maruyama et al. 1994; Takeuchi et al.

1999; Torchilin 1996b; Torchilin et al. 2001b, 1995; Torchilin and Trubetskoy

1995; Trubetskoy and Torchilin 1995; Woodle et al. 1994).

The most important biological consequence of nanocarrier modification with

protecting polymers is a sharp increase in their circulation time and decrease in their

RES (liver) accumulation (Klibanov et al. 1990; Lasic and Martin 1995; Torchilin

et al. 1994). From the clinical point of view, it is extremely important that various

long-circulating liposomes of a relatively small size (100–200 nm) were shown to

effectively accumulate in many tumors via the “impaired filtration” mechanism

(Gabizon and Papahadjopoulos 1988; Gabizon 1995; Maeda 2001; Maeda et al.

2000). As a result, PEG-coated and other long-circulating liposomes were prepared

containing a variety of anticancer agents, such as doxorubicin, arabinofuranosylcy-

tosine, adriamycin, and vincristin (Allen et al. 1992; Boman et al. 1994; Gabizon

et al. 1994; Huang et al. 1994). The biggest success was achieved with PEG-

liposome-incorporated doxorubicin, which has already demonstrated very good
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clinical results (Ewer et al. 2004; Gabizon 1995; Rose 2005). An analysis of the

pharmacokinetics of long-circulating nanocarriers (using PEG-liposomes) was

performed by Allen (Allen et al. 1995b). In general, the association of drugs with

nanocarriers has pronounced effects on pharmacokinetics: delayed drug absorption,

restricted drug biodistribution, decreased volume of drug biodistribution, delayed

drug clearance, and retarded drug metabolism (Hwang 1987). All these effects are

determined by hindered interstitial penetration of a drug and lesser drug accessibil-

ity for the biological milieu because of entrapment into the drug carrier. The

presence of protective polymer on the carrier surface changes all these parameters

still further (Klibanov et al. 1990; Senior et al. 1991). Thus, while “plain” lipo-

somes have nonlinear, saturable kinetics, long-circulating liposomes demonstrate

dose-independent, nonsaturable, and log-linear kinetics (Allen and Hansen 1991;

Huang et al. 1992; Mayhew et al. 1992). All pharmacokinetic effects depend on the

route of liposome administration and their size and composition, and are always

less expressed for sterically protected PEG-carriers (Allen et al. 1989; Liu et al.

1991, 1992; Maruyama et al. 1992).

An additional function can be added to long-circulating PEGylated pharmaceu-

tical carriers, which allows for the detachment of PEG chains under the action of

certain local stimuli characteristic of pathological areas, such as the decreased pH

value or increased temperature usually noted in inflamed and neoplastic areas. The

problem is that the stability of PEGylated nanocarriers may not always be favorable

for drug delivery. In particular, if drug-containing nanocarriers accumulate inside

the tumor, they may be unable to easily release the API to kill the tumor cells.

Likewise, if the carrier has to be taken up by a cell via an endocytic pathway, the

presence of the PEG coat on its surface may preclude the contents from escaping the

endosome and being delivered in the cytoplasm. In order to solve these problems,

for example, in the case of long-circulating liposomes, the chemistry was developed

to detach PEG from the lipid anchor in the desired conditions. Labile linkage that

would degrade only in the acidic conditions characteristic of the endocytic vacuole

or the acidotic tumor mass are well-known from the area of controlled drug release.

Such linkages can be based, e.g., on diortho ester acid-labile chemistry (Guo and

Szoka 2001), or vinyl ester chemistry (Boomer and Thompson 1999). The latter

reference describes the preparation of an acidic medium-cleavable PEG-lipid.

Cysteine-cleavable lipopolymers were also described (Zalipsky et al. 1999).

When the PEG brush is cleaved (e.g., from the liposome surface), membrane

destabilization should occur, and the liposome contents would be delivered to its

target (e.g., by escaping from the primary endosome into the cell cytoplasm).

Polymeric components with pH-sensitive (pH-cleavable) bonds are widely used

to produce stimuli-responsive drug delivery systems that are stable in the circula-

tion or in normal tissues. However, they acquire the ability to degrade and release

the entrapped agents in body areas or cell compartments with lowered pH, such as

tumors, infarcts, inflammation zones or cell cytoplasm or endosomes (Roux et al.

2002a, 2004; Simoes et al. 2004). Since in “acidic” sites the pH drops from the

normal physiological value of 7.4 to pH 6 and below, chemical bonds used so far to

prepare the acidic pH-sensitive carriers have included vinyl esters, double esters,
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and hydrazones that are quite stable at pH around 7.5 but hydrolyze relatively fast at

pH values of 6 and below (Guo and Szoka 2001; Kratz et al. 1999; Zhang et al.

2004). To date, a variety of liposomes (Leroux et al. 2001; Roux et al. 2002b) and

micelles (Lee et al. 2003a, b; Sudimack et al. 2002) have been described that include

components with the above-mentioned bonds, as well as a variety of drug conjugates

capable of releasing such drugs as adriamycin (Jones et al. 2003), paclitaxel

(Suzawa et al. 2002), doxorubicin (Potineni et al. 2003; Yoo et al. 2002), and

DNA (Cheung et al. 2001; Venugopalan et al. 2002) in acidic cell compartments

(endosomes) and pathological body areas under acidosis. New detachable PEG

conjugates are also described in Zalipsky et al. (1999), where the detachment

process is based on the mild thiolysis of the dithiobenzylurethane linkage between

PEG and the amino-containing substrate (such as phosphatidyl ethanol amine).

Serum stable, long-circulating PEGylated pH-sensitive liposomes were also pre-

pared using, on the same liposome, the combination of PEG and pH-sensitive

terminally alkylated copolymer of N-isopropylacrylamide and methacrylic acid

(Roux et al. 2004). The attachment of the pH-sensitive polymer to the surface of

liposomes might facilitate liposome destabilization and drug release in compart-

ments with decreased pH values. Numerous in vitro and in vivo experiments have

shown great potential for improved efficiency of drug delivery and targeting.

6 Passive Accumulation of Liposomes and Micelles in Tumors

Since it was repeatedly shown that, like macromolecules, long-circulating lipo-

somes are capable of accumulating in various pathological areas with affected

vasculature via the EPR effect (Maeda et al. 2001; Yuan et al. 1994), long-

circulating polymer (PEG)-coated liposomes have been repeatedly used for drug

delivery into tumors via passive accumulation. An important feature of protective

polymers is their flexibility, which allows a relatively small number of surface-

grafted polymer molecules to create an impermeable layer over the liposome

surface (Torchilin et al. 1994; Torchilin and Trubetskoy 1995). Although PEG

remains the gold standard in liposome steric protection for passively targeted

preparations, attempts continue to identify other polymers that could be used to

prepare long-circulating liposomes. Earlier studies with various water-soluble

flexible polymers have been summarized in Torchilin and Trubetskoy (1995) and

Woodle (1998). More recent papers describe long-circulating liposomes prepared

using poly[N-(2-hydroxypropyl)methacrylamide)] (Whiteman et al. 2001), poly-

N-vinylpyrrolidones (Torchilin et al. 2001b), L-amino acid-based biodegradable

polymer-lipid conjugates (Metselaar et al. 2003), and polyvinyl alcohol (Takeuchi

et al. 2001).

As was already mentioned, long-circulating liposomes demonstrate dose-

independent, nonsaturable, log-linear kinetics, and increased bioavailability

(Allen and Hansen 1991). The relative role of the liposome charge and protective

polymer molecular size was investigated, showing that opsonins with different
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molecular sizes may be involved in the clearance of liposomes containing different

charged lipids (Levchenko et al. 2002). PEG was also attached to the liposome

surface in a removable fashion to facilitate liposome capture by the cell after PEG-

liposomes accumulate in target site via the EPR effect (Maeda et al. 2001), and the

PEG coating is detached under the action of local pathological conditions

(decreased pH in tumors). New detachable PEG conjugates are described in

Zalipsky et al. (1999), where the detachment process is based on the mild thiolysis

of the dithiobenzylurethane linkage between PEG and an amino-containing sub-

strate (such as PE). Low pH-degradable PEG-lipid conjugates based on the hydra-

zone linkage between PEG and lipid have also been described (Kale and Torchilin

2007; Sawant et al. 2006).

Doxorubicin in PEG-coated liposomes (Doxil
1

and Caelyx
1

; see the schematic

structure in Fig. 6) is successfully used for the treatment of solid tumors in patients

with breast carcinoma metastases, with subsequent survival improvement

(O’Shaughnessy 2003; Perez et al. 2002; Symon et al. 1999). The same set of indi-

cations was targeted by the combination therapy involving liposomal doxorubicin

and paclitaxel (Schwonzen et al. 2000) or Doxil/Caelyx and carboplatin (Goncalves

et al. 2003). Caelyx is currently also in Phase II studies for patients with squamous

cell cancer of the head and neck (Harrington et al. 2001) and ovarian cancer

(Johnston and Gore 2001). Clinical data showed the impressive effect of doxorubi-

cin in PEG-liposomes against unresectable hepatocellular carcinoma (Schmidinger

et al. 2001), cutaneous T-cell lymphoma (Wollina et al. 2003), and sarcoma (Skubitz

2003). The recent review on the successful use of Caelyx in the treatment of ovarian

cancer can be found in Perez-Lopez et al. (2007). It should, however, be noted here

that recent evidence showed that PEG-liposomes, previously considered biologi-

cally inert, could still induce certain side-reactions via activation of the complement

system (Moein Moghimi et al. 2006; Moghimi and Szebeni 2003).

Different methods of liposomal content delivery into the cytoplasm have been

elaborated by adding the pH-sensitivity function to liposomal preparations (Torch-

ilin 1991). When the liposome is made of pH-sensitive components then, after

being endocytosed, it fuses with the endovacuolar membrane under the action of

lowered pH inside the endosome and destabilizes it, releasing its content into the

cytoplasm (Torchilin et al. 1993). Thus, endosomes become the gates from

Fig. 6 Schematic structure of

Doxil1 – doxorubicin in

PEG-coated liposomes
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the outside into the cell cytoplasm (Sheff 2004). This approach has been reviewed

many times in various publications (in 2004, endosomal escape by pH-sensitive

drug delivery systems was specifically discussed in a special issue of Advanced
Drug Delivery Reviews #56, J.C. Leroux, ed.). It is usually assumed that inside

the endosome, the low pH and some other factors destabilize the liposomal mem-

brane, which, in turn, interacts with the endosomal membrane provoking its sec-

ondary destabilization and drug release into the cytoplasm. The presence

of fusogenic lipids in the liposome composition, such as unsaturated DOPE

(dioleoyl-sn-glycero-3-phosphatidylethanolamine), is usually required to render pH

sensitivity to liposomes (Shalaev and Steponkus 1999). Multifunctional long-

circulating PEGylated DOPE-containing pH-sensitive liposomes, although having

a decreased pH sensitivity, still effectively deliver their contents into cytoplasm

after being passively accumulated in the tumor (Varga et al. 2000). Antisense

oligonucleotides (ODN) were delivered into cells by anionic pH-sensitive PE-

containing liposomes, which are stable in the blood but undergo phase transition

at acidic endosomal pH and facilitate oligonucleotide release into cell cytoplasm

(Fattal et al. 2004). New pH-sensitive liposomal additives were recently described

including oleyl alcohol (Sudimack et al. 2002) and pH-sensitive morpholine lipids

(mono-stearoyl derivatives of morpholine) (Asokan and Cho 2003).

In the case of micellar preparations of anticancer drugs, passive micelle

targeting to pathological organs or tissues can further increase the pharmaceutical

efficiency of a micelle-encapsulated drug. Direct correlations between the lon-

gevity of a particulate drug carrier in the circulation and its ability to reach its

target site have been observed on multiple occasions (Gabizon 1995; Maeda et al.

2001). The results of the blood clearance study of various PEG–PE micelles

clearly demonstrated their longevity: the micelle formulations studied had circu-

lation half-lives in mice, rats, and rabbits from 1.2 to 2.0 h depending on the

molecular size of the PEG block (Lukyanov et al. 2002). The increase in the size

of a PEG block increases the micelle circulation time in the blood probably by

providing a better steric protection against opsonin penetration to the hydrophobic

micelle core. However, circulation times for PEG–PE micelles are somewhat

shorter than those for PEG-coated long-circulating liposomes (Klibanov et al.

1990), which could be explained in part by the more rapid extravasation of the

micelles from the vasculature associated with their considerably smaller size

compared to liposomes (Weissig et al. 1998). Slow dissociation of micelles under

physiological conditions due to continuous clearance of unimers, with a micelle–

unimer equilibrium being shifted towards the unimer formation (Trubetskoy et al.

1997), can also play its role.

As with long-circulating liposomes (Gabizon 1992, 2001; Papahadjopoulos et al.

1991), PEG–PE-based micelles formed by PEG750–PE, PEG2000–PE, and PEG5000–

PE accumulate efficiently in tumors via the EPR effect. It is worth mentioning that

micelles prepared with several different PEG–PE conjugates demonstrated much

higher accumulation in tumors compared to nontarget tissue (muscle), even in

the case of an experimental Lewis lung carcinoma (LLC) in mice known to have

a relatively small vasculature cut-off size (Hobbs et al. 1998; Weissig et al. 1998).
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In other words, because of their smaller size, micelles may have additional advan-

tages as a tumor drug-delivery system which utilizes the EPR effect compared to

particulate carriers with larger sizes of individual particles. Thus, the micelle-

incorporated model protein (soybean trypsin inhibitor or STI, MW 21.5 kDa)

accumulates to a higher extent in subcutaneously established murine Lewis lung

carcinoma than the same protein in larger liposomes (Weissig et al. 1998).

The accumulation pattern of PEG–PE micelles prepared from all versions of

PEG–PE conjugates is characterized by peak tumor accumulation times of about

3–5 h. The largest total tumor uptake of the injected dose 5 h post-injection (as

AUC) was found for micelles formed by the unimers with a relatively large PEG

block (PEG5000–PE). This may be explained by the fact that these micelles have

the longest circulation time and a lesser extravasation into the normal tissue than

micelles prepared from the smaller PEG–PE conjugates. Micelles prepared

from PEG–PE conjugates with shorter versions of PEG, however, might be more

efficient carriers of poorly soluble drugs because they have a greater hydrophobic-

to-hydrophilic phase ratio and can be loaded with drug more efficiently on a

weight-to-weight basis. Similar results have been obtained with another murine

tumor model, EL4 T-cell lymphoma (Lukyanov et al. 2002). Some other recent

data also clearly indicate spontaneous targeting of PEG–PE-based micelles into

other experimental tumors (Torchilin et al. 2003b) in mice, as well as into the

damaged heart areas in rabbits with experimental myocardial infarction (Lukyanov

et al. 2004b).

Among drugs delivered by passively targeted micelles, one can name paclitaxel,

which was shown to accumulate in tumors much better than its commercial

formulation Taxol
1

, when loaded into micelles made of PEG-b-poly(4-phenyl-
1-butanoate)-l-aspartamide conjugates (Hamaguchi et al. 2005). With this prepara-

tion, an almost 100-fold increase in the AUC, a 15-fold decrease in the volume of

distribution and a significant decrease of drug clearance was achieved, which

resulted in 25-fold improved drug accumulation in C-26 tumor in mice and

corresponding increase in antitumor activity. Some other micellar preparations

for passive targeting of paclitaxel have also been tested with variable degrees of

success (Hamaguchi et al. 2005; Kim et al. 2004).

PEG-b-poly(amino acid)-based micelles loaded with cisplatin (CDDP) were

designed for passive drug targeting into tumors and are undergoing clinical trials

(Uchino et al. 2005). Among other micellar preparations for passive drug targeting

in clinical trials, one can also mention doxorubicin in micelles made of PEG-block-
poly(l-aspartate)–doxorubicin conjugate (these micelles contain both free and

hydrophobic block-conjugated drug) (Matsumura et al. 2004) as well as doxorubi-

cin in micelles made of Pluronic
1

(Danson et al. 2004).

Another targeting mechanism is based on the fact that many pathological

processes in various tissues and organs are accompanied by local temperature

increase and/or acidosis (Vutla et al. 1996; Yerushalmi et al. 1994). Hence, the

efficiency of the micellar carriers can be further improved by making micelles

capable of disintegration under the increased temperature or decreased pH values in

pathological sites, i.e., by combining the EPR effect with stimuli responsiveness.
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For this purpose, micelles are made of temperature- or pH-sensitive components,

such as poly(N-isopropylacrylamide) and its copolymers with poly(D,L-lactide) and

other blocks, and acquire the ability to disintegrate in target areas, releasing the

micelle-incorporated drug (Cammas et al. 1997; Chung et al. 1998; Kohori et al.

1998; Kwon and Okano 1999; Meyer et al. 1998). pH-responsive polymeric

micelles loaded with phthalocyanine seem to be promising carriers for photody-

namic cancer therapy (Le Garrec et al. 2002), while doxorubicin-loaded polymeric

micelles containing acid-cleavable linkages provided an enhanced intracellular

drug delivery into tumor cells and thus higher efficiency (Yoo et al. 2002).

Thermo-responsive polymeric micelles were shown to demonstrate an increased

drug release upon temperature changes (Chung et al. 1999).

Passively targeted micelles (polymeric micelles) can also demonstrate pH sensi-

tivity and ability to escape from endosomes. Thus, micelles prepared from PEG-

poly(aspartate hydrazone adriamycin) easily release an active drug at lowered pH

values typical for endosomes and facilitate its cytoplasmic delivery and toxicity

against cancer cells (Bae et al. 2005). Alternatively, micelles for intracellular

delivery of antisense ODN were prepared from ODN–PEG conjugates complexed

with a cationic fusogenic peptide, KALA, and provided much higher intracellular

delivery of the ODN than could be achieved with free ODN (Jeong et al. 2003). One

could also enhance an intracellular delivery of drug-loaded micelles by adding to

their composition the lipid components used in membrane-destabilizing Lipofectin
1

.

Thus, PEG–lipid micelles, for example, carry a net negative charge (Lukyanov

et al. 2004b), which might hinder their internalization by cells. On the other hand,

it is known that the net positive charge usually enhances the uptake of various

nanoparticles by cells, and after endocytosis the drug/DNA-loaded particles

could escape from the endosomes and enter a cell’s cytoplasm through disruptive

interaction of the cationic lipid with endosomal membranes (Hafez et al. 2001).

The compensation of this negative charge by the addition of positively charged

lipids to PEG–PE micelles could improve the uptake by cancer cells of drug-loaded

mixed PEG–PE/positively charged lipid micelles. It is also possible that after the

enhanced endocytosis, such micelles could escape from the endosomes and enter

the cytoplasm of cancer cells. With this in mind, an attempt was made to increase

the intracellular delivery and, thus, the anticancer activity of micellar paclitaxel

by preparing paclitaxel-containing micelles from a mixture of PEG–PE and

Lipofectin
1

lipids (LL) (Wang et al. 2005). Multifunctional polymeric micelles

capable of pH-dependent dissociation and drug release when loaded with doxoru-

bicin and supplemented with biotin as cancer cell-interacting ligand were also

described in Lee et al. (2005).

The problems with drug delivery using micelles for passive targeting are usually

associated with too fast drug release from the micelles and with the difficulties of

intracellular drug delivery (Aliabadi and Lavasanifar 2006). In order to minimize

drug release from the micelles, the drug can be chemically conjugated with the

hydrophobic blocks of micelle-forming components or drug-loaded micelles can be

additionally chemically cross-linked (Kang et al. 2005; Lavasanifar et al. 2002;

Shuai et al. 2004; Yuan et al. 2005).
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7 Active Tumor Targeting with Drug-Loaded Liposomes

Current development of liposomal carriers often involves the attempt to combine

the properties of long-circulating liposomes and targeted liposomes in one prepara-

tion (Abra et al. 2002; Blume et al. 1993; Torchilin et al. 1992). To achieve better

selectivity of PEG-coated liposomes, it is advantageous to attach the targeting

ligand via a PEG spacer arm, so that the ligand is extended outside of the dense

PEG brush, excluding steric hindrances for the ligand binding to the target. Various

advanced technologies are used for this purpose, and the targeting moiety is usually

attached above the protecting polymer layer, by coupling it with the distal water-

exposed terminus of an activated liposome-grafted polymer molecule (Blume et al.

1993; Torchilin et al. 2001a), see Fig. 7.

Since PEG–lipid conjugates used for the steric protection of liposomes and other

pharmaceutical nanocarriers, and for the preparation of polymeric micelles, are

derived from methoxy-PEG (mPEG) and carry nonreactive methoxy terminal

groups, several attempts have been made to functionalize PEG tips in PEG–lipid

conjugates. For this purpose several types of end-group functionalized lipopoly-

mers were introduced of general formula X-PEG–PE (Zalipsky 1995; Zalipsky

et al. 1998), where X represents a reactive functional group-containing moiety, and

PEG–PE represents the conjugate of PE and PEG.

An interesting approach to couple various ligands, such as antibodies, to lipo-

somes, including PEGylated liposomes, involves a so-called “postinsertion” tech-

nique (Ishida et al. 1999). This technique is based on the preliminary activation of

ligands with any reactive PEG–PE derivative and subsequent co-incubation of

unstable micelles formed by the modified ligand–PEG–PE conjugates with pre-

formed drug-loaded plain or PEGylated liposomes. Eventually, modified ligands

spontaneously incorporate from their micelles into the more thermodynamically

favorable surroundings of the liposome membrane. This method was used, in

particular, to prepare immuno-Doxil by modifying it with p-nitrophenylcarbonyl

Fig. 7 The attachment of the

targeting moiety (mostly

monoclonal antibody) to

PEGylated pharmaceutical

nanocarrier (with liposome as

an example). Although the

targeting ligand could be co-

immobilized on the surface

together with PEG (1), the

targeting moiety is usually

attached above the protecting

polymer layer, by coupling it

with the distal water-exposed

terminus of the activated

liposome-grafted polymer

molecule (2)
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(pNP)–PEG–PE-modified anticancer 2C5 monoclonal antibody (Elbayoumi and

Torchilin 2007; Lukyanov et al. 2004a).

Since antibodies are the most diverse and broadly used specific ligands for

experimental targeted chemotherapy of various tumors with drug-loaded lipo-

somes, there exist multiple original papers and reviews on antibody-targeted

drug-loaded liposomes in cancer (see for reviews Kontermann 2006; Park et al.

2004; Sapra and Allen 2003; Sofou and Sgouros 2008; Torchilin 1996a, 2000;

Vingerhoeds et al. 1994).

Antibody-modified liposomes of the “first generation” have been used to esti-

mate certain parameters of their interaction with target cells in vitro (Klibanov et al.

1985) and also perform liposome targeting to certain model and real targets both

in vitro and in vivo, such as extracellular matrix antigens or infarcted areas in the

myocardium (Chazov et al. 1981; Torchilin et al. 1985). Importantly, it was noted

that the modification of antibody-bearing liposomes with PEG (to make them long-

circulating) usually results in decreased binding efficacy because of steric shielding

of surface-attached antibodies by the liposome-grafted PEG (Klibanov et al. 1991;

Torchilin et al. 1992). This eventually led to the development of multiple methods

to attach antibodies onto the surface of the PEG layer in PEGylated liposomes.

In general, antibody attachment can decrease the circulating time of liposomes

because of increased uptake of the modified liposomes via Fc receptors of circulat-

ing or liver macrophages, or opsonization of the liposome-tagged antibody mole-

cules (Allen et al. 1995a; Kamps and Scherphof 1998). Whole antibodies can also

trigger complement-mediated cytotoxicity and antibody-dependent cellular cyto-

toxicity (Sapra and Allen 2003). These effects could be minimized by using

antibody Fab fragments instead of whole antibodies (Flavell et al. 1997). Although

Fab fragments can also accelerate liposome clearance (Maruyama et al. 1997), in

general Fab-liposomes circulate significantly longer than full antibody-modified

liposomes (Maruyama et al. 1997). In the case of antibody-modified PEGylated

liposomes, even a certain decrease in the circulation time still allows for their

sufficiently long circulation, permitting good target accumulation. Clearly, atten-

tion should be paid not to over-modify PEG-liposomes with the antibody to the

level at which their longevity is seriously compromised.

Interestingly, in some cases tumor accumulation of antibody-modified long-

circulating liposomes is comparable with the accumulation of long-circulating

liposomes without antibody attached (Moreira et al. 2001; Park et al. 2002, 1997,

2001). However, therapeutic activity is higher for antibody-targeted liposomes.

As explained in Kirpotin et al. (2006) using PEGylated liposomes modified or

nonmodified with anti-HER2 antibody, although intratumoral accumulation is

similar for both preparations, antibody-modified preparations are much better

internalized by tumor cells, which allows for higher drug doses delivered inside

cancer cells, i.e., for more efficient cancer cell killing.

In some other cases, however, the liposome internalization seems not to be

important. Thus, it was shown in Sapra and Allen (2004) that PEGylated liposomes

loaded with vincristine or doxorubicin and modified (or nonmodified) with anti-

bodies against internalizing CD19 antigen or noninternalizing CD20 antigen
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demonstrate therapeutic effects which depended more on the type of drug used than

on its ability to be internalized. As expected, the cytotoxicity of targeted liposomes

depended also on the rate of drug release from the liposomes (Allen et al. 2005).

An interesting phenomenon was described in Hosokawa et al. (2003), the

authors of which have demonstrated that, while nontargeted doxorubicin-contain-

ing liposomes were toxic to various cancer cells to the extent reflecting cell

sensitivity to the drug, the cytotoxicity of antibody-targeted liposomes was propor-

tional to the surface density of the surface antigen against which liposomes were

targeted. The critical antigen surface concentration was about 4�104 sites per

single cell, and after this value a further increase in antigen density was not

important any more. Similar observations have also been made in Lopes de

Menezes et al. (1998) and Park et al. (2002). Since cancer cells are often rather

heterogenous in respect to antigens they express, it was suggested in Sapra and

Allen (2003) to use a combination of antibodies against different antigens on a

single liposome to provide better and more uniform targeting of all cells within the

tumor. Alternatively, the “bystander” effect can also be relied upon (Sapra and

Allen 2003), i.e., the action of the drug released from the liposomes attached to a

certain cancer cell on the neighboring cancer cells devoid of a similar receptor.

An antibody which has gained popularity in cancer targeting is the monoclonal

antibody against HER2, the antigen frequently over-expressed on various cancer

cells. Monoclonal anti-HER2 antibodies including the humanized ones as well as

currently clinically used Herceptin antibodies have been used to render drug-loaded

liposomes (long-circulating liposomes) specific for HER2-positive cancer cells

(Kirpotin et al. 1997, 2006; Park et al. 1995, 1997, 2001; Yang et al. 2007). This

antibody was successfully used to deliver doxorubicin, both in plain and long-

circulating liposomes, to breast tumors xenografts in mice, which resulted in

significantly enhanced therapeutic activity of the drug. PEGylated liposomes deco-

rated with anti-HER2 antibody were shown to undergo effective endocytosis by

HER2-positive cancer cells, allowing for better drug (doxorubicin) accumulation

inside tumor cells with better therapeutic outcome. Compared to doxorubicin in

plain PEGylated liposomes (Doxil
1

), which normally accumulates in the tumor

interstitial space, in the case of antibody-targeted Doxil, more drug molecules were

discovered inside cancer cells, i.e., targeting with the antibody increases drug

internalization by target cells.

Another promising antibody to target tumors with drug-loaded liposomes is the

monoclonal antibody against CD19 antigen, which is also frequently over-

expressed on various cancer cells. Anti-CD19 antibody-modified liposomes loaded

with doxorubicin demonstrated clearly enhanced targeting and therapeutic efficacy

both in vitro and in vivo in mice with human CD19þ B-lymphoma cells (Lopes de

Menezes et al. 1998). Similar results have also been obtained with doxorubicin-

loaded liposomes modified with antibodies against internalizable C19 antigen and

against noninternalizable CD20 antigen (Sapra and Allen 2004). Anti-CD19 anti-

bodies have also been used to target doxorubicin-loaded liposomes with variable

drug release rates to experimental tumors (Allen et al. 2005). Recently, a successful

attempt was made to target doxorubicin-loaded long-circulating liposomes to
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CD19-expressing cancer cells with single chain Fv fragments of CD19 antibodies

(Cheng and Allen 2008; Cheng et al. 2007).

Since neuroblastoma cells usually over-express disialoganglioside GD2, anti-

bodies against GD2 and their Fab0 fragments have been suggested to target drug-

loaded liposomes to corresponding tumors (Brignole et al. 2003; Pastorino et al.

2006, 2003). Fab0 fragments of anti-GD2 antibodies covalently coupled to long-

circulating liposomes loaded with doxorubicin allowed for increased binding and

higher cytotoxicity against target cells both in vitro and in vivo, including in models

of human tumors in nude mice and in metastatic models. GD2-targeted immuno-

liposomes with the novel antitumoral drug, fenretinide, inducing apoptosis in

neuroblastoma and melanoma cell lines, have also demonstrated strong anti-neuro-

blastoma activity both in vitro and in vivo in mice (Raffaghello et al. 2003). The

combination of doxorubicin-loaded PEGylated liposomes targeted with anti-GD2

and with NGR-peptides specifically binding with the tumor vasculature, produced

an improved therapeutic effect by acting on both tumor cells and tumor blood

vessels (Pastorino et al. 2006).

An interesting novel target for anti-tumor drug delivery by means of targeted

liposomes is the membrane type-1 matrix metalloproteinase (MT1-MMP), playing

an important role in tumor neoangiogenesis and over-expressed both on tumor cells

and on neoangiogenic endothelium. The modification of doxorubicin-loaded long-

circulating liposomes with anti-MT1-MMP antibody resulted in an increased uptake

of the targeted liposomes by MT1-MMP-over-expressing HT1080 fibrosarcoma

cells in vitro and in more effective inhibition of tumor growth in vivo compared

to antibody-free doxorubicin-loaded PEGylated liposomes (Hatakeyama et al.

2007). It was demonstrated that anti-MM1-MMP antibody enhances the endocytic

internalization of drug-loaded liposomes, thus increasing their cytotoxicity (Atobe

et al. 2007). Strong action of such preparation on tumor endothelial cells was noted.

Epidermal growth factor receptor (EGFR) and its variant EGFRvIII can serve as

valuable targets for intracellular drug delivery into tumor cells over-expressing

these receptors. Fab0 fragments of the monoclonal antibody C225, which binds both

EGFR and EGFRvIII, and scFv fragment of the monoclonal antibody, which binds

only to EGFR, were coupled to drug-loaded liposomes and allowed for substan-

tially enhanced binding of such targeted liposomes with cancer cells over-expres-

sing corresponding receptors, such as glioma cells U87 and carcinoma cells A0431

and MDA-MB-468. The better binding resulted in enhanced internalization and

increased cytotoxicity (Mamot et al. 2003). In vivo therapy with such targeted drug-

loaded liposomes (doxorubicin, epirubicin and vinorelbine were used as drugs)

always resulted in better tumor growth inhibition than therapy with nontargeted

liposomal drugs (Mamot et al. 2005). Fab0 fragment derived from the humanized

anti-EGFR monoclonal antibody EMD72000 was shown to provide efficient intra-

cellular delivery of the liposomal drugs into colorectal tumor cells (Mamot et al.

2006). The authors of this study have also shown that the attachment of the

targeting moiety to PEGylated liposomes requires the length of the spacer arm

sufficient to overcome possible steric shielding of antibody fragments by sterically-

protecting PEG chains. An interesting method to construct anti-EGFR-targeted
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liposomes was suggested in Pan and Lee (2007), where the anti-EFGR antibody

(cetuximab or C225) was covalently linked to the folate-binding protein via a

thioester bond and then coupled to the preformed folate-containing liposomes.

Cetuximab-liposomes loaded with boron derivatives for boron neutron capture

therapy were also prepared using the cholesterol-based anchor and micelle transfer

technology (Pan et al. 2007).

Various proteins of the extracellular matrix expressed on the surface of cancer

cells have also been used as targets for the antibody-mediated delivery of liposomal

drugs. Thus, b1-integrins expressed on the surface of human nonsmall cell lung

carcinomas were targeted by doxorubicin-loaded liposomes modified with Fab0

fragments of anti-b1-integrin monoclonal antibodies (Sugano et al. 2000). Treat-

ment of SCID mice with lung tumor xenografts with such liposomes resulted in

significant suppression of tumor growth compared to all controls and also inhibited

metastases. The idea of targeting various antigens (preferably, the internalizable

ones) on the endothelial cells by antibody–liposome conjugates was tested long ago

(Trubetskaya et al. 1988). However, the approach attracted real attention only in the

last few years. Thus, liposomes modified with anti-E-selectin antibodies were

successfully internalized by activated endothelial cells in vitro through E-selectin-

mediated endocytosis (Asgeirsdottir et al. 2008). Another possible target for

antibody-mediated cancer therapy with drug-loaded liposomes is the epithelial

cell adhesion molecule (EpCAM), which is expressed in many tumors but not in

normal cells (Hussain et al. 2007). EpCAM-targeted immunoliposomes were gen-

erated by covalent attachment of the humanized scFv fragment of the 4D5MOCB

monoclonal antibody to the surface of PEGylated doxorubicin-loaded liposomes

and demonstrated significantly improved binding, internalization and cytotoxicity

with EpCAM-positive cancer cells. Similarly, liposomes coupled with antibodies

against vascular cell adhesion molecule-1 (VCAM-1) can be effectively targeted to

activated endothelial cells over-expressing VCAM-1 (Voinea et al. 2005). Lipo-

somes loaded with cytotoxic drugs were also targeted to ED-B fibronectin using

scFv fragments of the corresponding antibody (Marty and Schwendener 2005).

Proliferating endothelial cells have been targeted with doxorubicin-loaded lipo-

somes modified with scFv fragments of the antibody against endoglin over-

expressed on such cells (Volkel et al. 2004).

Lipid-based drug carriers have also been conjugated with antibodies (or their

fragments) against transferrin receptor (TfR), frequently over-expressed on the

surface of various cancer cells. For example, such carriers were modified with the

OX26 monoclonal antibody against TfR via liposome-incorporated maleimide-

modified PEG2000–PE molecules and demonstrated strong binding with cells

over-expressing TfR (Beduneau et al. 2007). The same antibody was attached to

daunomycin-loaded liposomes noncovalently via the avidin–biotin couple, and the

modified liposomes demonstrated good accumulation in multidrug-resistant RBE4

brain capillary endothelial cells both in vitro and in vivo (Schnyder et al. 2005).

Liposomes loaded with a lipophilic prodrug 5-fluorodeoxyuridine and modified

with the monoclonal antibody CC531 against rat colon carcinoma demonstrated

good binding with target cells (Koning et al. 1999) and effective intracellular drug

30 V.P. Torchilin



delivery compared to all controls (Koning et al. 2002). Antibody CC52 against rat

colon adenocarcinoma CC531 attached to PEGylated liposomes provided specific

accumulation of liposomes in a rat model of metastatic CC531 tumors (Kamps et al.

2000).

Nonpathogenic antinuclear autoantibodies (ANAs), frequently detected in can-

cer patients and in healthy elderly individuals, represent a subclass of natural anti-

cancer antibodies. Earlier, we have shown that certain monoclonal ANAs (such as

mAbs 2C5 and 1G3) recognize the surface of numerous tumor, but not normal, cells

(Iakoubov et al. 1995a, b; Iakoubov and Torchilin 1997). Nucleosome-restricted

specificity was shown for some of these monoclonal ANAs, and tumor cell surface-

bound nucleosomes (NSs) have been shown to be their universal molecular target

on the surface of a variety of tumor cells (Iakoubov and Torchilin 1997, 1998).

Because these antibodies can effectively recognize a broad variety of tumors, they

may serve as specific ligands to deliver other drugs and drug carriers into tumors.

These antibodies were used to prepare drug-loaded tumor-targeted long-circulating

immunoliposomes (with doxorubicin), which demonstrated highly specific binding

with various cancer cells (murine Lewis lung carcinoma, 4T1, C26, and human

BT-20, MCF-7, PC3 cells) in vitro (Elbayoumi and Torchilin 2007; Lukyanov et al.

2004a), significantly increased tumor accumulation in model tumors in mice

including intracranial human brain U-87 MG tumor xenografts in nude mice,

decreased side-effects, and superior antitumor activity in vivo (Elbayoumi and

Torchilin 2006, 2008; Gupta and Torchilin 2007).

Doxorubicin-loaded PEGylated liposomes were also modified with Fab0 frag-
ments of an anti-CD74 antibody via a PEG-based heterobifunctional coupling

reagent and demonstrated significantly accelerated and enhanced accumulation in

Raji human B-lymphoma cells in vitro (Lundberg et al. 2007). Anti-CD166 scFv

attached to drug-loaded liposomes facilitated doxorubicin internalization by several

prostate cancer cell lines (Du-145, PC3, LNCaP) (Roth et al. 2007). scFv fragments

of antibodies against leukemia stem cells and oncogenic molecules participating in

acute myeloid leukemia pathogenesis were used to target acute leukemia stem cells

(Wang et al. 2008). Doxorubicin-loaded liposomes were successfully targeted to

the kidney by using Fab0 fragments of the monoclonal OX7 antibody directed

against Thy1.1 antigen in rats (Tuffin et al. 2005). Since fibroblast activation

protein (FAP) represents a cell surface antigen expressed by the tumor stromal

fibroblasts in different cancers, scFv from the antibody cross-reacting with human

and mouse FAP was used to target PEGylated liposomes to tumor stromal cells

(Baum et al. 2007). Tumor necrotic zones were effectively targeted by doxorubicin-

loaded liposomes modified with chimeric TNT-3 monoclonal antibody specific

towards degenerating cells located in necrotic regions of tumors and demonstrated

enhanced therapeutic efficacy in nude mice bearing H460 tumors (Pan et al. 2008).

The combination of immunoliposome and endosome-disruptive peptide improves

cytosolic delivery of liposomal drugs, increases cytotoxicity, and opens new

approaches to constructing targeted liposomal systems, as shown with diphtheria

toxin A chain incorporated together with pH-dependent fusogenic peptide diINF-7

into liposomes specific towards ovarian carcinoma (Mastrobattista et al. 2002).
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Early clinical trials of antibody-targeted drug-loaded liposomes have already

demonstrated some promising results. Thus, doxorubicin-loaded PEGylated lipo-

somes (with a size of approx. 140 nm) modified with F(ab0)2 fragments of the GAH

monoclonal antibody specific for stomach cancer were tested in a Phase I clinical

study and demonstrated pharmacokinetics similar to that of Doxil
1

(Matsumura

et al. 2004).

Since transferrin (Tf) receptors (TfR) are over-expressed on the surface of certain

tumor cells, antibodies against TfR as well as Tf itself are among popular ligands for

liposome targeting to tumors and inside tumor cells (Hatakeyama et al. 2004)

(although TfR expression in normal cells, particularly in the liver, can compete

with tumor targeting of Tf-liposomes). Recent studies involve the coupling of Tf to

PEG on PEGylated liposomes in order to combine longevity and targetability for

drug delivery into solid tumors (Ishida et al. 2001). A similar approach was applied

to deliver into tumors agents for photodynamic therapy, including hypericin

(Derycke and De Witte 2002; Gijsens et al. 2002), and for intracellular delivery of

cisplatin into gastric tumors (Iinuma et al. 2002). Tf-coupled doxorubicin-loaded

liposomes demonstrate increased binding and toxicity against C6 glioma (Eavarone

et al. 2000). Interestingly, the increase in the expression of the TfR was also

discovered in post-ischemic cerebral endothelium, and was used to deliver

Tf-modified PEG-liposomes to post-ischemic brain in rats (Omori et al. 2003).

Tf (Joshee et al. 2002) as well as anti-TfR antibodies (Tan et al. 2003; Xu et al.

2002) were also used to facilitate gene delivery into cells by cationic liposomes.

Tf-mediated liposome delivery was also successfully used for brain targeting.

Immunoliposomes with OX26 monoclonal antibody to rat TfR were found to

concentrate on brain microvascular endothelium (Huwyler et al. 1996).

Targeting tumors with folate-modified liposomes represents a very popular

approach, since folate receptor (FR) is frequently over-expressed in many tumor

cells. After early studies demonstrated the possibility of delivery of macromole-

cules (Leamon and Low 1991) and then liposomes (Lee and Low 1994) into living

cells utilizing FR endocytosis, which could bypass multidrug resistance, the interest

in folate-targeted drug delivery by liposomes grew quickly (see important reviews

in Gabizon et al. 2004; Lu and Low 2002a). Liposomal daunorubicin (Ni et al.

2002) as well as doxorubicin (Pan et al. 2003) and 5-fluorouracil (Gupta et al. 2007)

were delivered into various tumor cells both in vitro and in vivo via FR and dem-

onstrated increased cytotoxicity. Recently, the application of folate-modified doxo-

rubicin-loaded liposomes for the treatment of acute myelogenous leukemia was

combined with the induction of FR using all-trans-retinoic acid (Pan et al. 2002).

Folate-targeted liposomes have been suggested as delivery vehicles for boron

neutron capture therapy (Stephenson et al. 2003) and used also for targeting tumors

with haptens for tumor immunotherapy (Lu and Low 2002b). Within the frame of

gene therapy, folate-targeted liposomes were utilized for both gene targeting to

tumor cells (Reddy et al. 2002) as well as for targeting tumors with antisense ODN

(Leamon et al. 2003).

The search for new ligands for liposome targeting concentrates on specific

receptors over-expressed on target cells (particularly cancer cells) and certain
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specific components of pathological cells. Thus, liposome targeting to tumors has

been achieved by using vitamin and growth factor receptors (Drummond et al.

2000). Vasoactive intestinal peptide (VIP) was used to target PEG-liposomes with

radionuclides to VIP-receptors of the tumor, which resulted in an enhanced breast

cancer inhibition in rats (Dagar et al. 2003). PEG-liposomes were also targeted by

RGD-peptides to integrins of the tumor vasculature and, being loaded with doxoru-

bicin, demonstrated increased efficiency against C26 colon carcinoma in a murine

model (Schiffelers et al. 2003). RGD-peptide was also used for targeting liposomes

to integrins on activated platelets and, thus, could be used for specific cardiovascu-

lar targeting (Lestini et al. 2002) as well as for selective drug delivery to monocytes/

neutrophils in the brain (Qin et al. 2007). A similar angiogenic homing peptide was

used for targeted delivery to vascular endothelium of drug-loaded liposomes in

experimental treatment of tumors in mice (Asai et al. 2002). Epidermal growth

factor receptor (EGFR)-targeted immunoliposomes were specifically delivered to a

variety of tumor cells over-expressing EGFR (Mamot et al. 2003). Mitomycin C in

long-circulating hyaluronan-targeted liposomes increases its activity against

tumors over-expressing hyaluronan receptors (Peer and Margalit 2004). The ability

of galactosylated liposomes to concentrate in parenchymal cells was applied for

gene delivery to these cells; see Hashida et al. (2001) for review. Cisplatin-loaded

liposomes specifically binding chondroitin sulfate, over-expressed in many tumor

cells, were used for successful suppression of tumor growth and metastases in vivo

(Lee et al. 2002). Tumor-selective targeting of PEGylated liposomes was also

achieved by grafting these liposomes with basic fibroblast growth factor-binding

peptide (Terada et al. 2007).

8 Active Tumor Targeting with Drug-Loaded Micelles

As with other delivery systems, the drug delivery potential of polymeric micelles

may also be still further enhanced by attaching targeting ligands to the micelle

surface (Fig. 8). Among those ligands one can name various sugar moieties

Fig. 8 As with other delivery systems, the drug delivery potential of polymeric micelles may be

still further enhanced by attaching targeting ligands to the micelle surface
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(Nagasaki et al. 2001), transferrin (Vinogradov et al. 1999), and folate residues (Ota

et al. 2002), since many target cells, especially cancer cells, over-express appropri-

ate receptors (such as transferrin and folate receptors) on their surface. Thus, it was

shown that galactose- and lactose-modified micelles made of PEG–polylactide

copolymer specifically interact with lectins, thus modeling targeting delivery of

the micelles to hepatic sites (Jule et al. 2003; Nagasaki et al. 2001). Transferrin-

modified micelles based on PEG and polyethyleneimine with a size between 70

and 100 nm are expected to target tumors with over-expressed transferrin receptors

(Vinogradov et al. 1999). Mixed micelle-like complexes of PEGylated DNA and

polyethyleneimine modified with transferrin (Dash et al. 2000; Ogris et al. 1999)

were designed for enhanced DNA delivery into cells over-expressing the same

transferrin receptors. A similar targeting approach was successfully tested with

folate-modified micelles (Leamon and Low 2001). Poly(L-histidine)/PEG and poly

(L-lactic acid)/PEG block copolymer micelles carrying folate residue on their

surface were shown to be efficient for the delivery of adriamycin to tumor cells

in vitro demonstrating potential for solid tumor treatment and combined target-

ability and pH sensitivity (Lee et al. 2003a).

Among all specific ligands, antibodies provide the broadest opportunities in

terms of diversity of targets and specificity of interaction. Several attempts to

covalently attach an antibody to surfactant or polymeric micelles (i.e., to prepare

immunomicelles) have been described (Kabanov et al. 1989; Torchilin 2001;

Torchilin et al. 2003b; Vinogradov et al. 1999). Thus, micelles modified with

fatty acid-conjugated Fab fragments of antibodies to antigens of brain glia cells

(acid gliofibrillar antigen and a2-glycoprotein) loaded with neuroleptic trifluopera-

zine increasingly accumulated in the rat brain upon intracarotide administration

(Chekhonin et al. 1991; Kabanov et al. 1989).

By adapting the coupling technique developed for attaching specific ligands to

liposomes (Leamon and Low 2001), PEG–PE-based immunomicelles modified

with monoclonal antibodies have been prepared. The approach uses PEG–PE

with the free PEG terminus activated with a p-nitrophenylcarbonyl (pNP) group.
Diacyllipid fragments of such a bifunctional PEG derivative firmly incorporate into

the micelle core, while the water-exposed pNP group, stable at pH values below 6,

efficiently interacts with amino-groups of various ligands (such as antibodies and

their fragments) at pH values above 7.5 yielding a stable urethane (carbamate)

bond. All nonreacted pNP groups spontaneously hydrolyze at the same pH values.

To prepare immunotargeted micelles, the antibody to be attached was simply

incubated with drug-loaded micelles at pH around 8.0 (Lee et al. 2003a; Torchilin

et al. 2003b). Both the original and antibody-modified micelles have a spherical

shape, and a uniform size of about 20 nm. The micelle-attached protein was

quantified using fluorescent labels or by SDS-PAGE (Gao et al. 2003; Torchilin

et al. 2003b). It was calculated that 10 to 20 antibody molecules could be attached to

a single micelle. Antibodies attached to the micelle corona preserve their specific

binding ability. Blood clearance data in mice showed similar pharmacokinetic

profiles for 2C5-modified and plain PEG–PE micelles, confirming the long circula-

tion of prepared immunomicelles.

34 V.P. Torchilin



To specifically enhance the tumor accumulation of PEG–PE-based micelles, the

latter have been modified with tumor-specific anti-nucleosome monoclonal antibo-

dies, such as mAb 2C5 (Lee et al. 2003a; Torchilin et al. 2003b). Rhodamine-labeled

2C5-immunomicelles effectively bind to the surface of several unrelated tumor cell

lines: human BT20 (breast adenocarcinoma) and murine LLC (Lewis lung carci-

noma) and EL4 (T-lymphoma) cells. Paclitaxel-loaded 2C5-immunomicelles also

demonstrated the same specific properties as “empty” immunomicelles and effec-

tively bound various tumor cells. In studies in vivo, 111In-labeled 2C5-immunomi-

celles demonstrated significantly higher accumulation in LLC-tumor-bearing

female C57BL/6J mice than plain micelles, were able to bring more micelle-

incorporated drug into the tumor, and demonstrated significantly higher ability to

inhibit tumor growth (Lee et al. 2003a; Torchilin et al. 2003b).

A few other specific ligands (glycoproteins, lipoproteins, carbohydrates, pep-

tides) have also been used to achieve active targeting by polymeric micelles

(Jule et al. 2003; Vinogradov et al. 1999; Wakebayashi et al. 2004). Polymeric

micelles modified with sugar moieties (glucose, galactose, mannose, lactose) have

been particularly successful (Jule et al. 2003; Nagasaki et al. 2001). Folate-targeted

mixed block-copolymer micelles have been prepared consisting of folate-PEG-poly

(DL-lactic-glycolic acid) and folate-free copolymers bearing a single doxorubicin

moiety per polymeric chain (Yoo and Park 2004). Such folate-targeted doxorubi-

cin-loaded micelles demonstrated better uptake by folate receptor over-expressing

human squamous carcinoma cells of oral cavity and higher cytotoxicity against

these cells both in vitro and in vivo compared to folate-free micelles. There also

exist quite a few other examples of drug-loaded targeted polymeric micelles for

cancer therapy (see, for example, Park et al. 2005; Vinogradov et al. 1998, 1999;

Xiong et al. 2007).

In case of targeted micelles, a local release of a free drug from micelles in the

target organ should lead to the increased efficacy of the drug, while the stability of

the micelles en route to the target organ or tissue should contribute drug solubility

and toxicity reduction due to less interaction with nontarget organs.

9 Conclusion

Summing up this section, one must note that there are several clear aims when using

antibody-mediated tumor targeting of drug-loaded nanocarriers compared to more

traditional dosage forms: (1) such delivery systems should accumulate in target

tumors fast and effectively; (2) the quantity of the drug delivered into the tumor by

such systems should be higher than in the case of other delivery systems; (3)

ideally, drugs in nanocarriers should not only accumulate in the interstitial space

inside tumors but also be internalized by the target cells creating high intracellular

drug concentration and allowing multidrug resistance to be bypassed.

To achieve these goals, certain considerations should be taken into account

when developing targeted preparations for chemotherapy. First, a target should be
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identified which is present (over-expressed) on the surface of tumor cells in

sufficient quantity providing good opportunity for the targeted liposomes to firmly

bind with cancer cells (Hosokawa et al. 2003). Second, the specific ligand (antibody

or its fragment) should be attached to the surface of the drug-loaded nanocarrier in a

way which does not affect its specific binding properties (optimal choice should be

made from the variety of coupling methods available, keeping in mind that the

method suitable for one antibody will not necessarily be suitable for another one),

and in sufficient quantity to provide multipoint binding with the target; and in the

case of PEGylated long-circulating carriers the quantity of the attached antibodies

should not be excessive so as not to compromise the longevity too much (Lukyanov

et al. 2004a; Moreira et al. 2002). Third, it is highly desirable that the targeting

antibody is internalizable and facilitates the internalization of the carrier and

carrier-incorporated anti-cancer drug (Kirpotin et al. 2006; Mamot et al. 2005).

Fourth, drug release from the carrier inside the tumor or inside the tumor cell should

deliver the therapeutic concentration of the drug in the target and maintain it for a

reasonable period of time (a few hours) (Allen et al. 2005; Sapra and Allen 2004).
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Abstract Nanoparticles as drug delivery systems enable unique approaches for

cancer treatment. Over the last two decades, a large number of nanoparticle

delivery systems have been developed for cancer therapy, including organic and

inorganic materials. Many liposomal, polymer–drug conjugates, and micellar for-

mulations are part of the state of the art in the clinics, and an even greater number of

nanoparticle platforms are currently in the preclinical stages of development. More

recently developed nanoparticles are demonstrating the potential sophistication of
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these delivery systems by incorporating multifunctional capabilities and targeting

strategies in an effort to increase the efficacy of these systems against the most

difficult cancer challenges, including drug resistance and metastatic disease. In this

chapter, we will review the available preclinical and clinical nanoparticle technol-

ogy platforms and their impact for cancer therapy.

Keywords Nanoparticle � Drug delivery � Targeted � Metastatic cancer � Cancer
therapy

Abbreviations

BBB Blood–brain barrier

DSPC 1,2-Distearoyl-glycero-3-phosphocholine

DSPE 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine

EggPG Egg yolk phosphatidylglycerol
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FDA Food and Drug Administration

HPMA N-(2-Hydroxypropyl)methacrylamide
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PAMAM Polyamidoamine
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PLGA Poly(lactic-co-glycolic acid)
SEM Scanning electron microscope

1 Introduction

Nanotechnology is a multidisciplinary field that uses principles from chemistry,

biology, physics, and engineering to design and fabricate nanoscale devices

(Farokhzad and Langer 2009; Ferrari 2005; Fox 2000; Jiang et al. 2007; Peppas

2004; Sinha et al. 2006; Uchegbu 2006). In its strictest definition, nanotechnology

refers to structures with a size range of 1–100 nm in at least one dimension.
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However, it more commonly refers to materials up to several hundred nanometers

that are developed using top-down or bottom-up engineering. The resulting nano-

materials demonstrate unique capabilities based on intrinsic properties such as

shape and size as well as functional properties conferred through surface modifica-

tions (Fig. 1).

The field of medicine stands to be a significant benefactor of advances in

nanotechnology, with oncology already starting to reap the benefits of novel

nanoscale technologies (Alexis et al. 2008b; Alexis et al. 2008c; Davis et al.

2008; Euliss et al. 2006; Farokhzad 2008; Farokhzad et al. 2006b; Farokhzad and

Langer 2006; Freitas 2005; Jain 2008; Kawasaki and Player 2005; Lanza et al.

2006; Levy-Nissenbaum et al. 2008; Moghimi et al. 2005; Peer et al. 2007; Pridgen

et al. 2007; Riehemann et al. 2009; Rosen and Abribat 2005; Salvador-Morales

et al. 2009a; Venugopal et al. 2008; Zhang et al. 2008b). These benefits have

included advances in detection, imaging, and therapy of disease. The National

Cancer Institute (NCI) has identified nanotechnology as having the potential to

make paradigm-changing impacts on the detection, treatment, and prevention of

cancer. The level of interest in nanotechnology by both academic and industrial

investigators has led to increased development of novel nanotechnology platforms

for medical applications, sharp increases in government funding, and venture

capital investment. The combination of funding and early clinical success has

provided the resources and opportunities for nanotechnology to solve important

medical challenges. The early success in oncology has already been a catalyst for

the application of nanotechnology to other medical problems, such as cardiovascu-

lar disease and vaccines.

One area where nanotechnology has the potential to make a significant impact is

drug delivery (Farokhzad and Langer 2009; Pridgen et al. 2007). This impact has

Corona
- Increases cellular
uptake after
accumulation in tumor
tissue through binding 
and endocytosis

Targeting Ligand

- Used to influence the
biodistribution and 
circulation half-life

CorePayload

- Affects drug 
encapsulation and
release

- Includes
chemotherapeutic
drugs and imaging
agents

Fig. 1 Schematic of physicochemical structure of nanoparticle platforms for drug delivery,

including core, corona, payload, and targeting ligand
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already been felt with the translation of several nanoscale drug delivery systems

into the clinic, although the full potential of these systems is only starting to be

explored. Nanoscale drug delivery vehicles have shown the ability to encapsulate a

variety of therapeutic agents such as small molecules (hydrophilic and/or hydro-

phobic), peptides, protein-based drugs, and nucleic acids. By encapsulating these

molecules inside a nanocarrier, the solubility and stability of the drugs can be

improved, providing an opportunity to reevaluate potential drugs previously

ignored because of poor pharmacokinetics (Langer 1998). Encapsulated molecules

can be released from nanocarriers in a controlled manner over time to maintain a

drug concentration within a therapeutic window or the release can be triggered by

some stimulus unique to the delivery site (Moghimi 2006). The surface of the

nanocarrier can be engineered to increase the blood circulation half-life and influ-

ence the biodistribution, while attachment of targeting ligands to the surface can

result in enhanced uptake by target tissues (Gref et al. 1994; Moghimi et al. 2001).

The small size allows nanocarriers to overcome biological barriers and achieve

cellular uptake (Brigger et al. 2002). The net result of these properties is to lower

the systemic toxicity of the therapeutic agent while increasing the concentration of

the agent in the area of interest, resulting in a higher therapeutic index for the

therapeutic agent. In addition to therapeutic drugs, imaging agents can also

incorporated into nanocarriers to improve tumor detection and imaging (Kim

et al. 2006; Montet et al. 2006). Finally, nanoparticles can be engineered to be

multifunctional with the ability to target diseased tissue, carry imaging agents for

detection, and deliver multiple therapeutic agents for combination therapy

(Nasongkla et al. 2006). The multimodal capabilities of nanoparticle delivery

systems offer the opportunity to develop novel approaches to deliver drugs that

may result in alternative or complementary therapeutic options for the treatment of

disease.

In this chapter, we will focus on nanoparticle technologies (Fig. 2), with a

particular emphasis on the development of nanocarrier drug delivery systems for

cancer therapy applications. These technologies include polymeric nanoparticles,

dendrimers, nanoshells, liposomes, inorganic/metallic nanoparticles, hybrid nano-

particles, micelles, and magnetic and bacterial nanoparticles. Nucleic acid delivery

technologies will not be included, but are extensively reported elsewhere (Chen and

Huang 2008; Gao and Huang 2008; Gary et al. 2007; Juliano et al. 2008; Li and

Huang 2008b; Luten et al. 2008; Tseng et al. 2009; Whitehead et al. 2009).

A discussion of how improvements in the understanding of the tumor microenvi-

ronment have guided the design of both non-targeted and targeted nanocarriers as

therapeutic vehicles for cancer will follow (Bierie and Moses 2006; Bissell and

Labarge 2005; Cairns et al. 2006; Fesik 2005; Fidler 1995; Galon et al. 2007;

Overall and Kleifeld 2006; Siclari et al. 2006; Zetter 2008). The breakthrough

potential of nanoparticle delivery systems is becoming increasingly recognized,

with several examples of first generation nanocarriers approved by the FDA for

therapy, and targeted nanocarriers in clinical phase development. Many of the

nanocarrier systems in clinical phase development will be highlighted in this
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chapter to demonstrate how these systems are being translated to the clinic and the

advantages they provide for cancer therapy.

2 Nanoparticle Technologies

The first nanoscale drug delivery systems were lipid vesicles, which were first

described in the 1960s and later became known as liposomes (Bangham et al.

1965). Since then, there have been several key developments that have paved the

way for current nanoparticle technologies. In 1976, the first controlled-release

polymer systems for the delivery of macromolecules were demonstrated (Langer

and Folkman 1976). This was followed in 1980 with the first application of targeted

liposomes (Heath et al. 1980; Leserman et al. 1980). The surface modification of

liposomes and polymeric nanoparticles with polyethylene glycol (PEG) in 1990 and

1994, respectively, led to increases in circulation time, or “stealth” properties (Gref

et al. 1994; Klibanov et al. 1990). These developments culminated in the approval

of Doxil (James 1995a, b), a vesicle delivery system encapsulating doxorubicin that

has proven to be a potent treatment for multiple types of cancer (Porche 1996;

Polymeric
Nanoparticles

Dendrimer Polymeric
Micelle 

Polymer-Drug
Conjugate

Polymerosome

Liposome Inorganic (Iron, silica,
or quantum dot core)

Protein
Carriers

Biological
Nanoparticles

Hybrid
Nanoparticles

Hydrophobic Polymer
Hydrophilic Polymer
Lipid

Therapeutic Load

Targeting Ligand

Fig. 2 Nanoparticle platforms for drug delivery. Nanoparticle platforms are characterized by

their physicochemical structures, including polymer–drug conjugates, lipid-based nanoparticles,

polymeric nanoparticles, protein-based nanoparticles, biological nanoparticles, and hybrid

nanoparticles
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Tejada-Berges et al. 2002). Since then, research has led to tremendous progress in

the development of nanoparticles engineered to have multifunctional capabilities as

well as “smart” properties such as the ability to respond to the environment to

facilitate more effective drug delivery strategies. Currently, there are 70 reported

clinical trials evaluating nanoparticle carriers, 208 evaluating drug conjugates, and

361 evaluating vesicle-based carriers (http://www.clinicaltrials.gov). The clinical

trials include combination therapies and treatments through various administration

routes, such as pulmonary and oral.

Nanoparticle technologies for cancer therapy include polymeric nanoparticles

(Moghimi 2006; Pridgen et al. 2007), vesicle-based carriers such as liposomes

(Kaneda 2000; Torchilin 2005), micelles (Fan 2008; Liggins and Burt 2002;

Matsumura 2008), dendrimers (Florence and Hussain 2001; Lee et al. 2005;

McCarthy et al. 2005; Najlah and D’Emanuele 2007), polymer conjugates (Greco

and Vicent 2008; Li and Wallace 2008; Thanou and Duncan 2003), protein carriers

(Hawkins et al. 2008; Wang and Uludag 2008), inorganic nanoparticles (Murakami

and Tsuchida 2008), and bacterial nanocarriers. The diversity of delivery systems,

each of which is discussed below, allows nanoparticles to be developed with a

diverse array of shapes, sizes, and components that enables them to be tailored for

specific applications. However, the primary consideration when designing any drug

delivery system is to achieve more effective therapies by controlling the drug

Advantages of using Nanoparticles
for Cancer Therapy:

Selective accumulation in tumor
sites due to EPR effect increases 

tumor drug concentration

Tumor Tumor

Higher maximum tolerated
doses for drugs in nanoparticles

Organ Drug
Concentration

High

Low
Distribution of drug encapsulated

in nanoparticles
Distribution of free drug

Reduced drug concentrations in
healthy tissue minimize 

chemotherapy side effects

Fig. 3 Advantages of using nanoparticles as drug delivery system for cancer therapy compared to

free drug
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concentration in the therapeutic window, reducing cytotoxic effects, and improving

patient compliance (Fig. 3). This allows effective treatment cycles to be maintained

while reducing damage to healthy cells and minimizing the recovery period.

2.1 Liposome Nanoparticles

Lipids form nanoparticle vesicles through the self-assembly of amphiphilic lipids

and excipients. The lipids form a bilayer based on hydrophobic interactions in

continuous parallel packing, with the hydrophilic head groups positioned towards

the aqueous environment. Hydrophilic molecules can be encapsulated in the inner

aqueous phase while hydrophobic molecules can be carried in the hydrophobic

domains of the lipid bilayer. Physicochemical properties of liposomes can be

precisely changed to control surface charge, functionality, and size by simply

mixing commercially available lipid molecules. This offers a significant advantage

over other carriers that require much more controlled synthesis steps and additional

chemical modifications. Generally, lipids used to prepare vesicular formulations are

found in the human body and approved by the FDA, such as DSPE (1,2-distearoyl-

sn-glycero-3-phosphoethanolamine), HSPC (hydrogenated phosphatidylcholine

from soybean lecithin), EggPG (egg yolk phosphatidylglycerol) and DSPC

(1,2-distearoyl-glycero-3-phosphocholine). Each of these lipids can be obtained

with or without PEG, which can be used to modify the surface of the resulting

liposome.

Doxil, a pegylated liposome clinically used to treat multiple types of cancer, is a

landmark for liposomal drug delivery systems. Doxil consists of a packed pegylated

surface (2 kDa PEG chains) and is loaded with doxorubicin through drug diffusion

based on an ammonium salt gradient. This method achieves a stable drug entrap-

ment in a crystal form with reduced leakage over a long period of time. Doxil

liposomes have a size of ~100 nm, surface charge of ~�10 mV, and a long-term

shelf stability of ~2 years at ~4�C. Recently, Aphios Corp. developed nanosomes

(small liposomes, <100 nm) carrying multiple drugs such as docetaxel, camptothe-

cin, bryostatin-1 and vitamin D analog for treatment of multiple cancer types

(Castor 2005) using a manufacturing technology based on a super-critical fluid

process. In addition, Novosom AG uses amphoteric liposomes to deliver nucleic

acids. The liposomal formulation is able to change surface charge properties (zeta

potential) with changes in solution pH. The charge switch at acidic pH results in

fusion with the cell membrane during endocytosis uptake, allowing escape of the

nanocarriers into the cytoplasm to deliver the therapeutic load.

Liposomal formulations have demonstrated multiple benefits as drug delivery

vehicles. However, they must be used to carry very potent drugs due to their low

encapsulated load. Lipid-based vesicles pose several other challenges such as

instability in the bloodstream, poor solubility of many drugs in the lipid/surfactant

solution, and a rapid, burst release of drug. Liposomal formulations are also

associated with severe side effects due to their accumulation in skin tissue. While
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prolonged drug release kinetics are difficult to control using liposomal systems,

alternatives such as environmentally triggered release can be easily engineered by

inserting destabilizing lipids with amine head groups into the vesicle membrane or

including additives such as morpholine in the lipid formulation (Cullis and Chonn

1998; Guo et al. 2003; Kocer 2007; Sudimack et al. 2002; Vial et al. 2005). There

are currently no liposomal formulations with triggered drug release approved for

clinical use or in early phases of clinical trials. However, LiPlasome Pharma devel-

oped non-targeted liposomes consisting of lipids designed to be degraded by phos-

pholipase A2 (PLA2), which is up-regulated in the tumor microenvironment

(Andresen et al. 2004; Andresen et al. 2005; Jensen et al. 2004; Jorgensen et al.

2002). The lipid degradation products are converted into anticancer drugs, resulting in

local delivery of cytotoxic drugs in the tumor. In-vivo results showed a delay in colon

cancer progression using a human tumor xenograft mice model (Tribler et al. 2007).

This approach also provides the possibility of multi-drug delivery. Protein stabiliza-

tion of liposomes is being investigated by Azaya Therapeutics to deliver hydrophobic

drugs such as docetaxel for cancer therapy. Docetaxel is encapsulated into the

liposome bi-layer and stabilized by albumin to prevent rapid drug leakage (ATI-

1123). The results of ATI-1123 efficacy studies in human xenograft mice models for

prostate, pancreatic, and non-small-cell lung cancer (NSCL cancer) showed partial

tumor regression in 90% of the PC3 tumor xenograft model and improved efficacy in

the pancreas model when compared to groups treated with docetaxel at equal doses

(25 mg kg�1). This may be explained by the slower plasma elimination and higher

bioavailability of ATI-1123 relative to free docetaxel (Zamboni 2008).

2.2 Polymer–Drug Conjugates Nanoparticles

Polymer–drug conjugates are one of the most investigated types of nanocarriers and

are currently in clinical trials as advanced as phase III. Polymer–drug conjugates

are formed through side-chain grafting of drugs to polymer chains, allowing them

to deliver high doses of chemotherapeutic drugs. Although the physicochemical

properties of a number of formulations are not disclosed, the size of polymer–drug

conjugates is generally below 20 nm. HPMA-doxorubicin (N-(2-hydroxypropyl)
methacrylamide) copolymer (PK1) was the first synthetic polymer–anticancer drug

conjugate to enter clinical trials more than a decade ago and the clinical phase II

trial for women with advanced breast cancer is still ongoing (Vasey et al. 1999).

Similarly, Prolindac (AP5346) is composed of a HPMA backbone copolymer with

platinum grafted to the side chains through a pH-sensitive chelator designed for

drug release in the tumor environment (Sood et al. 2006). Preclinical data shows

superior efficacy of the polymer–drug conjugates using multiple cancer models

including a M5076 sarcoma platinum-resistant tumor xenograft mice model, multi-

ple colon xenograft models, L1210 leukemia, and 0157 hybridoma models (Rice

et al. 2006). Oxaliplatin drug loading was ~10% (w/w) using a polymer chain of

25 kDa and the drug release was slow. Formulations were injected once a week for
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three weeks and the polymer–drug conjugates significantly retarded tumor growth

over one month due to higher intracellular concentration of Pt. In the clinical phase

I trial conducted in Europe (Campone et al. 2007), systemic injection of

640 mg Pt m�2 weekly for 3 weeks resulted in a response by platinum-resistant

ovarian cancer. Recently, Access Pharmaceuticals Inc. reported the results of the

clinical phase II trial showing that 66% of the patients with ovarian cancer experi-

enced meaningful disease stabilization and limited side effects.

Polyamino acids grafted with drugs on the side chains are another class of

polymer–drug conjugates that have demonstrated high drug loading and efficacy

(Li 2002; Matsumura 2008). In the case of polyglutamate-glycine-campthotecin

(CT-2106), degradable linkers have allowed drug loadings ranging from 5% to

50%. Using a glycine linker, drug loadings were increased threefold over poly-

glutamate-campthotecin alone due to reduced steric hindrance. However, a formu-

lation with a drug load of ~30% was selected for clinical trials due to superior

stability and efficacy in human tumor xenograft mice models (Homsi et al. 2007).

Meanwhile, Xyotax, a similar polymer–drug conjugate (polyglutamate-paclitaxel),

is in 22 clinical trials at the moment for multiple cancer therapies including prostate

cancer, metastatic breast cancer, neck cancer, metastatic colorectal cancer, and

recurrent NSCL (Phase III). Paclitaxel is grafted to polyglutamic acid (30–40 kDa)

to reach a drug load of 20–40% by weight (Singer 2005; Singer et al. 2003). The

clinical data shows an improvement in median survival in Xyotax patients com-

pared with the control group, although there were no differences in the overall

survival. One benefit of the treatment was the reduction of multiple side effects

including neurotoxicity (Boddy et al. 2005). Overall, polymer–drug conjugates are

considered simple nanocarrier systems, but tuning the optimal formulation might

require extensive development. For example, small changes in the polymer–drug

conjugation efficiency may significantly modify the pharmacokinetic parameters

and tissue biodistribution. The resulting formulation could also be considered a new

chemical entity, complicating regulatory approval.

2.3 Polymeric Nanoparticles

Polymeric nanoparticles may represent the most effective nanocarriers for pro-

longed drug delivery. The early in vitro and in vivo development of polymeric

nanoparticles loaded with drugs in the 1980s using polyalkylcyanoacrylate-based

nanoparticles releasing doxorubicin (Couvreur et al. 1979) led to multiple reports

using polymer-based materials for drug delivery. Langer and Folkman (Langer and

Folkman 1976) demonstrated the first controlled release of macromolecules using

polymers, which allowed the development of anti-angiogenic drug delivery systems

for cancer therapy and opened new areas for the delivery of macromolecules.

In 1994, Langer et al. described nanoparticles composed of poly(lactic acid)/poly

(lactic-co-glycolic acid) (PLA/PLGA) and PEG block copolymer as “long-circulating

nanoparticles” due to their stealth properties (Gref et al. 1994), leading to an increased
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interest in polymeric nanoparticles and their therapeutic applications. Only a few

papers per year were published using polymeric nanoparticles as a drug delivery

system in the 1990s in contrast to ~200 papers in 2008.

Polymeric nanoparticles provide significant flexibility in design because poly-

mers can be biodegradable or nonbiodegradable, and can be made synthetically or

derived from natural sources. Some common polymers used for nanoparticle

formation include poly(lactic acid) (PLA), dextran, and chitosan. Biodegradable

polymers are typically degraded into individual monomers, which are metabolized

and removed from the body via normal metabolic pathways. Degradation and drug

release kinetics can be precisely controlled by the physicochemical properties of the

polymer, such as molecular weight, dispersity index, hydrophobicity, and crystal-

linity. In general, drugs can be released in a controlled manner with first-order

kinetics due to drug diffusion through the polymeric matrix or triggered in response

to the local environment. The nanoparticle surface is usually sterically stabilized by

grafting, conjugating, or adsorbing hydrophilic polymers such as PEG to its surface,

which can also reduce hepatic uptake and improve circulation half-life (Gref et al.

2000; Peracchia et al. 1999).

Several polymeric nanoparticles are now in various stages of preclinical and

clinical development. For example, Nanolymf Ltd. developed microparticles carry-

ing encapsulated nanocapsules loaded with drugs. Drug-loaded polymethacrylate

nanocapsules (~400 nm) are encapsulated in 2–10 mm cellulose-based micro-

spheres and given orally, resulting in uptake by M-cells and a drug blood bioavail-

ability of ~5%. DeSimone et al. (Euliss et al. 2006; Gratton et al. 2008a; Gratton

et al. 2008b; Kelly and DeSimone 2008; Rolland et al. 2005) have shown that

physicochemical properties of particles such as shape, size and mechanical flexibil-

ity contribute to their interactions with cell membranes and control their internali-

zation pathways. This has led to the preclinical development of polymeric

nanoparticles using a “PRINT” technology (Particle Replication In Non-wetting

Templates) for cancer therapy and other diseases.

2.4 Micelle Nanoparticles

Micelles are composed of lipids or other amphiphilic molecules, such as polymers

or polyamino acids, and self-assemble into small nanoparticles composed of a

hydrophobic core. Micelles have been developed as drug delivery carriers for

hydrophobic drugs (Aliabadi et al. 2008; Liggins and Burt 2002; Matsumura

2008). There are multiple examples of micellar formulations under investigation

or in clinical trials, such as Genexol-PM (Kim et al. 2007a; Kim et al. 2004; Lee

et al. 2008), NC-6004 (Uchino et al. 2005), NK105 (Hamaguchi et al. 2007), and

NK911 (Matsumura et al. 2004; Tsukioka et al. 2002). Genexol-PM is the first non-

targeted polymeric micellar formulation approved for cancer therapy. It was

approved in Korea in 2006 as a first-line therapy for metastatic breast and NSCL

cancer (currently in Phase III). It is currently being evaluated in a clinical phase II
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trial in the USA for metastatic pancreatic cancer therapy. Genexol-PM is composed

of a block copolymer PDLLA (1.75 kDa)–mPEG (2 kDa) forming micelles with a

size of ~60 nm and paclitaxel loading of ~15% (w/w). The maximum tolerated dose

(MTD) of Genexol-PM is threefold higher than Taxol (60 mg kg�1 vs. 20 mg kg�1,

respectively) and the median lethal tolerated dose (LD50) using Sprague–Dawley

rats was reported to be ~20 times higher than Taxol. Interestingly, the area under the

plasma concentration (AUC) was similar for both formulations. However, pacli-

taxel had more significant accumulation in tissues such as the liver and tumor with

the Genexol-PM formulation, leading to differential tumor cytotoxicity and reduc-

tion of tumor volume (Kim et al. 2001). Results of a clinical phase I trial showed

that while the MTD was almost double (390 mg m�2) for Genexol-PM compared to

Taxol with similar toxicological profiles, the recommended dose was determined to

be 300 mg m�2 (Kim et al. 2004). The clinical phase II trial in Korea evaluated

Genexol-PM as a co-therapy with cisplatin for advanced NSCL in contrast to a

single agent therapy (Kim et al. 2007a). The clinical phase II results showed ~30%

of the patients had stable disease status and 60% of the patients had an increased

survival of one year using slightly lower doses of cisplatin than with the combined

treatment of Taxol with cisplatin (60 mg m�2 versus 75 mg m�2, respectively)

(Kim et al. 2007a). Other companies such as Labopharm and Intezym are also

developing micelle systems for the delivery of a myriad of anticancer agents using

formulations with sizes ranging from 10 to 200 nm using polyamino acids and

synthetic polymers.

2.5 Dendrimer Nanoparticles

Dendrimers are globular macromolecules (5–10 nm) with well-defined branching

architectures and surface functional groups available for further modification. The

multifunctional capabilities possible through controlled synthesis methods are

leading to new classes of dendrimers that can carry drug molecules, diagnostic

agents, and targeting molecules. Dendrimers have remarkable molecular monodis-

persity and suitable pharmacokinetic properties for systemic drug delivery with

cleavable chemistry for drug dissociation (Lee et al. 2005). Amphiphilic dendri-

mers are able to form micelles by self-assembly with hydrophilic groups on the

surface for functionalization. Drug release kinetics are controlled through the

properties of the polymer chains, which can be designed to be degraded for release

of a payload.

Baker et al. have developed “avidimers” (Majoros et al. 2005, 2006; Myc et al.

2008), which are dendrimers targeted to tumor vasculature using a methotrexate-

polyamidoamine (PAMAM) bioconjugate platform functionalized with small

targeting ligands (Quintana et al. 2002). Non-targeted and folate-targeted G5-

PAMAM dendrimers differentially accumulated into a human KB cell line xeno-

graft tumor model within a day (8%–10% targeted versus 2% non-targeted I.D./g of

tissues) (Kukowska-Latallo et al. 2005). Higher accumulation in the tumor resulted
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in the inhibition of tumor growth, lower toxicity, and longer survival time compared

to free drug at equal dosage. More importantly, recent efficacy studies using

targeted transferrin-cyclodextrin-siRNA nanoparticles (CALAA-01, ~70 nm) in

animal models of human epithelial cancer showed tumor size reduction and differ-

ential distribution in tumors (Bartlett et al. 2007; Davis 2009; Davis and Brewster

2004). The preclinical data motivated further development of CALAA-01. The

toxicological results reported in April 2007 for CALAA-01, which was the first

targeted, polymeric nanoparticle platform in non-human primates (Heidel et al.

2007), led to the submission of an investigational new drug application and human

clinical trials for solid tumor therapy in May 2008.

2.6 Polymersome Nanoparticles

Polymersomes have a structure similar to liposomes, but are composed of synthetic

polymer/polypeptide amphiphiles and self-assemble to form polymer shell vesicles

(~100 nm) when hydrated and extruded. Discher et al (Discher et al. 1999) described

vesicles made of amphiphilic diblock copolymers with low water permeability. The

hydrophilicity/hydrophobicity ratio is used to control the morphology of the nano-

particle, which can range from spherical to cylindrical. The membrane core thick-

ness can be controlled by the molecular weight of the diblock copolymer.

Polymersomes show higher stability and lateral fluidity than liposomes and the

release is triggered by the degradation of the polymer chain and destabilization of

the shell layer. Incubation of polymersomes in the blood showed adherence and

uptake by white blood cells within 10 h. In vivo results using a breast cancer tumor

xenograft model showed therapeutic efficacy after a single i.v. injection using

polymersomes loaded with paclitaxel and doxorubicin at the maximum tolerated

dose (2.5 mg kg�1 for each drug). The tumor size was reduced within five days

postinjection in contrast to the free drug formulations (Ahmed et al. 2006).

2.7 Protein Nanoparticles

Protein-based drug delivery systems have recently made a big impact with albumin-

bound drug nanoparticles (~130 nm). The recent approval of albumin-bound

paclitaxel (Abraxane, ABI-008, January 2005) by the Food and Drug Administra-

tion (FDA) for metastatic breast cancer therapy, as well as multiple clinical trials

currently in progress for other types of cancer, has now opened the possibility of

using protein-based nanoparticles for delivery of therapeutic agents (Gradishar

2006). Given the limiting pharmacokinetic properties and numerous side effects

of Taxol (hypersensitivity), the albumin-bound paclitaxel allows the formulation of

the hydrophobic drug in a solvent-free solution. Albumin is a natural noncovalent

physiological transporter of molecules across endothelial barriers through a
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transcytosis-mediated mechanism (caveolae vesicle). Preclinical studies have

shown that the concentration of paclitaxel bound to albumin in endothelial cells

and in the extravascular space was significantly increased (3–10 fold) (Desai et al.

2006; Nyman et al. 2005). Data suggests that albumin may have intrinsic targeting

abilities to tumors, although the enhanced permeability and retention (EPR) effect

may play an additional role in tumor accumulation. Overall, the albumin-bound

paclitaxel formulation allowed higher dosages than the Taxol formulation

(260 mg m�2 vs. 175 mg m�2, respectively) and demonstrated improved efficacy

and safety (Nyman et al. 2005). Abraxane is currently being tested as a first-line

therapy or in combination with other drugs (rapamycin, verinostat, etc.) for meta-

static breast cancer and other cancers that have been shown to be sensitive to taxane

drugs, such as ovarian and prostate. In addition, albumin is now being tested as a

platform for delivery of other molecules that have reduced water solubility, such as

rapamycin (~2.5 mg ml–1). Albumin-bound rapamycin (ABI-009) has been in a

clinical phase trial for the treatment of non-hematologic malignancies since January

2008.

2.8 Biological Nanoparticles

Biological nanoparticles such as bacteria are unicellular microorganisms with

different shapes and sizes that encapsulate essential components of the cytoplasm

as well as hydrophobic and hydrophilic molecules. One example of biological

nanoparticles being evaluated for cancer therapy is a drug delivery system devel-

oped by EnGeneIC Pty Ltd called a “nanocell”, which consists of anucleate

globular bacteria (~400 nm). The absence of DNA prevents endogenous mutations

and replication originally reported in 1967 (Adler et al. 1967). It has been demon-

strated that a nanocell can be efficiently loaded with molecules of different solubil-

ity and charge, such as doxorubicin, paclitaxel, and siRNA, through drug diffusion

into the bacteria within a few hours (MacDiarmid et al. 2007). No signs of toxicity

have been reported in large animals such as pigs and monkeys with repeated

dosages at high titers, although there is the potential for an immunological response

to the carrier due to the presence of lipopolysaccharide (LPS).

2.9 Inorganic Nanoparticles

Inorganic nanoparticles are primarily metal-based and have the potential to be

synthesized with near monodispersity. Inorganic materials have been extensively

studied for imaging using magnetic resonance and high-resolution superconducting

quantum interference devices while their intrinsic properties have been explored for

therapy. Several types of metal nanoparticles (Cheng et al. 2008; Paciotti et al.

2004; Visaria et al. 2007) are able to convert energy into heat at levels up to 70�C
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through near-infrared light excitation or oscillating magnetic field stimulation

(Johannsen et al. 2005). Iron oxide nanoparticles coated with aminosilane

(Nanotherm M01) are in clinical phase II trials in Germany for brain cancer therapy

and recurrent prostate cancer therapy using hyperthermia as well as thermoablation

methods. The phase I results showed that prostate tumor cells can be locally killed

by magnetic iron oxide nanoparticles (Johannsen et al. 2007). Nanoparticles were

injected locally using ultrasound to guide tumor injections and patients were treated

once a week for 1 h over two months. The small nanoparticles (~20 nm) are able

to penetrate tumors, enter cancer cells, and generate heat under magnetic fields

(50 and 100 kHz), allowing treatment width between 20 and 30 cm and within a

circular area of 20 cm of diameter. The authors report no dose-limiting toxicities

and mild discomfort from internal heating. Similarly, silica nanoparticles coated

with gold that absorb near-infrared laser energy and covert it into heat to kill solid

tumors are currently under investigation in a pilot study for head and neck cancer

therapy. In vivo results (Hirsch et al. 2003) of nanoshell-mediated NIR (near

infrared) thermal therapy using human breast cancer xenograft models showed

that the nanoparticles induced irreversible cancer tissue damage at a temperature

~40�C. However, the temperature variance between different mice treated was

quite significant (28–60�C) and was suggested to be due to differential distribution

of nanoshells in the treated volume of the tumor. In addition, the maximum

recorded temperature was only ~1 mm under the skin. Recently, the same nano-

particles (150 nm) were used for brain cancer treatment in an orthotopic canine

model (Schwartz et al. 2009). Tumors were killed using percutaneous infiltrated

NIR fibers reaching a temperature of ~70�C in tumor tissues and ~50�C in normal

white and grey matter, which is expected to significantly damage non-diseased

areas of the brain.

Surface properties and functionalities of gold nanoparticles have also been used

for the delivery of surface-bound therapeutics. Aurimune (CYT-6091) is an

example of tumor necrosis factor (TNF)-alpha bound to PEG-coated gold nano-

particles (~27 nm) developed by CytImmune Sciences, Inc. for solid tumor

therapy (Paciotti et al. 2004). TNF-alpha is a potent cytokine with antitumor

cytotoxicity which requires incorporation into a nanocarrier formulation to reduce

systemic toxicity. The results show that nanoparticle formulations delayed the

tumor growth with local heating (42�C for 1 h) using a SCK mammary tumor

xenograft mouse model. However, the combined treatment showed a higher

efficacy and suppression of intratumor blood flow (Visaria et al. 2006). Prelimi-

nary SEM micrographs of nanoparticles accumulated in breast tumor tissue sec-

tions in contrast to healthy tissues showed possible targeting of the nanoparticles

by the EPR effect. Many other formulations are still in the discovery stage using

combinations of drugs such as TNF with paclitaxel, doxorubicin or interleukin-12.

However, the load of therapeutic agent is reported to be several hundreds of

molecules due to the surface adsorption density, which may limit the effect of

the therapeutic agent. Recently, Adair’s group (Kester et al. 2008; Morgan et al.

2008) has reported the encapsulation of organic molecules in calcium phosphate

nanocomposite particles (~27 nm) for intracellular imaging and delivery. Calcium
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phosphate-based nanoparticles are biocompatible and their pH dissolution proper-

ties can be used for controlled release of molecules in the acidic tumor environ-

ment. In vitro studies show high uptake of the nanoparticles in bovine aortic

endothelial cells and the delivery of hexanoyl-ceramide (Cer-6) to human vascular

smooth muscle cells showed 100% inhibition of cell growth at 200 nM of drug

(Kester et al. 2008). This technology is now being developed by Keystone Nano

for imaging and delivery of therapeutic agents.

Non-specific accumulation into healthy tissues is always a concern for nanopar-

ticle drug delivery systems. Using local sensitization through light or temperature

may reduce overall toxicity, but it is expected to damage adjacent healthy tissues as

well. Ultimately, inorganic particles may not provide advantages over other types

of nanoparticles for systemic targeting of cancer cells because they are not biode-

gradable, have low payloads, and have no controlled release properties.

2.10 Hybrid Nanoparticles

Hybrid nanoparticles are recently developed nanocarriers that combine advantages

from existing systems with well-characterized properties to form lipid–polymer

nanoparticles and solid liposomal nanoparticles. Hybrid nanoparticles are com-

posed of at least two different materials to form the core and the corona structure.

In general, metallic and polymeric materials form the core and are coated with a

single or multiple lipid layers to form a protecting membrane (corona) similar to a

liposome or micelle. We (Chan et al. 2009; Zhang et al. 2008a) and others

(Al-Jamal et al. 2008; Kim et al. 2007b; Sengupta et al. 2005; Thevenot et al.

2007; Wong et al. 2007; Wong et al. 2006a; Wong et al. 2006b) have developed

hybrid nanoparticles for cancer therapy. Sasisekharan and co-workers (Sengupta

et al. 2005) have reported PLGA-core nanoparticles coated with a bi-phospholipid

layer to carry multiple drugs for cancer therapy using melanoma and Lewis lung

carcinoma models. In their system, doxorubicin is conjugated to PLGA to form

the core of the nanoparticle (~1% load by weight of doxorubicin, 70% encapsula-

tion efficiency) while an anti-angiogenesis drug, combrestatin, is mixed with

phospholipids and encapsulated in the lipid bi-layer during the self-assembly

process to form nanoparticles (~200 nm) described as “nanocells”. The drugs

were release at different rates over a period of ~3 days, with combrestatin released

first to reduce vascular density in the tumor followed by the release of doxorubicin

to kill the cancer cells. The results showed a significant delay in tumor growth and

increased survival time in both cancer models, suggesting accumulation of the

nanocell by the EPR effect and added therapeutic value by delivering multiple

drugs. The nanocell technology is now in preclinical development by Cerulean

Pharma.

Others have reported solid-lipid nanoparticles using different polymers and

formulations in vitro and in vivo for combination therapy. Recently, Thevenot

et al. (2007) described a mechanism for the encapsulation of a hydrophobic
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polymer core (PLA) in PEG-liposomes. As part of the work, the importance of PEG

chain length to sterically stabilize lipoparticles with optimal colloidal stability was

demonstrated (PEG (5 kDa) at 10% of lipid content). Our group has reported (Chan

et al. 2009; Zhang et al. 2008a) a one-step formulation for self-assembly of a single

layer of lipid on the hydrophobic surface of PLA nanoparticles (size < 100 nm).

Surface functionalization using different lipid constituents allows the precise con-

trol of the charge and targeting ligand density, leading to stable hybrid nanoparticle

formulations (Chan et al. 2009). In addition, drug loading was significantly

increased up to ~8% by weight and the release kinetics of docetaxel was shown

to be controlled by the lipid layer on the surface of the nanoparticles. Multifunc-

tional nanoparticle technologies (Bertin et al. 2006; Schneider et al. 2009; Wang

et al. 2008b) are now able to combine multiple therapeutic approaches that are the

state of the art for cancer therapy, including the delivery of multiple drugs (Ahmed

et al. 2006; Sengupta et al. 2005) or radiation sensitizers (van Vlerken et al. 2008),

combined therapeutic approaches such as photothermal and drug delivery (Park

et al. 2008; Rapoport et al. 2007), and simultaneous delivery of therapeutic drugs

and imaging agents (Gao et al. 2008; McCarthy and Weissleder 2008; Shin et al.

2009).

3 Strategies for Cancer Therapy Using Nanoparticles

3.1 Metastatic Cancer

Metastatic cancer is a clinical description for the spread of cancer cells from the

primary tumor site to distant organs, establishing secondary tumor sites. Detach-

ment of cancer cells from the primary tumor site and circulation in the blood allows

the cells to arrest in organs such as the lungs, liver, lymph nodes, skin, kidneys,

brain, colon, and bones, where they can extravasate and proliferate (Chambers et al.

2002; Fidler 2003). Despite significant increases in the understanding of metastatic

cancer pathogenesis, early diagnosis, surgical methods, and irradiation treatment,

most cancer deaths are due to metastases that are not curable. Reasons for this

include resistance to treatments, difficulty accessing the tumor sites and removing

all cancer cells during surgery, or physiological barriers for drug access such as the

blood–brain barrier (BBB). Therefore, improving therapy of metastatic cancer is

still a challenge even though multiple therapeutic approaches are approved or in

clinical development.

An improved understanding of cancer biology, including microenvironment

functions, signaling pathways, and metastasis evolution, has resulted in clear

advances in cancer therapy. Drugs have now been developed against a range of

targets including matrix metalloproteinase inhibitors, epidermal growth-factor

receptor inhibitors, transferase inhibitors, migration inhibitors, and angiogenesis

inhibitors. However, due the complexity of tumor progression, tumor composition,
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blood vessel structures, and drug resistance mechanisms, most of the current

therapies have provided limited extension of survival time across multiple cancer

types with the exception of imatinib (tyrosine kinase inhibitor) for gastrointestinal

stromal tumor (Sawaki and Yamao 2004). Knowledge of drug action pathways and

cellular drug resistance mechanisms to specific drugs has allowed the development

and evaluation of promising drug combinations (Kim et al. 2008; Szakacs et al.

2006). Trials of combinations of agents are usually designed to enhance the activity

of the primary agent or to inhibit different pathways to circumvent drug resistance

to the primary agent. The critical advantage of using drug combinations is to

prevent drug resistance development during cancer therapy without increasing the

known side effects of each drug. Although it is believed that tumor growth and

metastases are adaptable mechanisms, higher doses of single drugs are able to

prevent resistance mechanisms in vitro in some cases (Kim et al. 2008). However,

multi-drug regimens with synergistic combinations have been shown to be more

successful in patients, probably due to cell heterogeneity in tumors and between

patients. Unfortunately, multi-drug treatment requires complicated dosing regi-

mens. Nanoparticle delivery systems offer solutions to both of these approaches.

Delivery of single drugs in nanoparticles results in increased drug concentrations in

the tumor, allowing higher doses compared with free drug using both non-targeted

and targeted delivery. Nanoparticles can also be engineered to carry multiple drugs

that are delivered together in one particle with control over the release rate of each

drug, preventing the need for complicated multi-drug dosing regimens and improv-

ing patient compliance.

3.2 Non-Targeted Nanoparticles

Non-targeted nanoparticles circulating in the blood have been shown to signifi-

cantly improve drug bioavailability and accumulation in tumors through the

enhanced permeability and retention effect (EPR) (Fig. 4). The EPR effect allows

the passive targeting of nanoparticles to tumors due to pathological abnormalities

in the tumor vasculature (Maeda 2001; Minko et al. 2000). Interendothelial gap

defects increase vascular permeability in tumors, allowing extravasation of nano-

particles up to 400 nm (Hobbs et al. 1998). Accumulation of nanoparticles is

further enhanced due to poor lymphatic drainage in tumors. The local release of

anti-cancer drugs from nanocarriers in the extravascular space results in an

increased intra-tumoral drug concentration. In general, hydrophobic drugs released

extracellularly will diffuse and be taken up by cancer cells, leading to enhanced

tumor cytotoxicity. Since cancer cell populations, cell density, antigen expression,

microenvironment, and vasculature density are significantly different across dif-

ferent cancers and even within primary and secondary metastatic sites, nanoparti-

cle biodistribution and circulation time represent critical parameters for cancer

therapy.
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Multiple factors affect the pharmacokinetic behavior of nanoparticles, but

the surface charge, size, nanoparticle shape and stealth properties are among the

most critical (Alexis et al. 2008b; Li and Huang 2008a). As described in the

nanoparticle technologies section above, five common types of nanoparticles are

approved or in late stage of clinical trials, including polymer–drug conjugates,

micelles, protein-based carrier, liposomes, and polymeric nanoparticles. Overall,

non-targeted nanoparticles accumulate in tumor xenograft mice models in the

range of 1–4% of I.D./g of tissue, although these numbers are difficult to compare

due to different post-injection time assessments (Alexis et al. 2008b; Soepenberg

et al. 2005). Polymer–drug conjugates are the smallest (1–20 nm) and have a

circulation half-life in human ranging from hours to days depending on the system.

To our knowledge, dextran–camptothecin (DE-310) has the longest circulation

half-life (~300 h) in humans and has been shown to have no major toxicity

compared to the free drug formulation in clinical phase II trials (Soepenberg

et al. 2005). However, its therapeutic efficacy might be limited by its dosage

regimen compared to PEG–camptothecin and polyglutamate–camptothecin con-

jugates (7,000 and 25 mg m�2, respectively) (Homsi et al. 2007). These results

underline the significant differences of pharmacokinetic parameters using different

polymer–drug conjugates due to different loading, release profiles, and molecular

weights of the carrier. This is also true for the circulation half-life of other

Passive Targeting via the EPR Effect

Non-targeted,
drug-loaded
nanoparticles

Extravasation

Malignant cells

Endothelial
cells

Normal cells

Fig. 4 Schematic of “passive targeting” via enhanced permeability and retention effect (EPR).

The small size of nanoparticles allows them to circulate for a long period of time, extravasate, and

accumulate into tumor tissues through leaky tumor vasculature
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polymer–drug conjugates such as HPMA–drug conjugates, polyglutamate–drug

conjugates, dextran–drug conjugates and pegylated drugs such as PEG–arginine

deaminase (Hepacid, 7 days) and PEG–camptothecin (Prothecan, 40 h) (Ascierto

et al. 2005; Posey et al. 2005). In general, larger nanoparticles such as micelles

and liposomes seem to have a shorter circulation half-life in the blood (2–50 h) but

higher maximum tolerated doses. The Genexol-PM formulation of paclitaxel is

given at a twofold higher dosage than HPMA–paclitaxel (PNU166945) and poly-

glutamate–paclitaxel (Xyotax). However, it is not clear whether circulation half-

life or maximum tolerated dose is the most critical for optimum accumulation in

tumor tissues. For example, polycyclodextrin–camptothecin micelles (IT-101) and

PEG–camptothecin conjugates show similar circulation half-life but significantly

different accumulation of drug in tumor xenograft models. However, this may be

due to the different xenograft models used. Unfortunately, it is difficult to compare

the therapeutic efficacy of different systems in humans due to different patient

populations and disease stages. Clinical data suggests that the circulation half-life

and biodistribution of nanoparticles are related to the physicochemical properties

of the vehicle. This is consistent with the in vivo biodistribution and circulation

half-life results using animal models (Alexis et al. 2008b). In addition, it is well

established that hydrophilic polymers such as PEG can be grafted, conjugated, or

absorbed onto the surface of nanoparticles to form a corona, which provides steric

stabilization and confers “stealth” properties by reducing protein absorption and

rapid clearance.

Recently, we (Salvador-Morales et al. 2009b) and others (Cedervall et al.

2007a; Cedervall et al. 2007b; Lindman et al. 2007) investigated nanoparticle

surface properties and adsorption of proteins present in the blood. Lindman et al.

(Cedervall et al. 2007b) found that protein adsorption kinetics and composition

depends on particle size and surface hydrophobicity. The results show that

albumin adsorbed more on the surface of 200 nm nanoparticles than on smaller

nanoparticles (70 nm). Nanoparticles with hydrophilic surfaces significantly

prevented protein adsorption. It was suggested that smaller nanoparticles (70

nm) have higher curvature which reduce protein adsorption of larger proteins.

Interestingly, the results show a binding competition leading to adsorption

exchanges between proteins despite different concentrations and affinities.

Lundqvist et al. have shown that protein adsorption (Lundqvist et al. 2008)

depends significantly on the size and charge of the nanoparticles. Identification

of protein compositions bound to the nanoparticles showed a mixture of proteins

with different functions such as immunoglobulin, lipoproteins, complement

pathways proteins, and coagulation factor proteins. Similarly, our group inves-

tigated complement activation, blood clotting, and protein adsorption properties

of hybrid nanoparticles with precise control of the charge (Salvador-Morales

et al. 2009b).

DeSimone’s group has investigated internalization pathways (Gratton et al.

2008b) and in-vivo biodistribution of polymeric nanoparticles with different size

and shapes (Gratton et al. 2007). Nanoparticles were more efficiently taken up by

Hela cells than microparticles. Rod-like nanoparticles were internalized much more
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efficiently than their spherical counterpart in vitro but there was no clear evidence

of the effect of shape affecting the biodistribution and circulation half-life of the

nanoparticles in vivo. Other groups have also shown differential uptake of nano-

particles with different shapes (Chithrani and Chan 2007; Chithrani et al. 2006;

Ferrari 2008). These findings are highlighted by the mechanical modeling reported

by Decuzzi (Decuzzi and Ferrari 2006; Decuzzi et al. 2007; Decuzzi et al. 2005;

Decuzzi et al. 2009; Gentile et al. 2008a; Gentile et al. 2008b) showing that

nanoparticle geometry and physicochemical properties contribute to the cellular

internalization rate and adhesion forces on the surface of the cells. Mathematical

models suggest that nanoparticle size will control its interaction with cells, espe-

cially the endothelial wall of vasculatures through a margination dynamic mecha-

nism (Decuzzi and Ferrari 2008). Finally, the surface structure of the nanoparticle

can affect its cellular uptake. Recent studies have shown that nanoparticles coated

with sub-nanometer striations demonstrate enhanced uptake compared with random

surface structures (Verma et al. 2008).

3.3 Targeted Nanoparticles

The concept of targeted therapy appeared in the late 1970s with the development of

antibodies (Schrama et al. 2006), whereas the application of targeted nanoparticles

appeared later using immunoliposomes (Heath et al. 1980; Leserman et al. 1980).

Advances in cancer proteomics and bioinformatics have allowed the development

of targeted therapies, which were referred to as a “magic bullet” by the visionary

Paul Ehrlich (Strebhardt and Ullrich 2008). Nanocarriers may be surface functio-

nalized with biomolecules for “active” tumor targeting. Surface ligands include

antibodies, aptamers, peptides, or small molecules which recognize tumor-specific

or tumor-associated antigens in the tumor microenvironment (Alexis et al. 2008b,c;

Bareford and Swaan 2007; Farokhzad et al. 2006a,c; Sudimack and Lee 2000; van

Vlerken and Amiji 2006). The active targeting mechanism takes advantage of

highly specific interactions between the targeting ligand and certain tissues or cell

surface antigens to increase cellular uptake and increase tumor retention. Conjuga-

tion approaches have been developed to control the amount of targeting ligands on

the surface of the nanoparticles. In the case of weak binding ligands, multivalent

functionalization on the surface of the nanoparticles provides sufficient avidity. In

general, small molecule ligands such as peptides, sugars, and small molecules are

more attractive than antibodies due to higher stability, higher purity, ease of

production through synthetic routes, and non-immunogenicity.

There are two common approaches for receptor-mediated targeting. This first

approach is to target the tumor microenvironment, including the extracellular

matrix or surface receptors on tumor blood vessel endothelial cells (Fig. 5),

which is usually most efficient for the delivery of immune induction or anti-

angiogenesis molecules. The second approach is to target tumor cell surface
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receptors for intracellular delivery (Fig. 6) of cytotoxic agents or signal-pathway

inhibitors. Nanocarriers targeted to the extracellular portion of transmembrane

tumor antigens are generally specifically taken up by cancer cells through recep-

tor-mediated endocytosis for efficient delivery of therapeutic loads intracellularly.

Although it is not clear which approach will provide the highest therapeutic

efficacy for treatment of cancer metastases, a recent report using integrin receptor

targeted nanoparticles delivering a cytotoxic drug (doxorubicin) showed

promising data in primary and metastatic sites of human renal and pancreatic

carcinoma mouse xenograft models (Murphy et al. 2008). Targeted nanoparticles

showed tumor accumulation and decreased the tumor weight in the primary tumor

and hepatic lymph node metastasis. We (Alexis et al. 2008a; Bagalkot et al. 2006,

2007; Dhar et al. 2008; Farokhzad et al. 2004; Gu et al. 2008; Wang et al. 2008a;

Zhang et al. 2007) and others (Brannon-Peppas and Blanchette 2004; Peppas

2004) have developed targeted nanoparticles for multiple cancer types. Our

group has developed nucleic acid aptamer functionalized nanoparticles for con-

trolled drug delivery. Aptamers are able to bind to specific targets with high

affinity and specificity, resulting in clinical development for multiple applications.

We are developing multiple technologies using targeted nanoparticle–aptamer

bioconjugates for drug delivery to prostate cancer. In a proof-of-concept study,

polymeric nanoparticles utilizing aptamers as the targeting ligand showed

Active Targeting of Cancer Cells

Targeted,
drug-loaded
nanoparticles

Extravasation

Malignant cells

Endothelial
cells

Normal cells

Fig. 5 Schematic of “active targeting” of functionalized nanoparticles to cancer cells. Targeting

ligands on the surface of nanoparticles are able to bind to receptors on malignant cells, causing

local drug delivery or uptake through receptor-mediated endocytosis
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almost complete reduction in tumor growth in a human prostate cancer tumor

xenograft mice model (Farokhzad et al. 2004, 2006a). All the treated mice

survived more than three months in contrast to other controls. Subsequently, we

reported a novel strategy for formulating targeted nanoparticles that was tested

in vivo (Gu et al. 2008). We also engineered hydrophilic cisplatin drugs for

efficient encapsulation into PLGA–PEG nanoparticles (Dhar et al. 2008).

4 Summary

Metastasis is still an extremely complex disease with multiple questions still

remaining. While 90% of human cancer deaths are due to cancer metastases, the

hope for fighting cancer is sustained by the fact that there were more than 50 new

agents approved in the past 10 years for cancer treatment and hundreds of new

agents in clinical development. The development of nanoparticle drug delivery

systems is expected to have a big impact on the clinical approaches for cancer

therapy. The ability to specifically target nanoparticles along with the controlled

delivery of a therapeutic payload provides powerful new ways to treat cancer which

are only starting to be realized. By rationally designing nanoparticles based on

Active Targeting of Angiogenic Endothelial Cells

Targeted,
drug-loaded
nanoparticles

Malignant cells

Endothelial
cells

Normal cells

Fig. 6 Schematic of “active targeting” of functionalized nanoparticles to endothelial wall. Target-

ing ligands on the surface of nanoparticles are able to bind to receptors on endothelial cells

or basement membrane matrix, causing local drug delivery on the endothelial wall for anti-

angiogenesis therapy
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improved knowledge of cancer biology and the tumor microenvironment, improved

efficacy can be achieved. In addition, multifunctional nanoparticles able to carry

imaging agents and deliver multiple drugs are now being developed for enhanced

detection and treatment of cancer. The application of nanotechnology to cancer has

already produced some exciting results and holds even greater promise for cancer

patients in the future.
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Abstract An overall objective of pharmaceutical research is the controlled release

or delivery of drugs at the biological target site in a therapeutically and pharmaco-

dynamically optimal amount. In relation to “intelligent” drug delivery, several

basic aspects are important, i.e., release of active pharmaceutical ingredients

from the formulation, transport to and penetration across biological barriers, and

subsequent biotransformation depending on a controlled release process. Future

development of advanced and/or controlled drug releasing systems, e.g. polymeric

or particulate drug targeting systems, nano-carbon tube related and/or nano-pillar

based drug release, or electronically mediated molecule delivery, is expected to

take advantage of progress in molecular cell biology, cell and tissue engineering,
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membrane nano-biophysics, and bioelectronic properties (Bramstedt et al. 2005;

Gardner et al. 2006). In this chapter novel aspects of the development of innovative

drug delivery systems described and are categorized into polymeric, lipid-based or

electronically mediated delivery systems (De la Heras et al. 2004).

Keywords Responsive drug delivery �Micro-implants � Polymeric release systems �
Electronic delivery device

1 Progress and Challenges in Controlled Drug Delivery

The treatment of acute disease or chronic illness has been achieved by – among

other means – delivery of drugs to the patient. For many years conventional drug

delivery systems included tablets, injections, suspensions, creams, ointments,

liquids and aerosols, still widely used for therapeutic approaches. The ultimate

aim of pharmacy and medicine is the delivery of any drug at the right time, within

the ideal therapeutic window and outside the systemic toxic range, in a safe and

reproducible manner, to a specific target, at the required level. Conventional types

of dosage such as oral delivery and/or injection are the predominant routes of

administration. However, this approach is only rarely useful to control the rate of

drug delivery, is often associated with an immediate, rapid drug release, and does

not regulate the target area of the applied drugs. Consequently the initial concen-

tration of the delivered drug in the organism rises and may reach the level of

toxicity, decreasing over time to a sub-therapeutic level. The duration of therapeutic

efficiency is then dependent on the frequency of administration and the half-life of

the drug. High dosages of non-targeted drugs are often administered in order to

achieve an effective concentration. At the site of disease, the plasma concentration

range of many novel peptide, recombinant protein or nucleic acid based therapeutic

compounds is rather small, and varies with time. Toxicity is observed for peaks of

drug concentrations, rendering traditional methods of drug delivery ineffective.

With a controlled drug release system, the rate of compound delivery should match

the rate of drug elimination and, therefore, the drug concentration remains in the

therapeutic window for the vast majority of the 24 h period. Clinically, temporal

control can initiate a significant improvement in drug-mediated therapy, avoiding

most common side effects and guaranteeing efficacy, safety and bioavailability

(Santini et al. 2000).

Controlled drug release should be a delivery at a rate and/or at a location

determined by needs over a specified period of time. Therefore, two main objectives

exist for these release systems: (1) temporally acting drug delivery over an extended

time period during treatment and (2) spatial or local delivery. The efficiency relates

to a high concentration of the drug at the therapeutic site combined with a low

systemic drug concentration and, therefore, a lower occurence of side effects.
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Nowadays a number of mechanisms that can provide such a controlled drug release

processes include transdermal patches, chemotherapeutic wafers, osmotic micro-

pumps, bio-adhesive systems, micro-encapsulations, nano-particles and micro-

implants (De la Heras Alarcón et al. 2004; Gardner 2006).

The main foci described here will be polymeric systems, followed by micro-

chips. Most of the drug molecules need to be dissolved in the aqueous environ-

ment of the patient and freely diffuse within that medium before they can act on

their target receptors. Polymeric devices that achieve a temporally controlled

release employ protection of the molecules in aqueous solutions or cellular

cytoplasmic areas according to pre-programmed periods of time. This protective

effect can affect or inhibit the diffusion of molecules and the discharge of the drug

compartment by controlling the flow of the drug solution or suspension. Polymers

employed to delay drug dissolution aim to decelerate the flux rate of the drug

delivery system in relation to the aqueous environment. This might be achieved by

a polymer coating or matrix that dissolves or degrades at a slower rate than the

drug diffuses and releases. However diffusion-controlled drug release can also be

blocked by using insoluble polymer matrices with resuspended drug molecules

which must migrate and actively exit the device. Other releasing devices contain

Fig. 1 Polymer-based drug release mechanisms. Scheme showing several mechanisms for tempo-

rally controlled polymer-based drug release systems. (a) Delayed dissolution mediated by a

polymer which dissolves or degrades slowly, (b) Diffusion-controlled release through voids in

polymeric devices, and (c) Controlled flow of the drug solution utilising an osmotic potential

gradient across a semi-permeable membrane
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cross-linked polymer chains in hydrogels and form so-called diffusion barriers.

The diffusion barrier can be decreased by swelling of the hydrogel, resulting in

generated voids in the gel structure. Such hydrogels also possess bio-adhesive

characteristics which allow them to reside within the gastrointestinal tract for

extended time periods. Polymers used for diffusion-controlled release can be

fabricated either as matrices in which the active agent is distributed or as a rate-

limiting membrane that protects the drug reservoir from the environment (Santini

et al. 2000; Hilt and Peppas 2005; Al Malyan et al. 2007; Saylor et al. 2007;

Angelos et al. 2008; Fig. 1).

Delivery systems that control the flow of drug solutions utilize osmotic potential

gradients across semi-permeable polymer barriers to generate osmotic chambers

containing aqueous solutions of the drug. In these containers, pressure is relieved

by the flow of the solution out of the compartment. The rate of flow is controlled

by restricted fluid transport through pores of micrometer-scale or larger diameter

(Bry et al. 2001).

2 Polymer Actuator for Controlled Drug Delivery

Innovative biodegradable Micro-Electro-Mechanical Systems (MEMS) for drug

delivery have been developed to prolong the time period of release. These respon-

sive polymeric devices consist of a drug reservoir and micro-channels positioned

between the reservoir and the open end of the micro-channels (Staples et al. 2006).

They operate as osmotic or diffusion pumps depending on the choice of geometric

parameters and water permeability of polymers. Therefore, stronger osmosis is

induced by enlarging the area of the water-permeable membrane and incorporating

highly potent osmotic agents (e.g., polyethylene glycol). Conversely, the diffusion

process of the agent’s delivery is suppressed by elongating the micro-channels (Ryu

et al. 2007).

Such a micro-device comprises a micro-fabricated reservoir and micro-channels

micro-molded in a biodegradable polymer layer sealed by a semi-permeable biode-

gradable polymer layer. Active pharmaceutical ingredients and osmotic agents are

stored in the reservoir. For the molecule release, water must flow into the reservoir

mediating an osmotic effect, finally causing a hydrostatic pressure which leads to

inflation. The internal pressure now begins to propel the drug molecules out through

the micro-channels (Ryu et al. 2007; Fig. 2).

Micro-molds of the structures were fabricated by a combination of wet and

reactive ion etching processes of the bottom polymer layer. A 85/15 poly(L-lactid-

co-glycolid) acts as semi-permeable top layer. The micro-structured bottom layer

and the semi-permeable membrane were thermally bonded. A temporary inserted

teflon sheet leaves the reservoir area open for drug loading. For example, a mixture

of a PEG-coated active pharmaceutical ingredient was loaded into the reservoir

using a syringe (volume ¼ 20 ml per device). Afterwards the open loading edge of
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micro-device was sealed by a heat sealer. Osmotic drug release is regulated mainly

by the parameters of the semi-permeable membran like the water permeability, the

size, and the thickness of the membrane (Ryu et al. 2007). A further modulation of

the release rate is possible by modification of the exit orifice if the osmotic influx

of water is decreased by either a relatively large hydrostatic pressure or a pressure

leak through the membrane resulting in a constant pressure within the reservoir.

In order to understand the effect of the state of the exit orifice, the lengths of micro-

channels were made 2, 4 and 8 mm. The profiles of the releasing process for micro-

channels with three different lengths show a strong correlation to the lengths of

the channels for a time period of two weeks. The device with the shortest channel

released, e.g., a dye at a rate almost comparable to the estimated value from the

osmotic release equation. The release rate decreased when the channels became

longer concerning of the increased hydrostatic resistance that slows down the

transport of active pharmaceutical ingredients. Devices with micro-channels of

different lengths also show three different plateaus of the release rate after one

week, indicating that the change in length affects the steady state condition of the

Fig. 2 Drug delivery via micro-channels. (a) A schematic drawing and design of a micro-device

consisting of micro-channels with a width of 50 mm and various geometries in length. (b) Scheme

showing the release mechanism before (top) and after inflation (bottom) of water (modified

according to Ryu et al. 2007)
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device (Fig. 2). One possible interpretation is that the presence of air trapped in the

reservoir attenuates a further creation of pressure in the device by permeating

through the membrane of the reservoir. This allows a constant pressure difference

between inside and outside of the device; longer channels could induce higher flow

resistance and decrease the overall release rate in the steady state (Juengst and

Siegel 1988; Dorski et al. 1997; Ryu et al. 2007).

3 Complex Drug Releasing Systems for Synchronous

Drug Delivery

More complex drug releasing systems for synchronous or serial delivery of multiple

therapeutic compounds demand comprehensive control or regulation. The release

profile can be pre-programmed to the device by designing a proper micro-geometry

for one type of dose schedule without a need to develop a new specific formulation.

When a larger dose rate is needed, the increased rate can be achieved either by

enlarging the reservoir membrane of an osmotic-driven device or by increasing the

cross-sectional area of the channels of a diffusion-driven device. Unlike conven-

tional delivery systems made from biodegradable polymers, the release mechanism

of biodegradable osmotic pumps is not directly coupled to the degradation of the

polymer. The release is directly controlled either by the geometry of the micro-

shape of the device or by the permeability of the polymer. Such a device can be used

for one month before the degradation process of the device begins. This decoupling

of the releasing and the degradation step offers a great advantage and benefit, e.g.

for realizing (1) a more specified and accurate modulation of release, (2) an

avoidance of drug exposure to an acidic environment that might occur during a

degradation-mediated release, (3) a reduction of an adverse inflammatory response

during the release, and (4) a minimization of any possible reaction between drugs

and the degraded polymers. A biodegradable polymer-based microchip of an

implantable multi-reservoir 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 main component of the device

consists of a reservoir-containing substrate that is fabricated from a degradable

polymer. Truncated conical reservoirs in the substrate are loaded with the chemical

to be released and sealed with polymeric degradable reservoir membranes at one

end and a sealant layer (polyester tape) at the opposite end (Santini et al. 1999;

Jager et al. 2000; Low et al. 2000; Wang et al. 2006; Randall et al. 2007).

These polymeric devices and their reservoirs are formed by compression mold-

ing of poly-lactic acid (PLA). The degradable polymer membranes are prepared

using various ratios of lactic acid to glycolic acid and different molecular weight

polymers to control release. First prototypes show geometries of approximately

11.9 mm in diameter, 480–560 mm thickness, and contain 36 single 120-nl to

130-nl reservoirs. A PLGA (poly(lactide-co-glycolide)) polymer-based membrane
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with a molecular weight range of 4.4–64.0 kDa can be used to control the releasing

rate of, e.g., heparin immobilized in the polymer matrix (Grayson et al. 2003; De la

Heras Alarcón et al. 2004; Staples et al. 2006; Fig. 3).

4 A Novel Nanoscale Valve Responding to pH Changes May

Allow a Targeted Drug Release

The main focus of the actual development of “intelligent” polymer-based releasing

systems is based on the process of a pulsatile release for delivery of, e.g., human

insulin directed to diabetes. The requirement for insulin fluctuates during the day

according to the metabolism and blood glucose level. Current insulin formulations

require repeated injections daily and careful control of glucose intake. Novel drug

delivery devices consist of feedback control loops and might revolutionize insulin

therapy via a controlled and regulated release of insulin in response to an increased

blood glucose level. These micro-devices in general comprise two components:

(1) a sensor that detects the environmental physiological parameters and stimulates

the drug release, and (2) a delivery device or drug container (Dorski et al. 1997;

De la Heras Alarcón et al. 2004). For diabetes treatment, responsive drug delivery

systems have been proposed using the enzyme glucose oxidase as a biochemical

sensor. When blood glucose level rises, glucose oxidase converts glucose to

glucuronic acid resulting in a lower pH. This pH decrease acts as a signal for the

required insulin release. The delivery process is achieved by a pH-sensitive poly-

mer as a “molecular gate” that either swells or degrades in an acidic environment,

Fig. 3 A polymeric controlled drug release without electronics. (a) Schematic view of cumulative

release results for devices loaded with [3H]heparin and consisting of different PLGA membrane

types (modified according to Grayson et al. 2003). (b) A design of a polymeric micro-chip

device consisting of reservoirs containing a substrate fabricated using a degradable polymer.

The truncated conical reservoirs are loaded with chemical compounds to be released via degrad-

able reservoir membranes. The device is shown in its initial state (bottom) and with the degradation
of the PLGA4.4 membrane type (top)
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e.g. poly(methacrylic acid)-g-poly(ethylene glycol), P(MAA-g-EG) copolymer

with immobilized and distributed glucose oxidase. This gel expands at higher pH

values (physiological pH ¼ 7.4) by closing the gates, and shrinks at low pH values

(pH ¼ 4.0, due to the interaction of glucose with immobilized glucose oxidase) by

opening the gates. The real control of the released insulin concentration depends on

the size and the response rate of the gates. The ability of a polymer to swell is not

only coupled with environmental pH change but also depends on temperature, ionic

interactions, magnetic, thermal and electrical forces. For most of these polymers,

the structural changes are reversible and show a memory effect according to

additional changes in the external environment (Fig. 4).

5 pH-Responsive Supramolecular Nano-valves

A nano-valve-based system was developed for drug delivery mediated by an

opening process in response to pH changes. The principle of that release system

is based on a procedure realized by filling a tiny, porous silica sphere with a

Fig. 4 Responsive polymer-based hormone release. Release mechanism of P(MAA-g-EG) pH-

responsive hydrogel system coupled with glucose oxidase (GOD) for controlled insulin release

depending on glucose concentration (modified according to De la Heras Alarcón et al. 2004)
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compound, followed by plugging the pores with the valves. The delivery process

can be determined or controlled by changing the pH (Angelos et al. 2008). The

appeal of this technique is that the pH of healthy and diseased tissue often differs,

and from this it follows that spheres could be designed to release the drugs

specifically in diseased tissue only. Previous types of these valves functioned

only in organic solvents and were finally activated by elaborate oxidation reactions.

Now, by switching to the described pH-activated mechanism, the valves were made

functional in water. Of course this seems to be a critical feature for any drug

delivery system and a lot of emphasis was put on systems that are biocompatible.

Thus the new valve has already been prototyped and tested for use in water. The

core of the drug delivery system is a rigid 400 nm diameter silica nano-sphere

structured like a honeycomb network of pores, which were filled with “reference

molecules” that can be selectively released. A stalk is inserted into each pore and

protrudes from the surface of the sphere, impaling a molecule of so-called

cucurbit[6]uril. This donut-shaped molecule, which is effectively plugging the

nano-pores, indirectly prevents the leaking out of the molecules or drugs.

A further advantage is that these tiny spheres just 400 nm in diameter could easily

be taken up by biological cells. After endocytosis they could respond to the

internal cytoplasmic pH of the cell and either retain or release their contents,

giving a controlled drug release. Angelos et al. observed that at neutral to acidic

pH, cucurbit[6]uril is bound to the stalk by electrostatic forces, and the plug

remains in place. When the pH turns basic, these electrostatic forces are disrupted,

the cucurbit[6]uril plug is removed and the drug is free to leak out of the pores of

these silica spheres. Current research in this field is focusing on more specific

mechanisms for triggering the release of the compounds. If diseased cells express

a particular enzyme not present in their healthy counterparts, thus breaking a

particular chemical bond, this aspect can be introduced into the machinery.

Applications might be in cancer therapy for releasing chemotherapy drugs

directly to tumour cells and finally avoiding side effects. The nano-valve system

could also be optimized and adapted for release of compounds and/or small

peptides directed to targets correlated to degenerative diseases in cases where a

particular cell type is affected. Although the valves were tested according to their

proof of delivery of a dye in a test tube, their safety and efficacy in living

biological cells, tissues, and animals have yet to be demonstrated (Fig. 5).

6 Electronically Controlled “Smart” Pill

The pill includes a housing and a drug reservoir for storage, with an electronically

controlled release valve or hatch for dispensing one or more different compounds

stored in the reservoir while transiting the gastrointestinal area. The device com-

prises autonomous control and timing circuitry responsible for opening and closing

the valve. The advantage is that the control and timing circuitry is able to open and

close the valve throughout a dispensing time period in correlation with a preset
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dispensing timing pattern programmed within the circuitry (PCT/IB05/52771, 2007

Philips Patent). A radio-frequency communication circuit receives control signals

for setting the dispensing timing pattern remotely, reprogramming the control and

timing circuitry, or terminating the dispensing of the drug and/or compounds within

the organism. Thus this medication delivery system relates to an electronically

controlled pill for releasing one active pharmaceutical ingredient. Demonstrating

the advantage of this novel delivery system, one might reflect that objects typically

pass through the gastrointestinal tract in 20–40 h. Several medicaments are still

available as time-release capsules for delivering portions of the drug at different

times. Time-release capsules require chemical reactions mediated by chemical

compounds in the gastrointestinal area, and the coating of the drug release capsule

is influenced and disturbed by proteins and fats. Therefore, an exact and precise

dispensing or dissolving pattern is not possible. A patient may have more than a

“normal” amount of chemical compounds in the gastrointestinal tract due to a

condition or a previously-administered drug, and, therefore, cause the coating of

the time-release capsule to react faster than normal. Accordingly, the active phar-

maceutical ingredient is released by the time-release capsule at a faster rate than

intended. However, another patient may have less than the “normal” amount of

chemical agents in the gastrointestinal tract and cause the coating of the time-

release capsule to react slower than normal, thereby releasing the active agent at a

slower rate than intended. Thus for a controlled drug release some novel inventions

provide an electronically controlled pill or drug delivery system for releasing or

dispensing a compound according to a preset dispensing timing pattern while

transiting, e.g., the gastrointestinal tract. The preset dispensing timing pattern is

fixed and is not susceptible to a patient’s physiological processes and conditions,

mood, previously-administered drugs, etc. The electronically controlled pill

Fig. 5 Graphical scheme of operating supramolecular nano-valves. The alkyne-functionalized

mesoporous silica nanoparticles MCM-41 are loaded with rhodamine B molecules, and capped

with curcubit[6]uril on a positively charged bisammonium stalk during the CB[6]-catalyzed

alkyne-azide 1,3 dipolar cycloaddition (left). After rise in pH, the bisammonium stalks become

uncharged and the curcubit[6]uril caps detaches (right) (modified according to Angelos et al.

2008)
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includes control and timing circuitry for controlling the opening and closing of a

valve or hatch according to the preset dispensing timing pattern for dispensing a

compound stored within a reservoir of the “smart” pill. The electronically con-

trolled pill allows a patient to take all pills more or less simultaneously. Medication

that does not fit into one electronically controlled pill can be coordinated with other

electronically controlled pills for the full day’s payload regimen.

7 Novel Micro- and Nano-Mechanical Drug Delivery Implants

Micro- and Nano-Electromechanical Systems (MEMS or NEMS)-based drug deliv-

ery devices offer opportunities to address unmet medical needs related to dosing.

Such devices should be considered when conventional dosing methods perform

suboptimally in terms of safety, efficacy, pain, or convenience (Staples et al. 2006).

In addition, applications of these technologies may create totally new drug delivery

paradigms. MEMS technologies may create new therapies with existing molecular

entities. Such a MEMS consists of a micro-battery, micro-controller with programs

that control the drug release in response to a sensor signal, using an actuator

(Banghmann 1996, Santini et al. 1999; Bay et al. 2001; Grayson et al. 2003;

Teymoori and Abbaspour-Sani 2005; Valsesia et al. 2006; Xu et al. 2006; Tsai

and Madou 2007). Innovative delivery devices have the capability for complete

control of drug release: doses may be administered in pulses or continuously for

periods of months to years, or can be stored in a device pending an immediate need

for emergency administration. Today novel technologies contributing to advanced

drug delivery designs including MEMS or NEMS need new aspects of material

science, data management (recruiting, housing, and communicating data), and

biological science (Shimoda and Smela 1998; Pernant and Reynolds 2000; Smela

2003; Finkenstadt 2005; Tabard-Cossa et al. 2005; Tsai et al. 2007). New technol-

ogies might be useful only if they can be commercialized, and if drug delivery

devices follow the regulatory systems. In 2002, the Food and Drug Administration

(FDA) in the USA established the Office of Combination Products (OCP) to

provide an appropriate regulatory framework for products that do not fit the

established categories of drugs, devices, and biologicals. In Germany in 2002 the

law on medical products was updated to take into account this new class of

implants. Therefore, already available drug releasing systems are combined with

novel innovative aspects to improve, e.g., such releasing systems like pulsatile

release from polymeric matrices, already described before. An alternative method for

achieving an improved and controlled pulsatile release involves micro-fabrication

technology to develop active devices that incorporate micrometer-scale pumps,

valves and flow channels. The release mechanism of this solid-state silicon micro-

chip is based on the electrochemical dissolution of thin anode membranes covering

micro-reservoirs filled with chemical compounds in solid, liquid or gel form. Such

concepts are microchips with gold and saline solutions as electrode materials.
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Release from a particular reservoir is initiated by applying an electric potential

between the anode, a membrane covering the reservoir, and a cathode. The devices

used in an previous study show a geometry and configuration of 17 mm � 17 mm

� 310 mm and contain 34 reservoirs. A practical and optimal size of the medical

release device should and could be reduced to less than 2 mm side length,

depending on the particular application and implantation. As a point of reference,

a device of the size used in these studies (17 mm) has enough surface area to

accommodate over 1000 reservoirs. Devices were fabricated by a sequential

process using silicon wafers and microelectronic processing techniques including

ultraviolet photolithography, chemical vapour deposition, electron beam evapora-

tion and reactive ion etching (Santini et al. 1999; Low et al. 2000; De la Heras

Alarcón et al. 2004). Each device contains reservoirs that extend completely

through the wafer. Each reservoir has a square pyramidal shape and contains one

large and one small exit; it represents a volume of 25 nl, and is sealed on the small

square end by a 0.3-mm-thick, gold membrane anode. Here gold (Au) is chosen as a

conducting but biocompatible membrane material because it can be easily depos-

ited and patterned, and has a low reactivity with other substances and resists

spontaneous corrosion in many solutions over the entire pH range. However, the

presence of a small amount of chloride ion creates an electric potential region

which favours the formation of soluble gold chloride complexes. Holding the

anode potential in this corrosion region enables reproducible gold dissolution

(Santini et al. 1999; Fig. 6). Other metals such as copper or titanium tend to

dissolve spontaneously under these conditions or do not form soluble materials

on application of an electric potential.

Inkjet printing in combination with a computer-controlled alignment apparatus

is capable of depositing less than 0.2 nl of a liquid or gel solution of a known

concentration in each reservoir. So-called micro-syringe pumps also have the

ability to deposit nanolitre quantities of solutions into device reservoirs (Low

et al. 2000). The reservoirs are then covered with squares of a thin adhesive plastic

and sealed with a waterproof epoxy. The objective of initial release experiments

with this chip was to determine if pulsatile release of a single compound could be

obtained from a microchip device. Release of a compound was achieved from a

reservoir of a prototype immersed in phosphate-buffered saline (PBS) by applying a

potential of +1.04 V. Samples were taken every few minutes from the release

medium, analyzed for dye content in a fluorimeter.

These studies demonstrate that the activation of each reservoir can be con-

trolled individually, creating a possibility for achieving many complex release

patterns (Teymoori and Abbaspour-Sani 2005; Tsai and Madou 2007). Varying

amounts of chemical compounds in solid, liquid or gel form can be released in

either a pulsatile manner, a continuous manner, or a combination of both, sequen-

tially or simultaneously from a single device. Such a device has additional

potential advantages including small size, fast response and low power consump-

tion. In addition, all chemical agents to be released are stored in the reservoirs of

the microchip itself, creating a possibility for the future development of autono-

mous devices. “MicroCHIPS” has been developed as a device similar in size and
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appearance to an implantable cardiac defibrillator, although the volume of future

devices can be significantly reduced with the incorporation of custom electronic

components. The microchip, wireless communication hardware, power supply,

and electrical components are embedded and hermetically sealed inside the

device. Each 15 mm � 15 mm � 1.0 mm microchip consists of a silicon/glass-

bonded substrate containing 100 individually addressable, 300 nl capacity reser-

voirs. The membranes over each reservoir, composed of platinum and titanium

layers, are removed by local resistive heating from an applied current. This

electro-thermal method is independent of the chemistry of the surrounding

medium and is many times faster than an electro-chemical method. The implant-

able “MicroCHIPS” device has been shown to realize a controlled, pulsatile

release of the polypeptide leuprolide from discrete, individually addressable

reservoirs in vivo for nearly six months. The devices were implanted into the

subcutaneous tissue of male beagle dogs and each reservoir contained 25 mg
lyophilized leuprolide in a matrix of solid polyethylene glycol. The mean phar-

macokinetic profile of the release of leuprolide from the device in vivo generated

throughout the study period corresponded to in vitro release kinetics. The maxi-

mum serum leuprolide concentration (Cmax), the area under the pharmacokinetic

curve (AUC) and the time to reach the maximum serum leuprolide concentration

(Tmax) after a release event were constant for six months within experimental

variability. The averaged AUC values ranged from 37 to 50 ng � h � ml�1, the

averaged Cmax values ranged from 5 to 11 ng � ml�1 and the average Tmax values

ranged from 2.0 to 3.2 h. The bioavailability of leuprolide was estimated at 60%

compared to subcutaneous injections of solution-phase leuprolide. This device was

the first demonstration of a fully self-contained microchip implant that provides

chronic programmed delivery of a therapeutic active agent and also shows that

Fig. 6 Drug delivery microchip. (a) Design of a microchip based on electrochemical dissolution.

(b) Illustration of the removal of a gold anode membrane to initiate drug release from a reservoir in

a microchip device (according to Santini et al. 2000); before (left) and after (right) the application
of +1.04 V versus SCE for several seconds in phosphate-buffered saline (scale bar 50 mm)
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such a system can be used to release stability-optimized solid-phase drug formula-

tions (Prescott et al. 2006; Staples et al. 2006).

The membrane activation process and, therefore, the release are similar to the

operation of an electrical fuse. Current is passed through the connections and

membrane to rapidly heat the membrane to the point of failure in order to expose

the contents of a particular reservoir. Heating occurs preferentially in the mem-

brane for several reasons. First, the membrane is suspended in an environment

with a lower thermal conductivity than the silicon substrate. Second, the mem-

brane has a smaller cross-sectional area than the traces, resulting in increased

current density and resistive heating. Third, the membrane may be made from

a material that is more resistive than the trace material, increasing heat genera-

tion. Membrane failure occurs as fast as 5 ms after the application of the activa-

tion current, briefly exposing tissue, the active agent, or biosensor components

to elevated temperatures. The magnitude of the instantaneous current (range

0.3–2 A) depends on the applied voltage, the membrane material and dimensions

of the devices used (Prescott et al. 2006). There is no longer a barrier between the

contents of the reservoir and the external environment after the membrane is

removed. Stored APIs are released by dissolution and diffusion through the

recently created exit or, alternatively, molecules in physiological fluid can diffuse

into the reservoir to contact a “stored biosensor”. Successful reservoir activation

is confirmed by observing an increase in total circuit resistance caused by the

partial or complete removal of the membrane current path. A disadvantage of

using the same material and cross-sectional area for both the membranes and the

traces is a relative low power efficiency, since the traces are much longer than

the membrane. In this hypothetical case, most of the input power during activa-

tion dissipates in the traces and does not contribute to the electro-thermal

membrane removal process. Decoupling the membrane and fabrication processes

of the trace provides the opportunity to incorporate different materials and vary

cross-sectional areas to improve power efficiency. This is especially important for

implantable electronic devices, where the size of the device might be a critical

parameter. High power efficiency can reduce the size of a micro-implant allowing

the use of a smaller battery and electronic components. Such a micro-fabricated

device can be the core component of a fully implantable, intelligent system for

controlled and completely monitored release of potent therapeutic compounds.

8 Highlights in Micro-Machined Biosensing Drug

Delivery Devices

Another example for a controlled release system with actuating miniature valves in

a drug reservoir has been demonstrated. The prototype represents a micro-machined

drug delivery system with a battery, control circuitry, a biosensor, and a drug

reservoir equipped with drug release actuator holes. ChipRx Inc. (Lexington, KY,
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USA) has proposed this implantable, single-reservoir device that, in theory, could

be adjusted to deliver drugs according to targeted pharmacokinetics and bioavail-

ability. The release mechanism employs polymeric artificial muscles that ring

micrometer-sized diameter holes which open for drug release. The polymer ring

expands or contracts in response to an electrical signal transmitted through a

conducting polymer that contacts a swelling hydrogel (Shimoda and Smela 1998;

Pernant and Reynolds 2000; Smela 2003; Tabard-Cossa et al. 2005; Staples et al.

2006).

So how do such artificial muscles of this smart pill work? The basic materials for

these artificial muscles are redox polymers and hydrogels. Redox polymers and/or

conducting polymers such as polyaniline, polypyrrole, polythiophene and their

derivatives have been extensively studied in the last decade. These polymers can

be oxidized and reduced at moderate potentials causing changes in their physical

properties such as conductivity or chemical properties such as hydrophobicity. The

movement of counter ions and water in and out of the conducting polymer leads to

simultaneous variations in physical and electrochemical properties such as the

oxidation depth, and changes in conductivity, 30% of their volume, colour, etc.

These polymers are organic semiconductors characterized by alternating single and

double bonds along the polymer backbone, a structure that results in a delocalized

positive charge if an electron is removed from the polymer. The removal of the

electrons can be achieved electrochemically by the application of a sufficient

positive potential (Xu et al. 2006; Tsai et al. 2007). Therefore, the introduction of

positive charge transfers the material to an electrically conducting substrate. To

maintain the charge neutrality, negative charged anions are incorporated into the

polymer backbone. The electrons can be reversibly returned by applying more

negative potential to reduce the polymer. The primary mechanism for volume

change is mass transport. If ions or solvents enter the polymer, it expands, and if

these agents exit again, the polymer contracts. In polymers prepared with small

mobile anions, the process on, e.g., the left side dominates and the polymer expands

in the oxidized state. In polymers with large immobile anions that cannot be

expelled upon reduction, charge compensation occurs primarily mediated by the

incorporation of cations and the polymer expands in the reduced state. Hydrogels

are considered to be the most efficient polymers in transforming molecular energy

into mechanical energy. A hydrogel is a water-swollen three-dimensional network

of hydrophilic homopolymers or copolymers with cross-links formed by covalent or

ionic bonds. Hydrogel-based actuator systems constitute an active research area in

the field of robotics for building robots with noiseless and life-like movements.

Significant aspects of recent research have focused on redox polymers and

hydrogels. However, the practical applications of these polymers have been limited

due to some inherent difficulties. The low mechanical strength of redox polymers

limits the shape and size of products that can be created. Other problems with the

fabrication processes and stability in ambient conditions have also restricted their

use. Hydrogels are not electrical conductors; therefore, electro-osmotic and dif-

fusion processes act as intermediate steps for converting electrical energy to

mechanical energy in gel-based actuators. These facts result in low actuation
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rates and undesirably high working potentials. The combination of hydrogels and

conducting polymers can circumvent some of the problems mentioned above and

create a new class of fast and efficient actuator materials. These actuators can be

used in reversible polymeric valves in responsive drug delivery systems. A design

for opening and closing holes or pores in a drug reservoir using the artificial muscle

concept is illustrated here in Fig. 7 (Low et al. 2000).

A transmission electron microscopy gold grid with each hole 38.5 mm� 38.5 mm
was used as a pattern and a working electrode for the artificial muscle material that

acts in a sphincter-like mode. The conducting redox polymer in the blend is the

“electronic backbone” of the artificial muscle and is sensitive to pH, applied

electrical potential, and chemical potential in its micro-environment. Redox poly-

mers have been shown to attain length variations of about 30% with high revers-

ibility in time ranges between 3 s and 50 s. The “ionic body” of the muscle is a

hydrogel that exhibits dramatic effects of swelling and shrinking upon changes in

pH, solvent, temperature or electric field. On the other hand, hydrogels are capable

of large swelling up to 250%; however it takes as long as 10–100 s to complete the

overall volume changes. Unlike the redox polymers, hydrogels are not redox active.

Hence, a combination of both the hydrogel and the redox polymer could result in a

voltage controlled material with a more impressive degree of swelling procedures

compared to a redox polymer alone. Furthermore, an enhancement in the rate of

swelling and shrinking in this combination could be expected because of the

distribution of protons from the electronic backbone of the redox polymer through-

out the hydrogel (Low et al. 2000). The in-situ monitoring of the artificial muscle

blend of polyaniline as hydrogel and poly(2-hydroxyethyl methacrylate) synthe-

sized by a parallel coating showed a significant change in the size of the opening

when the blend was subjected to a cyclic potential scan. The change in the maxi-

mum cord length between the largest opening state and the smallest swollen state

was observed to be approximately 150%. The novel material obtained from

Fig. 7 Design of an artifical muscle valve as a part of a drug release device, with a open state

(muscle contracted) and a closed state (muscle expanded)
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blending a redox polymer and a hydrogel possesses qualities of a high swelling

hydrogel and a voltage controlled redox polymer. Due to these conditions, this

material demonstrates a more intensive swelling and shrinking process than the

redox polymer itself, and thus a faster responsive time than the hydrogel. It was

found that to open a same-size reservoir, 75% less energy was consumed in this

approach compared with an earlier approach involving the corrosion of gold mem-

brane. In addition, multiple drug pulsatile release and continuous linear release

patterns were successfully implemented by controlling the activations of an array of

valves.

In conclusion, drug delivery micro-chip technology shows a potential to benefit

patients by delivering accurate, appropriate time-dependent dosing, as well as site-

targeted dosing with reduced side effects. However, microchip implantation can be

viewed as “bodily invasion”. The additional possible patient monitoring and track-

ing functions of such devices can be useful in the monitoring of patients who

wander or escape due to cognitive dysfunction but further surveillance functions

of drug delivery devices can impede the acceptance of this implantable microchips.

Also the forced drug treatment could be useful in some situations (e.g. patients who

are noncompliant or mentally ill), but anyway ethical and legal reflection is

essential. These legal and ethical issues should be considered when evaluating

bundled drug chips for marketing approval. Any new regulations that result should

reflect guiding principles of ethics, and the benefits and burdens of the technology

(Juengst and Siegel 1988; Fig. 8).

9 Novel Technological Challenges in Drug Delivery –

Nano-Micro-Implants

Controlled drug release in the human body within a defined time range can be

realized using various systems. It is known that drugs can be embedded in polymers

Fig. 8 Basic composition of a drug delivery microchip with implemented biosensing modules and

feedback control units
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and released within a specific time frame. Furthermore, polymers which are biode-

gradable within a predicted time can be used for controlled drug release. This

delivery system is only able to release one dose into a therapeutically interesting

area. These implantable devices enable the restriction of the drug release to specific

parts of the organism, so that the necessary amount of systemic drug load as well as

the degradation of large amounts of xenobiotics by the body can be reduced

(Schierholz and Beuth 2001). Many physiological and clinical situations do not

allow the release of a temporarily constant rate of drugs, e.g. the delivery of insulin,

hormone release, cancer therapies, etc., and therapeutic needs for a given drug can

vary considerably with the severity of symptoms over time, e.g. anti-arrhythmic

agents.

For optimized controlled drug release, polymers have been developed which

can be directed by external environmental situations, e.g. ultrasound, electric and

magnetic fields, light, enzymes, changed pH or temperature (Kost and Langer

1992). Unfortunately, a significant disadvantage of these polymer-based systems

is their low biocompatibility and their toxicity, their slow release after stimuli, their

short activity time, and any representative reproducibility of drug delivery. The

amount of containers or the surface for immobilization of compounds is too small.

Several patents (e.g. US 4/003/779, US 4/146/029, US 3/692/027, and US 4/360/

019) for micro-systems describe controlled drug delivery by modules with

mechanical mechanisms by specially miniaturized electrically controlled compo-

nents for drug release from a reservoir. However these mechanical systems show

many problems in the release of small amounts of highly active agents. A further

mechanism for controlled release of drugs from a reservoir or container is

described in the US patent 5/556/528. This micro-device consists of a nano-porous

membrane (e.g. P2VB) which is combined on its surface with a thin layer of

molecules showing a dipole moment higher than 5 Debye. This thin control layer

changes its permeability for active substances depending on the strength of the

electric field used.

This process of electro poration controls the permeability and impermeability

of this delivery system (Lurquin 1997). Nevertheless, an implantable smart

module could not be described. A further micro-system based on a planar

microchip (US 5/797/898) comprises cavities used as drug containments. These

micro-containers are closed and protected by conductive slashes which can be

electrochemically degraded after setting an electric potential. The micro-system

design or the chip has a thickness of 300 mm and consists of several cavities

arranged in an array (opening area 30 � 30 mm; electronic elements are imple-

mented for wiring the electrodes). The disadvantage of this micro-device is

limited or lack of repeat drug delivery from these containers. Thus a rather

large number of reservoirs would be necessary in a smart device for release of a

representative amount of drug, so the translation to a micro-implant might not be

possible. Another problem is the release of a large amount of active substance at

one specific time point, resulting in undesired side effects e.g. irritation, physio-

logical toxicity etc.
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10 Novel Aspects of Electronically Controlled Drug

Delivery Systems

Progress in designing and developing drug delivery systems with a high degree of

novelty, efficiency and release control relates to micro-system concepts for

controlling the release of a bioactive substance from a reservoir comprising a thin

carrier substrate which is made of a material which is impermeable with respect to

the active compound and has more pores for drug penetration. Electrodes can be

arranged and altered in the region of these pores and can be controlled by means of

an electronic system which is integrated into the carrier substrate. The pores are

preformed in the shape of micro-gaps or micro-channels comprising electrodes on

both sides and covered by a layer of an electro-porous material on one side of the

carrier substrate. Finally the micro-system can be used for a controlled release of an

active substance in applications where space restrictions in vivo are critical (e.g.

spinal cord, CNS etc.). The application could be a stand-alone system for blood

vessels or a compartment of a prosthesis. In the case of a flexible design, the micro-

system concept described can be adapted to the form of prostheses to match the

space in the organism (minimal space requirement). The micro-system is also

useful for implementation in smart prostheses, i.e. stents. The electrodes for a

controlled release of substance can be directed by an electronic unit which can be

triggered by physiological events. In this case a drug can be released depending

on physiological demands. Repeated delivery of bioactive substances from one

reservoir might be possible if relaxation and remodelling of the electro-porous

substrate is possible (DE 01/04874; WO 02/05 6862A2) in a micro-system for

controlled dispensation of an active substance from a reservoir (Fig. 9).

Another research aspect focuses on a novel drug delivery device based on a

Au/PPy(DBS) (gold/polypyrrole (dodecylbenzoatsulfonate)) bilayer. PPy is a con-

ducting polymer and acts as an electro-active actuator. Opening of a single valve

was externally actuated by the application of a small electrical potential. Different

release patterns, such as multiple drug pulsatile release and continuous linear

release, were constructed by opening several valves in preprogrammed sequences.

A single chip consisted of a high number of these drug reservoirs and valves would

feature flexibility for achieving more complicated drug release patterns to meet

different clinical demands. A conceptual model of the drug delivery device and a

schematic of its cross-section are shown in (Fig. 10). The drug reservoir in the

silicon substrate is covered by a polypyrrole (DBS)/Au bilayer flap on the top and

by waterproof sealing plastic from the bottom. It is designed to release drugs by

bending of the redox polymer/Au away from the substrate when activated by the

application of a small voltage. With standard micro-fabrication processes a silicon

wafer was coverd with a silicon dioxide layer as an insulating film for both the

polymerization and drug release steps. Then, a chromium adhesion layer is depos-

ited on top of the wafer and patterned by UV photolithography. After that, a diluted

polyimide precursor is spin-coated onto the patterned Cr to form a polyimide layer

150 nm in thickness. The Cr layer is used as an adhesion promoting layer, which is
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used to “glue” the gold layer down, since the gold adheres weakly to polyimide. The

bending generated by the voltage-actuated PPy(DBS) film is sufficient to cause

the release of the bilayer from the surface without the use of any other chemical or

mechanical means. After the polyimide process, a structural gold layer (250 nm) is

deposited and patterned by UV photolithography. The gold film in the bilayer

functions as both a working electrode for the electrochemical deposition of PPy

(DBS) and a structural layer/conducting layer during the actuation process (Fig. 10).

Afterwards the drug reservoir is created from the back side of the silicon wafer

using deep reactive ion etching, until the gold layer on the other side of the wafer is

Fig. 9 (a) Schematic drawing of an electronic polymer-based drug delivery micro-implant for active

pharmaceutical ingredient release via controlled opening and closing nano-pores. (b) PPy(DBS)-

polymer layer conducted by a gold layer for electrically induced generation of nano-pores (EM)

Fig. 10 Illustration of the cross-section of a single reservoir of a Au/PPy(DBS) bilayer drug

release system. In its initial state, the PPy(DBS) is relaxed (electrochemically neutral) and the

bilayer flap is closed (left). After oxidation, the PPy(DBS) shortens and therefore the bilayer bends
outwards and opens the drug reservoir (right)
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reached. A PPy(DBS) film with a thickness of around 5 mm is electropolymerized

from monomer pyrrole on top of the patterned gold layer. Finally, the active agents

to be released are loaded and the reservoir is sealed with a thin adhesive plastic tape

reinforced by waterproof epoxy glue from the back side. During the preliminary

drug release test, it was observed that the valve was successfully actuated to open

after one triangular voltage cycle was applied and the specimen a colored dye was

released from the reservoir.

11 Biosensing of Drug Delivery in In Vitro Tissue Models

The focus of this aspect of biosensing in real time for verifying drug release and drug

efficacy and/or mechanisms is based on a recent development of a novel 3D

microcavity array for the ultrafast positioning and bioelectronical characterization

of biopsy material and/or 3D tissue samples (Kloß et al. 2008a, b). The advantage

of this novel tissue-based chip is a microcavity structure for a positioning of

viable tissue samples in vitro for real time measurements of physiological and

morphological changes. Furthermore, this microarray can be used for high content

and high throughput screening of applied and released drugs simulating the situation

in the organism and minimizing animal testing. The measurement method used

is impedance spectroscopy – cellular dielectric spectroscopy (CDS) or electric

impedance spectroscopy (EIS). Impedance spectroscopy can be used to measure

frequency-dependent changes of passive electrical properties of single cells and/or

complex tissues by applying a defined alternating current. For this purpose, an

alternating voltage current can be applied to a biological sample whereby the current

flows from an active working electrode through and beneath the cell or tissue/

extracellular space to a counter electrode. For these non-invasive conditions, the

cell or tissue sample or model itself acts as a resistor and capacitor affecting the

recorded impedance. Depending on the frequency and the dielectric properties of

sub-cellular structures, it might be possible to analyze different cellular processes

occurring according to native conditions or after drug release. Thus, drugs and their

mechanisms, toxic effects etc. can be detected in real time and online by such

biosensing drug delivery systems depending on the therapeutic and systemic win-

dow according to efficacy and safety. Up to now, a comparable screening system

of spherical in vivo equivalents is not known. It was the aim to provide a fast,

reliable, highly sensitive, and cost-effective chip-based screening technology for

three-dimensional organotypic tissue equivalents to be used in basic and applied

science as well as pharmaceutical industry. This approach is a novel innovative

sensing system which can be integrated in principle into drug release systems. The

novel micro-cavity-multi-electrode array can be miniaturized and translated as

well as transferred into a concept for multi-well-microimplant systems for con-

trolled drug release. Up to now, the microarray can be coupled with various 3D

tissues or biopsy materials for a non-invasive, labeling-free and continuous screen-

ing and/or diagnosis of cellular alterations under real-time conditions, and works as
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a lab-on-a-chip model. In this way, an automated high-content and/or high throughput

screening of biologically active compounds on 3D tissues derived from biopsies of

tumours, ischemic cardiomyocytes etc. can be achieved. Thus, the technique pre-

sented can be of great benefit for controlled implantable drug delivery systems in

respect to individualized therapies and safe drug delivery processes. Future challenges

are the miniaturization and implementation of the cavity-based chip system into an

automated release system to provide an efficient biosensing and release mode.

Fast, labeling-free, and non-destructive processes are important requirements for

improved screening and monitoring systems in drug release in representative tissue

models. For real-time monitoring of inter- and intracellular parameters of cell

cultures under in vivo-like conditions, a 3D multifunctional electrode-based

Micro-Cavity Array (MCA) was designed, fabricated and validated. Such a sensory

unit consists of 15 individual square micro-cavities with implemented gold micro-

electrodes. Planar multi-electrode biosensors are widely used for the characteriza-

tion of monolayer cell cultures. Their electrical properties, monitored by impedance

spectroscopy, also give feedback about cell motility, proliferation, and adherence.

For in vitro testing of physiological parameters, multicellular spheroids are used. A

scaffold-free, rotation-mediated generation of sphere-like histotypic in vitro tissues

enables the proof of cellular changes under 3D in vivo-like conditions since ade-

quate cell–cell and cell–extracellular matrix contacts are created. These contacts,

which are essential for cellular communication, play an important role in fundamen-

tal cellular processes such as growth, differentiation, migration and programmed cell

death (apoptosis). Spheroids are formed via a self-assembly process and mimic

avascular tissue models. Therefore, spheres represent excellent in vivo organotypic

equivalents. Their well-defined reproducible size and structure enables the construc-

tion of optimally adapted arrays for the coupling of spheroids to a sensor. Alterations

in morphology, penetration of drugs and the effects of cytotoxic agents can then be

monitored easily. Testing those properties is a main aspect of any drug screening

assay. When comparing different cell types from three different species and tissues,

we found similar amplitudes (|DZ|) of 23–44%. All biological samples varied in peak

position (characteristic frequency). Spheres from, e.g., human melanoma (Bro) have

the most compact and spheric shape, but a rather rough surface morphology. CHO

and COS-7 spheroids stand out due to their rough surface. Zeolite beads with a

perfectly smooth surface but high porosity showed a lower impedance value, below

the range of the biological tissues, whereas recording with glass beads resulted in

significantly higher magnitudes with more than 80% of normalized impedance.

12 Biosensing of Drug Delivery In Vivo – Microelectrodes

in Endoluminal Sensors

Interventional techniques for monitoring and drug delivery are necessary and allow

the characterization as well as the treatment of intravascular pathological processes.

Thus, electric impedance spectroscopy (EIS) can provide cellular information on
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biological tissue. Acute coronary syndromes, for example, are frequently triggered by

rupture of atherosclerotic plaques presenting according to an angiographically deter-

mined diameter stenosis of less than 50% (Fuster et al. 1992; Falk et al. 1995; Rössig

et al. 2001). Coronary atherosclerosis not resulting in symptomatic coronary disease

may still constitute a source of vulnerable lesions, which cannot be monitored by

X-ray angiography (Little et al. 1988). Recent studies reported that progress in

intravascular ultrasound enabled the characterisation of different plaque types by

mechano-elastography and radiofrequency in vitro and in vivo (De Korte et al. 2000,

2002; Nair et al. 2002; Stahr et al. 2002). Furthermore, thermometry could demon-

strate local temperature heterogeneity in animal experiments and patients with stable

angina pectoris (Stefanadis 1999, 2001; Verheye et al. 2002). For more detailed or

specific atherosclerotic plaque detection and characterization, however, alternative or

adjunct techniques are deemed to be necessary, which might allow determination of

plaque growth, tissue differentiation and cellular characterization. This early moni-

toring might be coupled and/or integrated with endoluminal delivery systems, e.g.

drug-coated stents or micro-implants for drug release including biosensing systems.

Electric impedance is a complex quantity combining resistance and reactance,

depending on the frequency of the alternating current employed. Biological tissues

represent a complex electrical impedance, because they consist of components

that have both resistive and charge storage properties. By recording the electric

impedance of a tissue over a frequency range – electric impedance spectroscopy

(EIS) – its frequency-dependent electric and dielectric behavior can be detected

(Foster and Schwan 1989). The electrical properties of biological tissues are related

to their physiological and morphological properties, and therefore impedance

spectroscopy is suitable for detection of tissue composition. Indeed, invasive EIS

could successfully detect carcinoma cells for the diagnosis of cervical neoplasia

(Brown et al. 2000; Wilkinson et al. 2002). Progress in nano-bioengineering

provides the option to design and fabricate micro-electrodes which allow monitor-

ing impedance spectroscopy inside coronary arteries. In a recent study, the feasibil-

ity of intravascular EIS was tested using a new impedance catheter system with

integrated microelectrodes applied and/or transplanted in an experimental animal

model. Eighteen stents were implanted into the iliac arteries of female New Zealand

White rabbits to induce intimal proliferation. After 14, 28 and 56 days post-

transplantation, the electric impedance was measured inside and outside the stented

arterial segments using a balloon catheter with four integrated micro-electrodes

oriented axially. The impedance was recorded at a frequency range from 10 Hz to

1 MHz. The impedance inside and outside the stent was analyzed and correlated

with histomorphometric data of explanted stented arterial segments. Fourteen 28

and 56 days post-stent implantation, the difference in electrical impedance between

native and stented iliac artery segments increased significantly, reflecting an poten-

tial increase of proliferation of endothelial cells. Obviously the increase in the

electrical impedance corresponded to an increased neo-intimal proliferation in the

stented arterial segment. Intravascular EIS can be performed by a balloon catheter

with integrated microelectrodes and allows the detection of neo-intimal prolifera-

tion after stent implantation (Süselbeck et al. 2005).
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Abstract The main aim of pharmaceutical technology research is the design of

successful formulations for effective therapy, taking into account several issues

including therapeutic requirements and patient compliance. In this regard, several

achievements have been reported with colloidal carriers, in particular with lipid

nanoparticles, due to their unique physicochemical properties. For several years

these carriers have been showing potential success for several administration

routes, namely oral, dermal, parenteral, and, more recently, for pulmonary and

brain targeting. The present chapter provides a review of the use of solid lipid

nanoparticles (SLN) and nanostructured lipid carriers (NLC) to modify the

release profile and the pharmacokinetic parameters of active pharmaceutical ingre-

dients (APIs) incorporated in these lipid matrices, aiming to modify the API
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bioavailability, either upwards or downwards depending on the therapeutic require-

ment. Definitions of the morphological characteristics, surface properties, and

polymorphic structures will also be given, emphasizing their influence on the

incorporation parameters of the API, such as yield of production, loading capacity,

and encapsulation efficiency.

Keywords Lipid nanoparticles � Lipid polymorphism � Pharmacokinetics � Bio-
availability � API release � Orals � Dermalics � Parenterals � Pulmonary delivery �
Brain delivery

Abbreviations

AFM Atomic force microscopy

API Active pharmaceutical ingredient

AUC Area under the curve

BBB Blood–brain barrier

BSC Biopharmaceutical classification system

CNS Central nervous system

DSC Differential scanning calorimetry

EE Encapsulation efficiency

ESR Electron spin resonance

FFF Field flow fractionation

GIT Gastrointestinal tract

HLB Hydrophilic–lipophilic balance

HPH High pressure homogenization

IES Inter-endothelial cell slits

LC Loading capacity

LD Laser diffractometry

LDL Low density lipoproteins

LHRH Luteinizing hormone releasing hormone

MPS Mononuclear phagocytic system

NLC Nanostructured lipid carriers

NMR Nuclear magnetic resonance

PCS Photon correlation spectroscopy

PEG Polyethylene glycol

RES Reticulo-endothelial system

SAXS Small angle X-ray scattering

SEM Scanning electron microscopy

SFEE Supercritical fluid extraction of emulsion

SLN Solid lipid nanoparticles

TEM Transmission electron microscopy
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TPGS D-a-Tocopheryl polyethylene glycol 1,000 succinate

WAXS Wide angle X-ray scattering

YP Yield of production

1 Introduction

The success of drug therapy with is highly dependent on the design of active

pharmaceutical ingredients (APIs) delivery. A properly designed delivery system

aims to achieve an optimized concentration of the API at the site of action in order

to produce a therapeutic response with minimum adverse effects. Nevertheless,

individual variations in the pharmacokinetic and pharmacodynamic parameters

makes the dosage regimens somewhat difficult to establish. Therefore, novel

approaches are being developed e.g. within the field of lipid-based colloidal carriers

in order to achieve proper clinical response.

Most conventional formulations are designed to release the API immediately to

obtain its rapid and complete systemic absorption. Recently, however, various

modified API delivery systems have been developed to release the API at a

controlled/well-defined rate. Within those novel delivery systems, the lipid-based

colloidal carriers, such as solid lipid nanoparticles (SLN) and nanostructured lipid

carriers (NLC), receive particular attention. A variety of modified-release SLN and

NLC designed for different administration routes have been formulated for several

APIs, based on their physicochemical and pharmacokinetic properties as well as the

effect induced.

Lipid nanoparticles (SLN and NLC) combine advantages of other colloidal

carriers, e.g., polymeric nanoparticles, liposomes, and conventional oil-in-water

(o/w) emulsions. It has been reported (Kaur et al. 2008; Müller et al. 2000) that: (1)

small particles ranging between 120 and 200 nm only rarely undergo blood

clearance by the cells of the reticulo-endothelial system (RES), therefore liver

and spleen filtration is avoided (Chen et al. 2004); (2) modified release profiles

can be obtained when the API is incorporated within the lipid matrix (Hu et al.

2006; Manjunath et al. 2005; Pople and Singh 2006; Saupe et al. 2006; Schwarz and

Mehnert 1999; Schwarz et al. 1994); and (3) API targeting can be achieved by

means of ligands placed onto the surface of lipid nanoparticles (Lockman et al.

2003). Furthermore, high loadings (for both hydrophilic and lipophilic APIs) (Chen

et al. 2001; Fundaro et al. 2000; Reddy and Venkateswarlu 2004), long-term shelf

stability (Freitas and Müller 1998, 1999a, b), and the possibility of sterilization and

large-scale production (in particular avoiding organic solvents) (Gohla and Dingler

2001; Kuntsche and Bunjes 2007; Manjunath et al. 2005), have also been pointed

out. To improve handling and stability, lipid nanoparticle dispersions can be spray-

dried, maintaining their colloidal size after reconstitution, and exhibiting good

redispersibility (Varia et al. 2008). Other advantages include the lipid composition

of SLN and NLC, making them biocompatible, biodegradable, and safe.
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2 Definition of Lipid Nanoparticles (SLN vs. NLC)

SLN and NLC are composed of pure lipids or a mixture of lipid compounds

(triacylglycerols, fatty acids, steroids, waxes, and oils), and a single surfactant (or

in association with a co-surfactant) surrounding the particles. Lipid composition, as

well as the production method, will define several nanoparticle characteristics,

including the type of surfactant to be selected for SLN/NLC stabilization (anionic,

cationic, or non-ionic), the particle size and size distribution, the yield of production

(YP), the loading capacity (LC), and the encapsulation efficiency (EE). Obviously,

the amount of API that lipid nanoparticles can carry and deliver will also be

dependent on its lipophilicity, i.e., the ability of the API to be dissolved in the

lipid matrix.

The YP can be measured in terms of nanoparticles produced per dispersion, or as

a function of the EE and LC, which are determined as follows:

YP ¼ WL

VD

� 100 (1)

EE ¼ Wa �Ws

Wa

� 100 (2)

LC ¼ Wa �Ws

Wa �Ws þWL

� 100 (3)

where WL is the weight of lipid added in the formulation, VD is the volume of the

aqueous phase, Wa is the weight of API added in the formulation, and Ws is the

weight of API analyzed in the supernatant (after separation of lipid and aqueous

phases by centrifugation). EE is thus defined as the ratio between the mass of

entrapped API and the total mass of API, whereas LC is the ratio between the mass

of entrapped API and the total mass of lipid. Factors determining LC and EE are: (1)

the solubility and miscibility of the API in the melted lipid phase, (2) the physico-

chemical structure of the solid lipid matrix, and (3) the polymorphic state of the

lipid material (Kaur et al. 2008).

High encapsulation parameters are obviously desirable, since they can reduce

the number of particles required to achieve therapeutic levels. Depending on their

lipophilicity and hydrophilicity, APIs will be located in the lipid nanoparticles in a

particular way. To achieve a high EE and LC for a particular API, its sufficiently

high solubility in the melted lipid is the main requisite (Wissing et al. 2004).

Therefore, hydrophilic molecules are hardly incorporated due to their low affinity

with the lipid matrix. Moreover, API solubility should in general be higher in the

melted lipid state that in the solid state, since the solubility usually decreases when

the melt cools down, and it might even be lower in the solid lipid. However,

biotechnological APIs have successfully been loaded into SLN (Almeida et al.

1997; Müller and Keck 2004a). To enhance solubility in the melted lipid,
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solubilizers can be added. Examples of these are non-ionic surfactants such as

polysorbates and polyoxyls, covering a hydrophilic–lipophilic balance (HLB) range

between 2 and 18, which can be used in combination with lipids to promote self-

emulsification (Gibson 2007). Furthermore, when using mono- and di-acylglycerols

as lipid matrix composition, API solubility might increase in comparison to very

pure lipids, such as monoacid triacylglycerols. Naturally occurring oils and fats

comprise mixtures of mono-, di- and tri-acylglycerols, containing fatty acids of

varying chain length and degree of unsaturation (Hauss 2007). The melting point of

these lipids increases with the length of the fatty acid chain, and decreases with the

degree of unsaturation. The chemical nature of the lipid is also important because

lipids which form highly crystalline particles with a perfect lattice (e.g., monoacid

triacylglycerols) lead to API expulsion during storage time. Mixtures of lipids

containing fatty acids of different chain length form less perfect crystals with

many imperfections offering space to accommodate guest molecules. Therefore,

an important issue to be addressed in the lipid nanoparticle formulation is the

selection of the lipid excipients. Although a systematic procedure to select an

appropriate lipid composition has not been published yet, there are a number of

criteria to be kept in mind. These are the API lipophilicity (Log P), in particular

solubility in pharmaceutically acceptable lipids, which should be sufficient to allow

the required therapeutic dose of API to be administered.

Physicochemically stable lipid nanoparticles will be obtained only when the

right surfactant and adjusted concentration have been employed. For a particular

lipid matrix, the surfactant composition is usually chosen according to its HLB,

which is based on packing parameter theory (P) (Israelachvili et al. 1980).

SLN/NLC dispersions have been stabilized with surfactants having HLB values

below 12. Nevertheless, one needs to keep in mind that lipid molecular character-

istics, bulk, and surface properties strongly affect physicochemical stability and

suitability of SLN/NLC as nanoscaled API delivery systems (Bummer 2004;

Wissing et al. 2004).

Another critical situation is the risk of peroxidation of the materials used to

produce SLN/NLC. It is well known that a number of lipids and surfactants are

susceptible to oxidation, and may create highly-reactive peroxide species (Mead

et al. 1986). Lipid peroxidation can be deleterious to the physicochemical stability

of both the API and the SLN/NLC dispersion. Nevertheless, such phenomena can

be limited and rationally controlled using anti-oxidants.

Polymorphism is also an important issue determining both EE and LC (2 and 3).

To create a solid matrix, crystallization of the lipid occurs differently in SLN/NLC

than in bulk material, i.e., the lipid matrix recrystallizes at least partially in the

a-form (unstable polymorphic form) or in the b0-form (metastable polymorphic

form), while the lipid as a bulk tends to recrystallize preferentially in the b0-form,

which transforms quickly into the b-form (Westesen et al. 1993). During organiza-

tion into more stable polymorphic forms, the number of imperfections in the lipid

lattice decreases, i.e., formation of b0/b-modification promoting API leakage.

Generally, the transformation is slower for long-chain than for short-chain triacyl-

glycerols. An optimized SLN/NLC formulation can be generated in a controlled
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way when a certain fraction of the b0-form is created and preserved during the

storage time. Within this concept, SLN/NLC can be considered intelligent API

delivery systems achieving a built-in triggering mechanism to initiate transforma-

tion from b0- to b-forms and consequently controlled API release (Jenning and

Gohla 2001). The connection between the physical properties of SLN/NLC and

their in vitro and in vivo performance should always be addressed (Kristl et al.

2003; Westesen et al. 1997), and therefore studies on the inner structure should

always be carried out, since their lack can cause misinterpretation of the in vivo

results (Westesen and Bunjes 1995).

Finally, the production procedures critically influence the bioavailability of

loaded APIs since they affect the design and the structure of the system itself.

To produce SLN and NLC, the high pressure homogenization (HPH) procedure

is typically applied, either the hot or the cold technique (Souto et al. 2007). For the

hot HPH the lipid phase is previously heated 5–10�C above its melting point,

followed by API dissolution or fine dispersion in the melted phase. Stirring this

melted phase in a hot surfactant solution, a pre-emulsion will be produced. The pre-

emulsion is homogenized under high pressure producing a hot nanoemulsion,

which is further cooled, recrystallizing the lipid and forming SLN or NLC. The

cold HPH technique requires a previous step of melting the solid lipid so that the

API can be dissolved and/or admixed in this phase. By applying liquid nitrogen or

dry ice, the lipid phase cools down rapidly, solidifying, and then by means of mortar

milling it is ground to obtain microparticles. These microparticles are further

dispersed in a cold aqueous surfactant solution producing a pre-suspension that is

homogenized at or below room temperature using the HPH.

Other methods reported in the literature include those that require also the

melting of lipid phase: i.e., the microemulsion (Bondi et al. 2007, 2003; Brioschi

et al. 2008; Cavalli et al. 1997, 1998, 2001; Fontana et al. 2005; Mandawgade and

Patravale 2008; Miglietta et al. 2000; Ugazio et al. 2002), the phase-inversion

(Anton et al. 2008, 2007; Jayagopal et al. 2008; Malzert-Freon et al. 2006), and

the extrusion techniques (El-Harati et al. 2006; Joshi and Patravale 2008), and those

based on the previous dissolution of the lipid in an organic solvent (non-polar, semi-

polar, or polar) (Cortesi et al. 2002; Hu et al. 2002, 2005, 2006, 2008; Trickler et al.

2008). In comparison to the HPH technique, these methods are reported to achieve

low lipid nanoparticle YP (1) (Mehnert and Mäder 2001; Müller et al. 2000).

More recently, supercritical fluid technology has also been adapted to produce

lipid nanoparticles (Chattopadhyay et al. 2007; de Sousa et al. 2006, 2007; Young

et al. 2004). In particular, supercritical fluid extraction of emulsions (SFEE) has

been reported to show high YP (Chattopadhyay et al. 2007). The method allowed

the production of stable SLN of a narrow size distribution, with a mean diameter

below 30 nm. Thus, the particle size obtained was significantly smaller than that

reported by other techniques. The residual solvent content in the final suspension

was shown to be below 20 ppm.When the o/w emulsion containing the lipid and the

API is introduced into the supercritical CO2 phase, parallel processes of solvent

extraction into the supercritical CO2 phase and inverse flux of CO2 into the

emulsion droplets occur, leading to expansion of the organic phase of the emulsion.
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This leads to precipitation of lipid-API material dissolved in the organic phase

producing the solid matrix. The solvent extraction efficiency using supercritical

CO2 is much higher than for the conventional methods such as evaporation, liquid

extraction, and dilution, providing a more uniform particle size distribution,

because of the fast removal of the organic solvent. Supercritical CO2 also tends

to extract other low-molecular weight impurities, purifying the lipids. In addition,

supercritical CO2 typically results in a depression of the lipid melting point and

plasticization of the amorphous lipid structures. This plasticization can be benefi-

cial in establishing a thermodynamically stable lipid form, such as b-polymorph of

the triacylglycerol, facilitating as well a more uniform distribution of the API

within the lipid phase. The size of SLN obtained in the SFEE process is directly

related to the emulsion droplet size and is therefore dependent upon the method of

formulation and the stability of the emulsions employed for precipitation.

With regard to the design and structure of the systems, basically the structure of

both SLN and NLC is composed of a solid core covered by a layer of surfactant

molecules. In the following sections the different types of each will be described.

2.1 Solid Lipid Nanoparticles (SLN)

The SLN Type I is defined as the homogeneous matrix model, because the API is

molecularly dispersed in the lipid core or is present in form of amorphous clusters

(Mehnert and Mäder 2001; Müller et al. 2000; Souto et al. 2007; Souto and Müller

2007). This model is obtained when using optimized ratios of API and lipid passing

through the HPH at above the melting point of the lipid, or when using the cold

HPH technique. As consequence of their structure, SLN Type I can show controlled

release properties. The SLN Type II, or API-enriched shell model (Lukowski and

Werner 1998), is obtained when the API concentration in the melted lipid is low.

After applying the hot HPH technique, during the cooling of the homogenized

nanoemulsion, the lipid phase precipitates first, leading to a steadily increasing

concentration of API in the remaining lipid melt with increased fraction of solidi-

fied lipid. An API-free (or API-reduced) lipid core is formed; when the API reaches

its saturation solubility in the remaining melt, an outer shell containing both API

and lipid will solidify around this core which contains low amount of API. This

model is not suitable for prolonged API release; nevertheless, it may be used to

obtain a burst release of API, in addition to the occlusive properties of the lipid core.

The SLN Type III, or API-enriched core model (Souto et al. 2004b; Westesen et al.

1997), is formed when the API concentration is relatively close to or at its saturation

solubility in the lipid melt. On cooling the nanoemulsion, the solubility of the API

will decrease; when the saturation solubility is exceeded the API precipitates, and is

covered by a shell of lipid almost free of API. This SLN type is useful for achieving

a prolonged release of API since it is immobilized within the lipid core.
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2.2 Nanostructured Lipid Carriers (NLC)

NLC are also composed of a solid core covered by the surfactant used during the

production procedure. For these carriers also, three incorporation models have been

proposed, mainly differing in the type of lipid compounds used for their production.

The NLC Type I is termed the imperfect crystal model, and consists of a matrix

with many voids and vacancies that are able to accommodate the API. These

particles are obtained when mixing solid lipids with a sufficient amount of liquid

lipids (oils). Due to the different chain length of the fatty acids and the mixture of

mono-, di- and triacylglycerols, the matrix of NLC is not able to form a highly

ordered structure (Müller et al. 2002), thus creating available spaces (structural

imperfections). The NLC Type II, or the amorphous model, is obtained when

mixing special lipids (e.g., hydroxyoctacosanylhydroxystearate, isopropylmyris-

tate, dibutyl adipate) that do not recrystallize after homogenization and cooling of

the nanoemulsion. These lipids create amorphous matrices, which avoid/delay the

recrystallization phenomenon of lipids on cooling and during shelf life, thus mini-

mizing API expulsion during storage time. The NLC Type III is defined as the

multiple model because it is composed of very small oily nanocompartments

created inside the solid lipid matrix of the nanoparticles by a phase separation

process (Müller et al. 2002). It results when mixing solid lipids with oils (e.g.,

medium (Hu et al. 2006) and long-chain triacylglycerols (Souto et al. 2004a), oleic

acid (Hu et al. 2005) in such a ratio that the solubility of the oil molecules in the

solid lipid is exceeded. During the cooling of the nanoemulsion the lipid droplets

reach the miscibility gap (40�C), and the oil precipitates forming tiny oil droplets.

Subsequent solidification of the solid lipid surrounding these droplets leads to

fixation of the oily nanocompartments. The advantage of this model is the increase

of LC for APIs of higher solubility in liquid lipids than in solid lipids (Jenning et al.

2000). The structure of NLC Type III defined by the presence of nanocompartments

or nanostructures within the matrix is still a controversial subject (Castelli et al.

2005; Jores et al. 2003, 2004, 2005; Müller et al. 2002). The precise structure may

be intrinsically dependent on the composition of the formulation (i.e., lipid, surfac-

tant, and API), as well as on the production procedure (Schäfer-Korting et al. 2007).

These theoretical NLC models have been established based on analytical data,

which can be used to physicochemically characterize NLC matrices.

Several techniques have been applied to outline the physical and chemical inner

organization of SLN/NLC, such as differential scanning calorimetry (DSC), nuclear

magnetic resonance (NMR), electron spin resonance (ESR), and small angle and

wide angle X-ray scattering techniques (SAXS, WAXS) (Castelli et al. 2005; Jores

et al. 2003; Mayer and Lukowski 2000; Zimmermann et al. 2005). DSC, WAXS

and SAXS are useful for characterizing the polymorphic forms of lipid molecules of

the nanoparticle matrix, which are dependent on the lipid and surfactant composi-

tion. NMR and ESR are useful for evaluating the dynamic phenomena and the

presence of oily nanocompartments, which are characteristic of NLC Type III

(Müller et al. 2000). Other analytical procedures for assessing morphology, surface
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characteristics, and particle size include microscopic analysis, e.g., scanning (SEM)

and transmission (TEM) electron microscopy, and atomic force microscopy (AFM)

(Mehnert and Mäder 2001; zur Mühlen et al. 1996), as well as photon correlation

spectroscopy (PCS), laser diffractometry (LD), and field flow fractionation (FFF).

3 Effects of Lipid Polymorphism on API Bioavailability

When the lipid bulk material is formulated as nanoparticles (solid lipid core

surrounded by surfactant molecules) the formulation will show altered properties

(Bummer 2004). These properties are due to (1) the changes involved in the

physical state of lipid molecules, (2) the level of molecular interaction within the

lipid core and with the aqueous surfactant environment, and (3) the energies

involved. When decreasing the particle size below a submicrometer range, a

relative increase of the surface area will occur, with a high curvature radius

followed by higher energy of interaction between the lipid/surfactant/API mole-

cules. This will clearly influence the bioavailability of API-loaded SLN/NLC, since

the nanoparticle dose administered is proportional to the loading capacity (2) as

well as to the number of particles per volume.

The inner structure is another important parameter that dramatically changes

when decreasing the particle size (Bunjes et al. 2000; Lippacher et al. 2002). Since

SLN/NLC are composed of pure lipids or mixtures of short, medium or long mono-,

di- and triacylglycerols, their inner structure will be very different in comparison to

the bulk material.

As mentioned previously, to transform the bulk lipid into nanoparticles, the lipid

has to be either melted or solubilized in an organic solvent, followed by cooling

down or solvent removal, respectively, so that the lipid recrystallizes, becoming

solid again. Generally, recrystallization of melted lipid molecules creates an unsta-

ble hexagonal a-form which is converted, via a metastable orthorhombic b0-form,

into a more stable triclinic b-form upon reheating and storage (Bunjes et al. 1996;

Freitas and Müller 1999a; Westesen and Siekmann 1997). The particle size is the

main factor affecting the transition rate from a to b0 to b, which is much faster in

colloidal lipid particles that in the bulk lipid. Furthermore, the occurrence of such

transitions is higher when using lipids of lower melting points. The LC and EE (2

and 3) are intrinsically dependent on these transition rates. The changes in the

physical structure of the lipid matrix also influence both the particle shape and

morphology. In general, a platelet-like shape is observed when the content of the

b-form is higher. Depending on the particle size, different shapes will be observed

with the increase of the a-form. Larger nanoparticles (>200 nm) are usually more

spherical, while smaller nanoparticles (<100 nm) are characterized by a blocky

isometric layered shape (Bunjes et al. 2003). Polymorphic transitions followed

by changes in the particle surface area will obviously influence the physical stability

of the lipid nanoparticle dispersions (Westesen and Siekmann 1997; Lukowski et al.

2000).
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According to the lipid chain length, the melting and crystallization temperatures

of the SLN/NLC dispersions are very different from the bulk materials (Bunjes

et al. 1996). Depending on the lipid structure, crystallization does not always occur,

creating so-called supercooled melts (Westesen et al. 1997). Since it is difficult to

predict and to characterize the actual physical state of the lipid matrix, in vitro or

in vivo performance of the systems might be easily misunderstood. In fact, super-

cooled melts behave mainly as emulsions. A comparison study has been run

between SLN composed of different triacylglycerols varying in their chain length.

Due to their higher melting point, tristearin and tripalmitin SLN were crystalline at

room temperature, whereas trimyristin and trilaurin nanoparticles maintained their

liquid status, behaving as emulsions for several months upon storage under the

same conditions. By DSC analysis it was observed that trimyristin SLN started

recrystallizing at 10�C while trilaurin SLN were still liquid at 4�C (Bunjes et al.

1996). Such a phenomenon was attributed to the small size of the particles, which

can reduce their melting point by several degrees in comparison to the bulk

material. The same effect may also happen for the crystallization temperature.

Thus supercooled melts may often occur, especially for lipid mixtures, short-

chain lipids or less pure ones. The possibility of polymorph coexistence strongly

influences lipid nanoparticle stability. Trilaurin exhibits four different polymorphs,

i.e., a, b0, b1, and b2 (Lippacher et al. 2000). Upon fast cooling, trilaurin SLN

recrystallized directly into the metastable a-form. Other than with NLC, this factor

strongly affects API loading in SLN. Although high EE (3) have been reported,

especially for lipophilic APIs, the LC (2) in SLN is limited by their small size. Lipid

polymorphic structures often undergo modification upon API loading as a result of

the intercalation of the API between lipid layers (Westesen et al. 1997).

An acylglycerol behenate SLN formulation showed small amounts of the unstable

a-form that disappeared upon heating or when loading the system with the API

(Hou et al. 2003).

Generally, the presence of guest molecules in the lipid matrix also influences its

crystallization degree, decreasing the lipid layer organization. In fact, depending on

the lipid chain length, a depression of melting and crystallization temperatures is

usually reported, indicating a strong tendency towards supercooling (Westesen

et al. 1997; Bunjes et al. 1996). Moreover, the LC and EE (2 and 3) are generally

higher in the case of mixtures of acylglycerols as a result of their lower crystallinity

in comparison to pure lipids (Westesen et al. 1997). Such a characteristic influences

API distribution and motility and also the pharmacokinetics and biodistribution. An

increase of LC from 1% up to 50% caused dramatic changes in the lipid structure;

API leakage from the lipid matrix occurred upon storage. The rate of API expulsion

was dependent on the lipid matrices’ composition and this feature was correlated to

the rate of polymorphic transformation (Westesen et al. 1997). Nevertheless, stable

mifepristone-loaded SLN formulations could be produced with less ordered crys-

talline organizations (Siekmann andWestesen 1994). This has been attributed to the

less rigid and unordered structures which can provide vacancies to guest molecules,

and their expulsion is less likely to occur upon storage. Furthermore, lipid nano-

particles of spherical shape are usually of lower crystalline status. If the formulation
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is not intended for controlled/prolonged API release, supercooled melts may be a

suitable alternative, since in some cases they can enhance the solubility of poorly

soluble APIs and increase both LC and EE. Nevertheless, these melts are not

thermodynamically stable, having the risk of long-term recrystallization.

4 Lipid Nanoparticles Applications

SLN and NLC have been proposed as alternative carriers to well-known liposomes

and polymeric nanoparticles in order to overcome some of their common problems,

achieving API bioavailability enhancement, controlled release, and API targeting.

Due to the high lipid biocompatibility, virtually all the existing administration

routes are possible and many of them have been investigated, namely the oral,

ocular, topical, dermal and transdermal, pulmonary, and parenteral delivery.

Several examples will be given in the following sections.

4.1 Oral Delivery

Oral delivery of poorly soluble APIs remains a significant challenge in pharmaceu-

tical technology. Nevertheless, the ability of lipid-based formulations to facilitate

absorption from the gastrointestinal tract (GIT) is well documented, and the phar-

macological activity of API is not impaired.

Lipids are considered to be safe materials in the development of API delivery

systems (Müller et al. 1997a; Schwarz et al. 1994; Wissing et al. 2004). This is

easily exemplified by emulsions and microemulsions, which have widely been used

to enhance the absorption and bioavailability of APIs belonging, respectively, to

class III and class II of the Biopharmaceutical Classification System (BCS, Table 1)

(Bummer 2004). The stability of such systems is strictly related to particle size

distribution, lipid content, and presence of a surfactant able to stabilize the disper-

sion. The molecular properties of the phases involved deeply influence the lipid

organization and its assembly.

Clinical applications of very potent agents are in general difficult to assess

because of the high risk of API toxicity, poor oral bioavailability, insolubility,

Table 1 Biopharmaceutical classification system (BCS)

Class Solubility Permeability In vitro/In vivo correlations

I High High Easy to establish bioequivalence

II Low High In vitro dissolution is similar to in vivo dissolution

III High Low Absorption is the limiting factor

IV Low Low Difficult to establish bioequivalence
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and poor physicochemical stability. One possibility to overcome such limitations is

the incorporation of those APIs in lipid nanoparticles. Micro- and nanoencapsula-

tion in lipid-based colloidal delivery systems is usually applied to enhance API

stability, increase oral bioavailability, reduce adverse side effects and/or API

toxicity, and also has the possibility to modify the API release profile.

Cyclosporine A is an example of a hydrophobic cyclic peptide that shows low

oral bioavailability, about 30% (Fahr 1993; Noble and Markham 1995). In addi-

tion, the absorption rate and extent is limited by several factors, such as food

intake, bile production, and GIT motility. Many attempts have been made to

enhance cyclosporine bioavailability using different dosage forms. The commer-

cial microemulsion Sandimmun Neoral/Optoral1, commonly administered in

many therapies, consists of oil, propylene glycol and, as surfactant, polyoxyl-40

hydrogenated castor oil; the amount of cyclosporine in this microemulsion is about

10%. With the purpose of the development of an improved oral cyclosporine

delivery system to treat autoimmune diseases and to prevent transplant rejection,

this immunosuppressive API has been formulated into SLN using several produc-

tion procedures, e.g., HPH (Müller et al. 2006, 2008; Varia et al. 2008), via the

microemulsion method (Ugazio et al. 2002), or by means of organic solvent

diffusion (Hu et al. 2004b). The effect of lipid composition and particle size on

the oral cyclosporine bioavailability has been assessed. The formulations com-

posed of API, acylglycerol monostearate as solid lipid and a combination of

surfactant/cosurfactant (Tagat/sodium cholate), resulted in physicochemically sta-

ble SLN of approx. 160 nm (PCS mean diameter) (Müller et al. 2006). The oral

bioavailability of the peptide was determined in pigs following the cyclosporine

blood levels after oral administration of the SLN formulation, in comparison to the

commercial Sandimmun Neoral/Optoral1. Administration of cyclosporine-loaded

SLN led to a mean plasma profile with almost similarly low variations in compari-

son to the commercial formulation, however, no initial blood peak was observed

with the Sandimmun Neoral/Optoral1.

SLN composed of stearylamine as solid matrix and produced by a solvent

diffusion method showed a burst release of 18% cyclosporine over the first 12 h,

followed by a sustained release over 16 days when about 4% of the peptide was

released per day (Hu et al. 2004b). The release kinetics were dependent on the

composition of the lipid matrix (Varia et al. 2008).

Despite of the high EE (3) achieved for cyclosporine in SLN, e.g., 100% with the

optimized lipid and surfactant composition (Varia et al. 2008), the bioavailability

ranged from 20 to 60%. Concerning colloidal carriers, a correlation between the

particle size and the oral bioavailability of cyclosporine formulations has been

reported. Nanoparticles composed mainly of solid triacylglycerols (e.g., tricaprin,

trilaurin, tristearin) and a certain amount of hydrogenated vegetable oil, stabilized

by egg or soybean phosphatidylcholine, revealed higher cyclosporine bioavailability

when the particle size was below 60 nm (Bekerman et al. 2004). In fact, several

examples emphasize that the GIT uptake of APIs loaded on nanoparticles is greater

when compared to microparticles (Bekerman et al. 2004; Desai et al. 1996, 1997;

Pescovitz et al. 1992).
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Attempts have also been made to incorporate hydrophilic peptides/proteins within

lipid matrices. Successful examples in SLN are gonadorelin (Hu et al. 2004a), insulin

(Battaglia et al. 2007; Gallarate et al. 2008; Sarmento et al. 2007; Zhang et al.

2006a, b), and salmon calcitonin (Garcia-Fuentes et al. 2003; Martins et al. 2009).

An EE of 70% was achieved for gonadorelin in SLN, and the peptide-loaded

SLN revealed a PCS diameter of about 420 nm with a zeta potential of �22 mV

(dispersed in distilled water) (Hu et al. 2004a). The in vitro release assay was

performed in simulated GIT conditions revealing a biphasic profile, i.e., after a

burst release of 24.4% of loaded gonadorelin within the first 6 h, a distinctly

prolonged release over a monitored period of 12 days was observed and nearly

3.81% gonadorelin was released per day. Insulin was incorporated in SLN by a

modified double-emulsion procedure, achieving an EE of approx. 40% (Gallarate

et al. 2008; Sarmento et al. 2007). Cetylpalmitate-based SLN were orally adminis-

tered to diabetic rats and a considerable hypoglycemic effect over 24 h was

observed (Sarmento et al. 2007). Trimyristin-based SLN showed a mean diameter

of 200 nm with a calcitonin EE of approx. 86% (Martins et al. 2009). This protein

was released at a rate up to 8 h, under both gastric and intestinal simulated pH

conditions. Being hydrophilic in nature, salmon calcitonin is not soluble in SLN

matrix, therefore a novel production procedure based on a double w/o/w emulsion

technique has been developed (Martins et al. 2009).

The pharmacological activity of calcitonin was evaluated following oral dosage

of protein-loaded SLN in rats. When loaded into SLN, calcitonin decreased the

basal blood calcium levels by up to 20% with 500 IU/kg for at least 8 h (Martins

et al. 2009). The minimum calcium serum level was obtained 1 h after administra-

tion. In contrast, the serum calcium levels increased due to the stress induced in

the rats during administration following calcitonin solution testing for reference

(Martins et al. 2009). The efficacy of calcitonin-loaded SLN was attributed to SLN

uptake through Peyer’s patches. In fact, the ileum is an ideal site for nanoparticle

uptake, where abundant Peyer’s patches exist with proteolytic enzyme activity (des

Rieux et al. 2006). The paracellular pathway has also been shown to contribute to

protein absorption; most protein and polypeptide APIs diffuse through the aqueous-

filled tight junctional pathway due to their hydrophilic nature (Salamat-Miller and

Johnston 2005). Thus salmon calcitonin released from SLN within GIT might be

immediately absorbed. However, due to the tightness of the junctions of the

intercellular spaces, the calcitonin absorption rate might be somewhat reduced

(Salamat-Miller and Johnston 2005).

Another example of enhanced API uptake from GIT is tobramycin, which is not

absorbed following oral administration. Loaded into SLN and administered duo-

denally, tobramicin was targeted to the lymph, showing a high availability and a

sustained release profile (Bargoni et al. 1998, 2001; Cavalli et al. 2000b).

The poorly soluble fenofibrate formulated in SLN and as API nanocrystals

(so-called DissoCubes1) was investigated in rats following oral administration;

two nanosuspensions of micronized fenofibrate were used as reference (Hanafy

et al. 2007). Both colloidal delivery systems showed approximately two-fold

bioavailability enhancement in terms of rate and extent compared to the reference
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formulations. Between SLN and nanocrystals no significant differences were found

in AUC, Cmax and tmax.

Factors increasing solubility of APIs in GIT are solubilising agents, bile salts, and

lecithin from intestinal fluid making contact with the lipid nanoparticles (Dressman

and Reppas 2000). Moreover, the surfactant vitamin E TPGS figuring in the SLN

composition can enhance the solubility as reported for spironolactone (Langguth

et al. 2005). A 5.7-fold bioavailability enhancement was observed for the spirono-

lactone-loaded SLN composed of of 9.5% vitamin E TPGS and 10% vitamin

E6-100. The small particle size was not the major factor for bioavailability improve-

ment, but the type of surfactant used in the formulation. The greater improvement in

bioavailability for spironolactone formulated with vitamin E TPGS could be

explained by an additional P-glycoprotein inhibition (Dintaman and Silverman

1999). Since spironolactone has affinity to the P-glycoprotein efflux pump (Wu

and Benet 2005), combining the P-glycoprotein substrate with an inhibitor may

improve and enhance absorption and API bioavailability. Developing SLN/NLC

with vitamin E TPGS may be a very interesting approach to increase oral uptake for

other poorly soluble drugs and also those which are P-glycoprotein substrates.

Liquid dosage forms are extremely important, in particular for elderly people

and children, due to their difficulties in swallowing solid dosage forms. API-loaded

SLN/NLC dispersions show multiple advantages to overcome such limitations,

since they can be added to fruit juices or yogurts, to syrups simplex, and can even

be loaded into soft gelatine capsules which are easy to swallow. Furthermore, the

latter approach can also take advantage of using phospholipids as surfactants

surrounding the particles. After oral administration of soft capsules, their content

is released to gastric juices and the phospholipid molecules may adhere onto the

GIT membrane enhancing oral API absorption. Although the small particle size

seems to significantly improve bioavailability of APIs, the composition, and parti-

cularly the surface properties of the nanoparticles, may also affect the oral bioavai-

lability (Andrysek 2003, 2006).

4.2 Pulmonary Delivery

Increasing attention has also been given to the potential of the pulmonary route as

an alternative for non-invasive systemic delivery of therapeutic agents for both

local and systemic API delivery (Scheuch et al. 2006). Advantages of pulmonary

delivery using lipid nanoparticles rely on the possibility of site-specific application

and controlled release to the lung. Since several advantages can be pointed out for

this route (Hussain et al. 2004; Patton et al. 2004), e.g., large absorption area,

extensive vasculature, easily permeable membrane, low extracellular and intracel-

lular enzyme activity, pulmonary delivery of APIs becomes an opened and rela-

tively unexplored field, in particular for peptides and proteins (Hussain et al. 2004;

Malik et al. 2007). Nevertheless, for successful development of pulmonary delivery

systems several challenges still remain, a major issue being the formulation of APIs

into inhalable forms with sufficient stability and appropriate size (Abu-Dahab
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et al. 2001; Dailey et al. 2003). Inhalation devices as well as the physicochemical

characteristics of the formulation may influence aerodynamic particle size and

thereafter affect the localization of aerosolized nanoparticles.

The pharmaceutical industry provides several inhalation devices, including

metered-dose inhalers and API powder inhalers. Aqueous dispersions of lipid

nanoparticles can be lyophilized to obtain powders, which may then be adminis-

tered by means of these inhalers. Nevertheless, the particle size obtained after

passing the sample through these devices is usually very large and thus might not

be suitable for efficient deposition due to inertial impaction in the upper respiratory

tract. More appropriate inhalers would be those generating a mist of small particles,

which could penetrate the lung regions readily, and are better fitted for pulmonary

delivery of APIs (Roche and Huchon 2000).

Colloidal carriers have also been pointed out as a suitable alternative for

effectiveness of pulmonary API delivery. Examples include liposomes (Huang

and Wang 2006; Karathanasis et al. 2005) and nanoparticles (Kawashima et al.

1999; Zhang et al. 2001), which exhibit some well-defined characteristics, espe-

cially for proteins. Higher bioavailability, controlled release properties, and enzy-

matic tolerance may be obtained (Chattopadhyay et al. 2007). SLN have also been

recently proposed as a non-toxic API delivery system for pulmonary administration

due to their unique physicochemical characteristics (e.g., small size, long-term

physicochemical stability, biocompatibility and biotolerability, deep-lung deposi-

tion). By controlling the aerosolized particle size populations (mist of small parti-

cles versus larger particles) a dual effect of prolonged API release and rapid API

transport could be achieved by means of SLN (Pandey and Khuller 2005; Videira

et al. 2002). However lung targeting using nanoparticles has not been fully accepted

yet. Most published data are limited to in vitro characterization of the nanoparticles

for pulmonary delivery, and most of the reports address the treatment of local

diseases, instead of systemic treatment by means of proteins or gene delivery

(Almeida and Souto 2007; Rudolph et al. 2004).

To develop SLN-based formulations for such purposes, one needs to make sure

the physicochemical stability of the aerosolized nanoparticles can be guaranteed.

Chattopadhyay et al. have loaded triacylglycerols-based SLN with ketoprofen and

indomethacin using the SFEE technique (Chattopadhyay et al. 2007). They suc-

cessfully aerosolized the API-loaded SLN formulations using micron-sized nozzle

devices. The particle size of aerosolized SLN dispersion was assessed by cascade

impactor and by laser diffractometry, and it was shown to be similar to the size of

aerosolized droplets usually obtained when administering API solution formula-

tions using these devices. When using the micron-sized nozzles, the emitted dose

was shown to be relatively higher and superior to those using the larger size API

suspensions (Yim et al. 2005). Such results were easily attributed to the fact that

smaller particles are less likely to clog the nozzle holes, and therefore aerosolization

was close to the typical emitted dose of 65–70% observed with solution formula-

tions (Boyd et al. 2004). The authors reported that aerosolized indomethacin-loaded

SLN revealed more narrow size distribution and smaller mean particle size

in comparison to ketoprofen-loaded SLN (Chattopadhyay et al. 2007). SLN
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formulations were very stable during the SFEE with small emulsion droplet size

leading to very uniform particles.

In another report, insulin-loaded SLN for pulmonary delivery were developed by

a reverse micelle-double emulsion method, using a mixture of stearic and palmitic

acids as solid lipid matrix, stabilized by sodium cholate and soybean phosphatidyl-

choline in aqueous dispersion (Liu et al. 2007, 2008). SLN remained stable under

aerosolization achieving approx. 97% of EE, with the respirable fraction and

nebulization efficiency of 82% and 63%, respectively. Pulmonary administration

of 20 IU/kg SLN formulation reduced fasting plasma glucose within the first 4 h by

about 40%, with an increased insulin level of approx. 170 mIU/ml. Pharmacological

bioavailability was 24% and relative bioavailability 22% relative to subcutaneous

injection as a reference. Aerosolized SLN were effectively and homogeneously

distributed in the lung alveoli, with improved in vitro and in vivo stability, and

prolonged hypoglycemic effect.

4.3 Parenteral Delivery and Drug Distribution

The major limiting factor for the parenteral delivery of lipid nanoparticles is their

rapid clearance from the systemic circulation by the RES, which is dependent on

the particle size, surface charge, and hydrophilic/lipophilic surface characteristics

(Borm et al. 2006; Hoet et al. 2004). Colloidal API carriers usually depict a

lipophilic surface, being therefore recognized as foreign elements by specific

plasma components (opsonins), such as immunoglobulins (IgG), albumin, the

elements of the complement system, fibronectin, and others, and then cleared

from the blood stream by the phagocytic cells within minutes (Furumoto et al.

2004; Moghimi et al. 2001, 2005). Following intravenous (i.v.) injection, approx.

60–90% of the particles are distributed to the liver, and the remaining ones into

spleen (2–10%), lungs (3–20% and more), and bone marrow (> 1%) (Kreuter

1994). The distribution in the body is also affected by the extravasation of nano-

particles from the peripheral capillary walls of these organs due to their large inter-

endothelial gaps of about 150 nm. Thus, the passive targeting strongly limits the use

of nanoparticles in API delivery to sites other than those belonging to the RES

(Wolburg and Lippoldt 2002). To overcome such limitations, nanoparticles are

usually surface-modified by hydrophilic molecules (e.g., surfactants and hydro-

philic polymers or proteins) to avoid recognition by the mononuclear phagocytic

system (MPS). Furthermore, it is also generally accepted that negative surfaces

activate the complement system and coagulation factors (Moghimi et al. 2001). In

addition to particle size reduction, changes in API biodistribution will occur,

enhancing the systemic time circulation of the carriers and their deposition in

non-RES organs (Kreuter 2001). In fact, one of the current approaches to achieve

site-specific delivery is to bypass the normal physiological defense processes by

reducing the particle size, thereby remaining for a prolonged period of time in the

systemic circulation.
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It is also known that the size and deformability of nanoparticles are of major

importance in their clearance by the sinusoidal spleens of humans and rats, i.e., to

avoid the splenic filtration at the inter-endothelial cell slits (IES) in the walls of

venous sinuses, nanoparticles must be sufficiently small or deformable (Moghimi

et al. 1993, 1991). It has been reported that ideally the size of an engineered long-

circulatory particle should not exceed 200 nm (Groom 1987). Otherwise, the

nanoparticle must be deformable enough to bypass IES filtration. Alternatively,

long-circulating rigid particles of greater than 200 nm may act as splenotropic

agents and be removed later on, if they are not rigid (Moghimi et al. 1991). If SLN

are below 200 nm they will show an increased systemic circulation and thus an

increase in the time for which the API remains in contact with the target site.

SLN have been proposed as a suitable system for parenteral delivery of hydro-

philic APIs, such as diminazine, as well as of other BCS class IV APIs, e.g.,

paclitaxel, vinblastine, camptothecin, etoposide, and cyclosporine (Cavalli et al.

2000a; Chen et al. 2001; Yang et al. 1999a, b). Due to their lipophilic nature, SLN

can be rapidly taken up by the RES, which may result in therapeutic failure due to

insufficient API concentration in the plasma.

Steric stabilization is also an option because it creates a dense conformational

cloud surrounding the particles, reducing opsonization and phagocytosis as well as

the uptake by neutrophilic granulocytes. The result will be an increase in the

systemic half-life of the API. An example of steric stabilization is the lipid

nanoparticle stability provided by polyethylene glycol (PEG) molecules. PEG is a

hydrophilic and electrically neutral polymer with a high chain flexibility. Its lack of

functional groups prevents it from physicochemical interaction with the biological

surroundings. PEG molecules with a molecular weight between 2,000 and

5,000 kDa are usually required to suppress plasma protein adsorption, and those

creating thicker hydrophilic layers surrounding the particles will also contribute to

the reduction of liver clearance (Chen et al. 2001).

To increase selectivity of SLN to a particular target, ligands or homing devices

(which specifically bind to surface epitopes or receptors on the target sites) could

be coupled onto their surface. It is known that cancer cells over-express specific

receptors, such as folic acid receptors (over-expressed in cells of cancers with epithe-

lial origin), low density lipoproteins (LDL) receptors (i.e., B16 melanoma cell line

shows higher expression of LDL receptors), and peptide receptors (e.g., for somato-

statin, vasoactive intestinal peptide, gastrin related peptides, cholecystokinin, gonad-

otropin releasing hormone). Therefore, attaching suitable ligands for these particular

receptors onto the SLN surface may increase selectivity (Pardridge 2007b).

4.4 Brain Targeting

In the last decade, there has been emerging interest in API targeting to the

brain (Blasi et al. 2007; Göppert and Müller 2005; Kreuter 2001; Pardridge 2005,

2007b, c, d, e). The lack of knowledge regarding the physiology of the central
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nervous system (CNS) is one of the limiting factors in the development of

effective APIs and appropriate API delivery systems for brain targeting and deli-

very (Pardridge 2003, 2007a,c,d). The specific blood–brain barrier (BBB) tightly

regulates the exchange between the peripheral blood circulation and the cerebro-

spinal fluid circulatory system. Thus, these physiological features of the brain

microvasculature restrict enormously the number of APIs that can enter the brain

upon systemic administration. In fact, more than 98% of the new potential CNS

active drugs are unable to cross the BBB (Pardridge 2007a). A drug molecule with a

high lipophilicity and a molecular weight below 500 Da can pass through the BBB.

Several strategies have been tried to effectively achieve API delivery and deposi-

tion to the CNS (Badruddoja and Black 2006; Johanson et al. 2005; Vyas et al.

2005), in particular the use of API carrier systems (Tiwari and Amiji 2006).

One possibility for access to the brain is receptor-mediated transport, because

the BBB at the luminal side expresses receptors for endogenous large molecules

(e.g., insulin, transferrin, leptin, ApoE, thiamin). The receptor-mediated transport

of these molecules can be used for specific delivery into the brain (Cornford and

Hyman 1999). The binding of the drug or the carrier (e.g., liposomes and nanopar-

ticles) to specific ligands (peptides) or peptidomimetic monoclonal antibodies will

shuttle the API directly into the brain (Pardridge 2003). These monoclonal anti-

bodies act as Trojan horses for delivery of nanoparticles to the brain. The use of

peptidomimetic antibodies which can bind to BBB transcytosis receptor, brain-

targeted pegylated immuno-nanoparticles, has also been proposed. The delivery of

entrapped APIs into the brain parenchyma can be achieved without inducing

alteration in BBB permeability (Harris and Chess 2003). Yet some transporters

such as P-glycoprotein existing in the BBB may also limit brain API delivery and

can prevent the accumulation of various agents including APIs in the brain (Stouch

and Gudmundsson 2002). To overcome this limitation, P-glycoprotein inhibition has

been proposed using the generally accepted pharmaceutical surfactants (Batrakova

et al. 1999; Miller et al. 1999).

Polymeric nanoparticles have been considered particularly useful to overcome

the BBB (Garcia-Garcia et al. 2005; Müller and Keck 2004b), which seems to be

high if nanoparticles are coated with polysorbate 80 (Tween 80) (Göppert and

Müller 2005; Koziara et al. 2003). SLN have also been tested for brain targeting

(Garcia-Garcia et al. 2005; Göppert and Müller 2005; Müller and Keck 2004a, b).

The potential advantages of SLN over polymeric nanoparticles for brain target-

ing are based on their lower cytotoxicity, higher API loading capacity, and better

production scalability. The surfactant-coated technology designed for brain

targeting has been transferred to SLN and related carriers with relatively high

success.

Göppert and Müller developed polysorbate-surfaced SLN to deliver several

APIs to the brain. These studies demonstrated in addition that ApoC and ApoCII

adsorbed onto SLN surface inhibit the receptor-mediated binding of b-VLDl
expressing ApoE at the particle surface to the LDL receptor (Goppert and Müller

2005). The authors have emphasized the advantage of having a high ApoE/ApoCII

ratio absorbed on the particles to achieve brain targeting. Furthermore, they found
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that stealth SLN with polysorbate 80 adsorbed the lowest amount of ApoCII onto

the particle surface. The pathfinder technology, i.e., differential protein adsorption,

exploits plasma proteins which adsorb onto the surface of intravenously injected

SLN for targeting. ApoE is such a moiety for SLN targeting to the endothelial cells

of the BBB (Müller and Keck 2004a).

Zara and colleagues developed SLN and PEG-coated SLN containing increasing

amounts of this stealth agent, for brain delivery of doxorubicin following i.v.

administration (Kaur et al. 2008). The brain concentration of doxorubicin increased

when increasing the stealth agent. The amount of doxorubicin in the rabbit brain

ranged from 27.5 ng g�1 for non-stealth SLN to 242.0 ng g�1 for stealth SLN

(surfaced with PEG molecules).

Thole et al. reported improved interaction with brain endothelial cells and higher

intracellular accumulation of sterically stabilized liposomes coupled to cationized

albumin in comparison to bovine serum albumin nanoparticles (Thole et al. 2002).

Positively charged albumin nanoparticles were taken up into the brain endothelia

via a caveolae-mediated endocytic pathway.

The effect of the surface charge of SLN on brain delivery was also assessed

following administration of etoposide-loaded tripalmitin SLN. Brain levels were

compared to the etoposide solution. Positively charged etoposide-loaded SLN

achieved the highest brain concentration (0.07% of injected dose/g) clearly exceeding

the uptake compared to negatively charged etoposide-loaded SLN (0.02%) and

etoposide solution (0.01%) (Reddy and Venkateswarlu 2004).

Moreover, nitrendipine-loaded SLN composed of different acylglycerols (tripal-

mitin, trimyristin, tristearin), surfactants (soy lecithin, poloxamer 188), and charge

modifiers (dicetyl phosphate, stearylamine) were produced aiming to compare the

systemic half-life of API upon i.v. administration, in comparison to a conventional

nitrendipine suspension (Manjunath and Venkateswarlu 2006). SLN formulation

was found to be taken up to a greater extent by the brain and maintained high API

levels for 6 h, whereas nitrendipine suspension achieved such levels only for 3 h. A

3.2-, 7.3- and 9.1-fold enhancement in Cmax was shown when using SLN composed

of tripalmitin, tripalmitin dicetyl phosphate, or tripalmitin stearylamine, respec-

tively, in comparison to the API suspension. Similar findings were reported with

30,50-dioctanoyl-5-fluoro-20-deoxyuridine-loaded SLN (Wang et al. 2002).

Stearic acid-based SLN loaded with camptothecin were administered i.v. to mice

(1.3 mg kg�1) resulting in a significantly prolonged drug residence time in the body

in comparison to the camptothecin solution (Yang et al. 1999a). A fivefold increase

in plasma AUC and a tenfold increase in brain AUC was observed on increasing the

dose of camptothecin from 1.3 to 3.3 mg kg�1.

In addition to the advantages of SLN for enhancing drug uptake by the brain, the

very low brain cytotoxicity of SLN makes these carriers very attractive candidates

for brain delivery (Müller et al. 1997b). It is important to underline that the toxicity

of SLN is not only related to the lipid type, but also to the surfactant employed to

stabilize the particle in aqueous dispersion. The most common surfactant exploited

for nanoparticle brain targeting is polysorbate 80. Interestingly, free polysorbate 80

was more toxic than when bound (Koziara et al. 2006), which has been attributed to
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the fact that this surfactant is more likely to be incorporated into SLN matrix rather

than adsorbed, and thus its minimal release will also decrease toxicity.

5 Conclusions and Perspectives

The present chapter reviews current achievements in modifying the API pharmaco-

kinetic parameters and bioavailability by means of lipid nanoparticles (SLN and

NLC). These carriers are composed of materials compatible with the biological

environment. SLN and NLC have been exploited for oral, dermal, pulmonary, and

parenteral administration. Obviously, the in vivo behavior and consequently thera-

peutic potential of these nanoparticles are defined by their physicochemical proper-

ties as well as by the administration route. The type of lipid nanoparticle system

(SLN versus NLC) should be critically selected according to the administration

route, e.g., NLC are less likely to be used for brain delivery. Nevertheless, both

systems can be used to decrease API toxicity.

The pharmaceutical industry is interested in the development of a delivery

system that could be sufficiently versatile to be exploited for several administration

routes. Changes in the carrier surface properties (electric charge, hydrophilicity)

and matrix composition may be required to minimize or overcome limitations

associated with more conventional colloidal carriers (e.g., liposomes, polymeric

nanoparticles, nanoemulsions). SLN and NLC can be designed according to the

physicochemical properties of API molecules, as well as to the administration route

and target/delivery purposes.
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Abstract Gene therapy for the correction of inherited or acquired disease has

gained increasing importance in recent years. Successful treatment of children

suffering from severe combined immunodeficiency (SCID) was achieved using

retrovirus vectors for gene transfer. Encouraging improvements of vision were

reported in a genetic eye disorder (LCA) leading to early childhood blindness.

Adeno-associated virus (AAV) vectors were used for gene transfer in these trials.

This chapter gives an overview of the design and delivery of viral vectors for the

transport of a therapeutic gene into a target cell or tissue. The construction and

production of retrovirus, lentivirus, and AAV vectors are covered. The focus is on

production methods suitable for biopharmaceutical upscaling and for downstream

processing. Quality control measures and biological safety considerations for the

use of vectors in clinical trials are discussed.

Keywords Viral vectors � Gene therapy � Adeno-associated virus � Retrovirus �
Lentivirus � Production methods � Safety considerations

Abbreviations

AAV Adeno-associated virus

AAVS1 Adeno-associated virus integration site 1

Ad Adenovirus

ADA Adenosine deaminase

cDNA Complementary DNA

CMV Cytomegalovirus

CNS Central nervous system

cPPT Central polypurine tract

CsCl Caesium chloride

DOC Deoxycholate

EIAV Equine infectious anemia virus

ELISA Enzyme-linked immunosorbent assay

FGFR Fibroblast growth factor receptor

GFP Green fluorescent protein

GMP Good manufacturing practice

HIV Human immunodeficiency virus

HSV Herpes simplex virus

ITR Inverted terminal repeat

lacZ b-Galactosidase
LCA Leber congenital amaurosis

LMO2 LIM domain only 2 (rhombotin-like 1)

MoMLV Moloney murine leukemia virus

PCR Polymerase chain reaction

PIC Pre-integration complex

RCV Replication-competent virus
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RRE Rev responsive element

scAAV Self-complementary AAV

SCID Severe combined immunodeficiency

SDS-PAGE SDS polyacrylamide gel electrophoresis

SF9 Spodoptera frugiperda cell line

SIN Self-inactivating

U3 region Unique 30 region
VA-RNA Viral associated RNA

VP Viral protein

VSV Vesicular stomatitis virus

1 Gene Therapy: Definition and State of the Art

The original concept of gene therapy was to complement or replace the function of

a defective gene by introduction of a functional gene copy into a target cell for

protein expression. Variations of this original concept have led to the development

of gene therapy approaches to induce, harness, or modulate gene expression by

various DNA or RNA molecules. Full-length genes leading to expression of a

particular protein, but also truncated versions thereof, are being expressed that

either complement or interfere with gene expression. In addition, various modula-

tory and interfering RNA molecules, like antisense RNA, shRNA, etc. are being

expressed that lead to more sophisticated regulation at the transcriptional or post-

transcriptional level of gene expression. In view of this extended repertoire of

potential applications, gene therapy should be defined today as a means of drug

delivery, where the drug is a nucleic acid, either DNA or RNA, delivered to a target

cell by a specific pharmaceutical formulation that has to fulfill two goals. The active

principle, DNA or RNA, has to be protected in a way that allows safe travel to the

site of action. Unprotected, naked DNA or RNA is prone to degradation. In

addition, the protective shield must be efficient in attaching to the cell membrane

and must enable cell entry, followed by safe travel and efficient delivery to the

intracellular site of action, mostly the cell nucleus.

To solve the problems associated with protection of the DNA or RNA molecules

and ensure efficient and safe delivery across cell membranes, strategies are being

exploited that viruses have evolved over millions of years. Viral nucleic acids are

protected by a protein core, which is encoded by the virus itself. A number of

viruses carry an additional envelope, a coat formed of a cell-derived lipid bilayer

with embedded viral proteins. The three-dimensional structure and the binding

characteristics of exposed viral proteins of the outer capsid or envelope ensure

attachment to cell receptors. This initiates entry of the virus into the cell. Due to the

evolved efficiency of viral entry, the majority of gene therapy approaches rely on

engineered human or animal viruses that transport a foreign gene of interest.

Viral Vectors for Gene Transfer: Current Status of Gene Therapeutics 145



In gene therapy the drug DNA or RNA is used to treat a wide spectrum of

diseases covering all major disease groups. This is reflected by the numbers of

current clinical trials of gene therapy in the year 2008: 65% aim at treating cancer,

9% cardiovascular diseases, 8% monogenic disorders, 7% infectious diseases, 2%

neurological and eye diseases and the remaining few percent cover a variety of

additional applications. Gene therapy is generally viewed as an option to treat

otherwise untreatable and life-threatening diseases. High hopes and bitter failures

have accompanied gene therapy ever since the first trials were initiated more than

15 years ago. In spite of many pitfalls, impressive and lasting successes have been

documented, as in the case of children suffering from X-linked SCID disease, a

genetic form of severe combined immunodeficiency (SCID). These children can

only survive in an absolutely sterile environment. Retrovirus vector-mediated gene

replacement of the deficient gene in transduced T-cells led to complete restoration

of immune function in the majority of patients (Cavazzana-Calvo et al. 2000;

Gaspar et al. 2004). Unfortunately, three to five years after successful therapy,

four out of 20 initially treated children developed leukemia. In all cases retrovirus

LTR-mediated activation of a nearby cellular oncogene was found. At present 18 of

the initial 20 children are alive and well with restored immunity (Kohn and Candotti

2009). Recently, the successful long-term follow-up of retrovirus-mediated gene

therapy of the ADA form of SCID was reported. All treated patients are alive and

eight out of ten have maintained excellent and persistent immune reconstitution

without signs of adverse effects up to 8 years after their initial treatment (Aiuti

et al. 2009).

The year 2008 witnessed another impressive success of gene therapy with a

different disease and target tissue and achieved by a different kind of vector,

derived from adeno-associated virus (AAV). Gene therapy for Leber congential

amaurosis, a monogenetic eye disease that leads to early childhood blindness, led to

impressive improvement of vision in the treated eyes of juveniles in an advanced

stage of the disease. The lasting improvements give hope that treatment in early

childhood before the onset of disease may eventually prevent disease progression

and maintenance of sight. This was shown previously in a dog model of the disease,

where cure of the treated eye has been persistent for over eight years without signs

of adverse effects (Bainbridge et al. 2008; Hauswirth et al. 2008; Maguire et al.

2008). AAV vectors are especially efficient in neuronal and retinal gene transfer

where they lead to long-term gene expression without apparent decline after months

and years of available follow-up, which raises hopes for other central nervous

system and eye diseases (Wilson et al. 2008).

A variety of gene therapy vectors are currently used in gene therapy trials, based

on a variety of human or animal viruses suitable for the incorporation and transport

of a gene of interest into a specific target cell. Although shielding methods

have improved over the years to efficiently protect naked or plasmid DNA from

premature degradation, viruses are in general superior and the majority of gene

therapy protocols make use of recombinant viral vectors. The aforementioned

clinical success stories in gene therapy relied on retroviral vectors for the hemato-

poietic system, and on adeno-associated virus (AAV)-based vectors, respectively.
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Additional viral vectors in current use are mostly based on adenovirus, but also on

others like vaccinia/poxvirus or herpesvirus-based vectors. All of these vectors are

highly immunogenic. Adenovirus, due to its high transgene capacity and ease of

vector production, has been widely applied in clinical trials until the disturbing

death of a patient following the application of a high dose of adenovirus, which

apparently led to overwhelming or inadequate immune stimulation. As long as the

inherent problem of high immunogenicity of these vectors remains unsolved, their

production and application will remain strictly experimental and academic. This

chapter therefore covers drug design and drug delivery for adeno-associated virus

vectors and for retrovirus/lentivirus vectors, whose safety profiles are more defined,

where bioreactor upscaling methods are already advanced, and, most importantly,

where the results from clinical studies appear eventually to be able to fulfill the

early promises of gene therapy.

2 AAV Vectors for Gene Therapy

AAV vectors are derived from adeno-associated virus, a small single-stranded

DNA virus originally described as a contaminant of adenovirus preparations that

gave the virus its name (Muzyczka and Berns 2001).

2.1 Overview of Properties

AAV vectors combine a spectrum of favorite properties that accelerated their

widespread use despite the fact that AAV only offers limited transgene capacity

with a maximum of 4.5 kb for a conventional AAV vector containing single-

stranded DNA. The well-documented advantages of AAV vectors include: AAV

wildtype strains infect man and nonhuman primates without evidence of disease or

adverse effects. The AAV capsid displays very low immunogenicity combined with

a high degree of chemical and physical stability even at temperatures up to 60�C for

extended time periods. This allows rigorous methods for virus purification and

concentration, a major advantage for bioreactor scale production, as is required for

application in the clinic. AAV vector transduction leads to sustained transgene

expression in postmitotic, nondividing cells, as shown in brain, retina, muscle, and

liver. As a result, long-term gain of function is achieved in mice, dogs, and

primates, leading to cure of the underlying disease. Last but not least, an increasing

number of AAV subtypes and variants offer the unique possibility to specifically

target selected tissues and cell types.

Unfortunately, AAV vector production has long been very laborious. Meanwhile

suitable upscaling protocols for clinical-scale production of AAV vectors have been

developed. Bioreactor manufacturing will eventually be needed to meet the require-

ments of gene therapy with AAV vectors in the clinic.
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2.2 AAV Structure

AAV represents a nonenveloped, small, single-stranded DNA-containing virus

encapsidated by an icosahedral, 20 nm diameter capsid composed of the AAV

structural proteins VP1, VP2, and VP3 in a 1:1:10 ratio. To date, at least 12 distinct

serotypes have been described, all derived from man and nonhuman primates. The

human serotype AAV-2 is considered as the prototype strain and has been used in

the majority of early studies that unraveled the molecular properties of AAVs.

AAV-2 is also the strain used in the initial development of AAVs as a vector system

for mammalian gene transfer. AAV-2 contains a 4.7 kb linear, single-stranded DNA

genome with two open reading frames rep and cap, which are flanked by 145 bp

inverted terminal repeats (ITRs). These repeats contain the origins of DNA replica-

tion, the packaging signals and also mediate chromosomal integration. The ITRs

are the only AAV elements maintained in AAV vector construction. The reading

frame in the left-hand side of the genome, called rep, codes for four overlapping
nonstructural proteins. Two of these, Rep78 and a C-terminal splice variant called

Rep68, are expressed from the AAV p5 promotor. In addition, N-terminally

truncated versions of either protein, called Rep52 and Rep40, respectively, are

expressed from the internal p19 promoter. Rep78/68 are required for most steps of

the AAV life cycle, including the regulation of gene expression, chromosomal

integration, and AAV DNA replication (Muzyczka and Berns 2001). Rep78/68

initiate AAV DNA replication at the hairpin-structured ITRs, an essential step also

for AAV vector production. The cap gene is expressed from the p40 promoter and

codes for the three capsid proteins, VP1, VP2, and VP3. These are generated by a

combination of differential splicing and translation initiation.

2.3 AAV Life Cycle

The characteristic bipartite AAV life cycle has been well characterized in cell

culture (Muzyczka and Berns 2001). Productive AAV replication requires

co-infection with an unrelated helpervirus such as adenovirus or herpes simplex

virus. In the absence of a helpervirus, AAV integrates into the host cell genome

with a high preference for a specific region on human chromosome 19, called

AAVS1. The AAV Rep78/68 protein appears to mediate the site-specificity of

chromosomal integration by the formation of a ternary complex with the Rep

binding site on the AAV ITRs and a homologous DNA element in the human

genome that facilitates nearby integration. Intact integrated AAV genome copies

can be rescued and amplified by superinfection with a helpervirus leading to

productive infection with release of progeny AAV. Until recently the in vivo

pattern of AAV infection remained largely unknown. Recently, AAV-2 genomes

were detected by PCR analysis in human tissue samples and evidence was provided

that the AAV genomes persisted as circular nuclear episomes.
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2.4 Cell Receptors Used by AAV

AAV infects a wide range of cell types, which is reflected by its interaction with

ubiquitous cell surface receptors. Various glycan residues on the cell surface serve

as primary receptors. For AAV-2 and AAV-3 these are heparin sulfate proteogly-

cans. AAV-4 uses O-linked and AAV-5 N-linked sialic acids as primary receptors.

The latter also bind to AAV-6 and AAV-1. A variety of coreceptors, which

facilitate cell entry by receptor-mediated endocytosis such as fibroblast growth

factor receptor 1 (FGFR-1), hepatocyte growth factor receptor, laminin receptor,

and various subforms of integrins have also been described. For AAV-5, platelet-

derived growth factor receptor appears to serve as co-receptor. For other AAV

serotypes, specific cell receptors have not yet been assigned. At present it appears

that serotype-specific variations in cell tropism reflect their interaction with distinc-

tive receptor combinations.

2.5 AAV Vector Production

In principle, AAV vectors are designed in such a way that only the inverted terminal

repeats (ITR) are retained as cis-active DNA elements required for AAV vector

replication and packaging. The AAV coding regions with the respective promoters

can be replaced by a foreign gene of interest. Up to 4.5 kb of transgene DNA can be

incorporated. This includes the promoter and additional regulatory elements. For a

more comprehensive overview of the principles of AAV vector design, the reader is

referred to a number of excellent reviews (Snyder and Flotte 2002; Grimm and Kay

2003; Choi et al. 2007). To use AAV vectors as drugs in clinical application, a

variety of validated AAV vector production protocols have emerged and been

adapted to meet the standards of good manufacturing practice (GMP). The suitabil-

ity of a particular protocol for an intended preclinical or clinical application

depends on the scale of production as outlined below.

2.5.1 AAV Vector Production by Cotransfection of Packaging Plasmids

Production of AAV vectors is complicated by the fact that not only the deleted

AAV genes rep and cap, but also the required helpervirus functions, have to be

supplied by the cell line. At present, these requirements are met by transfection of

plasmids for the well-characterized adenovirus (Ad) helper genes, VA-RNA, E2A
and E4 together with the AAV rep and cap genes, either on two separate plasmids

or combined on a single helper construct. AAV vector plasmids containing the

transgene between the AAV ITRs are cotransfected into 293 cells, a human cell line

that constitutively expresses the remaining Ad helper genes required, E1A and E1B

(Fig. 1). This leads to amplification and packaging of the AAV vector carrying the

foreign DNA (Grimm et al. 1998; Xiao et al. 1998). The plasmid transfection
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technique eliminates the problem of contamination of the AAV vector preparations

by infectious helper adenovirus that had been previously encountered after use of

wildtype adenovirus to provide the helper functions. In addition, when compared to

the traditional adenovirus infection protocol, AAV vector titres were significantly

increased. Sustained cell viability and prolonged viral gene expression add up to

this effect. Thus, either one of the two or three plasmid cotransfection protocols

constitute the method of choice for laboratory-scale production of AAV vectors.

For clinical applications, a considerable scale-up is required, which is difficult to

accomplish with protocols that depend on a DNA transfection step.

2.5.2 Upscaling of AAV Vector Production

The need for bioreactor-scale manufacturing processes of AAV vectors for clinical

use led to a series of small but cumulative advancements and conceptual changes in

the methodology, as will be described in more detail below.

rep cap ITRITR

transgene ITRITR

rep cap

AdV helper functions

293 cells (E1A/E1B)

wildtype AAV genome

recombinant AAV
(rAAV)

recombinant AAV genome

helper plasmid

highly purified rAAV

iodixanol
gradient

affinity
chromatography

crude extract

Fig. 1 Generation and purification of AAV-vectors. For the generation of recombinant AAV

vectors (rAAV), the AAV genes rep and cap are replaced by the transgene of interest, including a

heterologous promoter and additional regulatory sequences of choice. This only leaves the 145-bp

inverted terminal repeats (ITR) at either end of the vector as sole AAV-derived DNA sequences.

The Rep and Cap proteins needed for amplification and packaging of the AAV vector genome are

provided in trans from a transfected helper plasmid, which also contains the required adenovirus

type 5-derived helper functions, E2A, E4ORF6 and VA-RNA. Adenovirus E1A and E1B are

provided by 293 cells that are used for rAAV packaging. Crude cell lysates are prepared and

supernatants containing rAAV vectors are purified by iodixanol density centrifugation and

subsequent affinity or ion exchange chromatography
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AAV packaging cell lines. An ideal large-scale production method in terms of

reproducibility and ease of handling would rely on stable cell lines that continu-

ously express all required components for the packaging process in sufficient

quantities. Stable HeLa-, 293- or A549-derived cell lines expressing the AAV

rep/cap genes were extensively tested for bioreactor-scale AAV vector production.

Unfortunately most of these cell lines turned out to be unstable. This appeared to be

due to the inherent cytotoxicity of the Rep component, which is further enhanced by

adenovirus E1A. Elaborate systems were designed to control cytotoxicity by

regulating E1A and Rep gene expression. Neveretheless, AAV vector yields

remained low and difficult to control with increasing cell passage numbers. It is

generally believed that the yields of AAV vectors eventually decline after passage

40–50, which further limits the use of producer cell lines for bioreactor-based AAV

vector production.

Recombinant helper virus strains for AAV production. The inherent instability of
AAV rep/cap containing cell lines stimulated the search for alternative large-scale

AAV packaging concepts. An obvious and elegant concept appeared to be the

incorporation of the required AAV components rep and cap into a single recombi-

nant “superhelpervirus” based either on adenovirus or herpes simplex virus (HSV).

Cell infection with a rep/cap-expressing helpervirus was thought to provide ade-

quately regulated production of all the required components for AAV vector

production. The major advance of the method is the possibility to introduce all

components for AAV vector production by an infection step instead of DNA

transfection. Infection protocols are superior for bioreactor scale-up with many of

the basic production principles already established for vaccine generation. Initially,

many labs concentrated on the construction of recombinant adenovirus-based

vectors expressing the AAV rep/cap genes under the control of their cognate

promoters. Unfortunately, most of the generated adenovirus recombinants proved

to be unstable with regard the AAV rep component, which was quickly deleted or

otherwise inactivated. This was not entirely unexpected, since Rep had been shown

before to considerably interfere with adenovirus replication. HSV serves as an

alternative helpervirus, which promotes productive AAV infection with compara-

bly high efficiency as adenovirus. In contrast to recombinant adenoviruses, HSV-

based recombinants easily tolerated the incorporation of an AAV rep/cap gene

cassette (Heilbronn et al. 2003). HSV DNA replication is not significantly affected

by simultaneous Rep expression and AAV DNA replication, which appears to be an

explanation for the observed stability of AAV rep/cap-expressing HSV recombi-

nants. The first generation of recombinant rep/cap-expressing wildtype HSVs was

further refined by the introduction of mutations in essential HSV genes not required

for AAV vector production (Conway et al. 1999). This extended the time frame of

the AAV production process and ensured that progeny HSV would not be produced

as a contaminant of the AAV vector stocks. Recombinant rep/cap-expressing HSVs
can be used to infect cell lines carrying an integrated AAV vector genome that is

rescued upon infection with the recombinant helpervirus (Toublanc et al. 2004).

Alternatively, coinfection with a second recombinant herpesvirus carrying the

AAV vector backbone with the transgene can be employed to initiate AAV vector
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production. The latter design has proven to be more versatile, since only the HSV

component and not the cell line has to be redesigned for a new AAV vector to be

produced. In addition, variations of the infective doses and the mode of infection

allows fine-tuning of the production process. Reported yields of AAV vectors using

the recombinant HSV-infection method have risen up to 10,000 viral units per cell

(Kang et al. 2009).

An alternative infection-based method for large-scale production of AAV vec-

tors uses infection of insect cells with a combination of recombinant baculoviruses

(Urabe et al. 2002). SF9 suspension cells are co-infected with three baculovirus

vectors expressing AAV rep, AAV cap and the recombinant AAV vector backbone.

This system was shown to yield high amounts of AAV-2-based vectors in bioreac-

tors. However, the design of the individual components has to be newly and

carefully fine-tuned for alternative AAV serotypes and for new vector backbones.

It remains to be shown whether the adaptation of the baculovirus-based production

system will remain competitive with the HSV-based production scheme.

2.5.3 AAV Vector Purification

A fortunate circumstance for AAV vector production and scale-up is the high

stability of AAV virions, which allows rigorous purification schemes. Over the

years enormous improvements in AAV vector purification have raised the per cell

burst sizes from under 1 up to 100 vector-transducing units per cell with the

transfection-based systems. Introduction of the infection-based production methods

described above led to improved outputs of 5,000–10,000 transducing units per cell.

Purification of AAV vectors not only is required to remove residual cell and viral

contaminants, but also enhances the potency of the vector and increases the ratio of

AAV infectious units to AAV particles. Traditionally, AAV vectors were purified

by caesium chloride gradient centrifugation. Unfortunately, AAV infectivity is lost

upon continuous exposure to CsCl and cannot be restored by removal of the CsCl

by dialysis or alternative purification steps. Therefore, alternative procedures were

explored as an initial purification step. The method of choice today is to band AAV

on iso-osmotic iodixonal density gradients (Zolotukhin et al. 1999). This protocol

was shown to efficiently eliminate cell-derived contaminations and empty AAV

particles leading to more favorable ratios of infectious to non-infectious vector

particles. Initially crude cell extracts are generated by deoxycholate (DOC)-

mediated cell lysis, freeze–thaw, a combination of both, or an alternative method

for mechanical cell lysis. Then, crude cell extracts are treated with benzonase to

digest cell-derived and non-encapsidated viral nucleic acids. The extract is loaded

on the iodixonal step gradient for subsequent ultracentrifugation (Fig. 2). The

banded AAV virions are collected at the interface of the 54 and 40% iodixanol

fractions and are sufficiently pure for the subsequent step of heparin sulfate or ion

exchange chromatography. The choice of the chromatography matrix is determined

by the AAV serotype to be produced. AAV vectors are subsequently dialyzed

against the buffer of choice. Alternatively, ultrafiltration can be applied for further
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concentration accompanied by a simultaneous exchange against the buffer of

choice. Detailed protocols for the described purification schemes can be found in

a recent review (Zolotukhin 2005). Vectors produced according to the latter proto-

col are highly concentrated and extremely pure, as is required for non-toxic, long-

term gene expression in the brain, eye, and other tissues.

2.5.4 Quantification of AAV Vector Yields

To quantify and compare AAV vector yields, quantitative PCR determination of

AAV genome copy numbers is the method of choice. Although the amount of

infectious virus is often the preferred information, the infectivity of a particular

AAV vector preparation may be difficult to evaluate. It is very dependent on the

readout of the transgene product. Furthermore, even with a sensitive assay for a

particular transgene, the viral titers determined critically depend on the exact

conditions used for the transduction assay. These include the seeding density of

the cells, the growth rate, and the availability of appropriate receptors on the test

AAV-2 helper plasmid

rAAV-2/1 rAAV-2 rAAV-2/5 rAAV-2/6 rAAV-2/8 rAAV-2/9

myocard,
skeletal muscle

liverCNS,
skeletal muscle

retina, airway
epithelium

skeletal
muscle

AAV-2 rep AAV-2 cap

AdV helper functions

AAV-1 Cap AAV-5 Cap AAV-6 Cap AAV-8 Cap AAV-9 Cap

CNS

AAV-2 Cap

Fig. 2 AAV sero(pseudo)-type vectors. To produce AAV pseudotype vectors harboring the viral

capsid derived from a different AAV serotype, the AAV-2 derived vector backbone and the rep
gene of AAV-2 are maintained. Thus, amplification of rAAV still relies on the AAV-2 rep gene

and the AAV-2 ITRs. Only the AAV-2 derived cap gene is replaced by the cap gene of a different
AAV serotype, so that the vector genomes are cross-packaged into capsids of the serotype of

choice. AAV serotype vectors display improved transduction efficiency for certain tissues or target

cells, or variant distribution patterns in target tissues with mixed cell phenotype as compared to

first-generation AAV-2 vectors
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cell line. The increasing use of tissue-specific promoters and of AAV pseudotype

capsids further limits the comparability of infectious AAV titers. Therefore to

compare AAV vector titers not only from batch to batch but also for divergent

transgenes and AAV serotype capsids, quantitative PCR determination of the

DNA copy number serves as the gold standard. Reliable and comparable results

require AAV vector preparations that are sufficiently purified and free of con-

taminating DNA that originates from initially transferred packaging plasmids or

helper viruses. Therefore a DNAse or benzonase step in the purification scheme is

mandatory. In any case, the so-called “DNA titers” of purified AAV vector stocks

do not reflect the amount of infectious virus present on a 1:1 scale, due to an

excess of defective, non-infectious particles. Extensive purification of prototype

AAV-2 vectors using iodixonal gradient centrifugation followed by chromatogra-

phy generally leads to ratios of infectious to DNA-containing viral particles in the

range between 1:50 and 1:100. In crude cell extracts or in the case of partially

purified vectors this ratio may be even lower. The detectability of infectious

particles is limited by the availability of the required cellular receptors and by

the efficiency of intracellular transduction including nuclear entry, uncoating and

second-strand DNA synthesis. To evaluate the efficiency of the AAV vector

production process, the determination of the burst size, i.e., the amount of

infectious, or cell-transducing units per initially infected cell, is a good measure.

In summary, biotechnical optimization of AAV production schemes over recent

years has led to an enhancement of AAV vector production efficiency from 1–10

transducing units/cell initially to more than 5,000–10,000 transducing units/cell

with the more advanced HSV-based or baculovirus-based production schemes

followed by sophisticated scale-up purification protocols (Urabe et al. 2002;

Zolotukhin 2005; Kang et al. 2009).

2.6 AAV Vector Persistence and Safety

As outlined initially, AAV vectors are characterized by stable long-term gene

expression in quiescent or postmitotic cells without discernible decline in trans-

gene expression. For the complementation of a defective gene, this is the ideal gene

expression profile. However, questions arise as to the safety of AAV persistence.

Numerous studies have shown that wild-type AAV-2 integrates into the host cell

genome with a certain preference for a specific region on human chromosome

19q13.42. The specificity of AAV wildtype integration is mediated by AAV Rep,

which is absent in AAV vectors. AAV vectors were shown to persist as nuclear

episomes, often in the form of large concatameric DNA molecules that rarely

integrate into the host cell genome. In the occasional integration events described

after cell selection in culture, no site preferences were observed. The predominant

episomal state of AAV vectors in quiescent cells ensures an extraordinarily high

safety profile for clinical application (Miller et al. 2005).
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2.7 AAV Split Vectors

Compared to adenovirus or retro/lentivirus-based vectors, AAV vectors are more

limited in packaging capacity. Gene cassettes of up to 4.5 kb including the promoter

and other regulatory elements represent the maximum transgene capacity. This is

sufficient for many genes, especially if expressed as cDNAs. However, occasionally

the expression of larger gene cassettes is inevitable. To meet these needs, so-called

AAV split vectors have been developed that divide the transgene of interest into two

parts. The first AAV vector carries the promoter and the coding region for the

N-terminus of the transgene product, followed by a splice donor site. The second

AAV vector carries the coding region for the C-terminal part of the transgene,

preceded by a splice acceptor site. Both vectors are packaged separately. Upon

co-infection of target cells with the two vectors, recombination events lead to vector

multimerization involving head-to-tail concatamerization of vector genomes. In

these vectors, the two exons of the split gene are only separated by the splice sites

with one AAV ITR in between. Appropriate splicing of the mRNA precursor leads

to translation of the precisely fused transgene. In an animal model that exploited this

technology, sufficient transgene levels for the correction of a muscular gene defect

were demonstrated (Lai et al. 2005). Due to the need for simultaneous infection with

two vectors, the split vector technology is not yet as efficient as the traditional

method with a single AAV vector, but certainly opens some prospect for the future.

2.8 Dimeric, Self-Complementary (sc) AAV Vectors

A limitation of AAV vector application is the relatively slow onset of transgene

expression. This is due to the fact that AAV vectors harbor a single-stranded DNA

genome that cannot be transcribed immediately after nuclear entry. The host cell

DNA replication machinery is needed to generate the double-stranded DNA tem-

plate required for mRNA transcription. In the preferred targets for AAV transduc-

tion, quiescent or postmitotic cells, the host cell DNA replication machinery is

however largely inactive. As a consequence, the onset of gene expression is delayed

from days up to weeks until a plateau of transgene expression is reached. To

circumvent these problems, so-called “dimeric” or self-complementary (sc) AAV

vectors have been developed that are packaged as pseudo-double-stranded gen-

omes. This is attained by a small deletion in the so-called terminal resolution site

(trs) in one of the two ITRs so that only one ITR can be properly resolved in the

course of DNA replication and packaging of the AAV vector. As a consequence,

dimeric genomes are generated in a head-to-head conformation linked by the

mutated ITR. These can fold back to a double-stranded form and thus provide a

suitable template for immediate transcription after AAV vector transduction.

scAAV vectors show an onset of gene expression within hours and reach

their plateau level within days after AAV vector transduction of quiescent cells.

The increased efficiency comes at the price of a reduced packaging capacity:
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the packaging limit of scAAV vectors is 2.15 kb. This is enough for very small

proteins and peptides and ideal for the expression of small regulatory RNAs such as

those used in RNA interference. To meet the challenges of the reduced transgene

capacity, small and optimized promoter and other regulatory elements have to be

employed. Despite these limitations, the favorable expression kinetics of scAAV

vectors has speeded up AAV vector use and stimulated novel developments for a

wide range of even more tailored gene therapy applications (Choi et al. 2007).

2.9 Cell Targeting Strategies for AAV

As outlined initially, a variety of naturally occurring AAV serotypes are available

and AAV vectors derived from them have been constructed. The production of

AAV variant serotype vectors has gained momentum with the emergence of

technologies to package AAV-2-based vector genomes into variant AAV capsids,

the so-called AAV pseudotype vectors. Technically this is accomplished by co-

transfection of helper plasmids containing the AAV-2 rep gene in combination with

the cap gene from a variant AAV serotype (Fig. 2). AAV-2 Rep is required for

DNA replication of the AAV-2-based ITR of the AAV vector backbone. AAV-

2 Rep will package the AAV-2 based single-stranded vector DNA into the pre-

formed capsids formed by capsid proteins of the variant AAV serotype. Packaging

plasmids for variant serotype capsids have been developed for virtually every

naturally occurring serotype known today and also for many derivatives thereof

(Grimm et al. 2003). This speeded research to find the optimal AAV serotype to

target a particular tissue or cell type in vivo. The nomenclature of the pseudotype

vectors reflects the origins of the AAV-ITRs in the vector construct and the

respective rep gene on the one side and the serotype of the capsid proteins on the

other. AAV-2/1 vectors for example contain the ITRs from serotype AAV-2 and

the capsid from serotype AAV-1. AAV-2/1 vectors show an excellent targeted gene

expression profile in the central nervous system and generally lead to higher gene

expression levels compared to the traditional AAV-2/2 vectors. Other pseudotype

vectors like AAV-2/8 or AAV-2/9 were shown to lead to higher and more wide-

spread gene expression in the CNS, but also in the liver, in skeletal muscle, and in

heart muscle, respectively (Fig. 2). Depending on the therapeutic goal, either

focussed or widespread and uniform gene expression is desirable. Parkinson disease

is an example of the first, the monogenetic disorder a1-antitrypsin deficiency

leading to a general loss of function is an example of the latter. AAV-5 serotype

vectors proved to be highly efficient in transducing the retina and the respiratory

epithelium. AAV-8 is excellent for liver gene transduction, AAV-9 transduces the

myocardium and skeletal muscle. Studies describing the distribution of the various

serotype vectors in dependence of the site and mode of application are currently

appearing at high speed. For a recent review refer to Li et al. (2008).

The repertoire of AAV capsids has been further refined and extended by

technologies leading to the construction of chimeric vectors selected by directed
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evolution approaches (Muller et al. 2003; Perabo et al. 2003). This technique uses

vector backbones containing capsid protein libraries generated by fragmentation

and shuffling of the known spectrum of capsid proteins. These were used for the

selection of chimeric AAV pseudotypes optimized for binding to a target cell of

choice. The techniques led to the isolation of AAV cap gene variants, which

enabled the derived vectors to target cardiac endothelium and a variety of other

cells and tissues that had formerly been refractory to AAV transduction. Analysis of

the chimeric cap genes showed that in most cases the preferred cell surface binding

of the parent virus, e.g., heparan sulfate proteoglycan for AAV-2, was shifted to

alternative receptors.

2.10 Future Directions

Currently, the development of AAV vector technology is proceeding in two main

directions. On the one hand, upscaling protocols for GMP-conforming bioreactor

production are being increasingly refined to ensure efficient and cost-effective

AAV vector production for clinical trials and for the manufacture of AAV vectors

as drugs. On the other hand, AAV vectors for improved cell targeting and cell entry

are designed based on a rational approach. The gain of specificity often goes along

with a loss of infection efficiency, a pressing problem to be solved for future clinical

application. A major step in this direction has been reported recently: the detailed

study of the vector’s fate after AAV entry revealed that AAV vectors bound to the

cell surface are an inadequate measure of the amount of virus reaching the cell

nucleus for gene expression. Studies with proteasome inhibitors showed that the

majority of AAV capsids entering the cell are subject to ubiquitination and degra-

dation and do not reach the nucleus. Based on the crystal structure of the AAV-

2 capsid, candidate tyrosines within exposed capsids domains were identified as

preferred target sites for ubiquitination. These single amino acids were exchanged

by mutations which then led to a significant enhancement of intracellular AAV

vector stability with an up to 100-fold enhancement of transgene expression (Zhong

et al. 2008). Comparable amino acid exchanges in other serotypes showed the same

effect (Petrs-Silva et al. 2009). These and other ongoing developments in AAV

vector technology will enhance the ease of manufacturing for production of AAV

vectors as drugs. A series of recent clinical trials showed remarkable successes and

will further accelerate the development of the field.

3 Retrovirus Vectors for Gene Therapy

The retrovirus family of enveloped RNA viruses comprises six different genera

found in birds andmammals (Goff 2001). These are grouped into simple retroviruses,

also known as oncoretroviruses, and the so-called complex retroviruses, which
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include lentiviruses and spumaviruses. Whereas the oncoretroviruses only harbor the

minimal essential genes called gag, pol, and env, complex retroviruses code for

additional regulatory and accessory proteins required for the fine-tuning of virus

replication and persistence. Retrovirus-derived vectors used in clinical gene therapy

are either derived from the oncoretrovirus or from the lentivirus family.

3.1 Retrovirus Structure and Life Cycle

All members of the retrovirus family harbor the so-called gag, pol and env genes.
The gag gene codes for the capsid, matrix, link, and nucleocapsid proteins. These

are components of the retroviral core, which is closely associated with two copies

of the viral RNA genome. The gag-derived proteins are generated by proteolytic

cleavage of the gag precursor protein. The pol gene encodes the reverse transcrip-
tase, the integrase, and the retroviral protease. Usually a gag-pol precursor protein
serves as template for further processing. The env gene codes for the envelope

glycoproteins required for virus attachment and entry. The retrovirus life cycle

involves cell entry, reverse transcription of the RNA genome into a complemen-

tary (c)DNA, and integration of the cDNA into the host cell genome. Transcrip-

tion of full-length progeny RNA and of the mRNAs encoding regulatory and

structural proteins is initiated from the integrated, proviral DNA copy. Assembly

of new viral particles takes place at the plasma membrane. The cis-acting
sequences required as regulatory signals are all contained within or adjacent to

the long terminal repeat sequences (LTR) that flank both sides of the retroviral

genome.

3.2 Design and Development of Oncoretroviral Vectors

All viral regulatory proteins engaged in cell entry, reverse transcription and inte-

gration are incorporated in the virus particle. Therefore the entire coding regions for

viral proteins can be removed in the development of oncoretroviral vectors to

accommodate a transgene of interest of up to 8kb. Only the packaging signal, the

viral LTRs, and adjacent elements essential for reverse transcription and integration

are maintained as viral sequences in the resulting recombinant vector construct. The

first generation of oncoretroviral vectors had retained the entire LTRs including the

retroviral enhancer and promoter sequences. These can also be partially replaced by

various heterologous enhancer/promoter combinations such as inducible or tissue-

specific elements.

For the production of oncoretroviral vectors, so-called packaging or producer

cell lines are used that express the required retroviral proteins derived from gag,
pol, and env. To prevent unwanted homologous recombination between the trans-

gene-containing vector and the packaging constructs, packaging cell lines were
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generated that expressed gag/pol and env from separate chromosomal loci. This

reduces the risk of homologous recombination that leads to the generation of

replication-competent retroviruses (Fig. 3A).

3.3 Self-Inactivating (SIN) Oncoretroviral Vectors

The application of first-generation oncoretroviral vectors was accompanied by a

series of problems. Although the packaging genes were placed on two separate

plasmids and cell clones were selected that harbor the genes on different genomic

loci (see Section 3.2), the transgene expressing vector backbone was not entirely

free of redundant DNA sequences. Occasionally but inevitably this led to the

generation of replication-competent virus by homologous recombination. An addi-

tional disturbance was the inherent propensity of retrovirus to integrate into active

chromosomal sites. Repeatedly this led to unwanted and uncontrollable LTR-

mediated host cell gene activation. Both in animal models and in clinical trials, a

series of side effects and adverse events due to uncontrolled oncogene activation

were encountered. This cumulated in the development of several cases of leukemia

in children that had years before been successfully treated for SCID. In all reported

cases, retroviral vector-mediated activation of a nearby oncogene was demon-

strated. Therefore, measures to control the risk of insertional mutagenesis were

mandatory for a safer move forward with retrovirus vector-mediated gene therapy.

Self-inactivating (SIN) oncoretroviral vectors were eventually developed, whose

concepts and design are described below.

The first step in the development of SIN oncoretroviral vectors was to minimize

sequence homologies between vector and helper constructs and simultaneously

boost full-length RNA transcription for more efficient vector packaging. Non-

retroviral promoters were chosen to replace the U3 promoter region within the

50LTR. The U3 region typically drives transcription of a full-length RNA for viral

encapsidation. Upon replacement of the U3 region within the 50LTR by a heterolo-

gous promoter such as the strong cytomegalovirus (CMV) promoter, the inherent

low LTR transcription rate is strongly enhanced. The hybrid CMV/LTR promoter

combination leads to a boost in vector titers. When retroviral vectors infect target

cells, reverse transcription and second-strand DNA synthesis involves the copying

of the U3 region from the 30LTR to the 50LTR. This normally leads to reconstitution

and repair of the 50LTR (Fig. 3B). To avoid correction of the LTRs, SIN retroviral

vectors were generated that have a deletion in the U3 region of the 30LTR,
comparable to that in the 50LTR. When the deleted U3 region of the 30LTR is

copied to the 50LTR it replaces and deletes the CMV promoter. Due to this deletion,

the 50LTR remains transcriptionally inactive after integration and cannot be rescued

again. The transgene is expressed from an internal heterologous promoter of choice

without further involvement of the LTRs. The SIN concept minimizes two risks of

oncoretrovirus vectors: the risk of insertional mutagenesis caused by a functional

retroviral LTR, and the risk of vector mobilization.
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Fig. 3 Retroviral vectors. (a) In oncoretroviral vectors, the viral genes gag, pol and env are

replaced by the transgene of interest. The retroviral LTRs and the adjacent packaging signal c
are maintained. The Gag/Pol and Env protein are provided in trans from constructs integrated

at separate loci in the host cell genome of the packaging cell line. (b) In self-inactivating (SIN)

vectors, the U3 region of the 50LTR is replaced by a heterologous enhancer such as that from

the human cytomegalovirus (CMV), and the U3 region of the 30LTR is partially deleted. The

CMV/LTR hybrid promoter drives transcription of the vector genome for packaging of the

vector. Upon vector entry into the target cell and reverse transcription the partially deleted

30LTR devoid of promoter and enhancer sequences is copied to the 50LTR. This leads to

deletion of the CMV promoter element and renders the 50LTR transcriptionally inactive. An

internal heterologous promoter mediates transgene expression from the vector integrated into

the host cell genome. The defective LTRs will no longer be able to activate cellular genes

adjacent to the integration site
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3.4 Design and Development of Lentiviral Vectors

Initially, retroviral vectors were derived from simple oncoretroviruses such as

Moloney murine leukemia virus (MoMLV), a representative of the gammaretro-

virus family. Unfortunately these viruses fail to infect nondividing, differentiated

cells. This property is attributed to the inability of the retroviral preintegration

complex to enter the nucleus unless the nuclear membrane is disrupted during

mitosis (Miller et al. 1990). The preference for dividing cells may be an advantage

for cancer therapy or for the treatment of rapidly proliferating cells, e.g., those of

the hematopoietic lineage. Since the majority of target cells in the human body are

quiescent or slowly dividing, the application spectrum of conventional (onco)

retrovirus vectors remains limited.

This shortcoming stimulated interest in the development of integrating retrovirus

vectors based on either lentiviruses such as equine infectious anemia virus (EIAV)

or primate lentiviruses such as the human immunodeficiency virus (HIV). Research

quickly focussed on the HIV-based lentiviral vectors, due to the availability of a

comprehensive set of data on their molecular biology. HIV is able to infect

nondividing cells that are in either the G0 or the G1 phase of the cell cycle. The

HIV preintegration complex (PIC) has the ability to cross an intact nuclear mem-

brane. In addition to the typical retroviral genes gag, pol, and env, HIV-1 synthe-

sizes six accessory proteins Tat, Rev, Nef, Vif, Vpr, and Vpu, which modulate viral

transcription, replication, and persistence. Of these, Rev is the only accessory

protein that is maintained in lentiviral vector design. Rev is needed for nuclear

export of unspliced and single-spliced HIV RNAs.

Despite their high complexity, the development of lentiviral vectors closely

mimics the principles established for vectors derived from conventional (onco)

retroviruses. On the vector backbone all viral sequences are removed except for the

essential cis-acting sequences of the LTRs and for the packaging signal residing in

the adjacent 50 untranslated region. Also, the rev responsive element (RRE) is

maintained to ensure Rev-binding (Fig. 4). The Rev protein is provided on a

separate packaging construct. Two separate packaging constructs are used for the

gag/pol and for env genes. To overcome the restricted host range of the glycopro-

teins encoded by HIV-1 env, lentiviral vectors can be pseudotyped with the

vesicular stomatitis virus glycoprotein (VSV-G) that displays a broad host range.

VSV-G-encoding env is expressed by replacement of the HIV env gene in the

corresponding packaging construct (Fig. 4). Similar to the concepts established for

oncoretroviral vectors, expression of the viral proteins is driven by a heterologous

promoter such as the CMV promoter to ensure high-level protein expression and to

minimize sequence homologies between the lentiviral vector genome and the

packaging constructs.

A series of improvements to the initial lentiviral vector design have meanwhile

led to increased robustness of the vectors. The U3 portion of the 50LTR could be

replaced by the CMV promoter, which resulted in a CMV/LTR hybrid promoter.

This increased the efficiency of lentiviral vector production and, more importantly,
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renders the LTR independent of transactivation by the viral Tat protein. To improve

the nuclear import of the proviral DNA, the central polypurine tract (cPPT) from

HIV was added to the vector as a cis-acting sequence. The improved biosafety

concept of SIN vectors described above for oncoretroviral vectors was adapted to

the lentiviral vector design. Large deletions in the transcriptional activation

sequences of the U3 portion of the 30LTR resulted in inactivation of the 50LTR
after reverse transcription in target cells.

3.5 Safety of Retrovirus Integration

The first successful clinical trial in gene therapy led to a cure of the X1 form of

SCID. Unfortunately, years later cases of obviously retrovirus-induced leukemia

led to a major setback in the field. Four out of 10 children in the initial Paris study

developed a T-cell leukemia around three years after the initial treatment and cure

of the disease. In these, chromosomal integration of the retroviral vector was found

gag pol RRE polyA

polyAenv (VSV-G)

polyA

CMV

CMV

CMV rev

U3 R U5U5RU3 RRE transgene

vector construct

packaging plasmids recombinant
lentiviral vector

Fig. 4 Lentiviral vectors. As in oncoretroviral vectors, the viral genes gag, pol and env are

replaced by the transgene of interest. The LTR and the packaging signal c are maintained for

vector amplification and packaging. Of the lentiviral accessory proteins, only the rev responsive

element (RRE) is maintained as an additional cis-acting sequence required for the nuclear export

of unspliced and single-spliced viral RNAs in the presence of the Rev protein. Rev is expressed by

one of the three packaging constructs. The two others encode the Gag/Pol or the Env proteins,

respectively. For pseudotyping, the lentiviral Env proteins are often replaced by the vesicular

stomatitis virus glycoprotein (VSV-G), which targets a wide variety of cell types
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to be close to the promoter region of the LMO2 proto-oncogene. This lead to an

upregulation of the LMO2 gene product resulting in uncontrolled stimulation of cell

division (Hacein-Bey-Abina et al. 2003). These disturbing findings intensified the

development of SIN retrovirus vectors (see 3.3) and prompted intensive investiga-

tions of the genome-wide distribution pattern of oncoretroviral integration sites.

These screens revealed that transcription start regions are favored target sites for the

integration of oncoretroviral vectors based on MoMLV. Integration sites of lenti-

viral vectors based on HIV also favor genomic transcription units but are more

uniformly distributed over the entire gene (Mitchell et al. 2004; Fischer and

Cavazzana-Calvo 2005).

The vectors used in the initial clinical trials were first-generation oncoretroviral

vectors. Extensive animal studies proved that self-inactivating (SIN) oncoretroviral

vectors display a largely improved safety profile. Meanwhile, high-throughput cell

culture-based assays were developed to assess the safety profile of retroviral vector

integration (Modlich et al. 2006). In addition, lentiviral vectors are being explored

for the transduction of hematopoetic stem cells although caution regarding the risk

of insertional mutagenesis has to be kept in mind. A recent study documented high

frequencies of liver cancers in mice infected as neonates or in utero with EIAV-

based lentiviral vectors (Themis et al. 2005).

The other major concern for the safety of retroviral vector preparations refers to

vector mobilization and emergence of replication-competent viruses (RCV). These

typically arise upon use of first-generation retroviral vectors. The SIN design of

oncoretrovirus as well as lentivirus vectors is assumed to eliminate the risk of

vector mobilization and also of homologous recombination that leads to the gener-

ation of RCV. It will be seen whether SIN vectors maintain their promise of an

improved safety profile in ongoing clinical trials.

3.6 Production and Stability of Retroviral Vectors

The major obstacles associated with the application of oncoretroviral and lentiviral

vectors are the low titers of the virus stocks produced by the currently available

production systems (Rodrigues et al. 2007). This is further aggravated by the

inherent instability of the retroviral vector particles released into the cell super-

nants. By employing either packaging cell lines or transient transfection of plasmid

helper constructs, cell supernatants with maximal vector titers in the range of

105–107 infectious particles per ml can be attained. Whereas these titers may be

sufficient for a variety of ex vivo applications, most gene therapy applications

require further concentration of the supernatants. In addition, and regardless of their

degree of concentration, cell supernatants are inherently impure and require further

purification. Undesired side effects such as cell toxicity, inflammation, or immune

response, as well as loss of the transduction efficiency of vectors due to the presence

of transduction inhibitors, have been reported for unpurified retrovirus containing

cell supernatants.
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3.7 Purification and Upscaling of Retroviral Vectors

A critical prerequisite for the purification of retroviral vectors is knowledge of the

optimal conditions for the maintenance of their stability (Segura et al. 2006). After

budding from the producer cell line, retroviral particles quickly lose infectivity at

37�C. Their half-life in culture medium is around eight hours. Thus only a subfrac-

tion of the retroviral particles initially produced is still infectious at the time of

harvest at 24–48 h after the start of production. Together with the production of

defective viral particles, this translates into typical ratios of total to infectious

retroviral particles of over 100:1. Consequently, purification schemes have to be

short and are usually performed at 4�C. In addition, the inherent instability of

retroviral particles outside a pH range of 5.5–8.0 and the sensitivity to high salt

concentrations have to be observed.

On the basis of these restrictions, purification schemes for retroviral vectors have

been developed that rely on centrifugation-based methods, membrane separation

steps and chromatography or a combination thereof. Since retroviral particles are

released into the production medium, the initial titers are rather low. On the other

hand, disruption of producer cells is not required, which decreases potential con-

tamination with cellular debris. For the separation of the viral particles from

detached producer cells and cellular debris, low-speed centrifugation or microfil-

tration through membranes with a pore width of 0.45 mm may be used. For vector

concentration, viral particles can then be pelleted by ultracentrifugation. In contrast

to the nonenveloped AAV vectors, the usefulness of ultracentrifugation for retrovi-

rus purification is limited for several reasons. Most importantly, both caesium

chloride and sucrose, which are commonly used for density equilibrium centrifu-

gation, lead to significant losses of infectivity (Powell et al. 2000). This especially

holds true for nonpseudotyped retroviral vectors with wildtype env. These have

maintained the authentic surface domains of the wildtype glycoproteins that

are easily lost during ultracentrifugation. In addition, ultracentrifugation-based

methods are time-consuming and difficult to scale up. Ultrafiltration procedures

appear to be attractive alternatives. These are fast, robust, and can be used for the

concentration of vector preparations and simultaneous dialysis to adapt buffer

conditions required for downstream purification by chromatography. On a labora-

tory scale, centrifugation-dependent ultrafiltration devices with a molecular weight

cut-off in the range of 20–500 kDa or stirred vessels have been used with high

recovery rates. The membrane geometries commonly applied for scale-up are

tangential flow devices such as flat sheet cassettes or hollow fibers (Rodrigues

et al. 2007).

Conditions for further purification of vector preparations by chromatographic

methods are quite stringent, since retroviral vectors are sensitive to the agents used

for desorption from various chromatography matrices. For example, affinity adsor-

bents using coupled antibodies directed against the viral Env proteins have not been

described for retroviral vectors, obviously due to the harsh conditions required for

breaking of the antigen–antibody complex. However, purification of biotinylated
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retroviral particles on streptavidin–biotin affinity columns and of particles harbor-

ing histidine-tagged Env proteins on metal affinity columns have been described.

The standard agents used in elution of proteins from the respective affinity matrices

(guanidine-HCl/urea or imidazole/EDTA, respectively) readily inactivate retroviral

vectors. Therefore, either alternative desorbents, or immediate removal of the

desorbent by dialysis, are employed. Anion-exchange chromatography with desorp-

tion at high salt concentrations (1 M NaCl) was successfully applied to the purifi-

cation of both oncoretroviral and lentiviral vectors. Size exclusion chromatography

as an alternative strategy suffers from a low throughput, but is often used as a final

polishing step in retroviral vector purification (Rodrigues et al. 2007).

3.8 Vector Quantitation and Quality Assessment

The quality of a purified retroviral vector preparation can be described in terms of

dose, potency, purity, and safety standards (Rodrigues et al. 2007). Potency repre-

sents the capacity of the target cell to express the transgene after retroviral trans-

duction and can only be measured by assays specifically designed for the transgene

and target cell(s) of interest.

Parameters used to describe the vector dose are the number of total particles,

their biological activity as measured by the content of infectious particles, and their

protein content. For the quantitation of total particles, several methods with differ-

ent diagnostic values can be employed. A sensitive and fast assay is the measure-

ment of vector RNA molecules by quantitative real-time PCR after reverse

transcription. This method usually underestimates the amount of total virus parti-

cles, since it does not account for empty particles. Quantitative determination of

viral antigens like the p24-Gag protein for HIV and the p30-Gag protein for

oncoretroviral vectors by standard ELISA assays or the measurement of reverse

transcriptase activity can be used to calculate the number of total particles. In

contrast, electron microscopy of negatively-staining virus preparation is a tedious

and impractical method for routine quantitation, but can be an important tool to

evaluate the integrity of the purified vector preparations (Segura et al. 2005).

A commonly used method to measure infectious, transduction-competent viral

particles relies on the determination of the expression of a marker gene such asGFP
or lacZ or an antibiotic resistance gene in transduced cell lines. Most retroviral

vectors in developmental phases carry one of these marker genes. However, these

determinations often undervalue the actual titers. Due to variable diffusion in the

infection media and to decay of viral particles, only a minor proportion of the

initially active virus particles in the vector stock eventually transduce target cells

(Andreadis et al. 1997). Furthermore, viral titers critically depend on the parameters

used for the transduction assay such as the seeding density, growth rate, and

receptor availability on the target cell line. In addition, variations in incubation

time, incubation volume, and polybrene concentrations (Andreadis and Palsson

1997) influence transgene-expression-based titer measurements. Alternatively,
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quantitation of the proviral genomes inserted into the genome of the target cell

(Sastry et al. 2002) or the levels of transgene mRNA by real-time PCR (Lizee et al.

2003) can be used as measurement of the biological activity. Generally, a combi-

nation of at least two of the above methods should be used, both for the determina-

tion of the amount of active, transcription-competent virus and for the measurement

of total viral particles in a vector preparation.

Major contaminants of retroviral vector preparations include proteins, DNA, and

transduction inhibitors of various chemical compositions. Protein contaminants

mainly arise from the serum used to complement growth media or are secreted

into the medium by the producer cells. One difficulty in the determination of protein

contaminants is the inherent property of retroviruses to incorporate host cell

proteins between the lipid bilayer of the viral coat and the inner core structures

during the budding process. Determination of protein contaminants is mostly

performed by SDS-PAGE followed by silver staining (Segura et al. 2005). Con-

taminating DNA derived from the producer cells or from transfected packaging

plasmids can be assayed by standard DNA hybridization techniques using plasmid

or host cell DNA probes. The tolerable limits for DNA contaminations vary

depending on the particular vector produced and on the intended application. As

a guiding principle for clinical trials, the FDA has recommended an upper limit of

10 ng of foreign DNA per vector dose. To minimize DNA contamination, a DNase

digestion step should be included early in the purification process.

A major concern for the safety of retroviral vector preparations is contamination

with replication-competent viruses (RCV). Methods to detect RCV in retroviral

preparations are technically demanding and time-consuming. They are based on the

amplification of the RCV in a permissive cell line over several passages in combi-

nation with detection by either cell-based assays or more sensitive PCR-based

techniques. For more detailed information the reader is referred to FDA (2001).

3.9 Future Directions of Retroviral Vector Development

Vectors based on classical oncoretroviruses as well as those based on lentiviruses

have become potent tools for gene therapy of a variety of disease entities. The

successful treatment of the X-linked and the ADA forms of SCID in clinical trials

were achieved with classical oncoretrovirus vectors. The reported drawbacks due

to leukemia development were shown to be due to oncogene activation by

LTR-mediated activation, a well-documented problem of the early vector design.

The increased safety and efficiency of the SIN vector concept has been demon-

strated in extensive animal studies, such that it is considered safe to proceed to

clinical trials. With SIN vectors the safety concerns regarding the formation of

replication-competent viruses will hopefully be solved as well. The SIN vector

concept can be extended by addition of chromatin insulators or matrix-attachment

regions to prevent vectors from transactivation of adjacent cellular genes. To

further reduce the risk of insertional mutagenesis, vectors based on lentiviruses,
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foamyviruses, and nonmurine retroviruses are being explored, since these were

shown to integrate over broader regions of the genome (Kohn and Candotti 2009).

Last not least, episomal integrase-deficient vector variants are being explored to

circumvent the problem of insertional mutagenesis. Since highly proliferating cells

and tissue would quickly lose these vectors, the aim of episomal vector persistence

focuses on long-lasting gene expression in postmitotic cells (Philpott and Thrasher

2007), a goal already achieved by AAV vectors with excellent long-term results.

As retroviral vectors are repeatedly moving on to phase III clinical trials, the

need to resolve production-associated safety problems has driven retroviral vector

research to higher technological levels. The larger vector doses required call for

improved scale-up production methods and downstream processing. Two major

directions are being explored: vector production in serum-free media to reduce the

amount of serum proteins shown previously to evoke unacceptable immunological

responses, and the replacement of adherent cells by suspension culture-based

production methods. Suspension cultures combine ease of upscaling with reduced

contamination by proteoglycans derived from secreted extracellular matrix proteins

(Merten 2004). The combination of ongoing retrovirus vector developments will

significantly advance both the genetic safety of retrovirus vector application and the

ease and safety of bioreactor-scale production for clinical application.

4 Outlook

Gene therapy relies on safe and persistent gene transfer and expression. Since

chromosomal integration of a gene therapy vector harbors the inherent risk of

insertional mutagenesis, intensive work has been put into methods for in situ

gene repair. Two directions are being pursued: one is site-specific targeting of

vectors to assumedly safe sites in the human genome; the other is to directly target

the defective gene sequence and repair the specific gene defect. DNA sequence-

specific designer zinc-finger nucleases are being developed for this purpose. These

are linked to suitable endonucleases that induce a double-strand break near the

intended target site for gene repair. Simultaneously, a repair matrix with homology

sequences surrounding an intact copy of the target sequence is transferred to the

cell, which is used as a repair template for homologous recombination at the site of

the induced DNA strand break. Gene transfer of the repair matrix can be achieved

by a nonintegrating, viral vector, as for example AAV, or by a nonintegrating

retroviral or lentiviral vector. Although the efficiency of the described DNA repair

process is still relatively low, the technique has improved rapidly over recent years.

Animal models for stem cell gene therapy in the hematopoietic system and other

rapidly dividing cell types are under intense investigation (Bohne and Cathomen

2008). In situ gene repair exploits the cellular gene repair machinery for template-

guided gene repair. Therefore actively proliferating target cells are a prerequisite.

However, the majority of cell types in the human body are slowly cycling or do not

divide at all and therefore are not accessible to the gene repair approach described
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above. To provide expression of an intact copy of a mutated gene in these differ-

entiated cells, episomally persisting vectors like AAV are being employed that lead

to a long-lasting and safe gene expression profile.
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Abstract Mankind has inhaled substances for medical and other reasons for

thousands of years, notably resulting in the cultural manifestations of tobacco and

opium smoking. Over the course of time concepts of pulmonary application,

including inhalation devices and drug formulations, have been and still are being

continuously developed. State of the art instruments even allow for individualized

drug application by adaption of the inhalation procedure to the breathing pattern of

the patient.

Pulmonary drug delivery offers promising advantages in comparison to “classi-

cal” drug administration via the oral or transcutaneous routes, which is also
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reflected by an increasing interest and number of marketed products for inhalation

therapy. However, the lungs’ efficient clearance mechanisms still limit the benefit

of many therapeutic concepts. In consequence the objective of current research and

development in pulmonary drug delivery is to overcome and to control drug

clearance from the intended target site. Here, several of the most auspicious future

drug delivery concepts are presented and discussed in order to give the reader an

insight into this emerging field of medicine.

Keywords Aerosol deposition � Mucociliary clearance � Macrophage clearance �
Telomerase inhibition � Inhalation vaccination

Abbreviations

2-OMR Antisense oligonucleotide 20-O-methyl-RNA

A549 Lung cancer cell line (CCL-185; ATCC)

APCs Antigen-presenting cells

ATD Anti-tubercular drugs
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1 Introduction

Several thousand years ago mankind was already employing the respiratory route

for drug delivery purposes. Ancient Egyptian physicians used the energy of hot

stones to evaporate alkaloids from plants in order to make their patients inhale the

active substances (Sanders 2007). Indian and native American shamans knew about

the anti-asthmatic effects ofDatura stramoniumwhen leaves were smoked in a pipe

or simply burned within a small room (Dessanges 2001). Moreover, the smoking of

opium, containing highly analgesic alkaloids from Papaver somniferum, has a long
tradition in Chinese culture, although the medical aspect was not of primary

relevance in this case.

Hence it is not surprising that over the course of time inhalation technology as

well as the general knowledge of therapeutic inhalation has been and today is still

being continuously developed. In order to make inhalation more effective, simple

smoking pipes from antiquity were soon replaced by more ingenious inhalation

instruments. It was in 1654 when the first illustration of an inhaler was depicted in

Christopher Bennet’s Theatri Tabidorum (Bennet 1654). However, the term

“inhaler” was introduced in 1778 by John Mudge, an English physician giving

advice to treat cough via inhalation of opium vapor (Mudge 1778). Accompanied

by continuous technical optimization, the improved understanding of pulmonary

drug delivery principles also mediated a more defined and accurate vocabulary in

this field. According to Aiache, it was R. Whitlaw and E. Gray Patterson who

defined the word “aerosol” in 1932, based on “aer” (air) and “sol” (solution)

(Aiache 1990). Hitherto, the terms “mist,” “micromist,” “fog,” and “fume” were

used in an imprecise and often even confusing manner. This is astonishing from a

current viewpoint, since a defined vocabulary is one of the fundamental require-

ments in every field of modern science.

The driving force to improve medical inhalation, especially in the nineteenth

century, was the treatment of consumption or “pulmonary phthisis”, whereas today

the focus is more on the treatment of asthma, chronic obstructive pulmonary disease

(COPD), and cystic fibrosis (CF). Over recent decades the number of approved

inhalation products has continuously increased and several new therapeutic

approaches, such as vaccination via the pulmonary route (Bivas-Benita et al.

2005; Lu and Hickey 2007) and highly specific lung lobe targeting (Selting et al.

2008), already show promising results.

While there are already several excellent reviews and textbooks on pulmonary

drug delivery in general (Bechtold-Peters and Luessen 2007; Patton and Byron

2007), this chapter will focus on latest technologies that are beyond the well-known

devices and formulations for metered-dose inhalers (MDI), dry powder inhalers

(DPI) or nebulizers. The principles of pulmonary drug delivery as well as current

developments and concepts in this emerging field will be elucidated and discussed

by means of practical examples. Additional references enable the well-disposed

reader to find detailed information in comprehensive publications, reviews and
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books. Finally, a prospective outlook will reflect the rising demands and future

developments in inhalation therapy.

2 Principles of Aerosol Delivery

2.1 Inhalation Therapy

Pulmonary drug delivery is attracting more and more interest, due to the unique

barrier properties (Fig. 1) and the huge surface area (~140 m2) of the lung. Today,

several respiratory diseases can be adequately treated by inhalation therapy

(Groneberg et al. 2003). For many asthma and COPD patients, drug inhalation is

even suitable to serve as the only form of therapeutic intervention. This in fact

offers an important advantage regarding the patient’s compliance and overall

benefit of the therapy. Depending on the actual status and general severity of the

disease, drug inhalation is needed once or several times per day. It is of particular

importance to note that the correct drug application, in this case the inhalation

maneuver, results in a superior therapeutic effect and consequently a lower appli-

cation rate (Serra-Batlles et al. 2002; Welch et al. 2004; Booker 2005). Because of

this fact, every patient receiving inhalative medication should be thoroughly trained

in order to optimize drug deposition within the respiratory tract. The crucial

Fig. 1 The alveolar air–blood barrier (TEM image). The lungs’ unique barrier properties are

correlated with the extremely thin air–blood barrier within the alveolar region. The TEM image

(cross-section) shows the epithelium (ep), the endothelium (en), the basal membrane (bm), and

erythrocytes (ery) within the alveolar capillary. Courtesy of Prof. Dr. Peter Gehr, Institute of

Anatomy, University of Bern, Bern, Switzerland
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relevance of a controlled inhalation maneuver is easy to understand by taking the

morphological structure into account.

2.2 Lung Structure

The lung consists of at least two dissimilar zones: the centrally located conducting
airways, and the peripherally located respiratory zone. More precisely, the trachea,

the main bronchi, and the conducting bronchioles account for the conducting air-

ways, whereas the respiratory bronchioles, alveolar ducts, and, of course, the

alveoli account for the lung’s respiratory zone (Fig. 2). Based on this tree-like

branching pattern, the lung’s structure is commonly subdivided into particular

airway generations, starting with the trachea as generation 0, and ending with the

alveoli as generation 23 (Albertine et al. 2000). As can be assumed from the

terminology, the function of the conducting airways is mainly limited to bulk air

flow during the active inhaling and exhaling process. The essential and dedicated

gas-exchange function of the lungs is realized exclusively within the respiratory

Fig. 2 Schematic overview of human airway structure. Human airway structure exhibits symmet-

ric branching from trachea to the alveolar region. In the upper airways a columnar epithelium

mainly consisting of ciliated cells and goblet cells is found, whereas in the alveolar region a flat

and monolayer epithelium is formed by alveolar type I and type II cells. Schemes modified after

Weibel (1963) and Forbes and Ehrhardt (2005)
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zone. Whenever pulmonary drug delivery is the issue to be addressed, these

dimensional facts must be seriously taken into account for controlled and efficient

drug deposition within the lung.

2.3 Aerosol Deposition

Inside the respiratory system, inhaled material deposits in different lung regions

mainly depending on the aerodynamic particle diameter and the overall inhalation

maneuver (Fig. 3). Discrimination between the deposition sites is realized due to

three different principal mechanisms: Brownian motion, sedimentation and impac-
tion (Heyder 1981). For particles smaller than 1 mm, Brownian motion will be the

decisive mechanism for deposition in mainly alveolar regions of the lung. Particles

1–5 mm in size are suitable to enter and sediment within the tracheo-bronchial

region, whereas particles larger than 5 mm will mainly be deposited in the oro-

pharyngal airways due to impaction (Heyder et al. 1986; Oberdörster et al. 2005).

Interestingly, ultrafine particles of 0.005–0.2 mm are efficiently deposited in the

deep lungs, whereas most of the particles 0.2–1.0 mm in size are exhaled again

(Dolovich et al. 2000; Heyder and Svartengren 2002). However, due to a lack of

appropriate formulation technologies that can generate ultra-fine drug particles, and

along with intrinsic limitations on the dose of drug that ultra-fine particles can

deliver within a reasonable aerosol volume or time of inhalation, this size range is

not used for aerosol medicines at the moment.

As mentioned before, incorrect pulmonary application inevitably results in a

significantly reduced therapeutic drug effect. However, most inhaled drugs are

Fig. 3 Regional deposition of particles within the lung. Depending on the particle size and the

overall inhalation maneuver, particles deposit within different regions of the lung (Danish EPA,

Report No. 12352008)
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intended to reach the alveolar region, since the very thin epithelium (0.1–0.5 mm)

and the huge alveolar surface (~140 m2) offer superior conditions for drug absorp-

tion. Overall the alveolar surface accounts for more than 95% percent of the lungs’

total surface (Weibel 1979). In this context, a defined and controlled inhalation

maneuver is of utmost importance for regional targeting and normally intended

alveolar deposition of the drug. The inspiratory flow rate as well as total volume act

as decisive parameters for regional particle deposition (Bennett et al. 1999; Brand

et al. 2000; Brown and Bennett 2004). High flow rates (1,000 mL s�1) are

correlated with an increased fraction of particles deposited within the central air-

ways, whereas at slow flow rates (200 mL s�1) the chance for alveolar deposition is

increased (Scheuch et al. 2007). Hence, a major paradigm in aerosol drug delivery

may be defined as “slow and steady wins the race” (Dhand 2005). So far the efficacy

of many commercially available inhalation products still suffers from a large

fraction of drug being deposited in the airways (Hochrainer et al. 2005; Pitcairn

et al. 2005). It is important to note that several more efficient technologies are

available and hopefully will improve future inhalation therapy (Scheuch and

Siekmeier 2007; Scheuch and Fischer 2008). However, the growing use of such

rising technologies is currently limited by the economic hurdles faced by most new

and cost-intensive concepts.

In summary and with regard to pulmonary drug delivery devices, the work from

the engineering side is mainly done, the ball is now passed to the “scientific team”

to clarify what happens after the controlled deposition of the drug.

2.4 Lung Clearance

In parallel to the dissimilar morphological structure, there are also distinctive

differences between the clearance mechanism in the conducting airways and the

alveolar region. Deposition in the conducting airways normally occurs with parti-

cles adhering to the sticky mucus layer lining the airway surface. Generally,

mucosal barriers can be found at various sites of the human body, lining the

gastrointestinal tract, intranasal epithelium, airways and more. In all cases the

mucosal barrier serves as a shelter intended to protect the human body from

exogenous influences such as bacteria, viruses, or fungi spores. These pathogens

normally interact with the viscous mucus layer, and hence are immobilized and will

be eliminated by clearance mechanisms present at the specific body site.

Airway mucus is a viscous gel composed of highly glycosylated mucus proteins

called mucins (Desseyn et al. 2000; Thornton et al. 2008). After entrapment by the

airway mucus, the particles are subsequently cleared from the deposition site as the

mucus continuously moves proximally towards the upper end of the tracheal tube

(Fig. 4). Finally, entrapped material and mucus are swallowed and undergo further

biochemical processing in the gastrointestinal tract. This clearance mechanism, also

termed mucociliary clearance (MC), essentially limits the benefit of many inhala-

tion therapies: after initial inhalation and deposition, drug particles are rapidly
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cleared (4–6 mm/min!) and thus removed from the site of therapeutic action (ICRP

1994; Bailey et al. 2007).

Drug particles that have been successfully deposited on the alveolar surface

cannot be cleared by MC since no ciliated cells are present in this lung region. Here,

alveolar macrophages (Fig. 5) are the decisive mechanism to defeat inhaled patho-

gens, particles and more (Sibille and Reynolds 1990; Moeller et al. 2005). Adult

macrophages, derived from monocytes within the bone marrow, migrate to the

alveoli and patrol on the alveolar surface. Geiser et al. were able to show that

ultrafine TiO2 particles deposited in the lung of rats are phagocytosed by the

alveolar macrophages within hours (Geiser et al. 2005). Subsequently, alveolar

macrophages either undergo MC upon ascending to the airways or actively migrate

Fig. 5 Top view of alveolar

epithelium (SEM image). In

the alveolar region, pathogens

and inorganic particles are

normally eliminated by

alveolar macrophages,

patrolling on the alveolar

surface (bottom left).
Courtesy of the Lawrence

Berkeley National Laboratory

Fig. 4 Top view of airway surface epithelium (SEM image). The airway epithelium is character-

ized by a densely ciliated surface and mucus-producing goblet cells, bearing no cilia
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into the alveolar lymphatics for further involvement in immunomodulatory pro-

cesses.

3 Pulmonary Drug Delivery Approaches

3.1 Asthma/COPD

There is a wide range of commercially available inhalation products for the

treatment of asthma and COPD. Most of these formulations contain drug particles

mixed with lactose as a carrier material and are administered by a dry powder

inhaler (DPI) or by nebulizing the drug dissolved/dispersed in a propellant with a

pressurized metered-dose inhaler (MDI). Although these formulations achieve

efficient pulmonary deposition, they were not designed to provide sustained- or

controlled-release characteristics. In the case where such a system shows prolonged

drug action, as is the case for salmeterol and formoterol, this effect is based on the

drug’s pharmacological half-life and not due the delivery system or the formulation

concept.

Indeed, particle technology of the early conventional formulations aimed to

improve the aerodynamic properties and thus the deposition rate of aerosol parti-

cles. However, soon it came clear that a prolonged drug residence time results in a

significant improved therapeutic effect and consequently new particulate delivery

systems were developed in order to treat asthma, COPD, and other loco-regional

lung diseases.

Some of these new approaches try to find formulations exhibiting sustained

release properties so as to reduce the dose frequency for patients and improve

bioavailability in the lung. Arya et al. (2006) coated budesonide particles with a

very thin film of polylactic acid using pulse laser ablation methodology. After

intratracheal administration of coated and uncoated budesonide to neonatal rats,

higher AUC levels in the lung were observed for the coated budesonide. Moreover

the systemic exposure of budesonide was reduced compared to uncoated budesonide.

Gaber et al. successfully used PEG-DSPE, a block-co-polymer from polyethylene

oxide and distearoyl-phosphatidylethanolamine, to prepare beclomethasone-loaded

micelles (Gaber et al. 2006). The lyophilized beclomethasone-loaded polymeric

micelles exhibited a high entrapment efficiency (>96%) and showed a sustained

release over six days in drug release studies in vitro. Another interesting approach is

to incorporate salbutamol acetonide into solid lipid microparticles (SLMs) (Jaspart

et al. 2007). It was previously demonstrated that SLMs feature physicochemical

stability and no acute in vivo toxicity in rats (Sanna et al. 2004). Subsequent in vitro

release studies demonstrated that salbutamol acetonide SLMs had a slower drug

release than pure salbutamol acetonide. Thus, SLMs promise to provide sustained

pulmonary drug delivery, which in consequence will reduce the number of doses

required for an efficient therapy.
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Furthermore, liposomes have also been considered as a carrier vehicle for lung

delivery of anti-inflammatory drugs. Saari et al. investigated the distribution of
99mTc-labeled beclomethasone dipropionate-dilauroylphosphatidylcholine (DPLC)

and dipalmitoyl-phosphatidylcholine (DPPC) liposomes in healthy volunteers

(Saari et al. 1999). They found that the clearance of DPPC liposomes was slower

than DPLC liposomes, most likely due to different phase transition temperatures.

Interestingly, for both formulations about 80% of the deposited radioactivity was

retained in the lungs 24 h after inhalation.

Learoyd et al. produced chitosan-based terbutaline sulfate particles where chit-

osan acted to modify drug release (Learoyd et al. 2008). Use of low (<190 kDa),

middle (190–310 kDa) and high (>310 kDa) molecular weight chitosan, as well as

mixtures thereof, resulted in a prolonged duration of terbutaline release for the high

molecular weight formulations.

3.2 Immunosuppressives

Pulmonary drug delivery is being evaluated for loco-regional application of

immunosuppressive drugs to lung transplant patients. As yet, intravenous and oral

tacrolimus formulations are available but suffer from poor tolerance by many

patients. Sinswat et al. created nanostructured aggregates containing amorphous

(with lactose) or crystalline tacrolimus nanoparticles by an ultra-rapid freezing

technique (Sinswat et al. 2008). These aggregates could be successfully delivered

by nebulization and showed high drug absorption in the lungs of mice.

Cyclosporin A, another commonly used immunosuppressive drug, exhibits

hydrophobic and thus problematic physico-chemical properties. Hitherto aerosol

formulations were based on ethanol and propylene glycol dissolutions, inevitably

comprising a high irritation potential in animal as well as human lungs (O’Riordan

et al. 1995; Iacono et al. 1997). In parallel to beclomethasone, the liposomal

encapsulation of cyclosporin A resulted in an optimized drug formulation exhibit-

ing efficient absorption rates into lung tissue and reduced side-effects of the drug

(Gilbert et al. 1997; Letsou et al. 1999). In a recent approach, Chiou et al. produced

cyclosporin A powders via a confined liquid impinging jet (CLIJ) technique and

subsequent spray-drying (Chiou et al. 2008). They optimized this technique to

obtain suitable particles for pulmonary delivery of proteins. In summary, all of

these advanced formulation technologies for cyclosporin A promise to reduce

systemic plasma levels and thus unwanted toxicity to other organs like kidneys,

liver, etc.

From the discussion above it is clear that the majority of approaches are intended

(1) to improve bioavailability, (2) to control the release properties, or (3) to reduce

the dosing frequency for the drug. All of these attempts aim for an improved patient

compliance and overall benefit of the therapy. However, a major problem limiting

any therapeutic inhalation strategy remains unsolved: to date there is no existing

technology available to inhibit or circumvent the efficient clearance mechanisms
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within the respiratory tract. Naturally, the potential of such a new drug and/or

carrier technology for pulmonary drug delivery would be tremendous. Here it is

emphasized that the need for new carrier systems that avoid lung clearance and

create a powerful drug depot is urgent and must be considered in future pulmonary

drug delivery.

3.3 Vaccines

Delivering vaccines by the pulmonary route is easy, fast and non-invasive, and

therefore a powerful strategy in the fight against infectious diseases, particularly in

the developing world. Furthermore, this immunization route allows mass vaccina-

tion campaigns to be carried out without the need for medical personnel. Many

pulmonary vaccines are in development for several infectious diseases such as

influenza (Amorij et al. 2007; Garmise et al. 2007), measles (LiCalsi et al. 2001;

de Swart et al. 2007; Burger et al. 2008), diphtheria (Amidi et al. 2007), and

hepatitis (Lu and Hickey 2007).

Pulmonary vaccination is capable of inducing a locally limited as well as a

systemic immune response (Hobson et al. 2003). As mentioned before, the pulmo-

nary mucosa and the underlying epithelial layer act as the primary physical barrier

in the lung. Below the epithelium, there is an array of immune cells, such as

antigen-presenting cells (APCs), and the broncho-alveolar lymphoid tissue (BALT),

which is normally only present in children and elderly people but can be induced by

local infection (Tschernig and Pabst 2000). Local activation of the pulmonary immune

response has the advantage of targeting pathogens directly at the point of entry. To

date, several formulations for intranasal administration of influenza vaccine have

been tested and shown to elicit a modest systemic immune response (Read et al.

2005; Garmise et al. 2007). Smith et al. encapsulated inactivated or subunit split

influenza virus vaccines in spray-dried microparticles containing dipalmitoyl-

phosphatidyl-choline (DPPC) and distearoyl-phosphatidylcholine (DSPC) and admi-

nistered them intratracheally to mice and rats (Smith et al. 2003). This formulation

showed improved local bioavailability to BALT, and increased antigen-loading of

APCs, IgG antibodies, and T-cell responses locally as well as systemically. In

another approach, an inulin-stabilized influenza vaccine powder was prepared by

spray freeze-drying and delivered to the lungs of mice (Amorij et al. 2007). The

vaccine powder formulation produced enhanced IgG and IgA levels compared to

the conventional intramuscular administered influenza vaccine, proving that the

modified vaccine can enhance local as well as systemic antibody production.

Besides influenza, measles is another infectious disease that is transmitted by the

airborne route. Several research groups reported a significantly higher immune

response in humans after wet mist aerosol administration of live attenuated measles

vaccine compared to the injected vaccine formulation (Bennett et al. 2002; Dilraj

et al. 2007). However, the vaccine is very sensitive to temperature and maintenance
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of the cold-chain from industry to the “patient” or ultimate consumer greatly

increasing the price of these products. As yet, different research groups have tried

to develop dry powder vaccines of increased stability. De Swart et al. administered

two different powder measles vaccines to macaques, though the vaccination was

less efficient than intramuscular vaccination or nebulized vaccination (de Swart

et al. 2007). Hence, more work is required to develop measles vaccine formulations

with acceptable properties for administration by DPI that can boost serum antibody

levels.

3.4 Anti-Infectives

One third of the world population is infected by Mycobacterium tuberculosis, the
causal pathogen of tuberculosis (WHO 2008). Treatment of tuberculosis is a great

challenge since M. tuberculosis invades and replicates within macrophages. Hith-

erto drugs against tuberculosis were given orally and over a long period of time.

Consequently, side effects and a high dosing frequency result in problems with

patient compliance and interruptions of drug therapy. In this context, specific

macrophage targeting could improve the overall therapeutic regimen by decreased

systemic exposure, reduced total drug doses, and decreased therapeutic side effects.

Moreover, a special targeting strategy is needed in this case to both channel the

drugs into infected macrophages and provide prolonged drug release once it is

delivered.

Pandey et al. produced biodegradable poly-lactide-co-glycolide (PLGA) nano-

particles containing three anti-tubercular drugs (ATD), namely rifampicin, isonia-

zid, and pyrazinamide, and administered the aerosolized nanoparticles to infected

guinea pigs (Pandey et al. 2003). The experimental outcome showed that bioavail-

ability of all three drugs was increased compared to intravenous administration.

Moreover, the inhaled and ATD-loaded nanoparticles provided lung drug concen-

trations above the therapeutic concentration for 11 days. Sharma et al. tried to

improve the bioavailability of ATDs by producing bioadhesive wheat germ agglu-

tinin-coated PLGA nanoparticles with ATDs (Sharma et al. 2004). Wheat germ

agglutinin was used since it is known to bind to the alveolar epithelium (Brueck

et al. 2001). Here, in parallel to Pandey’s data, the results showed that the plasma

concentrations of nebulized ATDs were in a therapeutic range for about 15 days.

As already discussed, liposomes are well suited for administration to the respi-

ratory tract. The similarity of liposome compounds to natural surfactants prevents

them from acting as an irritant once deposited in the lungs. Zaru et al. designed

different rifampicin-loaded liposomes and reported reduced toxicity for alveolar

epithelial cells (A549) as compared to the free drug (Zaru et al. 2007). Today

“stealth liposomes,” i.e., sterically stabilized liposomes that avoid rapid elimination

through the reticuloendothelial system (Allen and Hansen 1991), are already used

for intravenous cancer therapy (e.g., Caelyx1/Doxil1). Taking advantage of the

“stealth” concept, Deol et al. developed stealth liposomes for pulmonary delivery
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by modifying the surface with O-stearylamylopectin, to increase the affinity for the

lung tissue of mice. The encapsulated drugs, namely isoniazid and rifampicin,

showed significantly reduced toxicity for peritoneal macrophages in infected

mice compared to the free drugs (Deol and Khuller 1997; Deol et al. 1997). Another

targeting strategy exploits the mannose receptors that are expressed on alveolar

macrophages through mannosylation of liposomes. Wijagkanalan et al. reported

efficient targeting of mannosylated liposomes to alveolar macrophages after intra-

tracheal instillation to rats (Wijagkanalan et al. 2008), as did Chono et al. when they

administered ciprofloxacin-loaded mannosylated liposomes for pulmonary intra-

cellular parasitic infections (Chono et al. 2008).

Other groups have developed microspheres to act as carrier systems for anti-

infective drugs. Takenaga et al. demonstrated that lipid microspheres loaded with

rifampicin could be delivered to alveolar macrophages in vitro as well as in vivo

with reduced side effects in the liver (Takenaga et al. 2008). Hirota et al. examined

the phagocytic activities of alveolar macrophages to rifampicin-containing PLGA

microspheres of different sizes (Hirota et al. 2007). Interestingly, they found 3 mm
particles to be most efficient for drug delivery to alveolar macrophages. Capreo-

mycin, which is used for the treatment of multidrug-resistant tuberculosis, shows

severe side effects after intravenous administration. Garcia-Contreras et al. devel-

oped large porous capreomycin sulfate particles and administered them to the

respiratory tract of guinea pigs, reporting a decrease in both inflammation and

bacterial burden in the lung tissue (Garcia-Contreras et al. 2007).

However, new approaches for delivering anti-infectives to the respiratory tract

are not limited to tuberculosis therapy. Tobramycin is an anti-infective that is used

to defeat Pseudomonas aeruginosa, a pathogen which is often found in the lungs of
CF patients. Pilcer et al. formulated respirable lipid-coated tobramycin particles

and reported improved drug deposition due to reduced microparticle agglomeration

(Pilcer et al. 2006). Furthermore, moxifloxacin was successfully loaded into chit-

osan microspheres which were subsequently cross-linked with glutaraldehyde. In

vitro testing of the microspheres in Calu-3 cell culture models showed promising

and retarded absorption of moxifloxacin compared to the free drug (Ventura et al.

2008).

3.5 Pulmonary Gene Therapy

Cystic fibrosis (CF) is caused by various mutations in the gene encoding the cystic

fibrosis transmembrane conductance regulator (CFTR), a chloride channel signifi-

cantly regulating water and ion flux across epithelial cells. In the pathophysio-

logical state, CF is characterized by abnormal mucus production, inflammation and

chronic bacterial infection within the respiratory tract (Sueblinvong et al. 2007).

Treatment of CF by gene therapy is an absorbing field since replacing the defective

CFTR gene by a functional gene transfer vector results in normalized mucus

production and reduced inflammation. Although CFTR gene transfer was one of
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the first targets of gene therapy, there are other genetic disorders like a-1 antitrypsin
deficiency (Cruz et al. 2007) or hemophilia (Murphy and High 2008), where gene

therapy could beneficially affect the etiopathology. Moreover, latest developments

hold the promise that treatment of different types of cancer will be one of the

biggest gene therapy fields in the near future (Eager et al. 2007).

Nebulization of naked plasmid DNA leads to low transfection rates and poor

stability of the DNA (Lentz et al. 2006). Therefore DNA must be delivered to the

mucosal surface of the lung by carrier systems that protect the DNA from enzy-

matic degradation, improve long-term expression of the protein, and enhance

transfection efficiency. There are two different types of DNA carriers, viral and

non-viral vectors, and both options have clear advantages and disadvantages.

The viral vectors that are used for DNA delivery have a high efficiency in gene

transfer even though they have been modified to eliminate their inherent pathoge-

nicity. However, one of the major disadvantages for DNA delivery by viral vectors,

compared to non-viral vectors, is their immunogenic potential, strongly limiting the

option for multiple dosing therapies (El-Aneed 2004). Thus, the focus in the

following section will be on the non-viral vectors. Non-viral vectors allow multiple

dose administration but suffer from less efficient gene transfer compared to the viral

vectors. Most of the currently used carriers are positively charged to enable

complexation and adsorption with the negatively charged DNA via electrostatic

interaction. Non-viral vectors need to be biocompatible, non-toxic, and able to

carry DNA across various cellular barriers to the nucleus. For these reasons,

liposomes and polymeric particles are perfectly suited carriers for DNA delivery

that can be produced easily and relatively inexpensively.

Chitosan is a very popular polymer for gene delivery that has been utilized by

many research groups (Bivas-Benita et al. 2004; Köping-Höggård et al. 2004;

Howard et al. 2006; Issa et al. 2006; Li and Birchall 2006) because of its mucoad-

hesive properties (Lehr et al. 1992). Li et al. developed lipid/polycation condensed

plasmid DNA chitosan particles and could show that in vitro deposition of chitosan-

modified powders was higher than for the unmodified powders, and also that the

level of reporter gene expression was enhanced (Li and Birchall 2006). Similarly,

Tahara et al. demonstrated improved cellular uptake of PLGA nanospheres with a

chitosan-modified surface compared to conventional vectors (Tahara et al. 2007).

Another polymer that is used for pulmonary gene delivery is polyethylenimine

(PEI) (Kleemann et al. 2004; Chen et al. 2007; Tagalakis et al. 2008). Kleemann

et al. developed TAT-PEG-PEI conjugates to deliver plasmid DNA and reported

enhanced DNA protection and higher transfection efficiencies in vivo compared to

unmodified PEI (Kleemann et al. 2005).

Cationic lipids, such as lipofectin, have also been used as carriers for gene

delivery. Bhattarai et al. administered lipofectin polymer (poly(p-dioxanone-co-L-
lactide)-block-poly(ethylene glycol) micelles with the tumor suppressor gene

PTEN to C57BL/6 melanoma-bearing mice. From the experimental results they

observed significantly improved gene expression of PTEN in the lungs with no

evidence of cell toxicity or acute inflammation and significantly longer survival

times (Bhattarai et al. 2007).
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In the context of gene therapy it must be noted that many of these particle-based

targeting concepts have also been employed to deliver antisense DNA/RNA or

siRNA to the lungs. Similar to plasmid DNA, these smaller nucleotide sequences

must be formulated with a carrier system that is able to protect antisense nucleotides

and enhance overall transfection rates.

3.6 Lung Cancer Therapy

Anti-cancer agents are normally administered to the systemic circulation when high

plasma levels may be required in order to provide a suitable drug concentration at

the site of action. Hitherto, drugs against lung cancer are administered systemically

and, due to the drug’s inherent cytotoxicity serving at the same time as the

mechanism of drug action, cause serious side effects in healthy organs such as

the liver, heart, and kidneys. Considering lung cancer, pulmonary administration

offers the opportunity to achieve higher local effects and even sustained release in

the lung while reducing the unintended systemic exposure to cancer drugs. Several

approaches have been adopted to target different cancer drugs to the lungs and will

be discussed below.

Hitzman et al. administered aerosolized lipid-coated nanoparticles loaded with

5-fluorouracil to hamsters with squamous lung cell carcinoma of the lung (Hitzman

et al. 2006c). Previous studies in vitro assured sustained release properties for the

lipid-coated nanoparticles used (Hitzman et al. 2006a, b). In the animal experi-

ments, 5-fluorouracil levels were much lower in the serum compared to the lungs,

indicating effective local exposure and sustained release properties.

The FDA approved injection of paclitaxel-loaded albumin nanoparticles to treat

breast cancer in 2005 (Gradishar et al. 2005), and while there are no published

studies on their effectiveness in the lungs, the potential of this technology for

inhalation therapy deserves to be investigated. In another approach, the toxic effects

of cisplatin were reduced by sustained release lipid inhalation targeting (SLIT).

SLIT-cisplatin is a dispersion of cisplatin encapsulated in lipid vesicles that releases

50% of the dose immediately while the other 50% remains in liposomes for

sustained release (Perkins et al. 2005; Wittgen et al. 2007). Although this phase I

study showed that the administration of SLIT-cisplatin is feasible and safe the

deposition efficiency (10–15%) still has to be optimized.

With respect to the lungs’ unique architecture, cell-specific targeting systems

have the potential to further improve cancer therapy in the respiratory tract. For

example, lectin-functionalized liposomes specifically bind to the tumor-derived cell

line A549 (Abu-Dahab et al. 2001; Brueck et al. 2001) and thus may serve as an

effective targeting system. Abu-Dahab et al. successfully investigated the effect of

nebulization on the stability of lectin-functionalized liposomes and their binding to

A549 cells. A more specific target also may be the transferrin receptor, which is

over-expressed in many human tumor cells. Anabousi et al. examined uptake levels

and cytotoxicity of transferrin-conjugated liposomes and showed enhanced uptake
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as well as increased cytotoxicity for this specific targeting approach (Anabousi et al.

2006a). PEGylation of these liposomes increased stability and will permit

promising aerosolization experiments to prove this concept in vivo (Anabousi

et al. 2006b).

Last but not least, telomerase is an interesting and emerging target for cancer

therapy as this enzyme is present in most human cancers (Hiyama et al. 1995; Shay

and Wright 2006). Inhibition of this enzyme may represent a novel therapy for lung

cancer, except that specific telomerase inhibitors like the antisense oligonucleotide

20-O-methyl-RNA (2-OMR) need a special carrier system to exert a biological

effect in targeted cells. Beisner et al. administered this telomerase inhibitor in

different liposomal formulations containing DOTAP (N-[1-(2,3-dioleoyloxy)]-N,
N, N-trimethylammonium propane methyl sulfate), which is a cationic lipid, or a

mixture of DOTAP and cholesterol to A549 cells (Beisner et al. 2008). In the

outcome, these formulations enhanced the transfection of A549 cells and efficiently

inhibited the telomerase. Nafee et al. recently developed chitosan-coated PLGA

nanoparticles, originally developed for plasmid DNA delivery (Ravi Kumar et al.

2004), as a carrier for the 2-OMR antisense oligonucleotide (Nafee et al. 2007).

Here, the cationic surface modification by chitosan enables the PLGA particles to

form nanoplexes with nucleotide-based drugs. In consequence, the nanoplex struc-

ture can protect these molecules from premature degradation and facilitate their

cellular uptake. According to this concept, Taetz et al. used cationic chitosan/PLGA

nanoparticles to deliver 2-OMR to A549 cells, and observed enhanced uptake of 2-

OMR nanoplexes into A549 cells, efficient telomerase inhibition, and significant

shortening of telomeres compared to 2-OMR alone (Taetz et al. 2009). Obviously,

this kind of nanotechnology-based carrier system represents an interesting new

platform for safe and efficient delivery of telomerase inhibitors in the context of

lung and possibly other cancers.

4 Future Prospects

Although there is a huge variety of application devices and drugs available,

pneumology specialists agree on insufficient therapeutic standards regarding dura-

tion of drug effects and regional targeting within the respiratory system. In this

chapter we aimed to outline several upcoming and promising concepts in modern

inhalation therapy. The technology base exists to produce various advanced drug

carrier systems, such as nanoparticles, liposomes, and large porous particles, and

efficient lung deposition – even under pathophysiological conditions – seldom

limits the therapeutic benefit. Nonetheless, inhalation therapy is still problematic

and contains several open questions on drug/particle clearance from the lung.

More work is needed though to clarify and control what happens after the drug is

deposited in the respiratory tract. Creating a local depot for prolonged drug action

still appears to be rather difficult since the drug/particles must be able to escape

from the clearance mechanisms of the lungs, namely macrophage and MC.
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Moreover, the effect of any therapeutic intervention must be evaluated with regard

to possible effects on these clearance mechanisms, originally developed by evolu-

tion to protect the human body from invading pathogens. Lung diseases such as CF

and cancer can influence tissue properties in many ways, for example by altering

airway mucus characteristics, generating chronic inflammation processes, or pro-

ducing unventilated lung areas. In consequence, the changed morphological and

physiological situation once more underlines the demand for multifunctional con-

cepts which enable treatment of several diseases. Some promising progress is being

made in at least one of these areas, namely the penetration of mucus by particulate

drug carriers (Lai et al. 2007).

Due to the (understandably) strict emphasis on safety, the complex regulatory

hurdles of the drug registration process, and other peculiarities of the pharmaceuti-

cal market, the conversion of innovative delivery technologies into marketed drug

products is a rather slow process. Setbacks may occur sometimes for economic

rather than scientific reasons, such as that seen recently with inhaled insulin.

However the progress that has been made in pulmonary drug delivery over the

past few years is nevertheless impressive and we are sure new therapies will

continue to be developed, even if the road ahead is long and winding.
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Abstract Millions of people die each year from infectious disease, with a main

stumbling block being our limited ability to deliver vaccines to optimal sites in the

body. Specifically, effectivemethods to deliver vaccines into outer skin andmucosal

layers – sites with immunological, physical and practical advantages that cannot be

targeted via traditional delivery methods – are lacking. This chapter investigates the

challenge for physical delivery approaches that are primarily needle-free. We

examine the skin’s structural and immunogenic properties in the context of the

physical cell targeting requirements of the viable epidermis, and we review selected

current physical cell targeting technologies engineered to meet these needs: needle

and syringe, diffusion patches, liquid jet injectors, and microneedle arrays/patches.
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We then focus on biolistic particle delivery: we first analyze engineering these

systems to meet demanding clinical needs, we then examine the interaction of

biolistic devices with the skin, focusing on the mechanical interactions of ballistic

impact and cell death, and finally we discuss the current clinical outcomes of one key

application of engineered delivery devices – DNA vaccines.

Keywords Biolistics � DNA vaccines � Drug delivery � Gene guns � Immunother-

apeutics � Langerhans cells � Skin � Skin mechanical properties � Microneedles �
Vaccines

Abbreviations

A Particle cross-sectional area

APC (APCs) Antigen-presenting cell(s)

CST Contoured shock tube

CHMP Committee for Medicinal Products for Human Use

D Particle resistive force

dDCs Dermal dendritic cells

DEM Discrete element model

DGV Doppler global velocimetry

GMT Geometric mean titer

HIV Human immunodeficiency virus

PIV Particle image velocimetry

RH Relative humidity

SC Stratum corneum

VE Viable epidermis

V Particle velocity

vi,ve Viable epidermis boundary

rt Density of target

s Yield stress of target

1 Introduction

Vaccines are most commonly administered using a needle and syringe, a method

first invented in 1853. The needle and syringe is effective, but unpopular, and

creates a risk of iatrogenic disease from needle-stick injury or needle reuse as a

consequence of the billions of administrations each year. Further, the needle and

syringe does not deliver the vaccine ingredients optimally to the antigen-presenting

cells (APCs), which alone can respond to the combination of antigen and adjuvant

(innate immune stimulus) that makes a successful vaccine.

The provision of safe and efficient routes of delivery of vaccines to the immu-

nologically sensitive dendritic cells in the skin (and mucosa) has the potential to
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enhance strategies in the treatment of major diseases. The application of physical

methods to achieving this goal presents unique engineering challenges in the

physical transport of vaccines to these cells.

In this chapter, the physiology, immunology and material properties of the skin

are examined in the context of the physical cell targeting requirements of the viable

epidermis (as one example). Selected cell targeting technologies engineered to meet

these needs are briefly presented. The operating principles of these approaches are

described, together with a discussion of their effectiveness for the non-invasive

targeting of viable epidermis cells and DNA vaccination against major diseases.

We then focus on one of these needle-free methods, called biolistics, that

ballistically delivers millions of microparticles coated with biomolecules to outer

skin layers. The engineering of these devices is presented, beginning with earlier

prototypes before examining a more advanced system configured for clinical use.

Then follows a theoretical and experimental analysis of the ballistic microparticle

impact process, including the examination of induced cell death. Finally, the results

of applying this technology to key human clinical trials are presented.

2 Targeting Skin and Mucosal Cells: The Immunological

Rationale

Why are outer skin cells important targets in the treatment of disease? The answer is

found from a consideration of skin structure, shown schematically in Figs. 1 and 2.

Human skin can be subdivided into a number of layers: the outer stratum corneum

(SC, 10–20 mm in depth), the viable epidermis (VE, 50–100 mm) and the dermis

(1–2 mm) (Givens et al. 1993; Fuchs and Raghavan 2002). The SC is the effective

physical barrier of dead cells in a “bricks and mortar” structure (Menton and Eisen

1971; Nemes and Steinert 1999). The underlying VE is composed of cells, such as

immunologically sensitive Langerhans cells, keratinocytes, stem cells and melano-

cytes (Fuchs and Raghavan 2002). Unlike the dermis below, the VE lacks blood

vessels and sensory nerve endings – important characteristics of a site for pain-free

delivery with minimal damage.

In the VE, the skin has evolved a highly competent immunological function,

with an abundance of Langerhans cells (500–1,000 cells mm–2) (Berman et al.

1983; Chen et al. 1985; Stenn et al. 1992), often serving as the first line of defense

against many pathogens (Babiuk et al. 2000). In particular, Langerhans cells

(illustrated in Fig. 2) are extremely effective APCs, responsible for the uptake

and processing of foreign materials in order to generate an effective immune

response. Such cells are reported to be up to 1,000-fold more effective than

keratinocytes, fibroblasts and myoblasts at eliciting a variety of immune responses

(McKinney and Streilein 1989; Banchereau and Steinman 1998; Timares et al.

1998; Chen et al. 2002).

Less information is available on underlying, dermal APCs. New populations of

dermal dendritic cells (dDCs) that express langerin (originally believed to be an
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Fig. 1 A schematic diagram of the structure of mammalian skin (a), the epidermis of mammalian

skin (b), and the corresponding bilayer approximation of the epidermis used for the theoretical

penetration model (c). Penetration case A denotes particle delivery into the stratum corneum (dsc),
whereas, in case B, the stratum corneum is fully breached (tsc) and the final particle location is

within the viable epidermis (dve). The impact velocity is vi, whilst the input velocity for the viable

epidermis is vi,ve. Adapted from Kendall et al. (2004b)
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exclusive marker for Langerhans cells) reportedly exist (Poulin et al. 2007) and

have unique immunological functions within the skin (Nagao et al. 2009). Thus,

directly targeting specific Langerhans cells or dermal APC populations will allow

immune responses to be modulated following vaccination.

For simplicity, this chapter focuses on delivery methods targeting vaccine to the

most defined skin APC population, the Langerhans cells, residing in the epidermis.

Effective in situ (in vivo) targeting of Langerhans cells and other epidermal cells

with polynucleotides or antigens will open up novel applications in disease control

(Chen et al. 2002), including vaccination against major viruses/diseases, such as

human immunodeficiency virus (HIV) and cancer.

3 Engineering of Physical Approaches for the Targeting

of Skin and Mucosal Cells

Within the VE, the location of Langerhans cells – as a delivery target for immu-

notherapeutics – is tightly defined by:

l A vertical position at a consistent suprabasal location (Hoath and Leahy 2002);
l A spatial distribution in the horizontal plane evenly distributed throughout the

skin (Numahara et al. 2001);

Langerhans cell ~10µm

50-100µm

10-20µm

1-2mm
Dermis

Viable
epidermis

Stratum
corneum

(a)

(b)

(c) (d)

(e)

Fig. 2 A schematic cross-section of the skin showing Langerhans cells. Five physical cell

targeting approaches are also shown. (a) A half-section of a small gauge needle and syringe; (b)

route of diffusion from patches; (c) penetration from a liquid jet injector; (d) a hole from a

microinjector; and (e) distribution of microparticles following biolistic injection. From Kendall

(2006)
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l A constitution of 2% of the total epidermal cell population (in human skin)

(Bauer et al. 2001).

Despite its recognized potential, the VE has only recently been viewed as a feasible

cellular targeting site with the emergence of new biological and physical technol-

ogies. The challenge is the effective penetration of the SC and precise targeting of

the cells of interest.

3.1 Mechanical Properties of the SC Barrier

The SC is a semi-permeable barrier that, owing to its variable mechanical proper-

ties, is challenging to breach in a minimally invasive manner, to target the viable

epidermal cells below. Mechanically, the SC is classified as a bio-viscoelastic solid

and shows highly variable properties. Obvious differences include the huge varia-

tion in thickness and composition with the skin site and the age of an individual

(Hopewell 1990). However, there are more subtle and equally important variations

in SC properties to consider when configuring targeting methods.

For example, the SC mechanical breaking stress is strongly influenced by the

ambient humidity/moisture content (Wildnauer et al. 1971; Christensen et al. 1977;

Rawlings et al. 1995; Dobrev 1996; Nicolopoulos et al. 1998) – the relative

humidity range from 0% to 100% results in a decrease in excised human SC

breaking stress from 22.5 to 3.2 MPa (Kendall et al. 2004b). Similarly, an increase

in ambient temperature also results in an SC breaking stress decrease by an order of

magnitude (Papir et al. 1975).

More recently, with indentation studies using small probes (diameters of 2 and

5 mm) fitted to a NANO-Indenter (Kendall et al. 2007), we have found more comple-

xity and variation in key SC, and underlying VE, mechanical properties. Specifically:

l The storage modulus and mechanical breaking stress both dramatically decrease

through the SC (Fig. 3a, 3b);
l At a given depth within the SC and VE, decreasing the probe size significantly

increases the storage modulus (Fig. 3a).

These and other sources of variability in the SC mechanical properties present

challenges in configuring approaches to breach the SC in a minimally invasive

manner, and effectively deliver vaccines to the underlying cells.

3.2 Biological Approaches

Although the focus of this chapter is on physical approaches to target epidermal

cells, it is also important to highlight biological approaches. A powerful biological

approach to the transport of biomolecules to epidermal (and other) cells, in vivo,

exploits the evolved function of viruses in the transport to cells. In gene delivery,
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researchers have made use of genetically engineered viruses in DNA vaccination

and gene therapy of major diseases with encouraging results; however, viral gene

delivery is hindered by safety concerns, a limited DNA-carrying capacity, produc-

tion and packaging problems and a high cost (Lu et al. 1997; Tang et al. 1997).

3.3 Physical Cell Targeting Approaches

Alternatively, many physical technologies are being developed. Potentially, they

can overcome some limitations of biological approaches using needle-free

Fig. 3 Mechanical properties (mean � standard deviation) as a function of displacement obtained

with microprobes indented into murine ears. (a) Storage modulus with 5 and 2 mm microprobes.

(b) Stress with a 2 mm microprobe. Adapted from Kendall et al. (2007)
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mechanisms to breach the SC barrier to facilitate drug and vaccine administration

directly to epidermal cells. Figure 2 illustrates schematically key physical targeting

approaches relative to the scale of typical skin and the Langerhans cell layer of

interest.

Needle and syringe. The most common physical delivery method, a small gauge

needle and syringe, is shown in half-section in Fig. 2a. Although this approach

easily breaches the SC, precise targeting of the Langerhans cell-rich VE cannot be

practically achieved. Hence, the needle and syringe is used for intradermal or

intramuscular injection. This inefficient, indirect targeting of dendritic cells with

DNA has resulted in modest immune responses (Mumper and Ledebur 2001). Other

disadvantages of the needle and syringe include risks due to needle-stick injuries

(WHO 1999) and needle phobia (Givens et al. 1993).

Diffusion/permeation delivery. The least invasive method of breaching the SC is

probably by permeation through it, driven by diffusion from patches applied to the

skin (Fig. 2b) (Glenn et al. 2003). However, the current general view is that this

mode of delivery is best suited to smaller biomolecules (<500 Da) (Glenn et al.

2003) – considerably smaller than vaccines. This view is being challenged, with

a recent study showing that very large recombinant antigens of ~1 MDa can

be delivered to elicit systemic responses by diffusion from patches (Guerena-

Burgueno et al. 2002). The transport of larger biomolecules through the SC can

be further enhanced by simple approaches, including tape stripping with an adhe-

sive tape, brushing with sandpaper (Liu et al. 2001; Watabe et al. 2001) or the

application of depilatory agents (Tang et al. 1997; Shi et al. 1999, 2001). Amongst

the more advanced technologies are electroporation (Widera et al. 2000; Zucchelli

et al. 2000), ablation by laser or heat, radiofrequency high-voltage currents (Sintov

et al. 2003), iontophoresis (Alexander and Akhurst 1995; Li and Hoffman 1995;

Domashenko et al. 2000), sonophoresis and microporation (Babiuk et al. 2000).

Many of these approaches remain untested for complex entities such as vaccines

and immunotherapies. Permeation through the SC can also be enhanced by the

coating of plasmid DNA on nanoparticles (~100 nm) for DNA vaccination (Cui and

Mumper 2001).

Liquid jet injectors. Interest in using high-speed liquid jet injectors arose in the

mid-twentieth century because of its needle-free approach (Furth et al. 1995). This

technique has seen a recent resurgence, with liquid delivered around the Langer-

hans cells in gene transfer and DNA vaccination experiments (Furth et al. 1995),

and the delivery of drugs (Bremseth and Pass 2001). As shown in Fig. 2c, current

liquid jet injectors typically disrupt the skin in the epidermal and dermal layer.

To target exclusively the viable epidermal cells, such as Langerhans cells, the

challenge of more controlled delivery needs to be addressed. With the dermal

disruption induced by administration, liquid jet injectors are also reported to

cause pain to patients.

Microneedle arrays/patches. Researchers have overcome some of the disadvan-

tages described by fabricating arrays of micrometer-scale projections to breach the

SC and to deliver naked DNA to several cells in live animals (Mikszta et al. 2002).

Similar microprojection devices are used to increase the permeability of drugs
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(Matriano et al. 2002) and “conventional” protein antigen vaccines (Matriano et al.

2002; McAllister et al. 2003). Figure 2d shows that, unlike current liquid jet

injectors, these microneedles can accurately target the VE. Furthermore, they are

as simple to use as patches, whilst overcoming the SC diffusion barrier to many

molecules. Moreover, compared with both the needle and syringe and liquid jet

injectors, these microneedle methods are pain-free because of epidermal targeting.

By drawing upon a range of manufacturing techniques, McAllister et al. (2003)

have shown that these microneedle arrays can be made from a range of materials,

including silicon, metal and biodegradable polymers.

Newer devices are now being tailored to the immunological problem of directly
targeting vaccines to the skin APC. One example is micro-nanoprojection array

(otherwise called “nanopatches”). Nanopatches (Chen et al. 2008, 2009; Prow et al.

2008) are very small and densely packed on patches (less than 100 mm in length and

over 20,000 MPs cm�2), clearly distinct from the large and sparsely packed ones

reported in literature (up to 700 mm in length and less than 321 projections per cm2)

(Matriano et al. 2002; Gill and Prausnitz 2007). These configurations produce

highly-targeted and unique immune responses in mice. This includes, in the animal

model:

l Orders of magnitude in vaccine dose reduction, compared to the needle and

syringe while achieving an equivalent immune response (data submitted for

publication) following the delivery of existing conventional vaccines;
l Greatly enhanced immune responses and vaccination protection against disease,

obtained by nanopatch delivery of candidate DNA-based vaccines (compared to

needle and syringe intradermal delivery).

Importantly, nanopatches are also practical devices – cheap to manufacture, with

dry-coated vaccines stable at ambient temperature (i.e., not requiring refrigeration)

and easy to use.

4 Biolistic Microparticle Delivery

Currently, the most established physical method of DNA vaccination is biolistic

microparticle delivery, otherwise known as gene guns (Fig. 2e); this is the focus of

the remainder of the chapter.

4.1 Biolistics Operating Principle

In this needle-free technique, pharmaceutical or immunomodulatory agents, for-

mulated as particles, are accelerated in a supersonic gas jet to sufficient momentum

to penetrate the skin (or mucosal) layer and to achieve a pharmacological effect.
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Sanford et al. (1987) pioneered this innovation with systems designed to deliver

DNA-coated metal particles (of diameter of the order of 1 mm) into plant cells for

genetic modification, using pistons accelerated along the barrels of adapted guns

(Sanford and Klein 1987). The concept was extended to the treatment of humans

with particles accelerated by entrainment in a supersonic gas flow (Bellhouse et al.

1994). Prototype devices embodying this concept have been shown to be effective,

painless, and applicable to pharmaceutical therapies ranging from protein delivery

(Burkoth et al. 1999), to conventional vaccines (Chen et al. 2000) and DNA

vaccines (Roy et al. 2000; Lesinski et al. 2001).

Different embodiments of the concept (e.g., in Figs. 4 and 5) all have a similar

operating procedure. Consider the prototype shown schematically in Fig. 4a as

one example. Prior to operation, the gas canister is filled with helium or nitrogen

to 2–6 MPa and the vaccine cassette, comprising two 20 mm diaphragms, is loaded

with a powdered pharmaceutical payload of 0.5–2 mg. The pharmaceutical mate-

rial is placed on the lower diaphragm surface. Operation commences when the

valve in the gas canister is opened to release gas into the rupture chamber, where

the pressure builds up until the two diaphragms retaining the vaccine particles

sequentially burst. The rupture of the downstream diaphragm initiates a shock

which propagates down the converging�diverging nozzle. The ensuing expansion

of stored gas results in a short-duration flow in which the drug particles are

entrained and accelerated through the device. After leaving the device, particles

impact on the skin and penetrate to the epidermis to induce a pharmacological

effect.

4.2 Engineering of Hand-Held Biolistic Devices for Clinical Use

Biolistic delivery of immunotherapeutics is an application of transonic flow tech-

nology that is otherwise applied to aerospace applications. In this section we

introduce prototype devices and discuss the key engineering challenges in applying

this aerospace technology to clinical applications. Key parameters used to guide the

engineering of biolistic devices are:

l A nominally uniform, controlled and quantified microparticle velocity and

spatial distribution impacting the tissue target. Further, the impact momentum

is to be within the range needed for delivery to particular locations (e.g., the

Langerhans cells for DNA vaccines).
l A sufficient “footprint” on the tissue to deliver sufficient payload and target the

appropriate number of cells.
l Noise levels within the user guidelines, for both the operator and patient.
l The device is to be hand-held.
l For long-term stability, the pharmaceutical is to be stored within a sealed

environment.
l The device is to be produced from biocompatible materials.
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l The devices, manufactured in large numbers, are to be cost-competitive with

other relevant technologies.

Earlier generation systems attempting to address these parameters used a proto-

type device family generated from empirical studies. A schematic of one of these

devices, using a convergent�divergent nozzle design is shown in Fig. 4a (Kendall

et al. 2004c). Working with these devices, the challenge was to establish the

gas�particle dynamics behavior of the systems. A significant research program

was directed at this goal.

An array of methods were used to characterize the gas and particle dynamics of

these systems. Quinlan et al. (2001) performed static pressure measurements to

interrogate the gas flow, together with time-integrated Doppler Global Velocimetry

(DGV) measurements of drug particle velocity (Quinlan et al. 2001). These mea-

surements were very useful, but gave an incomplete description of the predomi-

nantly unsteady flow in the device.

In subsequent broader studies, the transient gas and particle flow within the

device were interrogated with Pitot-static pressure measurement (as instrumented

in Fig. 4a), together with Schlieren imaging, and time resolved DGV (Quinlan et al.

2001) and computational fluid dynamics (CFD) modeling (Liu and Kendall 2004b).

The findings of this study are summarized with measured axial Mach number

profiles through the nozzle (Fig. 4b) and a single Schlieren image (Fig. 4c).

The axial profiles of Mach number at various times after termination of the

starting process (based on total-static and Pitot-static pressure measurements) are

compared with the theoretical Mach number profile for steady isentropic quasi-one-

dimensional supersonic flow (with the assumption of a choked throat) in Fig. 4b.

Pitot and static pressure measurements (p2 and p3 respectively in Fig. 4a) suggest

that 500 ms after diaphragm rupture, the flow 38.5 mm upstream of the nozzle exit is

supersonic and close to the isentropic ideal. Further downstream, however, the

overexpanded nozzle flow is processed through an oblique shock system which

induces flow separation. Consequently, the experimentally determined Mach num-

ber (determined from Pitot and static pressure) gradually falls from between 2 and

2.5 (23.5 mm upstream of the exit plane) to 1.5 at the exit plane. The Mach number

in the downstream region of the nozzle decays with time as the shock system moves

upstream.

Sequences of Schlieren images such as the sample shown in Fig. 4c (t = 132 ms)
reveal the structure of the evolving flowfield with greater detail and clarity (Kendall

et al. 2004c). The oblique shocks visible have evolved to form at least three oblique

shock cells that have interacted with the boundary layer and separated the nozzle

flow. DGV images show particles were entrained in the nozzle starting process

and the separated nozzle flow – regimes with large variations in gas density and

velocity – giving rise to large variations in particle velocity (200–800 m s�1) and

spatial distributions (Kendall et al. 2004c). Clearly, the first criterion from above is

not satisfied with this geometry.

Furthermore, the gas flow throughout much of the nozzle (Fig. 4c) is highly

sensitive to variations in the nozzle boundary condition imposed by inserting a
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Fig. 4 (a) Schematic of a simplified prototype vaccine device instrumented for Pitot and static

pressure measurements. The static pressure transducers are labeled p1–p10. (b) Experimental and

ideal axial Mach number within the conical nozzle of investigation. The profiles are provided after

the starting process. (c) A sample Schlieren image within the nozzle. From Kendall et al. (2004c)
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tissue target and/or a silencer – because the boundary condition information can be

communicated upstream. This means that this silenced device applied to the tissue

target would have considerably lower and more variable impact velocities. In some

cases, it is questionable whether these subsonic nozzle flow silenced devices would

deliver particles with a sufficient momentum to reach the target tissue layer.

Improved devices for clinical use to overcome the large variations in particle

impact conditions in described earlier devices, and meet the other important criteria

of a practical clinical system (outlined above), a next generation biolistic device,

called the Contoured Shock Tube (CST) (Fig. 5), was conceived and developed

(Kendall 2002; Liu and Kendall 2004a; Hardy and Kendall 2005; Marrion et al.

2005; Truong et al. 2006; Liu et al. 2007). The devices operate with the principle of

delivering a payload of microparticles to the skin with a narrow range of velocities,

by entraining the drug payload in a quasi-one-dimensional, steady supersonic

flowfield.

In experiments with simple prototype CST devices, it was shown that the

desired gas flow was achieved repeatedly (Kendall 2002). Importantly, further

work with particle payloads measured a variation in free-jet particle velocity of

� 4% (Kendall et al. 2006). In this research, measurements were made with

Particle Image Velocimetry (PIV). A sample PIV result is shown in Fig. 6. Similar

PIV images at a range of times after diaphragm rupture were processed to extract

the mean centerline axial particle velocity profiles. Importantly, these PIV mea-

surements show particle payloads do achieve near uniform exit-plane velocities at

the device exit over the time interval studied. This CST device prototype was a

benchtop prototype, not addressing the key criteria for a practical, hand-held

clinical immunotherapeutic system.

An embodiment of the CST configured to meet these clinical needs is shown in

Fig. 5, with the key components labeled. The device was fabricated from biocom-

patible materials and the device wall thickness was kept relatively constant to meet

autoclave sterilization requirements. To reduce the overall system length, the bottle

reservoir (which operates by an actuation pin) is located within the driver annulus.

A challenge of this co-axial arrangement was to maintain integrity of transonic gas

flow within the driver initiated after diaphragm rupture. This challenge was met by

Fig. 5 A contoured shock tube (CST) prototype configured for clinical biolistic delivery. From

Kendall (2002)
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carefully contouring the driver and obstacle of the mounting arrangement (Marrion

et al. 2005). Possible fragments from opening of the aluminium gas bottle are

contained by a sealed filter at the bottle head.

The powdered pharmaceutical is enclosed and sealed by a cassette created by the

inclusion of additional diaphragms upstream of the particle payload. In this case,

the cassette houses two jets designed to mix the particles into a cloud, hence

reducing the dependence on the initial particle location (Kendall 2002; Truong

et al. 2006). Therefore, a nominally uniform spatial distribution of particles is

released within the quasi-steady flow through the shock tube and nozzle. Repeated

in vitro and in vivo experiments show that polycarbonate diaphragm fragments do

not damage the target.

Elements of the silencing system are also shown in Fig. 5. The primary shock

initiated by diaphragm rupture, reflected from the target, is identified as the main

source of sound to be attenuated. This shock is collapsed into compression waves

by a series of compressions–expansions induced by an array of orifices and saw-

tooth baffles, resulting in appropriate sound levels for the operator and patient.

The device lift-off force is also to be well within user constraints. A peak lift-off

force of 13 N is achieved by the careful selection of endbell contact diameter,

silencer volume, flow rates through the reservoir and silencer geometry. This peak

was for only a very short time within a gas flow lasting only ~200 ms (with a helium
driver gas). The point of contact between the device and skin target was selected to

maintain a target seal and to minimize the lift-off force, whilst not adversely

affecting the impact velocities of the particles. The effect of silencing was also

minimized by maintaining a supersonic gas flow transporting particles through

the nozzle – so changes in the nozzle boundary condition were not fed upstream.

The range of impact conditions for the CST platform was achieved by the selection

Fig. 6 A raw image (a) and

derived Particle Image

Velocimetry velocity map (b)

of the instantaneous particle

flowfield of a CST prototype,

taken 225 ms after diaphragm
rupture. The payload was

2.2 mg of 39 mm diameter

polystyrene spheres. From

Kendall (2002)
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of appropriate helium/nitrogen mixtures within the gas bottle driver/driven area

ratios.

4.3 Ballistics Microparticle Delivery to Skin

We now examine delivery of microparticles from these quantified and highly-

controlled biolistics devices, impacting the skin. Figure 1 shows that skin is a

highly variable, bio-viscoelastic material.

The described biolistic devices have been applied to a range of tissue targets for

immunotherapeutic applications, including the skin of rodents (Kendall et al. 2006),

pigs (Kendall et al. 2004b), dogs (Mitchell 2003), and humans (Kendall et al.

2004a). Typically, two classes of particles are delivered to the tissue. In the powder

delivery of conventional vaccines and allergens for allergy immunotherapy, parti-

cles of 10–20 mm in radius are delivered to the epidermis of the skin to achieve a

therapeutic effect (Kendall 2006). DNA vaccination, however, is an application in

which smaller (radius 0.5–2 mm) gold particles coated with a DNA construct are

targeted at the nuclei of key immunologically sensitive cells within the epidermis

(Lesinski et al. 2001).

4.3.1 Theoretical Model for Ballistic Impact into Skin

In these particle impact studies, the mechanisms of particle impact were explored

with a theoretical model, based on a representation first proposed by Dehn (Dehn

1976). The model attributes the particle resistive force (D) to plastic deformation

and target inertia

D ¼ 1

2
rtAv

2 þ 3As; (1)

where rt and s are the density and yield stress of the target, A is the particle cross-

sectional area and v is the particle velocity. The yield stress (sometimes known as

the breaking stress) is the stress at which the tissue begins to exhibit plastic

behavior. Equation (1) may be integrated to obtain the penetration depth as a

function of particle impact and target parameters. The key parameters of the skin

used in the model are summarized in Table 1. Note that these parameters have all

been obtained at low, quasi-static strain rates and not the high ballistic strain rates.

The theoretical model of particle penetration into the epidermis using Eq. (1) in a

two-layer model is shown in Fig. 1c. Expression (1) shows that the yield stress and

density of the SC and VE are important in the ballistic delivery of particles to the

epidermis.

In the case of particle delivery only to the SC (labeled “A” in Fig. 1c), the

particle depth into the SC (dsc) is obtained by the integration of Eq. (1)
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dsc ¼ 4rr
3rsc

ln
1

2
rscvi

2 þ 3ssc

� �
� lnð3sscÞ

� �
; (2)

where the subscript sc denote the SC. Also, vi and ssc are, respectively, the particle
impact velocity and SC yield stress.

If the particle impact momentum is sufficient to breach the SC (labeled “B” in

Fig. 1c), Eq. (2) is rearranged to obtain the velocity of the particle at the SC�VE

boundary (vi,ve), i.e.,

vi;ve ¼ v2i þ
6ssc
rsc

� �
exp � 3rsctsc

4rr

� �
� 6ssc

rsc

� �1=2

; (3)

where tsc is the thickness of the SC.
The subsequent particle penetration in the VE (dve) is then calculated using

Eq. (2), using instead the material properties of the VE and vi,ve. The total particle
penetration depth (dt) is thus

dt ¼ tsc þ dve. (4)

An alternative fully numerical Discrete Element Model (DEM) approach has

also been applied (Mitchell et al. 2003), but will not be discussed here.

4.3.2 Locations of Microparticles into Skin

As an example, particle delivery to excised human skin is shown for both classes of

particles in Fig. 7 (Kendall et al. 2004a). In Fig. 7a, a glass particle of 20 mm radius

delivered to the skin at a nominal entry velocity of 260 m s�1 is shown. Note the

variation in both the SC and epidermal thicknesses. Histological sampling of

the three skin sites is from the backs of cadavers. Measured SC and epidermal

thickness compared very well with previous reports from the literature. Over 1,800

readings of the deepest particle edge and size of the particles were made on similar

Table 1 Parameters and assigned values used in the theoretical calculations of the particle

penetration depth as a function of the relative humidity. From Kendall et al. (2004b)

Skin region Parameter Value Source

Stratum

corneum

ssc (MPa) 22.5–3.2

(0%–100% RH)

Wildnauer et al. (1971)

rsc (kg m–3) 1,500 Duck (1990)

tsc (mm) 10–15.6 (0%–93% RH) Blank et al. (1984) and measurement

Viable

epidermis

sve (MPa) 2.2 actin tensile, Kishino and Yanagida

(1988)

10 Epithelium, Mitchell et al. (2003)

rve (kg m–3) 1,150 Duck (1990)
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histological sections with polystyrene, stainless steel and glass particles, selected

for different density and size ranges.

In Fig. 7b, a histological section is shown after the impact of gold particles with a

measured mean radius of 1 � 0.2 mm on the skin with a mean calculated impact

velocity of 580 � 50 m s�1. A sample particle depth measurement is labeled as di.
Over 1,200 readings of the deepest edge and size of the gold particles were made on

similar histological sections. All the raw data collected from the histology sections

(such as in Fig. 7) are plotted as a function of the particle impact parameter, rvr,
where r is the density, v is the velocity and r is the radius, in Fig. 8. The variability
of penetration as shown in Fig. 8 is typical of results obtained with other tissues.

Some insights into the sources of scatter in the penetration data of Fig. 8 can be

gained when the data are grouped and processed. Consider, for instance, the gold

data shown in Fig. 7 grouped by particle radius as shown in Fig. 9. The error bars

correspond to one standard deviation in collapsed particle penetration depth and

rvr. Note the trend indicating that for a given value of rvr, an increase in radius

(and hence a decrease in impact velocity) corresponds to a decrease in penetration

depth. These data, together with other (unpublished) work show the different

particle sizes and the cell matrix results in different penetration depths. For

instance, the gold particles are smaller than the average cell size, and during

deceleration through the skin tissue, are more likely to penetrate through individual

cell membranes. For the larger particles, however, the tissue would primarily fail

Fig. 7 Photomicrographs of

particles delivered to human

skin. A 20 mm radius glass

sphere delivered at 260 m s�1

(a) and gold particles

(1.0 � 0.2 mm radius)

delivered at 580 � 50 m s�1

(b) are shown. From Kendall

et al. (2004a)
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between the cell boundaries. Indeed, these ballistic penetration data are qualita-

tively consistent with findings from microprobe indentation studies (Kendall et al.

2007), albeit at considerably higher strain rates.

Corresponding calculated penetration profiles using the theoretical model are

also shown in Fig. 9, and illustrate a similar trend with good agreement. Impor-

tantly, in this case the yield stress was held constant at 40 MPa, to achieve the

closest fit with the data. This is considerably higher than the quasi-static yield

stresses reported in the literature (summarized in Table 1 and Fig. 2). This discrep-

ancy is attributed to a huge strain rate effect: the ballistic impact of the microparti-

cle has a peak strain rate of ~106 s�1. In a subsequent, more refined study (Kendall

et al. 2004b), these strain rate effects are further elucidated.

In addition to the described scale and strain rate effects, another source of

variability stems from the high sensitivity in SC mechanical properties to hydration

and temperature, deriving from variation in ambient conditions (detailed in Kendall

et al. 2004b). Increasing the relative humidity (RH) from 15% to 95% (temperature

at 25�C) led to a particle penetration increase by a factor of 1.8. Temperature

increases from 20 to 40�C (RH at 15%) enhanced particle penetration two-fold.

In both cases, these increases were sufficient to move the target layer from the SC to

the VE. In immunotherapeutic applications, this is the difference between the

Fig. 8 Raw gold and larger particle penetration into excised human skin as a function of the

particle radius, density and impact velocity. From Kendall et al. (2004a)
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ineffectual delivery of particles to the SC and the targeted delivery of specific cells

in the VE.

These collective data show the momentum range obtained from the described

biolistic devices primarily translate into delivery within targeted VE and SC. With

the precise delivery conditions achieved from these devices, we have obtained new

insights into the important biological variability in microparticle impact. This

variability, together with more obvious differences in tissue thicknesses (with the

tissue site of target, age and gender) must be considered when selecting device

conditions for clinical biolistic immunotherapeutic delivery.

4.3.3 Skin Cell Death from Ballistic Impact

The biological responses induced by biolistic impact are of great importance in

biolistic applications. When delivered to the tissue surface, the microparticles

undergo a tremendous deceleration – peaking at ~1010 g – and coming to rest

within ~100–200 ns. Such deceleration induces shock and stress waves within the

tissue, and it is important to determine under which conditions skin cells are killed.

This was investigated in mice, where following the delivery of gold microparticles,

the cell death was assayed with mixtures of ethidium bromide and acridine orange

Fig. 9 Impact parameters and penetration depth of gold particles within excised human skin. From

Kendall et al. (2004a)
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and imaged non-invasively with Multi-Photon Microscopy (Raju et al. 2006). The

data is summarized in Figs. 10 and 11. Each direct impact of a gold microparticle

resulted in cell death. Furthermore, even in cases where microparticles passed

within ~10 mm of the cell surface – but not touching the cell – cell death resulted.

A sufficiently high number density in the tissue can result in complete cell death

within the VE. Clearly, this is important when considering the biological responses

induced by microparticle impact.

4.4 Clinical Results and Commercial Application

Commercial application. Biolistics is a platform technology for delivering a broad

range of drugs and immunotherapeutics. Currently, the technology is progressing

commercially in two streams:

l Delivery of lidocaine local anesthetic to the skin (the larger class of particles

shown in Fig. 8), approved by the FDA for market application (ZingoTM,

Anesiva);

Fig. 10 The viability of epidermal cells targeted by biolistic microparticle delivery (from Raju

et al. 2006). Data for this plot was generated by first enumerating the number of perforations per

1,000 mm2 in the SC caused by microparticle penetration (Fig. 11a). The perforations were

equated to microparticles. Second, percent cell death was calculated in the viable epidermis

below the stratum corneum using the acridine orange/ethidium bromide assay for discriminating

live and dead cells (see Fig. 11b–d)

212 M.A.F. Kendall



l Delivery of DNA vaccines on gold microparticles (PowderMedTM, Pfizer),

undergoing Phase III clinical trials).

Clinical results. Although strong results are achieved in other immunotherapeutics

such as allergy immunotherapy of the animal model (Kendall et al. 2006) and

lidocaine for anasthesia, the key clinical progress with DNA vaccines is discussed

below.

The DNA plasmid that forms the active component of DNA vaccines is pre-

cipitated onto microscopic gold particles (typically 2 mg DNA on 1 mg gold).

Microscopic elemental gold particles (mean particle diameter ~2 mm) are used as

the plasmid DNA carrier, because they are inert and have the appropriate density

needed to deliver the vaccine directly into the target epidermal immunologically

sensitive cells, including Langerhans cells. Following delivery into the APC, the

DNA elutes off the gold particle and is transcribed into RNA. The RNA in turn is

translated into the relevant antigen, which is then processed and presented on the

cell surface as if it were an intracellular viral protein. An efficient cellular and

humoral immune response is thus induced.

A series of clinical trials have been conducted to assess the immunogenicity

and safety of a prophylactic hepatitis B virus DNA vaccine (Roy et al. 2000;

Rottinghaus et al. 2003; Roberts et al. 2005). These studies have demonstrated

that biolistic DNA vaccination can elicit antigen-specific humoral and T cell

Fig. 11 Murine tissue stained for live–dead cell discrimination with a cocktail of acridine orange/

ethidium bromide and imaged with near-infrared two-photon excitation (taken from Raju et al.

2006). Images were collected with LaserSharp software (Carl Zeiss, Hertforshire, UK). Cells

emitting red fluorescence are dead whereas cells emitting green fluorescence are alive. (a) The

dark spots are perforations in the SC caused by microparticle bombardment. (b) The

corresponding viable epidermis 11.3 mm below the SC. (a) and (b) represent an image set of

“high particle density” shown in Fig. 10. (c) The viable epidermis of the control (9.7 mm below the

SC) where particle delivery to the tissue was not made. (d) Representative of the viable epidermis

of tissue with intermediate particle densities (10.5 mm below the SC)
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responses. In the study by Roy et al. (2000), DNA vaccination with 1–4 mg of

hepatitis B surface antigen elicited measurable cytotoxic T cell responses and Th

cell responses in 12 healthy adults who had not previously been immunized with

a hepatitis B vaccine (Roy et al. 2000). Furthermore, the 12 previously non-

vaccinated subjects also seroconverted with levels of hepatitis B-specific antibody

ranging from 10 mIU/ml to over 5,000 mIU/ml. This is of particular significance as

intramuscular delivery of DNA, using the needle and syringe, with up to 1,000-fold

more DNA has generated only low or no antibody responses (MacGregor et al.

1998; MacGregor et al. 2002). The same biolistic hepatitis B DNA vaccine was also

shown to increase serum antibody titres in seven of 11 subjects who had previously

failed to seroconvert after three or more doses of conventional vaccination with

licensed recombinant protein vaccine (Rottinghaus et al. 2003). Finally this plasmid

DNA construct has been used to successfully bridge between the earlier bulky

experimental device and the simple, hand-held disposable device that will be used

for product commercialization (Roberts et al. 2005).

A Phase I study (Drape et al. 2006) has been carried out to investigate the safety

and immunogenicity of biolistic administration of an influenza prophylactic plas-

mid, which encodes a single HA antigen of influenza A/Panama/2007/99 (H3N2).

A total of 36 healthy subjects with low pre-existing serological responses to this

strain received a vaccination of either 1, 2 or 4 mg DNA at a single administration

session. The antibody response was then assessed according to the Committee for

Medicinal Products for Human Use (CHMP) criteria for the approval of annual flu

vaccines in the European Union. Table 2 summarizes these humoral responses,

determined as a haemagglutination inhibition titre elicited on days 0 (predose), 14,

Table 2 Serum antibody responses, seroconversion and seroprotection rate. From Drape et al.

(2006)

Group Day GMT (range) Seroconversiona (%) Seroprotectionb (%) Mean GMT

increase (fold)

1 0 16 (5–40) – 17 (2/12) –

14 23 (5–160) 8 (1/12) 42 (5/12) 1.4

21 28 (10–240) 17 (2/12) 33 (4/12) 1.7

56 44 (10–320) 33 (4/12) 58 (7/12) 2.8

2 0 17 (5–40) – 33 (4/12) –

14 29 (10–60) 17 (2/12) 50 (6/12) 1.7

21 36 (20–80) 8 (1/12) 58 (7/12) 2.1

56 65 (20–320) 67 (8/12) 92 (11/12) 3.9

3 0 12 (5–40) – 8 (1/12) –

14 21 (5–80) 17 (2/12) 25 (3/12) 1.8

21 40 (10–160) 33 (4/12) 67 (8–12) 3.4

56 97 (40–640) 64 (7/11) 100 (11/11) 8.1

Values meeting CHMP criteria are bold; geometric mean titer (GMT)
aSeroconversion is defined as either a negative pre-vaccination titer (�10) to a post-vaccination

titer �40, or a significant increase in antibody titer, i.e., at least a four-fold increase between pre-

and post-vaccination titers where the pre-vaccination titer is �10
bSeroprotection rate is defined as the proportion of subjects achieving a titer �40
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21 and 56. Time points, where responses met the levels required by the CHMP

guidelines for licensing of annual influenza vaccine, are shown in bold.

The 4 mg dose group met the CHMP criteria at day 21, demonstrating the ability

of biolistic DNA vaccination to stimulate serological responses equivalent to those

seen in protein-based approaches. Furthermore, the responses in all groups

continued to increase up to day 56 (the last day monitored) indicating that responses

to biolistic vaccination may show a more sustained increase than is typically seen

with protein vaccines. By day 56, 100% of those subjects vaccinated with the 4 mg
dose were seroprotected.

Overall vaccination was well tolerated and local reactogenicity results were

typical of those seen in other biolistic studies.

5 Conclusion

Many vaccines can be radically improved by targeted delivery to particular immu-

nologically-sensitive cells within the outer skin layers. The push is on to develop a

range of technologies to meet this need, either using physical or biological targeting

approaches. One of these needle-free physical methods, biolistics, delivers biomol-

ecule-coated gold microparticles ballistically to the outer layers of the skin. The

method of particle acceleration relies heavily on approaches usually applied to the

aerospace industry. Consequently, many unique challenges had to be overcome in

engineering biolistic devices for clinical use. Research with the resultant devices

has yielded unique insights into the skin at micro-scale dynamic loading – both

from mechanical and biological perspectives. Important progress is also being

made in clinical trials using biolistic devices to deliver DNA vaccines in the

following fields: hepatitis B, influenza, genital herpes, human papilloma virus,

HIV/AIDS, Hantaan virus, melanoma and a variety of other cancers.

A newer technology, the Nanopatch (working by a very different principle), is

now being developed to address many challenges inherent in the coupling of a

ballistic device to skin.
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Abstract This chapter presents a general overview of pharmaceutically used

polymers with respect to their physicochemical characteristics and factors affecting

drug delivery abilities. Pharmaceutical polymers, chemical structure, and properties

are discussed for their applications in controlled drug release systems. An addi-

tional focus is on new polymers (dendrimers, hyperbranched polymers), consider-

ing their chemical versatility, uniqueness, and future implications. Problems

associated with controlled drug release systems are also highlighted. Finally,
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applications of FDA-approved polymers used for oral drug delivery systems are

outlined.

Keywords Polymers � Polymer therapeutics � Controlled release system � Novel
drug delivery systems � Biomaterials

Abbreviations

Ab Antibody

API Active pharmaceutical ingredient

Cmax Concentration maximum

CRS Controlled released system

DDS Drug delivery system

EPR Enhanced permeability and retention

FDA Food and Drug Administration (USA)

G2 (PAMAM) Generation 2 polyamidoamine dendrimers

GR Gastro-retentive delivery systems

HPMA N-(2-Hydroxypropyl)methacrylamide

HPMC Hydroxypropylmethylcellulose

IgG Human immunoglobulinG

Mw Molecular weight

mPEG-OH Polyethylene glycol monomethyl ether

PAA Poly(acrylic acid)

PAMAM Polyamidoamine

PDDS Pulsatile drug delivery system

PDI Polydispersity index

PEG Poly(ethylene glycol)

PEO Poly(ethylene oxide)

PGA Poly(glutamic acid)

pka Acid dissociation constant

PLA Polylactic acid

PLGA poly(lactic-co-glycolic acid) copolymer

PMMA Polymethylmethacrylate

PVA Poly vinyl alcohol

RES Reticular endothelium system

1 Introduction

Conventional drug delivery systems often only reach concentrations within the

therapeutically effective range (therapeutic window) when taken several times a

day (Fig. 1). In contrast, controlled release systems (CRS) are tailored to sustain the
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active pharmaceutical ingredient (API) release at a specific rate over a defined

period of time to maintain plasma concentration within the therapeutic range. Thus

the release profile of a drug delivery system can allow for a reduction in dosing

frequency and thus improve compliance and overall treatment effectiveness.

Furthermore, toxic peak plasma levels above the therapeutic window can be

avoided and undesired side effects minimized. In particular, implants have the

potential for drug delivery for several years which makes them valuable tools in

long-term medication.

Constant plasma levels realized by zero-order API release, however, are not

always the best profile. In fact, circadian variations in the severity of symptoms

may require adaptive API plasma levels. For example, exacerbations of bronchial

asthma predominantly occur in the early morning. Therefore efficient bronchodila-

tion can be initiated later in the night. Moreover, bactericidal antibiotics are most

efficient when exposing the microorganism to fluctuating drug levels by consump-

tion of several doses a day. However, compliance is best when drug intake is limited

to a single daily dose at a convenient time. Therefore, pulsatile release systems are

currently being introduced into therapy based on polymer blends.

Moreover, polymers can be used to design delivery systems for parenteral use

which allow Ehrlich’s principle of the “Magic Bullet” to come into reality. Passive

targeting to solid tumors via the Enhanced Permeability and Retention (EPR) effect

as well as active targeting by antibodies attached to the particle surface (for details

see chapter of Torchilin this volume) can improve clinical efficacy in, for example,

cancer therapy. Therefore, the use of CRS and pharmaceutical polymers should

increase in the near future.

Concentration
at site of action

i.v.
injection

Toxic level

Therapeutic
window

Sub-therapeutic
level

24 hours
Injection administered every 6 hours

Controlled release system administered at t = 0 hours

181260

Controlled
release system

Fig. 1 Therapeutic window of an API: application by a controlled drug delivery system compared

with injection (Uhrich et al. 1999)
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Although many promising CRS have evolved, challenging physicochemical

problems need to be addressed particularly in the areas of polymeric bulk diffusion,

membrane permeability, osmotic effect, colloidal aggregation, and polymer

dynamics. Although many polymers have found their way into the clinics, there

is still a great demand for new polymers. Since the existing polymers do not have

sufficient versatility, the physicochemical properties do not fully cover the required

spectrum. Moreover, as most of the polymer candidates are under intellectual

property rights, it is polymer scientists who introduce and advance new biomater-

ials. The high standards in safety assessment in drug research, however, limit or at

least retard the successful translation of new polymers from laboratory to clinic.

Due to the different chemical functionalities of the polymers it is possible to

achieve defined release profiles. This is particularly applicable when polymers are

“blended” (used in combined form). The characteristics of the copolymers and their

pH-dependent solubility impart new and modified patterns (Ford 1994). Impor-

tantly, such systems should be inert, biocompatible, mechanically stable, comfort-

able for the patient, capable of achieving high drug loading, safe from accidental

drug release, simple to administer and – when needed (e.g., implants) – to remove,

and easy to fabricate and – when aiming for parenteral use or implantation – to

sterilize. Therefore, controlled delivery systems are often more expensive com-

pared to traditional pharmaceutical formulations.

The main disadvantage of CRS, however, is a possible toxicity or non-biocom-

patibility arising from the polymeric materials used. There could also be undesir-

able by-products from the polymers due to degradation. Therefore, the production

process of the polymer has to be strictly controlled; by-products have to be limited,

analytically quantified and subjected to toxicological testing if present in relevant

amounts. Moreover, in some instances, surgery may be required to implant or

remove the system, which may cause discomfort to the patient.

2 Pharmaceutically Used Polymers and Biomaterials

To adjust the release profile of the API from the formulation, polymer and other

excipients are either used in a single or in blended form. In general, the selection of

the polymer is based on the release-defining characteristics

l Chemical nature and charge on polymer: anionic, cationic, and neutral
l Hydrophilicity/hydrophobicity of the polymer
l Cross-linking ratios and swelling/de-swelling capacity
l pH-dependency/independency
l Route of administration
l Release pattern and erosion mechanism
l Targeted site for absorption (non-parental application).

For economic reasons, drug delivery research often makes use of a platform

technology. As shown in Figs. 2 and 3 the total time line from project concept to
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regulatory approval which is mandatory to launch a delivery product requires an

average of 5–8 years.

2.1 Classification of Pharmaceutically Used Polymers
and Biomaterials – An Overview

A range of pharmaceutical polymers and biomaterials is used to control the release

of APIs and other active agents (Brazel and Peppas 2000; Boldhane 2008) and

several polymers (Table 1) are currently extensively used for drug delivery (Smolensky

and Peppas 2007; Boldhane 2008). A classification of pharmaceutical polymers

based on their chemical nature, dissolving capabilities, release mechanism, and

applications is given in Table 1. Acrylic acid-based polymers, siloxanes and

N-vinyl pyrrolidone-based polymers are also used for contact lenses, which in

Fig. 2 Drug delivery systems manufacturing pathway leading to estimation of drug bioavailability

and product launch
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particular ask for very good local tolerability, wettability, gas transmissibility,

physical stability, and clarity.

Table 2 gives an overview of the various polymers in pharmaceutical use.

2.2 Orally Applied Polymers: Properties and Applications

2.2.1 Starch

Starch is a complex carbohydrate abundantly found in nature: for example, corn,

sorghum, wheat, potato, and rice. Starch comprises a mixture of two polysacchar-

ides, namely, amylose (a linear polysaccharide), and amylopectin (a branched

polysaccharide with a molecular mass of up to 200 � 106). Amylose is widely

used as a binding agent in tablet manufacturing since it exhibits strong binding and

swelling properties. The natural polymer also forms a stable viscous dispersion.

Fig. 3 Major steps in development of platform drug delivery system (BA= Bioavailability)
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Table 2 Polymers in pharmaceutical use

Polymers Use

Hydrophilic

polymers

Cellulosic Methyl cellulose Coating agent, emulsifying agent,

suspending agent, tablet and capsule

disintegrant, tablet binder, viscosity-

increasing agent

Hypromellose

(hydroxypropylmethyl

cellulose

Coating agent, film forming agent, rate-

controlling polymer for sustained

release, stabilizing agent, suspending

agent, tablet binder, viscosity-

increasing agent

Hydroxypropyl

cellulose

Coating agent, emulsifying agent,

suspending agent, stabilizing agent,

thickening agent, tablet binder,

viscosity-increasing agent

Hydroxyethyl

cellulose

Coating agent, suspending agent,

thickening agent, tablet binder,

viscosity-increasing agent

Sodium carboxymethyl

cellulose

Coating agent, suspending agent, tablet

and capsule disintegrant, tablet binder,

viscosity-increasing agent, stabilizing

agent, water absorbing agent

Noncellulosic:

gums/

polysaccharides

Sodium

alginate

Stabilizing agent, suspending agent,

tablet and capsule disintegrant,

tablet binder, viscosity-increasing

agent

Xanthan gum Stabilizing agent, suspending agent,

viscosity-increasing agent

Carrageenan Gel base, suspending agent, sustained-

release tablet matrix

Ceratonia (locust

bean gum)

Matrix, binder

Chitosan Coating agent, disintegrant, film-forming

agent, mucoadhesive, tablet binder,

viscosity increasing agent

Guar gum Suspending agent, tablet binder, tablet

disintegrant, viscosity-increasing agent

Cross-linked high

amylose starch

Gelling agent, thickening agent

Noncellulosic:

others

Poly(ethylene oxide) Mucoadhesive, tablet binder, thickening

agent

Poly(ethylene glycol) Ointment base, plasticizer, solvent,

suppository base, tablet and capsule

lubricant

Poly(vinyl pyrrolidone) Disintegrant, dissolution aid, suspending

agent, tablet binder

(continued)
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2.2.2 Hydroxylpropyl Methylcellulose

The 2-hydroxylpropyl ether of methyl cellulose (HPMC) (Fig. 4) is derived from

alkali-treated cellulose which is reacted with methyl chloride and propylene oxide.

HPMC swells and dissolves slowly in cold water to produce a viscous colloidal

solution. It is also soluble in most polar solvents. Aqueous solutions are surface

active, form films upon drying, and undergo reversible transformation from sol to

gel upon heating and cooling.

Besides the use as a tabletting agent and as an emulsifier in ointments HPMC is

extensively used in oral controlled drug delivery systems. Moreover, the polymer

has been widely explored as a matrix-forming agent in the design of patches.

Propranolol hydrochloride release from HPMC matrices was fast yet slowed

when coated with a protective layer (Guyot and Fawaz 2000). A swellable, floating

triple-layer tablet was designed to prolong the gastric residence time of anti-infectives

in Helicobacter pylori eradication therapy. HPMC and poly(ethylene oxide) (PEO)

were used as the rate-controlling polymeric membrane excipients. Tetracycline and

metronidazole were incorporated into the core layer of the triple-layer matrix for

controlled delivery, while bismuth salt was included in an outer layer for instant

Table 2 (continued)

Polymers Use

Homopolymers and copolymers

of acrylic acid (Carbomer)

Bioadhesive, emulsifying agent, release

modifying agent, suspending agent,

tablet binder, viscosity-increasing

agent

Gantrez1 maleic acid

copolymers

Bioadhesive

Hydrophobic

polymers

Water-insoluble Ethylcellulose Coating agent, flavoring fixative, tablet

binder, tablet filler, viscosity-

increasing agent

Cellulose acetate Coating agent, extended release agent,

tablet and capsule diluents

Cellulose acetate propionate Membrane

Cellulose acetate phthalate Enteric coating agent

Hydroxypropylmethylcellulose

phthalate

Enteric coating polymer

Poly(vinyl acetate)

phthalate

Viscosity modifying agent with

enteric coating

Gantrez1 AN (copolymers of

methyl vinyl ether and

maleic anhydride)

Mucosal adhesive resins

Methacrylic acid copolymers Film forming agent, tablet binder,

tablet diluents

Eudragit1 acrylate copolymers The wide range of immediate, enteric and

sustained release polymers allow the

design of any number of combinations

to match targeted release profile
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release. Floatation was accomplished by incorporating a gas-generating layer

consisting of sodium bicarbonate:calcium carbonate (1:2 ratio) along with the poly-

mers. In vitro testing revealed sustained release of tetracycline and metronidazole

over 6–8 h while the tablets remained afloat (Yang et al. 1999).

2.2.3 Eudragit

Many enteric coating formulations are based on anionic polymers of methacrylic

acid and methacrylates (Fig. 5). The polymers are considered unique and versatile

since they dissolve at a wide range of pH 5.5–7. In the early 1930s, Röhm & Haas

GmbH (Darmstadt, Germany) initiated the systematic research on the first forms of

synthetic acrylates and methylacrylates. With the breakthrough development of

Eudragit1 in 1953, the first pharmaceutical coating drug formulation was intro-

duced into the market. Since then, these coatings have opened a new phase in

pharmaceutical research and development (Table 1, Fig. 5).

Eudragit in enteric coatings allows pH-dependent drug release. Eudragit poly-

mers, used in mono or in blend form, have a wide range of pharmaceutical

applications: as binding agents in tablets, to increase viscosity, to mask the taste

of drugs, and as flow-controlling agents in liquids, suspensions, and emulsions. The

polymers can also enhance drug stability and modify drug release characteristics.

Overall, these polymers are known to increase drug effectiveness with good storage

stability. Their preferred use is in gastrointestinal and colon targeting formulations

(Lieberman et al. 1990).

Eudragit S-100 is used for uniform coating of microspheres (Degussa 2001).

Composed of polypropylene foam, Eudragit S, ethyl cellulose, and polymethylmetha-

crylate (PMMA), floating microparticles were prepared by solvent evaporation, and

encapsulation efficiency was found to be high. Good floating properties were

observed as more than 83% of microparticles were seen to be floating for at least

8 h. In vitro drug release was dependent upon the type of polymer used. At similar

drug loading the release rates increased in the following order: PMMA < ethyl

O

O

O

O

O
O

O

O

O

O

HO

HO

HO

OH

OH
HO

O

n

Fig. 4 Chemical structure of hydroxylpropyl methylcellulose (HPMC) polymer

232 J. Khandare and R. Haag



cellulose< Eudragit S. This was attributed to the different permeabilities of the drug

in the polymers and the drug distribution within the system (Streubel et al. 2002).

2.2.4 Carbopol Polymers

Carbopol1 polymers celebrate 50 years of timeless innovation and inspiration.

These polymers of acrylic acid cross-linked with polyalkenyl ethers or divinyl

glycol (Table 1) are produced from primary polymer particles of about 0.2–6.0 mm
average diameter (Jian-Hwa 2003). The Carbopol polymers are very mild acids and

readily react with alkali to form salts. Aqueous dispersions of Carbopol polymers

have an approximate pH range of 2.8–3.2 depending on polymer concentration.

Since the Carbopol polymers are readily water-swellable they find applications in

a wide range of pharmaceutical products. Carbopol polymers offer a consistent

performance over a wide range of desired parameters (from pH-derived semi-enteric

release to near zero-order drug dissolution kinetics) at lower concentrations than

competitive systems (Perez-Marcos et al. 1991; de Leeuw et al. 1995). The polymers

are used for oral drug delivery systems. Carbopol is used as a standard bioadhesive

agent for buccal, intestinal (Lehr et al. 1990, 1992), nasal, vaginal, rectal, and oph-

thalmic applications (e.g., Pilopine HS1 pilocarpine hydrochloride 4% ophthalmic

gel has carbopol 940 to impart a high viscosity, Alcon, Freiburg, Germany). More-

over, since Carbopol polymers exhibit high swelling and thickening properties at very

low concentrations (less than 1%), they are also used in topical lotions, creams and

gels, oral suspensions, and in transdermal gel reservoirs.

2.2.5 Pluronic Block Copolymers

Synthetic copolymers of ethylene oxide and propylene oxide (PluronicTM block

copolymers, BASF, Ludwigshafen, Germany) (Fig. 6) are used as antifoaming

C

CH3

H2C

CH3

CH2

CH3

CH2

H2C
CH3

C

O

O

N

C

C

OR

O

n

C

CH3

CH2

CH3

CH3

CH3

CH2

C

O

O

N

C

R1

C

OR2

O

n

+

Cl
-

R = CH3, C4H9

Eudragit E

R1 = H, CH3
R2 = CH3, C2H5

Eudragit RL/RS

100 mm

H2C

H2C

Fig. 5 Chemical structures of Eudragit polymers and scanning electron microscopy photograph of

Eudragit S-100-coated core microspheres
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agents, wetting agents, dispersants, thickeners, and emulsifiers. Biodegradable,

biocompatible matrices for drug delivery, including films and microspheres, are

formed by blending polymers degrading by hydrolysis such as poly(lactic acid) and

Pluronic block copolymers (Park et al. 1994).

API incorporation into the core of the Pluronic micelles can increase solubility,

metabolic stability, and circulation time for the agent. Alakhov et al. studied

Pluronic-based megestrol acetate formulations in vitro with respect to drug release

and in a rat model for bioavailability of after oral administration of 1–7 mg kg�1.

An aqueous, micellar formulation comprising a mixture of a hydrophobic (L61) and

a hydrophilic (F127) Pluronic copolymer, significantly enhanced the megestrol

acetate bioavailability (Alakhov et al. 2004). Moreover, interactions of Pluronic

unimers with multidrug-resistant cancer cells can result in sensitization of these

cells with respect to various anticancer agents. Animal studies with Pluronic–poly

(acrylic acid) (PAA) copolymers have shown that the agents are not absorbed when

administered orally (Bromberg 2008). At physiological pH level, the copolymers

self-assemble into intra- and intermolecular micelles with hydrophobic cores of

dehydrated poly(propylene oxide) and multilayered coronas of hydrophilic PEO

and partially ionized PAA segments. These micelles can efficiently solubilize

hydrophobic APIs (paclitaxel and steroids), and protect APIs (camptothecin) from

the hydrolytic reactions (Bromberg 2008).

2.2.6 Alginates

Alginates (E400–E404) produced by brown seaweeds (mainly Laminaria) are linear

unbranched polycarbohydrates containing b-(1!4)-linked D-mannuronic acid (M)

and a-(1!4)-linked L-guluronic acid (G) residues (Fig. 7).

Alginates form thermally stable gels in the presence of calcium ions. The

formation of gel is at far lower concentrations than any other natural polymer

including gelatin. However, the solubility and water-holding capacity of alginate

depend on pH (precipitates below pH 3.5), molecular weight, ionic strength and the

nature of the ions present.

Alginate beads (Fig. 8) can encapsulate hydrophobic APIs which allows protec-

tion of non-stable APIs and offers potential for drug delivery. Due to enhanced

a b c

HO
O O OH

a b

HO O
OH

a

b

Fig. 6 Chemical structure of

Pluronic polymer: (a) poly

(ethyleneoxide) diblock (b)

poly(propyleneoxide)

triblock copolymer
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buoyancy and sustained release properties CaCO3-containing beads appear to be

excellent candidates for floating systems (Choi et al. 2002) as shown when incor-

porating riboflavin and 5-flurouracil (Shishu and Aggarwal 2007). Calcium alginate

beads form as alginate undergoes ionotropic gelation by calcium ions and carbon

dioxide develops from the reaction of carbonate salts with acid. The evolving gas

permeates through the alginate matrix, thereby leaving gas bubbles or pores, and

providing buoyancy for the beads.

2.3 Systemically Applied Polymers

Material scientists continuously wish for new materials and ways to manipulate

existing ones in order to fulfill unmet needs. Therapeutic agents linked to polymers

such as poly(ethylene glycol) (PEG), poly(lactide-co-glycolide) (PLGA), and N-(2-
hydroxypropyl) methacrylamide (HPMA) copolymers and polyamines (Table 1) are in

clinical trails. Dendritic polymers are instrumental in the development of new trends in

targeted drug delivery (Pendri et al. 1995; Wang et al. 2000; Khandare et al. 2006;

Betancourt et al. 2007; Duncan and Seymour 2007; Lee et al. 2008; Majoros et al.

2008; Venuganti and Perumal 2008).

Most of the systemic polymers discussed below are used either to form nanopar-

ticles including dendrimers or for prodrug formation of, for example, peptides and

proteins for imaging purpose. The polymer architecture and size often affect both

100µmFig. 8 Alginate beads

provide encapsulation

protection and delivery

options for hydrophobic

drugs, which may come in

oily phase (modified from

http://www.
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pharmacodynamic and pharmacokinetic properties of such a prodrug (Khandare

and Minko 2006). Therefore, it is critical to design a prodrug which would release

the API at the site of action to avoid adverse effects.

2.3.1 Poly(lactide-co-glycolide) and Related Polymers

Polyglycolide (PGA) was one of the first synthetic biodegradable polymers to be

investigated for biomedical application. The highly crystalline polymer (45–55%

crystallinity) exhibits a high tensile modulus with very low solubility in the organic

solvents. The glass transition temperature of the polymer ranges from 35 to 40˚C

and the melting point is greater than 200 ˚C.

Extensive research has been performed to develop a full range of poly(lactide-

co-glycolide) polymers (PLGA) (Table 1). Copolymer composition in the range of

25%–75%, poly(L-lactide-co-glycolide) forms amorphous polymer. 50/50 poly(DL-

lactide-co-glycolide) degrades in approximately 1–2 months, 75/25 in 4–5 months,

and 85/15 in 5–6 months (Middleton and Tipton 1998). In addition, poly(lactide)

(PLA) and PLGA microspheres are some of the most important components of

biopolymers used to design and develop biodegradable microspheres containing

bioactive agents for therapeutic application (Shive and Anderson 1997).

Biodegradation and biocompatibility of PLA and PLGA devices. Over the past

decade, extensive efforts have been made in the development of poly(DL-lactic

acid), poly(L-lactic acid) and poly(lactide-co-glycolide) copolymer microsphere

CRS. PuraSorb1PLG is a semicrystalline bioabsorbable co-polymer of L-lactide

and glycolide with a monomer ratio of 80L:20G (Tiainen et al. 2002; FDA 2008c).

A co-polymer containing 90% glycolic acid and 10% L-lactic acid was initially used

for the development of the multifilament suture Vicryl1. A modified version of the

suture, Vicryl Rapid1, which is an irradiated version of Vicryl1 to increase the rate

of degradation, is currently in the market. Panacryl1 is another suture from the

co-polymer with a higher lactic acid:glycolic acid ratio in order to decrease the rate

of degradation (Field and Stanley 2004).

Microparticles prepared using PLGA are smaller than 10 mm in diameter and are

therefore available for uptake by leukocytes, monocytes, macrophages, and other

cells of the reticular endothelium system (RES), i.e., liver, spleen, etc. APIs are

entrapped into microparticles and nanoparticles by various methods. Efforts have

been directed towards understanding plasma protein adsorption of nanoparticles

which may facilitate or inhibit phagocytosis by cells of the RES (Bergsma et al.

1993).

2.3.2 PEG Polymers

Poly(ethylene glycol) (PEG) is a linear polyether and is synthesized by an ani-

onic ring opening polymerization of ethylene oxide initiated by nucleophilic attack

of a hydroxide ion on the epoxide ring (Table 1). Polyethylene glycol monomethyl
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ether (mPEG-OH)-PEGs are now available in many forms including bis functional

derivatives (Fig. 9). The polymer is soluble in both aqueous as well as organic

solvents, and is therefore the most preferred candidate in prodrug conjugates. The

beginning of PEG chemistry was in 1977 with the findings of Abuchowski, who is

considered “the father of PEGylation,” and colleagues (Abuchowski et al. 1997).

They later foresaw the potential of the conjugation of PEG to proteins and small

molecules. Abuchowski founded a company, Enzon Inc., which brought three

PEGylated drugs to market (the first one contained PEGylated adenosine deami-

nase). Over the past 20 years the area of PEGylated proteins has expanded dramati-

cally. Higher molecular weight PEGs (Mw>20,000, especially 40,000) result in

increased plasma residence time (Duncan 2003). The systemic toxicity of an

anticancer drug can be reduced by tumor-specific targeting of PEGylated conju-

gates (Minko et al. 2007), and PEGylated adenosine deaminase (Adagen1, Enzon,

Bridgewater, NJ) and L-asparaginase (Oncaspar1, Medac, Wedel, Germany) were

introduced into the market in the early 1990s. Moreover PEGylated interferon a and

G-CSF are approved drugs and PEG-camptothecin (Prothecan) has been subjected

to clinical phase II testing (Duncan 2003).

2.3.3 Dextran

Dextrans are natural macromolecules and consist of linear units with covalently

linked (1!60) glycopyranose which are branched at a-(1!40) position (Fig. 10).

The polyglucose biopolymer is characterized by a-(1!6) linkage with hydroxy-

lated cyclohexyl units and is generally produced by enzymes from certain strains of

Leuconostoc or Streptococcus. Dextran contains multiple hydroxyl groups for

bioconjugation, and is available in different molecular weight ranges.

Dextran has the most compact structure of all polymers, and is another ideal

candidate for prodrug formation due to the following properties: water soluble,

nontoxic, highly stable glycosidic bonds.

Dextran is FDA-approved as a plasma expander; it is also being investigated as a

carrier for the passive targeting of tumors and inflamed areas according to an EPR

effect. A methylprednisolone prodrug has been prepared by dextran conjugation

using succinic acid as a spacer (Mehvar et al. 2000) and dextran-conjugated gluco-

corticoids have been evaluated for colon-specific delivery (McLeod et al. 1993).

2.3.4 HPMA Copolymers

N-(2-Hydroxypropyl)methacrylamide (HPMA) homopolymer was designed in the

1980s as a plasma expander (Kopecek and Bazilova 1973). The hydrophilic HPMA

H3C
O

O
OH

n

Fig. 9 Chemical structure of

mPEG
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copolymers increase water solubility of APIs and have proven to be biocompatible,

non-immunogenic, and nontoxic (Rihova et al. 1989; David et al. 2002). HPMA

distribution in the body is well characterized. It has shown great potential as a

carrier for targeted delivery of, e.g., antisense oligonucleotides and the controlled

release of small molecules (Wang et al. 1998).

The HPMA–doxorubicin conjugates (Fig. 11) were less toxic than the free drug

and could accumulate inside solid tumors. The conjugates were synthesized as

follows: for subsequent conjugation with a modified antibody, pyridyldisulfanyl

groups were incorporated into poly(HPMA) hydrazide using N-succinimidyl 3-(2-

pyridyldisulfanyl) propanoate. Then the anticancer drug was covalently linked to

the remaining hydrazide groups via an acid-labile hydrazone bond (Ulbrich et al.

2003). Finally, human immunoglobulin G was modified with 2-iminothiolane by

conjugating it to the HPMA polymer through substituting the 2-pyridylsulfanyl

groups of the polymer with –SH groups of the antibody.

2.3.5 Poly(anhydrides)

Poly(anhydrides) (Table 1) have been specifically designed and developed for drug

delivery applications. These polymers are aromatic poly(anhydrides) based on

monomers of p-(carboxyphenoxy)propane and p-(carboxyphenoxy)hexane as well
as aliphatic poly(anhydrides) based on sebacic acid (Uhrich et al. 1999). Poly

(anhydrides) are prepared by melt-condensation polymerization, dicarboxylic acid

as a starting material, and a prepolymer of a mixed anhydride formed with acetic

anhydride (Uhrich et al. 1999).

Poly(anhydrides) undergo hydrolytic degradation forming water-soluble degra-

dation products which dissolve in an aqueous environment. They also undergo

surface erosion due to the high water lability of the anhydride bonds on the surface
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Fig. 10 Chemical structure of

dextran
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and the hydrophobicity which prevents water penetration into the bulk (Langer and

Chasin 1990; Lee and Chu 2008). Due to matrix degradation and erosion, the

polymers have been widely used for the incorporation of small molecules and

proteins, such as insulin, enzymes, and growth factors (Chasin et al. 1990). An

intracranial device of sebacic acid/p-(carboxyphenoxy)propane copolymer

improves the therapeutic efficacy of a nitrosourea antitumor agent in patients

suffering from lethal brain cancer (Brem et al. 1995). Poly(anhydrides) possess

satisfactory biocompatibility (Laurencin et al. 1990).

2.4 Current Developments: Dendritic Polymers

In the early 1980s, polymer science research introduced versatile nanosized den-

dritic polymers, e.g., dendrimers and hyperbranched polymers. The latter are highly

branched macromolecules (with 50%–75% branching) with polydispersity index

(PDI) typically in the range of 1.5–2.0, but possess a defined chemical structure.

Dendrimers, which are named after the Greek word “dendron” for tree, can be
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duce the pyridyldisulfanyl groups and for subsequent conjugation with modified antibody (Ab)

(modified from Ulbrich et al., 2003)
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chemically designed and synthesized to possess precise structural characteristics

(Newcome et al. 1994; Tomalia and Fréchet 2005). These versatile polymers are

synthesized from monomeric units with new branches being added in steps until a

uniform tree-like structure is formed.

Dendritic polymers are interesting drug delivery carriers because they are

nanosized, chemically defined and multifunctional (Tajarobi et al. 2001; Lee

et al. 2005; Majoros et al. 2005).

Dendrimers (Fig. 12) are unique nanosystems because of their monodispersity

(PDI ~1.0), nanometer dimension (1–10 nm), low viscosity, multiple functionality

at the terminal groups, high solubility, and biocompatibility. Various reports are

available in the literature for dendritic conjugation to active agents including

methotrexate, camptothecin, and paclitaxel. Additionally, folate residues, antibo-

dies and hormones can be attached on the surface of dendrimers for potential tumor

cell specificity and targetability (Stiribara et al. 2002; Haag and Kratz 2006; Zhou

et al. 2006).

Fig. 12 PAMAM dendrimer (generation 4) used in biological applications
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Dendritic polyglycerols are aliphatic polyethers and possess multiple functional

hydroxyl end groups (Fig. 13). They can either be prepared as perfect dendrimer by

stepwise synthesis (Haag et al. 2000) or as hyperbranched polymers in kilogram

scale (Sunder et al. 1999). Since dendritic polyglycerols are synthesized in a

controlled manner to obtain definite molecular weight and narrow molecular

polydispersity (~1.7) (Sunder et al. 2000), they have been evaluated for a variety

of biomedical applications as delivery vehicles for nonpolar APIs (Türk et al. 2007;

Quadir et al. 2008), heparin analogs (Türk et al. 2004), and multivalent selectin

ligands (Papp et al. 2008).

3 Specific Aspects of Polymers in Oral Drug Delivery

In the following section we describe specific delivery systems for oral use. For

transdermal and pulmonary application systems please refer to the chapters of Guy

and Lehr (this volume).
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Fig. 13 Dendritic polyglycerols as new highly biocompatible polymeric scaffolds for delivery

and multivalency
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A challenging aspect in CRS development is to provide prolonged zero-order

kinetics for the total drug release with no time lag or burst effect (Hamdan et al.

2008). Such release profiles can optimize the dosage frequency in drug therapy.

With oral treatment, coated pellets or particles in capsules and compressed tablets

are cost-effective; however, the advanced matrix systems, reservoir systems and

osmotic pumps systems are currently proving to be the most efficient. Moreover,

gastro-enteric-coated forms are designed to protect the API from degradation by

gastric pH and enzymes and to prevent nausea and vomiting caused by an API

irritating the gastric mucosa. Many APIs also require protective coatings to improve

patient compliance by masking unpleasant taste and odor.

It has to be noted, however, that pharmaceutical dosage forms can irritate the

gastrointestinal mucosa due to the chemical properties of the polymers in the form

of external coating.

3.1 Modified Release Dosage Forms

Imparting the rate and/or site of the drug release by a special formulation design

and/or manufacturing method, modified release dosage forms include extended-

release, delayed-release, and pulsatile-release. These can be single-unit (e.g., tablet)

or multiple-unit (coated pellets or particles in capsules) systems. The latter are more

favored because of predictable gastric emptying, no risk of dose dumping, and

superior and less variable bioavailability (Roy and Shahiwala 2009).

Extended-release dosage forms allow at least a two-fold reduction in dosing

frequency compared to conventional dosage forms administered by the same route.

Delayed release formulations deliver the loaded API after a lag time, i.e., a period

of “no drug release.” This type can be used for drug delivery to the colon (Chourasia

and Jain 2003), e.g., in the local treatment of colitis ulcerosa and Crohn’s disease.

Delivering the anti-inflammatory and immunosuppressive agents to the lesional

area of the gut enhances efficacy and reduces systemic side-effects. Currently,

colonic drug delivery is gaining interest as one of the most important forms of

targeted drug delivery.

Pulsatile drug delivery systems (PDDS) are modified-release dosage forms with

sequential API release (Haus 2007; Gazzaniga et al. 2008). Pulsatile release

formulations can also adjust API plasma levels to clinical needs, delivering a single

dose after a programed lag phase, e.g. to suppress asthma attacks in the early

morning. Due to circadian fluctuations pulse therapy may also improve testoster-

one, glucocorticoid, and antihistamine treatment (Dittigen et al. 2000). Thus,

delivering drugs in a pulsatile fashion for certain clinical conditions should be

highly beneficial.

Gastro-retentive (GR) delivery systems delaying API delivery to the gut are ideal
for APIs that are only absorbed in limited areas of the small intestine and thus have

a very limited “window of absorption,” e.g., due to saturable uptake mechanism.
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3.2 Gastro-enteric Coatings

Advantages of enteric coating polymers are good storage stability of the API, pH-

dependent drug release, protection of actives sensitive to gastric fluid and

subsequent increase in drug effectiveness, and protection of gastric mucosa from

aggressive actives. Gastrointestinal and colon targeting are possible. Table 3 sum-

marizes drug delivery sites for absorption of actives at pH 5.5–7.0 referring to

Eudragit polymers.

Prozac WeeklyTM capsules (Eli Lilly, Bad Homburg, Germany), a delayed-

release formulation, contain enteric-coated pellets of fluoxetine hydrochloride

(90 mg fluoxetine). Bioavailability following a single 40 mg oral dose achieves

peak plasma concentration of fluoxetine 15–55 ng mL�1 after 6–8 h (FDA 2006a).

3.3 Matrix Systems

Matrix systems, as the most common controlled delivery system, are tablets and

granules. The system is preferred because of its effectiveness as well as ease of

manufacturing and thus low cost. It is typically formulated into a once-daily dosage

form which contains homogeneously dissolved or dispersed API (Boldhane 2008).

A solidifying matrix dissolvable or dispersible in solvents allows for a controlled

release. This applies also to APIs with high aqueous solubility that need to be

applied in higher doses. With conventional delivery systems, these agents become

almost instantaneously available and toxic plasma levels early after intake are soon

followed by sub-therapeutic ones, given that the API is eliminated rapidly from the

organism (Fig. 1). In contrast, matrix systems can maintain constant plasma levels

(Mura et al. 2003). Importantly, matrix systems can also be formulated to avoid

interactions of API and food components and the advanced systems can be taken

irrespective of the meal pattern.

Delayed release is achievable by the use of an erodible monolith, which delivers

the actives in the lower gastrointestinal tract (FDA 2006b). Controlled release
becomes possible by swelling and eroding of the monolith, and then the API is

continuously released throughout the gastrointestinal tract.

Table 3 Drug delivery sites in gastrointestinal tract, polymer grades

Drug delivery site Polymer dissolution at pH Eudragit1, grade and form

Duodenum Above pH 5.5 L30 (powder)

D-55 (30% aqueous dispersion)

Jejunum Above pH 6.0 L100 L (powder)

S12,5 (12.5% organic solution)

Ileum Above pH 7.0 S100 (powder)

S12,5 (12.5% organic solution)

FS30D (30% aqueous dispersion)

Colon delivery Above pH 7.0 FS30D (30% aqueous dispersion)
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Multilayered matrix tablets are developed which can provide multiple release

kinetics of a single API or a combination of two (or more) APIs having identical or

different physicochemical properties (Boldhane 2008). Burst release by immediate

disintegrating of monolith layer delivers the loading dose required to achieve active

plasma concentration. Then a second layer slowly releases the API at a controlled

rate as described above. By physical separation a physical/chemical barrier can also

avoid the incompatibility between two actives, the excipients and active-excipients

interactions. A well-known example of such an interaction is the Millard reaction

that occurs during tablet compression.

With the commercially available multiple layer matrix system Cipro XR1

(500–1,000 mg daily; Bayer Pharmaceuticals, Leverkusen, Germany) extended cip-

rofloxacin release from the tablets becomes possible by a barrier layer which separates

the core and the dissolutionmedium. Approximately 35% of the dose is present within

an immediate-release component, while the remaining 65% is embedded in a slow-

release matrix. In the case of Cipro XR, maximum plasma ciprofloxacin concentra-

tions are attained between 1 and 4 h after dosing, bioavailability is close to availability

following ciprofloxacin immediate release when applying identical doses (FDA

2004).

Multilayered matrix tablets can also be used to generate repeat-action products.

One layer of the tablet or the outer layer of the compressed coated tablet provides

the initial dose by rapid disintegration in the stomach. The inner tablet is formulated

with components that are insoluble in gastric media but release API in the intestinal

environment. The release profile can be further improved by a degradable barrier

layer, a commercially available multilayered matrix system is PAXIL CR1 (Glaxo-

SmithKline, München, Germany) containing the psychotropic agent paroxetine

hydrochloride.

3.4 Reservoir Systems

With matrix systems, an unwanted burst effect which leads to higher initial drug

delivery and reduction of the effective lifetime of the device may not be eliminated

with all APIs, necessitating more advanced systems. In polymeric reservoir systems

offering a defined resistance to drug diffusion from the reservoir to sink (Colombo

et al. 2000), the driving force is the concentration gradient of the API molecules

between the reservoir and sink. Such systems are capable of presenting a linear

release pattern. A reservoir tablet system consists of a semi-permeable barrier

which is involved in API release from a core site within the tablet. Commonly

used methods include coating of tablets or multiparticulates, microencapsulation of

drug particles, and press coating of tablets.

There are several advantages and disadvantages associated with reservoir sys-

tems. The advantages include linear release of the API which is independent of the

solubility of the active agent in the medium as well as pH level and ion strength of

the medium. The disadvantages include the complex manufacturing process, rapid
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transit of drug levels from the reservoir, low capacity for drug loading and eventual

incomplete release of the actives. Complexity of design, manufacturing processes,

and the need for specialized equipment may all result in an unbalanced cost–benefit

ratio for these systems.

3.5 Osmotic Pump Systems

Osmotic pump systems consist of a tablet sealed by a semi-permeable membrane

with an orifice. The elementary osmotic pump generally has a single-layer core

containing the API (typically water-soluble) enclosed in a semi-permeable mem-

brane with one or more laser-drilled orifices. This is the one-chamber elementary

osmotic pump system.

In the gastrointestinal tract, water is drawn in through the membrane at a

controlled rate, gradually dissolving the active ingredient. By the increased pres-

sure, the resulting API solution flows out through the orifice at the same rate that

water is flowing in through the membrane. Examples of products utilizing this

system are Acutrim (phenylpropanolamine hydrochloride, Norvartis, Nürnberg,

Germany), Efidac (pseudoephedrine hydrochloride, Hogil, White Plains, NY,

USA), and Volmax (albuterol sulfate, Merck, Darmstadt, Germany; Santus and

Baker 1995).

There is also a second type of osmotic pump systems, the two-chamber osmotic
pump system, also called the push and pull system, which is typically used when the
API has limited aqueous solubility. In this system, the semi-permeable membrane

encloses a two-layer core, one layer containing the active ingredient and the second

layer containing a water-swellable osmotic agent (Fig. 14). As water flows into the

core through the rate-controlling membrane, the osmotic agent expands which

causes the dissolved API to be pushed out through the laser-drilled orifice(s).

Examples of products utilizing the push–pull system are Procardia XL (nifedipine,

Pfizer, Berlin, Germany) and Minipress XL (prazosin hydrochloride, Pfizer, Berlin,

Germany).

The weight of the semi-permeable membrane (increased membrane thickness, as

measured by weight) slows release rate of the API. According to the FDA, it is

important for an applicant developing a gastrointestinal tract dosage form to

determine and carefully control the weight of the semi-permeable membrane during

the coating operation. This consideration is important in preapproval inspections

(FDA 2008a).

Amongst various pulsatile delivery systems, single-unit pulsatile systems are

popular and consist of sub-classes:

l Capsule-based systems (Pulsincap1, Scherer International Corporation,

Michigan, US),
l Osmotic systems (Port1 System, Therapeutic System Research Laboratory, Ann

Arbor, Michigan),
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l Delivery systems with soluble or erodible membranes (chronotropic) consisting

of a core containing drug reservoir coated by a hydrophilic polymer (e.g.,

HPMC), and
l Reservoir systems with a rupturable coating (e.g., soft gelatin or HPMC).

The length of a swellable hydrogel plug and its point of insertion into the capsule

controls the lag time of the Pulsincap1 system. Making contact with the dissolution

fluid, the hydrogel (e.g., HPMC, PMMA, PVA, PEO) swells and the plug sealing

the drug content within the capsule is pushed outside, rapidly releasing the API. The

length of the plug and its point of insertion into the capsule controls the lag phase

(Arora et al. 2006). Pulsincap1 is reported to be well tolerated in human volunteers

(Takada 1997; Hebden et al. 1999; Ross et al. 2000).

The osmotic Port1 system consists of a capsule coated with a semipermeable

membrane. The capsule contains a plug of insoluble yet osmotically active com-

pound and the API. Water entry via the semipermeable membrane increases the

pressure within the capsule and after a lag time the plug is expelled. The Port1

system is set up for methylphenidate dosing in children with attention deficit

hyperactivity syndrome to avoid a second dosing during daytime. Alternatively,

pulsatile methylphenidate release (three pulses) becomes possible from dosage

units forming tablets. Coating is based on erodible polymers (Arora et al. 2006).

Pulsys1 (MiddleBrook Pharmaceuticals, former Advancis Pharmaceutical

Corp.) is a once-a-day delivery system delivering three regular pulses of amoxicil-

lin for an optimal bactericidal effect. Preclinical studies have demonstrated its

superior efficacy (Arora et al. 2006; Roy and Shahiwala 2009); publication of

results of comparative clinical testing in relation to standard therapy is to be

awaited. The product is commercially available (MoxatagTM tablet).

The most reliable gastric emptying is possible with pellet formulations as these

are distributed freely in the gastrointestinal tract. The pellets are coated with

rupturable polymers or polymers changing permeability. In the latter approach,

used for diltiazem delivery, delivery rates are controlled by the thickness of the

coating. Thickness of the membranes also controls drug delivery rate with ruptur-

able polymers (Arora et al. 2006; Roy and Shahiwala 2009). A controlled and

Push layer

Orifice

Drug layer

Semipermeable layer with
plasticizer Orifice

Expanded push layer

Water imbibing

Drug release

Fig. 14 Multilayered matrix push layered tablets consisting of polymeric plasticizers
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extended release formulation of verapamil hydrochloride and propranolol hydro-

chloride is presently marketed; release rate is independent of pH, food and gastro-

intestinal motility (Innopran1 XL tablet, MiddleBrook Pharmaceuticals, Inc.).
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Abstract The uptake of drugs is often limited by the short contact time between the

formulation and the absorption membrane and by a fast washout. Using mucoad-

hesive polymers, however, the residence time of the dosage form on the mucosa can

be significantly increased.

In this chapter the composition of the mucus, the different mucoadhesion

theories and binding types between mucus and mucoadhesives, mucoadhesion
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tests and factors influencing mucoadhesion are introduced. Various mucoadhesive

polymers are also described and an overview of various mucoadhesive delivery

systems is provided.

Keywords Mucus � Mucoadhesion � Mucoadhesion tests � Mucoadhesive

polymers � Mucoadhesive delivery systems

1 Introduction

Drug absorption is often limited by the residence time of the drug at the site of

absorption. In ocular delivery, for example, a drug solution is cleared by the

lacrimal fluid within a few minutes after application. Therefore mucoadhesion is

an important strategy in order to prolong the mucosal residence time of drug

delivery systems. Both systemic and local delivery can be optimized with mucoad-

hesive dosage forms by retaining in intimate contact with the absorption site or the

site of action, which results in high local drug concentrations and a high flux

through the absorbing tissue. Moreover the mucoadhesive material itself can also

be a therapeutic agent for tissue protection (e.g., gastric ulcers) or lubrication (in the

eye or vagina).

2 Mucoadhesion

In pharmaceutical sciences mucoadhesion is defined as the state in which a material

and mucus or a mucous membrane are held together for elongated times by

interfacial forces (Gu et al. 1988).

2.1 Mucus

In several body cavities the single-layered (e.g., stomach, intestine, bronchi) or

multi-layered (e.g., vagina and cornea) epithelia are moistured by the presence of a

mucus gel layer. Single-layered epithelia contain goblet cells which secrete mucus

onto the epithelial surface whereas multi-layered epithelia contain specialized

glands such as salivary glands that secrete mucus onto the epithelial surface. The

mucus gel consists of mucin glycoproteins, lipids, inorganic salts and up to 83%

water. The mucin glycoproteins are the most important component for the structure,

as their cysteine-rich subdomains can form intra- and/or intermolecular disulfide

bonds. Because of the presence of sialic acid and sulfate, the mucus is negatively

charged. The mucus layer is continuously released but also continuously eroded by
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enzymatic and mechanical challenges on the luminal surface. The thickness of this

mucus layer differs widely between the various mucosal surfaces from less than

1 mm in the oral cavity (Sonju et al. 1974) to as much as 450 mm in the stomach

(Allen et al. 1990).

The mucus has different functions which are more or less developed at the

different body sites. First of all it is a diffusion barrier for xenobiotics, especially

for drugs. It also protects the mucosa in the stomach from the hydrochloric acid of

the lumen. Finally, as with all the organs, the mucus keeps the mucosal membrane

moist.

2.2 Mucoadhesion Theories and Binding Types

So far, many attempts have been undertaken to explain the phenomenon of

mucoadhesion. As many parameters have an impact on mucoadhesion as described

in detail below, various theories of adhesion were suggested but no generally

accepted theory was proposed. However, two basic steps are generally accepted.

In step I, the contact stage, an intimate contact between the mucoadhesive and the

mucus gel layer is formed. In step II, the consolidation stage, the adhesive joint is

strengthened and consolidated, providing a prolonged adhesion (Wu 1982).

2.2.1 Chemical Bonds

Bonds between the mucus and mucoadhesive molecules can be formed in different

ways (arranged with decreasing strength below):

1. Covalent bonds like disulfide bonds between thiomers and cysteine-rich sub-

domains of the mucus layer

2. Ionic bonds such as the interaction between cationic polymers and sialic acid

moieties of the mucus

3. Hydrogen bonds occuring in presence of hydrophilic functional groups (e.g.,

hydroxylic, carboxylic or amino groups)

4. van der Waals bonds between dipoles

5. Hydrophobic bonds based on non-polar groups in an aqueous solution.

2.2.2 Theories of Adhesion

Several theories describe the fundamental mechanisms of adhesion (Ahuja et al.

1997 and Smart 2005).

The electronic theory proposes the formation of an electrical double layer at the

interface due to electron transfer upon contact of adhering surfaces with differences

in their electronical structure.
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The adsorption theory suggests the attachment of adhesives due to covalent

bonds and/or hydrogen bonds and van der Waals forces.

The wetting theory is primarily used for liquid systems. It regards the ability of a

liquid to spread over a mucosal surface and calculates the contact angle and the

energy to separate the two phases.

According to the diffusion or interpenetration theory mucoadhesive agents

interpenetrate to sufficient depth with mucus glycoproteins which leads to a strong

semi-permanent adhesive bond. The depth to which the polymer chains penetrate

depends on the diffusion coefficient and the time of contact. The chain flexibility is

a crucial parameter favoring a polymeric interpenetration.

In the fracture theory the forces required for the detachment of the two involved

surfaces after adhesion are described. Normally, however, detachment does not

occur at the interface but typically at the weakest point which is the cohesiveness of

one of the compounds.

The mechanical theory suggests an interlocking of a liquid adhesive into irre-

gularities on a rough surface.

The mucus dehydration theory assumes that a dehydration of a mucus gel layer

increases its cohesive property and promotes the retention of an adhesive system.

It is also possible that glycoproteins of the mucus are carried with the water into the

mucoadhesive polymer which leads to interpenetration.

Physical entanglements of polymer chains can also explain the mucoadhesive

and cohesive qualities.

2.3 Mucoadhesion Tests

To determine the adhesive properties various in vitro methods such as visual,

tensile and rheological tests are well-established methods which are described in

detail below. Additionally spectroscopic methods can prove chain interpenetration

or formation of hydrogen bonds by 13C nuclear magnetic resonance spectroscopy

(13C-NMR) (Kerr et al. 1990) or attenuated total reflection Fourier transform

infrared (ATR-FTIR) spectroscopy (Jabbari et al. 1993). A novel method called

BIACORE1 system is based on a chip on which the tested polymer is immobilized

and through which mucin particles flow while mucoadhesion is determined based

on an optical phenomenon called surface plasmon response (SPR) (Takeuchi et al.

2005).

2.3.1 Visual Tests

The rotating cylinder (Fig. 1a) seems to be an appropriate method to evaluate both

the duration of binding to the mucosa and the cohesiveness of mucoadhesive

polymers. In detail, tablets containing the test polymer are attached to freshly

excised mucosa (e.g., porcine intestinal, buccal or nasal mucosa, bovine vaginal
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mucosa), which has been spanned on a stainless steel cylinder (apparatus 4-cylinder,

USP). Afterwards the cylinder is placed in a dissolution apparatus according to the

USP containing an artificial fluid appropriate to the mucosa used at 37�C agitated

with 125 rpm. The detachment, disintegration and/or erosion time of test tablets is

determined visually.

In the rinsed channelmethod (Fig. 1b) freshly excised mucosa is spread out on a

lop-sided channel with the mucus gel layer facing upwards and placed in a

a

b

Buffer Solution

Mucosa

Test Formulation

Artificial fluid

Rotating 
cylinder

Mucosa
Tablet

c

Tablet

TWA / MDF

Mucosa

Fig. 1 Set-ups for

mucoadhesion tests. (a)

Rotating cylinder. (b) Rinsed

channel. (c) Tensile studies

(MDF, maximum

detachment force; TWA,

total work of adhesion)
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thermostatic chamber at 37�C. After applying the test material on the mucosa, it is

flushed with an appropriate artificial fluid at a constant flow rate and the residence

time of the mucoadhesive polymer is determined visually or fluorimetrically for

fluorescence marked material (Rango Rao and Buri 1989).

2.3.2 Tensile Tests

Tensile studies (Fig. 1c) are one of the most established and used (e.g., Grabovac

et al. 2005; Mortazawi and Smart, 1993) in vitro systems for testing mucoadhesion.

Flat-faced discs of the test polymer are attached to freshly excised mucosa. After a

certain contact time between test disc and mucosa, the mucosa is pulled at a certain

rate (mm s�1) from the disc. The total work of adhesion (TWA) representing the

area under the force/distance curve and the maximum detachment force (MDF) are

determined. Tensile studies can also be carried out by hydrated polymers to

minimize the effect of adhesion by hydration (Ch’ng et al. 1985).

2.3.3 Rheological Tests

Due to the chain interpenetration of mucoadhesives with mucin macromolecules,

physical entanglements, conformational changes and chemical interactions appear

and consequently the rheological behavior changes. An evaluation of the resulting

synergistic increase in viscosity can be achieved by mixing the mucoadhesives with

mucus and measuring viscosity (Hassan and Gallo 1990) either by classical rota-

tional viscometry at a certain shear rate or by dynamic oscillatory measurements,

providing more information about the structure of the polymer�mucin network.

2.3.4 In Vivo Methods

There are few in vivo methods for evaluation of mucoadhesion. Generally the time

of adhesion of dosage forms in the body is determined by visual observation or

by g scintigraphy.

Mucoadhesive substances are administered orally and the extent of remaining

particles can be evaluated visually after a certain time. The technique can be used to

evaluate mucoadhesion on various tissues in animal studies, but is limited to the

oral cavity in humans.

In contrast, no tissue limitations seem to exist for g scintigraphic methods. The

most frequently used radionuclides for imaging studies include 99mTc, 111mIn,
113mIn and 81mKr and were already used to study the gastric emptying (Khosla and

Davis 1987) and gastrointestinal (GI) transit (Harris et al. 1990) time in humans.

Arbos et al. (2002) describe another method in which fluorescence-labeled

nanoparticles are applied to rats, which are sacrificed at certain time points.

256 J. Hombach and A. Bernkop-Schnürch



The GI tract is removed, divided into various regions and the fluorescence marker is

extracted from the different gut regions and quantified by spectrofluorimetry.

2.4 Factors Influencing Mucoadhesion

Many parameters have an impact on mucoadhesion. Both the nature of the polymer

and the nature of the environment including the mucus physiology have an influ-

ence on the extent of mucoadhesion.

2.4.1 Polymeric Factors

The optimum molecular mass for maximal mucoadhesion is dependent on the type

of polymer. In general, low-molecular mass polymers can interpenetrate more

easily, whereas entanglements are favored for high-molecular mass polymers.

Furthermore, the higher the polymer concentration, the stronger the mucoadhe-

sion for solid dosage forms (Duchene et al. 1988).

Flexibility of the polymer chains is an important feature for interpenetration and

entanglement. Cross-linked polymers show less mobility of the chains, and the chain

length which penetrates effectively into the mucus is reduced which decreases

mucoadhesion.

Also the three-dimensional structure of the polymer is relevant. Dextrans with a

helical conformation are able to shield adhesively-active groups and therefore a

much higher molecular mass is needed for the same adhesive strength as a linear

polymer.

2.4.2 Environmental Factors

pH influences both the charge of the polymer and the charge of the mucosal surface

because of the different dissociation of the functional groups of the polymeric and

amino acid backbone, respectively. The degree of hydration of a polymer is

dependent on its chemical structure and the pH as described in more detail below.

Higher pressure applied initially for contact, which can increase the depth of

interpenetration, and longer initial contact time between the delivery system and the

mucus, increase the mucoadhesive strength.

Another important characteristic are the swelling properties being typical for

each polymer but also related to the concentration and the presence of water. On the

one hand, swelling polymer chains disentangle and simplify interpenetration, but on

the other hand, excessive swelling leads to a decrease in the cohesive properties of

the polymer.
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2.4.3 Mucus Physiology

The natural mucin turnover limits the residence time of the mucoadhesives on the

mucus layer. The mucin turnover varies at different mucosal surfaces and in

different individuals. The mucus turnover in humans has been estimated to be in

the range of 12–24 h (Forstner 1978; Allen et al. 1998). Attention should also be

paid to mucus viscosity and thickness. A thicker mucus layer provides more

available groups for interactions and a deeper layer for entanglements with polymer

chains; however, high mucus viscosity makes entanglements more difficult.

Furthermore, diseases like gastric ulcers, bacterial or fungal infections or inflam-

mation can change the mucosal physicochemical properties.

3 Mucoadhesive Polymers and Derivatives

Mucoadhesive polymers can be classified according to their origin (e.g., natural –

synthetic), the type of mucosa on which they are mainly applied (e.g., ocular –

buccal), their chemical structure (e.g., cellulose derivatives – polyacrylates) or their

mechanism of binding (e.g., covalent – non-covalent). They can also be divided

according to their surface charge into anionic, cationic, non-ionic and amphiphilic

polymers, which is important for the mechanism of adhesion.

Important representatives of the different groups of polymers are listed in

Table 1.

3.1 Anionic Polymers

Mainly carbonic acid groups, and to a small extent, sulfate and sulfonate moieties,

are responsible for the adhesion of anionic polymers to the mucus gel layer.

Carboxyl groups are able to form hydrogen bonds with hydroxyl groups of the

oligosaccharide side chains on mucus proteins. A disadvantage of anionic mucoad-

hesive polymers, however, is their incompatibility with multivalent cations like Ca2+,

Mg2+ and Fe3+. In the presence of such cations, these polymers precipitate and/or

coagulate (Valenta et al. 1998) leading to a strong reduction in their adhesive

properties. Furthermore, the swelling of anionic polymers is pH dependent. The

higher the pH, the higher the swelling, which can cause a decrease in cohesive

properties of the polymer at higher pH values so the drug delivery system is not

mucoadhesive anymore.

3.2 Cationic Polymers

The strong mucoadhesion of cationic polymers is based on ionic interactions

between these polymers and anionic substructures such as sialic acid moieties of
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Table 1 Mucoadhesive polymers

Polymer Chemical Structure Notes

Alginate

H

H

H

COO
–

COO
–

O

O

H

H

H

O

OH OH

OH OH

H

H
H

H

O

Anionic

Carbomer
COOH COOH COOH

Anionic, cross-linked with

sucrose

Hyaluronic acid H
H

H

HH

OH

OH

H
H

H

H
H

O

HO

CH2OHCOOH

O

O

HN
CH3

O

OO

Anionic

Carboxymethylcellulose

sodium (NaCMC)

H OH

OH

OH

OH

H H
H

H

H
H

H
H

H

O

CH2OCH2COONa

CH2OCH2COONa
O

O

Anionic, 0.3–1.0

carboxymethyl groups per

glucose unit

Pectins
H

COOR

OH

OH

OH

OH

H

H

H

H

O
H

COOH

O

O

H

H

H

H
O

Anionic, R = OH or methyl

Polycarbophil
COOH COOH COOH

Anionic, cross-linked with

divinylglycol

Chitosan O

O

OH H
H

H
H

H

O

OH H
H

H
H

H

O

CH2OH

CH2OH

NH2

NH2

Cationic, primary amino

groups can be acetylated

to some extent

Polylysine

NH2NH2NH2

NH

O
O

NH

O

NH
Cationic

Hydroxypropyl-cellulose
OR

OR

OR

OR

CH2OR

CH2OR

O

H

H
H

H

O

O

H
O

H

H
H

H
H

Non-ionic, R = H or

hydroxypropyl

Hydroxypropyl-

methylcellulose

Non-ionic, R = H or methoxy

or hydroxypropyl

(continued)
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the mucus gel layer. Chitosan, for instance, is the most important representative of

this group, because it also displays permeation enhancing properties (Artursson

et al. 1994; Lueßen et al. 1997) and large amounts are available for a cheap price. In

contrast to anionic polymers their swelling is improved at lower pH values.

3.3 Non-Ionic Polymers

In general, non-ionic polymers are less adhesive than both anionic and cationic

polymers. Their adhesion is caused by the interpenetration of the polymer and

afterwards the entanglement of the polymer chains. Mucoadhesion of non-ionic

polymers, however, is neither pH dependent nor influenced by electrolytes.

3.4 Amphiphilic Polymers

Amphiphilic polymers display both anionic and cationic substructures. Therefore

mucoadhesion is caused by the formation of hydrogen bonds of carboxylic acid

moieties and by ionic interactions with negatively-charged mucosal surfaces. Yet

the combination of both properties leads to reduced mucoadhesive properties as

compared to the single-charged polymers (Lueßen et al. 1996). On the other hand

the cohesiveness of a delivery system can be strongly improved as cationic and

anionic moieties within the polymer are stabilized by ionic interactions.

3.5 Polymer Derivatives

A new generation of mucoadhesive polymers are thiolated polymers or so-called

thiomers representing polymers to which thiol-bearing side chains are attached

Table 1 (continued)

Polymer Chemical Structure Notes

Poly(ethylene oxide)
HO

OH
O Non-ionic

Poly(vinyl alcohol)
OHOHOH

Non-ionic

Poly(vinyl pyrrolidone) N
ON

O
Non-ionic
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(Bernkop-Schnürch et al. 1999). These novel polymers are supposed to form

covalent disulfide bonds with cysteine-rich subdomains of mucus glycoproteins

based on thiol/disulfide exchange reactions and/or an oxidation process. Due to the

covalent attachment to the mucus the mucoadhesive properties are strongly

improved whereas the polymer still also exhibits cohesive properties.

4 Drug Delivery Systems

4.1 Nasal

The nose is not only a region for local drug delivery but also for systemic drug

delivery. Advantages of nasal drug delivery are the large surface area of the nose

and the thin, porous, highly vascularized nasal epithelium which ensures high

absorption and rapid transport of the absorbed substances directly into the systemic

blood circulation avoiding drug metabolism in the liver. If drugs are absorbed in the

olfactory region they will be absorbed directly into the central nervous system

bypassing the tight blood�brain barrier. Furthermore the enzymatic activity of the

epithelium is lower than the one of the GI tract and therefore higher bioavailabilities

of active pharmaceutical ingredients (API) such as peptides and proteins can be

achieved. Nasal delivery, however, also has certain limitations. Only a restricted

amount can be administered intranasally as large volumes will disturb the normal

function of the nose. Besides hydrophilic drugs, large molecules are not absorbed

sufficiently. Moreover a daily production of approximately 1.5–2 L of nasal mucus

and cilia beat with a frequency of 20 Hz result in a fast mucociliary clearance of

6 mm min�1 (Proctor 1977). A mucoadhesive formulation is required to stay

localized in the nasal cavity for an extended time period and increase absorption

which otherwise would not occur. This has already been tested with various

polymers and APIs such as antibiotics and proteins by several research groups

(Ugwoke et al. 2005). Some mucoadhesive polymers such as chitosan and poly-

acrylic acids also increase epithelial permeability and show enzyme inhibitory

activities (Dyer et al. 2002; Lueßen et al. 1994).

4.2 Buccal

Buccal drug delivery can have two different therapeutic aims: either local therapy

of the oral mucosa (e.g., antimycotics, antiviral agents, local anesthetics or

corticosteroids) or systemic therapy (e.g., proteins, peptides or oligonucleotides).

The buccal mucosa has a number of advantages in comparison with other routes

of drug administration. It has a rich blood supply that flows directly into the

jugular vein and thereby is sparing the drug from first-pass metabolism of the

liver and degradation in the GI tract by enzymes (Park and Robinson 1985).
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An alternative to conventional dosage forms such as oral gels, oral liquids or

lozenges are patch systems. For successful buccal patch delivery systems there is

a need for a bioadhesive to retain the drug in the oral cavity and prolong the

contact with the mucosa, a vehicle to release the APIs appropriately under

the conditions in the mouth, and a strategy to overcome the low permeability of

the buccal mucosa. Additionally it is often coated by a water impermeable

backing layer to prevent drug release and drug loss in the saliva (when required)

and for patient convenience. A schematic example for a patch system is shown in

Fig. 2.

4.3 Vaginal

Besides locally acting drugs such as antifungal, antibacterial, antiviral and anti-

inflammatory agents, estrogens and spermicides, the vagina also provides a

promising site for systemic drug delivery because of its rich blood supply and the

large surface area (Vermani and Garg 2000). Besides avoiding the hepatic first-pass

metabolism and a reduction in GI and hepatic side-effects, a good permeability to a

wide range of compounds including peptides and proteins has been shown

(Muranishi et al. 1993) and makes the vaginal route an alternative to the parenteral

route for drugs such as bromocriptine, oxytocin, calcitonin, human growth hormone

and steroids used for replacement therapy or contraception. However, despite all

these advantages, the vaginal route for systemic drug delivery is gender specific, and

the epithelial thickness, the vaginal fluid and the cervical mucus (volume, viscosity,

pH) vary a lot as they are dependant on age, hormones and the menstrual cycle.

More limitations of currently available vaginal delivery systems are leakage and a

low residence time which cause poor patient compliance. Robinson and Bologna

(1994) overcame this with a mucoadhesive gel based on polycarbophil, that is

reported to remain in the vaginal cavity for 3–4 days and is a vehicle for delivery

of progesterone or nonoxynol-9, for example.

4.4 Ocular

The ocular bioavailability of conventional ophthalmic formulations such as aque-

ous solutions and ointments is normally in the range of 2%–10%. The major

Water-impermeable backing layer

API layer without mucoadhesive

Mucoadhesive layer (without API)

Fig. 2 Example of a patch system for buccal drug delivery
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problem of ocular drug delivery is the small area for penetration, the presence of the

lipophilic corneal epithelium as an absorption barrier, and the short contact time.

The contact time is reduced by the drainage of instilled solutions, lacrimation, tear

turnover, tear evaporation, biotransformation and protein binding of some APIs

(Lee and Robinson 1986). From a 50 ml drop applied to the eye approximately

20–30 ml is lost from overflow and another 2 ml per blink is lost continuously

(Maurice and Mishima 1984). Therefore only a low amount of API is available

for absorption for only a few seconds. Goblet cells on the conjunctival surface

secrete mucin which is spread over the surface of the eye by blinking. Mucoadhe-

sive polymers, as drug carrier systems, can interact with the mucus and prolong the

residence time of the medication and thus increase their bioavailability. Mengi and

Deshpande (1992), for example, compared poly(acrylic acid) (PAA) (Carbopol

940) and poloxamer hydrogels with eye drops as a delivery system for flurbiprofen

in rabbits. However, both gel formulations showed a sustained action and the

superior results of the PAA vehicles were assumed by the authors to be due to

mucoadhesion. Recently Mansour et al. (2008) developed poloxamer-based in situ

gelling formulations of ciprofloxacin hydrochloride which showed controlled

release, mucoadhesive properties due to the addition of hydroxypropylmethyl

cellulose (HPMC) or hydroxyethyl cellulose (HEC) and improved ocular bioavail-

ability compared with conventional marketed eye drops.

4.5 Oral

APIs and their delivery systems show a high variation in the length of stay in the GI

tract due to state-of-feeding and intestinal motility. Intimate contact of a delivery

system with the mucosa increases the residence time and therefore higher local drug

concentrations improve topical therapy and enhance absorption.

The first segment of the GI tract is the esophagus which lacks surface mucus.

Consequently, adhesion appears directly on the epithelium. Bioadhesion to the

esophagus occurs commonly when dosage forms are taken in a supine position or

without or only with a small amount of water. For esophageal cancer, fungal

infections, motility disfunction or gastroesophageal disease, for example, an appli-

cation of a bioadhesive formulation for local drug delivery can increase the contact

time with the epithelium. Alginate demonstrates a high retention time on porcine

esophageal tissue, being a potential drug delivery vehicle and providing a barrier to

protect the underlaying epithelium from gastric reflux (Batchelor et al. 2004).

Several gastric mucoadhesive systems such as tablets, granules, pellets and

particles demonstrated increased retention time in the stomach of rats and dogs

(Preda and Leucuta 2003; Hosny and Al-Meshal 1994).

The small intestine is the site of absorption for many drugs. However, high

motility activity, relatively short transit time, mucus turnover, and degradation by

enzymes all limit drug absorption. Mucoadhesive polymers can lead to a closer and

longer contact with the absorbing membrane and therefore increase the absorption.
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When adhesive and non-adhesive microspheres containing furosemide were admi-

nistered to humans, higher furosemide plasma concentrations and an increased

absorption were found with adhesive microspheres compared to non-adhesive

microspheres (Fig. 3) (Akiyama et al. 1998).

Colonic mucoadhesion may be more successful than gastric or small intestinal

due to a thicker mucus layer, lower disruptive colonic motility and a lower mucus

turnover rate. Varum et al. (2008) provide an overview about various colon

mucoadhesion studies in animals.

5 Conclusion

The advantages of mucoadhesive drug delivery systems are enormous. Mucoadhe-

sive polymers can prolong the residence time and intimate the contact of the dosage

form on the mucosa. The development of multifunctional polymers which also

exhibit enzyme-inhibiting, permeation-enhancing and controlled release properties

make them interesting for both local and systemic delivery. Although there are

already numerous formulations based on mucoadhesive polymers on the market,

the number of delivery systems making use of these advantages will certainly

increase in future.
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Abstract This chapter describes the development of new intrauterine drug delivery

products, which are designed to provide improved methods for the prevention and

treatment of gynaecological conditions, improvements to birth control methods,

and higher levels of safety, user acceptability, compliance, and quality of life for

women. The development of frameless intrauterine systems is such an attempt to

improve on the performance and acceptability of established intrauterine contra-

ception, potentially solving major problems encountered with conventional IUDs

(e.g., expulsion, abnormal or excessive bleeding, and pain). However, the perfor-

mance of frameless devices depends on proper anchoring of the device, which

requires specific technical skills not required for the insertion of conventional IUDs.

Moreover, current research paves the way for new developments. The frameless

copper and LNG-releasing IUDs/IUSs and framed LNG-IUS are the beginning of a

series of innovative developments in this field. New compounds, such as progester-

one antagonists and selective progesterone receptor modulators (SPRMs), could be

incorporated into polymeric drug delivery platforms for use in the uterus, cervix, or

vagina, or subdermally. It is likely that current and new hormone-releasing intra-

uterine systems could also be useful for bleed-free contraception in HIV-positive

(HIV+ women). It is hoped that this work will contribute to the increase in

worldwide use of intrauterine contraception and to non-surgical treatment of

frequently occurring women’s health problems.

Keywords Intrauterine contraception � Frameless copper IUD � Frameless

LNG-IUS � Framed LNG-IUS � GyneFix � FibroPlant � Femilis � Intrauterine

treatment

1 Introduction

On July 29, 2005, the International Agency for Cancer Research (IACR) Working

Group of the World Health Organization (WHO) concluded that combined estro-

gen–progestogen oral contraceptives (OCs) and combined estrogen–progestogen

menopausal therapy are carcinogenic to humans (Cogliano et al. 2005a, b). This

widely publicized statement is based on long-term epidemiologic research, the

results of which show a small increase in the risk of breast cancer in current and

recent OC users. The research also showed that 10 years after cessation of OC use,

the risk appears to be similar to that in never-users. The risks of cervical cancer and

hepatocellular carcinoma also increase with duration of use of combined OCs. It is
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of enormous public health importance as, worldwide 100 million women – about

10% of all women of reproductive age – currently use combined hormonal contra-

ceptives. On the other hand, however, OCs have many non-contraceptive benefits

including decrease in the risk of ovarian, endometrial and colo-rectal cancers. The

Working Group concluded that both beneficial and unwanted adverse effects other

than cancer have been established for combined hormone therapy but that a

rigorous risk/benefit analysis would be of use to put the different effects in perspec-

tive, and assess the overall consequences for public health.

Another drawback of OCs, as well as of coitus-related methods, is poor compli-

ance. The efficacy of oral contraceptive pills and barrier methods depends on their

correct and consistent use. Imperfect use of contraceptives still results in too many

unintended pregnancies. It is estimated that at least 30% of pregnancies are

unplanned (National Institute of Clinical Excellence (NICE) 2005). The typical

use-related failure rate of the Pill is 5% during the first year of use (Trussell 1998).

By contrast, the efficacy of long-acting, reversible contraceptive methods, such as

intrauterine devices (IUDs) and intrauterine systems (IUSs),1 does not depend on

daily concordance.

Given the above observations, the search for safe, effective, and convenient

contraceptives should not diminish and alternative methods that reduce women’s

risks should be actively promoted. Long-acting methods should also be developed

to maximize the effectiveness of contraception.

For contraceptive purposes, several long-acting methods have been shown to be

safe and to minimize the risk of unintended pregnancy. These include:

l Copper intrauterine devices
l Progestogen-only IUSs
l Progestogen-only injectable contraceptives
l Progestogen-only subdermal implants
l Estrogen–progestogen combined vaginal rings.

Intrauterine methods are safe alternatives to OCs. With nearly 160 million users

worldwide, the IUD is the secondmost used contraceptive method after sterilization.

In countries where the IUD is commonly used, much of its popularity stems from its

efficacy, combined with its long duration of action. Besides, a recent meta-analysis

found that copper IUD use might be associated with a decreased risk for endometrial

cancer (Beining et al. 2008). There are publications which also suggest that copper

IUDs may also have a reduced risk of developing invasive cervical cancer (Lassise

et al. 1991; Parazzini et al. 1992). Decreased risk with increased duration of copper

IUD use supports a possible protective effect of copper IUD use on the development

of invasive cervical cancer. This should be interpreted with caution, however.

Intrauterine contraception is also the most cost-effective reversible method of

contraception in use today (World Health Organization 2002). New generation,

1The term “intrauterine device” is used for copper-releasing intrauterine contraceptive methods

whilst the term “intrauterine system” stands for hormonal-releasing intrauterine methods.
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miniature copper and hormone-releasing intrauterine methods, such as those

described in this chapter, are available for convenient and effective contraception

for all women of reproductive age, including young women who do not yet have

children, and for women who need contraception while simultaneously requiring

treatment for frequently occurring gynaecologic problems, such as excessive men-

strual bleeding.

Contrel Research, a research organization located in Gent, Belgium, was estab-

lished to manage clinical research and to develop and study innovative drug

delivery technologies aimed at improving quality of life through the prevention

and treatment of gynaecologic conditions and the development of birth control

methods with high levels of safety, user acceptability, and compliance. The devel-

opment of frameless copper IUDs began in 1985. The frameless copper IUD was

approved in the European Union in 1995 and is currently marketed in Europe and

China. The frameless levonorgestrel-releasing intrauterine system, under development

since 1997, and the framed, T-shaped levonorgestrel IUSs, under development

since 2002, are currently in the final stages of clinical testing. The first LNG-IUS

(Femilis1, see below) was recently approved for marketing in Mexico.

The purpose of this chapter is to provide an overview of the clinical aspects of

these devices and systems which prevent fertilisation and implantation.2 It is

concluded that IUDs and IUSs are particularly attractive as they have the advantage

of acting predominently locally, avoiding serious adverse events. They have less

impact on menstrual pattern after the first few months. New developments in

intrauterine technology are providing smaller frameless devices. They may be

ideal for use in younger women because they are small, effective and well tolerated.

Unlike OCs, they are genuinely “fit-and-forget.” In use, they are much more

effective than the Pill in this age group. Moreover they are long acting and

reversible. So, the reward is substantial. In the current situation of soaring unin-

tended pregnancies, they should be offered more frequently as first line methods, in

combination with condoms if required.

2 Frameless Intrauterine Devices and Systems

2.1 Development of Frameless Intrauterine Devices and Systems

Uterine cavities differ considerably in size and shape, and the uterus is subject to

changes in size and volume during the menstrual cycle (Hasson 1984; Kurz 1984).

These changes are most pronounced at the time of menses. Therefore, it would be

unreasonable to expect one standard-sized IUD/IUS to fit uterine cavities that differ

in size and volume from woman to woman and from time to time in the same

woman (Fig. 1). Clinical experience has shown that incompatibility between the

2IUDs and IUSs act mostly by preventing fertilisation.
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IUD/IUS and the uterine cavity can lead to partial or total expulsion, pain, unin-

tended pregnancy, and abnormal or heavy uterine bleeding leading to removal of

the device.

The Lippes Loop, developed in the 1960s, had a high discontinuation rate due to

side effects related to its large surface area and size. Thus, it seemed logical that the

smaller TCu200, and later the TCu380A or Paragard1 (Duramed Pharmaceuticals

Inc., USA), would have better acceptability and continuation rates, thanks to their

use of copper as a potent anti-fertility agent and T-shaped design causing less

distortion of the endometrial cavity (Zipper et al. 1971).

If the width of the uterine cavity is too small, side effects and complications are

likely to occur. The crossarms of standard T-shaped IUDs are frequently too long

for a large number of uterine cavities, as the average width of most uterine cavities

is often smaller than the width of the IUD itself. When the uterine cavity is much

longer than the IUD, the device becomes partly or completely lodged in the lower

uterine isthmic segment, triggering uterine activity that may promote expulsion and

give rise to pain. The most important factor in reducing IUD side effects is the

elimination of distortion of the uterine cavity (Howard Tatum, inventor of the

T-shaped IUD).

Although incompatibility problems and the effect of the TCu380A IUD on

menstrual bleeding are significantly reduced compared to the Lippes Loop, there

is still room for improvement, due to the prevalence of bleeding, pain, and expul-

sion (Xiao 1995). It is for these reasons that frameless copper-releasing GyneFix1

IUDs and the frameless FibroPlant1 LNG-IUS were developed.

Fig. 1 Different sizes and

shapes of uterine cavities. (a)

Differences in width; (b)

Differences in length; (c)

Functional changes and

examples of incompatibility
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2.2 Frameless Copper-Releasing Intrauterine Devices

2.2.1 Description

The frameless standard IUD consists of six copper sleeves or four copper sleeves

(small version), each 5 mm long and 2.2 mm in diameter, threaded on a length of

polypropylene suture material (Figs. 2 and 3). The sleeves are prevented from

sliding off the material by crimping the upper and lower sleeves onto the thread.

The proximal end of the thread is provided with a knot, which is inserted and

anchored in place in the fundal myometrium using a specially designed inserter (see

insertion procedure below). The total, effective surface of copper, including the

inner and outer surfaces, is 330 mm2 for the standard version and 200 mm2 for the

small version. With no plastic body, this implant device is completely flexible.

It should be noted that the frameless IUDs, which consist only of copper sleeves,

differ from conventional copper IUDs, which have a copper wire wound around the

stem, in terms of their effective copper surface area. Only in the case of sleeves,

unattached to a plastic frame, is the nominal and the effective copper surface area

the same. When copper wire or copper sleeves fixed to a plastic body are used, that

part of the wire or sleeve lying against the plastic body is ineffective and should not

be calculated as a part of the effective surface area (Kosonen 1981; Wagner 1999).

The effective copper surface area is only 120 mm2 for the TCu200 IUD and

Fig. 2 (a) GyneFix1 330

IUD; (b) GyneFix1 200 IUD

Fig. 3 Histological section at

anchor site. In this case there

is no or very limited foreign

body reaction
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252 mm2 for the TCu380A IUD. The large effective copper surface area of

frameless IUD explains its high efficacy (see below).

The safety of the material and the safety of the implant system in terms of the

myometrial tissue reaction at the site of the polypropylene anchor was studied in

14 women using a scoring system devised by Sewell (Sewell et al. 1955; Coppens

et al. 1989). The interval between the insertion and hysterectomy varied from

1 day to 4 years (Fig. 2). In one-third of the specimens, there was total lack of

tissue reaction in the myometrium. In the remaining two-thirds, the reaction was

slight to moderate and the diameter of the inflammatory response in the two uteri

showing marked reaction did not exceed 1 mm. No tissue reaction was found in

two other specimens that were removed 4 years after insertion. No transplanted

endometrial tissue could be observed within the adjacent myometrium in any of

the cases studied. This study supported both the safety of the material and the

safety of the implant system.

2.2.2 Efficacy

The efficacy of the frameless standard IUD has been studied in large-scale, long-

term international multicenter randomized and nonrandomized comparative trials

in parous and nulliparous women covering 15,000 woman-years of experience.

Data from these studies show that the standard IUD is highly effective. Failures

ranged from 0.0/100 users to 2.5/100 users (cumulative rates) during the 1–9 years

of use.

Efficacy was confirmed in a randomized comparative clinical trial conducted by

WHO (1995). The failure rate was slightly lower than that seen with the TCu380A

IUD (0.4/100–3.2/100 users) and similar to that seen with the levonorgestrel-

releasing IUS (Sturridge and Guillebaud 1996). However, significantly fewer

ectopic pregnancies were observed with the frameless IUD than with the

TCu380A after 8 years of use (0.1/100 vs. 0.5/100 users, respectively, p ¼ 0.035)

in a WHO-conducted, randomized, comparative trial (Meirik et al. 2009).

Similar low failure rates were obtained in a multicenter, 3-year study conducted

with the small frameless IUD in ~400 women (Cao et al. 2004).

2.2.3 Safety and Side Effects

l Bleeding. The most common reason for discontinuing the use of copper IUDs is

increased menstrual blood loss (MBL). The magnitude of this increase in MBL

is mainly related to the size of the device. With larger types of nonmedicated

IUD, such as the Lippes Loop, monthly blood loss is about 70–80 mL, which is

approximately double that of normal menses. The amount of excess bleeding is

less (50–60 mL) with smaller copper devices, such as the copper T series

(Guillebaud et al. 1976).
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Clinical trials suggest that MBL with the frameless standard IUD is less than that

associated with the TCu380A (Andrade et al. 1987). With the frameless small

IUD, studies using the visual assessment technique, using a pictorial chart, have

shown no increase in MBL after the first few months. This has been attributed to

the very small size of the small frameless version (Wildemeersch and Rowe

2004a). The pictorial chart method does not yield an exact flow in milliliters, but

in practice, its sensitivity and specificity are reasonably high and superior to a

women’s subjective assessment of MBL. For the purpose of evaluating the effect

of treatment, the visual assessment technique is highly practical, compared with

the quantitative method, because it eliminates the need for women to submit

sanitary wear to the laboratory (Janssen et al. 1995).

Figure 4 shows the differences in size among these different IUDs. The surface

area of the GyneFix1 200 IUD is one-third of that of the TCu380A and one-

sixth of that of the Lippes Loop IUD. The reduced size of the frameless small

IUD minimizes the risk of menorrhagia and consequently of anemia. A signifi-

cant decline in hemoglobin levels already occurs in women with an average

MBL of 66 mL over 12 menstrual cycles of IUD use (Guillebaud et al. 1976). It

is probable that about 10% of women with IUDs risk secondary anemia,

especially those who bleed more than 80 mL per period. It has been suggested

that an increased risk of iron deficiency exists, even with a 40-mL blood loss

(Jacobs and Butler 1965).
l Pain. Because of the small size and flexibility of the frameless IUD, both clinical

trials and experience in clinical practice suggest that frameless IUD rarely

causes complaints of pain (Wildemeersch 2003; Dou et al. 2001; D’Souza

et al. 2003). This is promising for use in nulliparous women with a small uterine

cavity for whom standard framed IUDs are generally less suitable. With con-

ventional, framed IUDs, incompatibility between the device and the endometrial

cavity causes myometrial distension of the uterus. Depending on the degree of

incompatibility, severe cramping pain can lead to abnormal bleeding and partial

or complete expulsion of the IUD.

Fig. 4 Three generations of

IUDs (from left to right):
Lippes loop (1960),

TCu380A (1980), GyneFix

200 (2000)
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2.2.4 Insertion, Expulsion and Removal

Since the frameless IUD is a new device, developing proficiency with the insertion

procedure may require a number of insertions, depending on the skill of the

provider. Doctors, midwives, nurses, or other health care providers may insert

the GyneFix1, once they have been properly trained in family planning and have

received practical training in IUD insertion in general. Failed insertions are rare if

the insertion instructions are followed strictly.

Prior to insertion, a relevant medical history should be obtained to determine

conditions that might influence the selection of the IUD as a method of contracep-

tion. Physical examination should include a pelvic examination and, if indicated, a

“Papanicolaou” smear and appropriate tests for other forms of genital disease.

Pregnancy should be ruled out prior to insertion.

IUD providers should be aware that the popularity of the IUD could be much

improved if attention is given to pain relief during IUD insertion. If a woman is

anxious, the use of local intracervical or local/regional anesthesia should be con-

sidered. The use of misoprostol prior to fitting the IUD may also be useful to dilate

the cervical canal (Saay et al. 2007).

When the frameless IUD is inserted correctly, spontaneous expulsion occurs in

less than 1% of cases over a 5-year period. Extraction studies assessing the force

required to retrieve the anchored IUD confirm the reliability of the anchoring

concept (Batar and Wildemeersch 2004; Wildemeersch 2004). Long-term multi-

center clinical trials using the current GyneFix1 insertion instruments have shown

low expulsion rates (including failed insertion – see below) in both parous and

nulliparous women, ranging from 0.5/100 to 3.0/100 users during the first 3 years of

use, compared to expulsion rates with the TCu380A IUD of 2.7/100 to 7.4/100 users

(Cao et al. 2004; Wu et al. 2003).

When applied to the frameless IUD, the term “insertion failure” has a broader

meaning, which includes failure to implant the knot in the fundal myometrium.

Failure to implant the knot means that the device remains in the uterine cavity but is

unattached to the uterine wall as intended. This results in the expulsion of the

frameless IUD within days or weeks of the attempted insertion.

GyneFix1 can be removed from the uterine cavity by exerting traction on the

thread.

2.2.5 Perforation

The usually quoted perforation rate of conventional IUDs is 1/1,000 to 3/1,000

insertions. However, the actual incidence of this complication ranges from 0.0/

1,000 to 8.7/1,000 insertions and is directly related to the skill of the individual

performing the insertion (Tatum and Connell 1989). One major reason for perfora-

tion is the failure to establish the size and orientation of the uterus by careful pelvic

examination. This is particularly important where there is sharp ante- or retroflexion,

or lateral deviation, of the uterus, and where the axis is not straightened prior to
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insertion with traction using a tenaculum. Perforation, diagnosed at insertion or

later, or translocation of the frameless IUD have not been recorded to date in a large

international multicenter clinical trial. However, in post-marketing trials a perfora-

tion rate of 1–2/1000 insertions was observed indicating the importance of insertion

training.

A recent study by Van Houdenhoven et al. 2006, estimated the incidence of

uterine perforations related to the insertion of a LNG-IUS (Mirena1, BayerSchering,

Berlin, Germany) at 2.6/1,000 insertions. Total or partial perforation of the

myometrium by the hysterometer or the inserter tube increases the risk of partial

or total positioning of the IUD/IUS in the abdominal cavity. Insertion in lactating

women, even beyond 6 weeks after delivery, was shown to be an important risk

factor. An atrophic uterus (caused by long-term use of depot injectable contra-

ceptives) is also a risk factor, since they may cause the fundal myometrium to

become thinner.

2.2.6 Special Uses of the Frameless Copper IUD

l Emergency contraception. In 1976, copper IUDs were shown to be highly

effective for emergency contraception (Lippes et al. 1976). They have three

main advantages over oral hormonal emergency contraception: (1) Efficacy is

higher for a copper IUD, with pregnancy rates not exceeding 0.1% (Trussell and

Ellertson 1995) compared with 1% for progestogen-only emergency contracep-

tion (Task Force on Postovulatory Methods of Fertility Regulation 1998). (2)

A copper IUD can be inserted at least 5 days after unprotected intercourse, or up

to 5 days after the earliest estimated day of ovulation (Webb 1997). In this

situation, the copper IUD may act by preventing implantation. When used long-

term, the copper ions elicit reactions which usually prevent fertilisation (Mishell

1998). (3) Once inserted, an IUD can provide ongoing contraception for 5 years

or more.

A randomized study compared the frameless IUD with the TCu380S for use in

emergency contraception. The results suggest that, although the actual fitting of

the frameless GyneFix1 IUD may be more painful, it causes less pain during the

30 days thereafter. As a result, requests for removal due to pain are significantly

less likely with the frameless IUD at 6 weeks. No pregnancies were reported in

this study (D’Souza et al. 2003).

The high overall continuation rate (>80%) of all emergency IUDs at 6 weeks

favors IUD insertion following unprotected intercourse, a finding that is also

supported by its superior efficacy in emergency contraception compared to oral

hormonal methods. Although the frameless standard IUD was used in this

study, and not the more suitable small version, the latter device should be

preferred for use in an emergency because of its more acceptable bleeding

profile.
l Immediate postabortal contraception. Women who have an IUD inserted

immediately after having an abortion have fewer pregnancies and repeat
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abortions than women who schedule insertion of an IUD for a follow-up visit

(Reeves et al. 2007). Thus, the frameless IUD could constitute a useful new

option in the prevention of repeat abortions. In limited clinical trials, no expul-

sion of the IUD occurred following immediate insertion after pregnancy termi-

nation at up to 13 weeks gestation (Batár et al. 1998; Gbolade 1999). However,

four “early” expulsions, clustered in one center, in a multicenter clinical trial

conducted in 212 postabortal women in China during the first 6 months follow-

up have been reported (unpublished data). This finding contrasts with expulsion

rates following first-trimester abortion from 5/100 to 14/100 users at 2 years with

framed IUDs (Lippes Loop, TCu220C, and the Copper 7), as reported by WHO

(World Health Organization 1983).
l Immediate postpartum contraception. Since 1984, a technique for the inser-

tion and fixation of an anchoring system to suspend an IUD/IUS in the uterine

cavity immediately postdelivery was tested in Belgium, Hungary, and China.

Several different types of anchor were tested in pilot and multicenter trials.

These studies revealed that the immediate postplacental insertion and fixation

technique (IPPIF) is safe and is not associated with increased risk of perforation

or infection. It was concluded that a frameless, anchored IUD and insertion

instrument could be developed into a practical postplacental contraceptive

suitable for general use (Wildemeersch et al. 1986; Van Kets et al. 1991, 1993).

2.2.7 Lifespan

Long duration of action is important for IUD users because it is economical and

may reduce certain health risks related to frequent removal and replacement.

Calculations of the useful lifespan of the GyneFix1 330 IUD, based on weight

and surface measurement of removed devices, which were in utero for up to

12 years, show that copper release appears to be constant over a period of up to

12 years and that ~36% of the copper is released throughout that period. Therefore

this IUD has a useful life span of at least 10 years.

2.3 The Frameless Levonorgestrel Intrauterine System (LNG-IUS)

2.4 Description

The FibroPlant1-LNG intrauterine system (IUS) is an anchored levonorgestrel

(LNG)-releasing device. It is a multicomponent system consisting of a nonresorbable

thread with a single knot on its proximal end (Fig. 5). Attached thereto is a 3-cm

long and 1.2 mm wide (FibroPlant1 14) or 3.5 cm long and 1.6 mm (FibroPlant1

20) wide fibrous delivery system, releasing 14 mg or 20 mg of LNG per day,

respectively. The fiber consists of a LNG-ethylene vinyl acetate (EVA) core and

an EVA rate-controlling membrane. Both systems have a lifespan of 5 years.
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The fiber is fixed to the anchoring thread by means of a stainless steel clip located

1 cm from the anchoring knot. The anchoring knot is implanted into the myome-

trium of the uterine fundus using the same insertion instrument as the frameless

copper releasing IUD, which secures the implant in the uterine cavity.

The frameless LNG-IUS is highly visible on ultrasound (Fig. 6); the metal clip

enhances the visibility of the system on X-ray. The visibility of the IUS allows

checking its proper location in the uterine cavity at insertion and on follow-up.

Since the system has no frame, it is completely flexible, adapting to cavities of

every size and shape, in contrast with framed IUSs which sometimes do not fit

properly in the uterine cavity.

2.5 Clinical Performance of the Frameless LNG-IUS

The two levonorgestrel-releasing IUSs were evaluated under the following condi-

tions, where endometrial suppression was desired:

l Hormone replacement therapy: the acceptability and endometrial safety of

continuous parenteral estrogen administration combined with intrauterine levo-

norgestrel delivery in postmenopausal women (3 year study) was assessed.

Fig. 5 (a) FibroPlant1 LNG-IUS. (b) Cross-section through fiber showing the drug-containing

inner core and the outer rate-controlling membrane

Fig. 6 Vaginal ultrasound of

FibroPlant1 LNG-IUS
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l Menorrhagia: the impact on menstrual bleeding in women with normal men-

struation; in women with idiopathic menorrhagia; and in women with menor-

rhagia associated with uterine fibromyomas was assessed.
l Contraception: contraceptive performance and acceptability up to 5 years in

parous and nulliparous women was evaluated.
l Dysmenorrhea: the effect of the frameless LNG-IUS was assessed in women

suffering from primary and secondary dysmenorrhea.

2.6 Acceptability and Endometrial Safety of the Frameless
LNG-IUS in Women Using Estrogen Replacement
Therapy (ERT)

To measure the acceptability of the FibroPlant1 LNG-IUS, women using oral or

parenteral ERT, who had had the IUS in place for a minimum of 3 years, were asked

if they would like to continue the combined regimen and if they would accept

renewal of the device. At the time of study analysis, 150 postmenopausal women

aged 33–78 years were using the low-dose frameless LNG-IUS. The number of

women who elected to continue the method was 142 (94.6%). No serious adverse

events, such as pelvic inflammatory disease or uterine perforation were observed,

nor were any expulsions recorded.

Endometrial safety was evaluated by endometrial biopsy and transvaginal ultra-

sound (TVU) examination. In a subgroup of 101 consecutive postmenopausal

women undergoing endometrial biopsies after 3 years of regimen use, the histologic

appearance was that of profound endometrial suppression characterized by glandu-

lar atrophy and stromal decidualization. There was a good correlation between the

histologic findings and endometrial thickness, which was thin (<4–5 mm) in all

women, as measured by TVU (Wildemeersch et al. 2003, 2005a).

2.7 Effect on Menstrual Blood Loss

The effect of the frameless LNG-IUS on MBL in Belgian women with idiopathic

menorrhagia, with and without fibroids, and in Brazilian women with normal and

menorrhagic menstrual periods was evaluated in four studies (Wildemeersch and

Schacht 2001, 2002; Wildemeersch and Rowe 2004b; Andrade et al. 2004). Reduc-

tion of MBL was assessed by a visual bleeding assessment scoring (VBAS)

technique (Belgian women) and by the quantitative alkaline haematin (QAH)

technique (Brazilian women).

For the calculation of the bleeding score a pictorial chart form was used to

describe the degree to which the sanitary product was soiled. A score was calculated
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by multiplying the number of slightly, moderately and heavily soiled pads and

tampons by 1, 5 and 20 for pads and 1, 5 and 10 for tampons, respectively,

according to their degree of staining.

A highly significant reduction in MBL (>90%) was observed in all low-dose

frameless LNG-IUS LNG users (n ¼ 98) with and without menorrhagia. The only

exceptions were one woman with a submucous fibroid and another with a large

polyp. Amenorrhea occurred in up to 80% of women after 2 years of use; ferritin

levels improved significantly in all women tested.

2.8 Contraceptive Efficacy

Three-hundred and four insertions were performed with the frameless LNG-IUS

releasing 20 mg of LNG/d, 14.1% of them in nulliparous women. The mean age of

all women was 34.7 years (range 15–48). The total observation period was 11,299

woman-months with a follow-up of up to five years. Only one pregnancy occurred

after unnoticed expulsion of the LNG-IUS. There were two expulsions and two

uterine perforations occurred at insertion during the first year. The devices were

easily removed by laparoscopy. The cumulative total use-related discontinuation

rate was 23.6 at five years, the majority of them for spotting/bleeding complaints

(n ¼ 24), pelvic pain (n ¼ 12), mostly unrelated to the IUS, and some for

mood disturbances (n ¼ 5). Sixteen removals were requested for pregnancy wish

(Wildemeersch and Andrade 2009, submitted).

2.9 The Effect of the Frameless LNG-IUS in Women Suffering
from Primary or Secondary Dysmenorrhea

A noncomparative pilot study (Wildemeersch et al. 2001) was conducted in 18

women aged 16–52 years; eight had primary dysmenorrhea, and ten had secondary

dysmenorrhea; four insertions were performed in nulligravid women; twelve

women complained of heavy bleeding; three women had significant fibroids

(3–6 cm in diameter), and three were suspected of having adenomyosis.

The trial period ranged from 3 to 33 months. All women reported much reduced

pain or no pain at all and a considerable reduction in bleeding, which started as soon

as 1 month after insertion of the frameless LNG-IUS. The only exception was a

woman with multiple fibroids. She reported much reduced bleeding, but her relief

of menstrual pain was not as pronounced as that reported by the other women in the

study. All women continued to use the method.
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3 Framed Levonorgestrel-Releasing Intrauterine Systems

3.1 Development

Since T-shaped IUDs have been used for several decades, health care providers are

familiar with their insertion and fitting, so that minimal training is required. The

combination of drug-delivery technology with a conventional IUD frame is, there-

fore, an attractive option for nonspecialist providers (e.g., nurses, midwives, general

practitioners) and those who do not insert IUDs on a regular basis.

Although the insertion procedure for T-shaped IUDs is relatively simple, further

simplification would be welcome in order to increase the use of intrauterine

contraception. The new T-shaped LNG-IUSs, Femilis1 and Femilis1 Slim, were

developed with this objective.

With the simplified insertion procedure, the extremities of the crossarm remain

outside the inserter tube and are not folded into it as is done with conventional

T-shaped IUDs. This allows the crossarm to unfold immediately upon entry into the

uterine cavity. This insertion procedure appears to be simpler than that used with

conventional T-shaped copper IUDs, as well as with the Mirena1 insertion tech-

nique. It is also safer as, due to the unfolding of the crossarm, a narrow protruding

element cannot be forced against the fundus of the uterus as could be the case with

conventional T-shaped IUDs and the Mirena1 LNG-IUS in which the crossarms are

folded in the inserter tube during insertion of the IUD/IUS. The risk of perforation is,

therefore, minimized (Fig. 7). Since perforation of the uterus is a potentially serious

adverse event, any efforts to avoid this complication are obviously welcome.

Fig. 7 The simplified insertion procedure of the Femilis1 LNG-IUS. Step 1: The loaded inserter is

applied against the cervix; Step 2: The Femilis1 LNG-IUS is inserted by pushing the loaded

inserter into the uterine cavity up to the fundus; Step 3: The inserter tube is removed (while

rotating it) and the thread is trimmed
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3.2 The Framed Standard Levonorgestrel-Releasing
Intrauterine System

3.2.1 Description

Femilis1 (standard) consists of a 3-cm long and 2.4-mm wide fibrous delivery

system (Fig. 8). The inert vector, composed of EVA copolymer, contains 60 mg of

LNG and is covered by a rate-controlling membrane, also consisting of EVA. The

drug compartment releases about 20 mg of LNG daily. The polyethylene crossarm

contains 22% barium sulfate to render it radiopaque. The single tail is made of a 00-

gauge polypropylene. The framed LNG-IUS can be used in parous and nulliparous

women, whereas the Femilis1 Slim should be used only in postmenopausal women

with an atrophic uterus.

It is noteworthy that the crossarm of the standard framed LNG-IUS (Femilis1) is

4 mm shorter than that of standard copper-T IUDs and the Mirena1 LNG-IUS

(Fig. 8). This smaller dimension optimizes compatibility with the uterine cavity of

most women, especially nulliparous women (Kurz 1984; Hasson 1984). The short

crossarm also avoids contact with the vaginal wall during insertion.

Femilis1 Slim (Fig. 8) resembles the standard Femilis1 LNG-IUS, but its length

is 2.8 cm instead of 3 cm. The drug delivery compartment is only 2.0 mm wide

instead of 2.4 mm, and it contains 40 mg of LNG instead of 60 mg. The drug

compartment, releasing ~20 mg of LNG daily, is provided with a thin and highly

flexible crossarm fixed to the upper part of the drug delivery rod.

The total length of the cross arm is 24 mm, compared to 28 mm for the standard

version. The polyethylene crossarm contains 22% barium sulfate to render it

radiopaque. The single tail is made of a 00-gauge polypropylene.

Fig. 8 From left to right: comparison between ParaGard1, Mirena1, Femilis1 and Femilis1 Slim
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3.3 Clinical Performance of the Framed Standard LNG-IUS

3.3.1 Ease and Safety of Insertion and Contraceptive Performance

In the first contraceptive study with the framed standard LNG-IUS (Wildemeersch

2006), the main focus was on ease and safety of the new insertion technique. The

paper, published in 2006 is the first report with the framed LNG-IUS. The push-in

technique of insertion was considered simple and safe. Insertion was reported to be

easy in virtually all women (97.9%). Pain at insertion was absent in 24.7% and mild

in 67.7% of women. With respect to pain, there were no statistical differences

between the parous and nulliparous group. It was concluded that the framed LNG-

IUS is an effective contraceptive and is easily inserted. The simple and safe

insertion procedure could be an advantage for use by nonspecialist providers such

as nurses, midwives, general practitioners, and for those not inserting intrauterine

devices regularly.

In the second study (Wildemeersch et al. 2009) the main focus was on the

contraceptive performance. Two-hundred and eighty insertions were carried out

in women with a mean age of 35.7 years (range 17–48), 60% of whom were

parous and 40% nulliparous. Twenty-four women with uterine pathology (e.g.,

fibroids, menorrhagia) were included in the study. The cumulative gross discon-

tinuation life table rates were determined. The total observation period was 8,028

woman-months. The LNG-IUS was easy to insert in 95.7% of the cases, and no

perforations occurred. No pregnancies were observed and only one expulsion

took place (rate 0.4/100 women at five years). The cumulative total use-related

discontinuation rate was 14.7/100 at five years. There were nine removals because

of pain, six of which in nulliparous women. Four women requested removal of

the IUS for bleeding problems. Fourteen removals were done for ‘other’ medical

reasons among which mood disturbances (five cases) were the most frequent, and

twelve for non-medical reasons. Fifteen removals were requested for pregnancy

wish. Twelve of these women became pregnant within one year and all had

uneventful pregnancies. The framed LNG-IUS was equally well accepted by

nulliparous as by parous women. Most women with heavy menstrual bleeding

prior to insertion, whether associated with fibroids or not, reported much less

bleeding, scanty bleeding of even no bleeding at all. This study suggests that the

framed LNG-IUS, which releases 20 mg LNG/d, is a highly effective, well

tolerated contraceptive both in parous and nulliparous women.

3.3.2 Retention

The results of the clinical studies suggest that Femilis1 LNG-IUS is also well

retained by the parous and nulliparous uterus which may be explained by the strong

suppressive effect of the hormone, levonorgestrel, on the endometrium, reducing

menstrual flow, and the inhibiting effect on uterine peristaltic activity. Previous
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studies have suggested that the efficacy of intrauterine-administered levonorgestrel

in the treatment of dysmenorrhea could be attributed to the inhibition of prosta-

glandin synthesis (Lumsden et al. 1983). This may also explain why, in the few

cases with downward displacement of the IUS, partial or total expulsion did not

occur. Downward displacement does not require replacement of the IUS, unless the

patient experiences pain, or the stem of the IUS is visible on speculum examination.

With conventional IUDs, such as the TCu380A IUD, expulsion rates of between 2.7

and 7.4/100 users, or higher, are observed during the first and subsequent years

(Population Reports 1995). In nulliparous women, however, even higher partial and

total expulsion rates – up to 17/100 users during the first year of use – have been

reported (Petersen et al. 1990). Downward displacement with copper IUDs reduces

the contraceptive efficacy of the IUD significantly in contrast with the LNG-IUS

(Kaivola 1990; Anteby et al. 1993). In the Population Council Study, the expulsion

rates for the levonorgestrel-releasing IUS (11.7 per 100 users) were higher than

those for copper-releasing IUDs (8.3 per 100 users) (Sivin et al. 1990). In the

European study the expulsion rates were 5.8 and 6.7 per 100 users, respectively.

Another important factor which may contribute to the low expulsion rate of the

Femilis1 LNG-IUS is related to the simplicity of the insertion procedure and the

immediate unfolding of the crossarm when the IUS is pushed into the uterine cavity.

The risk of improper positioning is thereby minimized. The very short time from

folding, during the passage through the cervix, and the subsequent unfolding could

also contribute to the good retention of the Femilis1 LNG-IUS. With conventional

IUDs and the Mirena1 LNG-IUS, the crossarms are retracted in the inserter tube

during insertion. This causes a slower unfolding of the plastic crossarms. When the

IUD/IUS is then pushed out of the tube, the crossarms may not unfold completely

when pushed halfway into the uterine cavity and, as a consequence, the crossarms

may not be properly positioned against the fundus. If the cavity is narrow and the

span of the crossarms of the IUD or IUS is significantly greater than the fundal

transverse diameter, or if the insertion procedure is not followed strictly, pushing

the IUD/IUS out of the tube, instead of retracting the tube as recommended, then a

less than optimal positioning may follow and lead to partial or total expulsion due to

uterine contraction. The shorter crossarm of the Femilis1, adapting better to small

uterine cavities, could, therefore, also be a contributing factor in the proper posi-

tioning of the IUS.

3.3.3 Effect on Menstrual Blood Loss

Menstrual blood loss was assessed with the visual assessment technique in 60

women, <48 years of age at study enrollment, who used the Femilis1 LNG-IUS

for a mean of 18 months (range, 4–31) (Janssen et al. 1995; Wildemeersch and

Rowe 2005). Twenty-eight women had normal menstrual periods at baseline

(menstrual score <185), and 32 had idiopathic menorrhagia (menstrual score

�185).
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MBL scores dropped significantly during the observation period in all but one

woman. The median menstrual score at baseline in women with normal menstrual

bleeding was 140 (range, 80–160); the score declined to a median of five (range,

0–150) at follow-up, a decrease of 96%. In the 32 women with menorrhagic

bleeding at baseline, menstrual flow dropped from a median score of 232 (range,

185–450) at baseline to three (range, 0–50) at follow-up, a decrease of 99%. Twenty

women developed amenorrhea (33%), 10 in the group with normal menstruation

and 10 in the group with menorrhagia. Most of the remaining women had oligo-

menorrhea, requiring minimal sanitary protection. These results are currently being

confirmed in a MBL study using the quantitative alkaline haematin technique

(unpublished data).

3.3.4 Long-Term Treatment of Non-Atypical and Atypical Endometrial

Hyperplasia

Twenty women (16 parous, 4 nulliparous), all negative for hypertension and

diabetes, mean age, 54 years (range, 41–67), used the LNG–IUS for a mean of

32 months (range, 14–90 months) (Wildemeersch et al. 2007a). Eight of the

women had developed postmenopausal bleeding as a result of unopposed estrogen

stimulation, after having taken the estrogen for 6–24 months. One woman pre-

sented due to abnormal bleeding during tamoxifen treatment for breast cancer;

another woman had abnormal premenopausal bleeding. The histopathologic diag-

nosis (Kurman classification) was “non-atypical (simple) hyperplasia” in 12

women and “atypical hyperplasia” in eight others (adenomatous hyperplasia

with atypia in three of them). In one of the latter patients, an invasive, well-

differentiated adenocarcinoma was identified on D&C, but two subsequent endo-

metrial Pipelle samplings did not confirm this finding.

The endometrial progesterone receptor (PR) response was determined during

treatment in women with atypical endometrial hyperplasia. All but one patient

developed a thin endometrium (�4 mm in thickness), as assessed by transvaginal

ultrasound. One patient presented with a polypoid structure 20 mm in diameter

prior to treatment, which diminished gradually to 5 mm by the last follow-up

examination, 53 months after insertion of the LNG–IUS. At study initiation, all

women presenting with atypical endometrial hyperplasia showed expression of PR

in the epithelial cells. The percentage declined significantly over time during

treatment. The endometrial histology specimen showed no progression of disease.

Profound endometrial suppression with glandular atrophy and/or stromal decidua-

lization was noted in all women. Eight of the 20 women in the study resumed

estrogen replacement therapy. All women are continuing to use the method.

Successful pregnancy has been observed in two women with complex atypical

endometrial hyperplasia treated with a LNG-IUS and ovulation induction after

removal of the LNG-IUS (Qi et al. 2008).
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3.4 The Framed Slim Levonorgestrel-Releasing
Intrauterine System

3.4.1 Clinical Performance of the Framed Slim LNG-IUS

Acceptability and Long-Term Endometrial Safety of the Femilis1 Slim LNG-IUS

in Postmenopausal Women Using Estrogen Replacement Therapy (Wildemeersch

et al. 2005c, 2007b)

The addition of a progestogen to estrogen is necessary as an increased risk of

endometrial cancer was detected in users of unopposed estrogen (The North

American Menopause Society (NAMS) 2003). Systemic progestogens can cause

serious problems, however. The Women’s Health Initiative (WHI) study and the

Million Women Study (MWS) both showed an increase in breast cancer, cardio-

vascular disease, and venous thromboembolic events in women using oral post-

menopausal hormone replacement therapy (HRT). Since an increase in breast

cancer was not observed in long-term users of oral estrogen-only therapy, it has

been hypothesized that the increased incidence of breast cancer seen in the two

studies may have been caused by the progestogen component of the HRT regimen.

An intrauterine system that delivers a progestogen directly to the uterus could

theoretically minimize the impact of the hormone on breast and other organ tissues.

However, this hypothesis has yet to be confirmed by appropriate studies.

A total of 264 postmenopausal women used the combined regimen consisting of

estrogen (oral or parenteral by gel or patch) and an intrauterine LNG-releasing

device, either the frameless FibroPlant1 LNG-IUS or the T-shaped Femilis1 LNG-

IUS. Women entered the study only after first using the frameless LNG-IUS and,

after expiry, replacing it with the T-shaped LNG-IUS.

A total of 102 postmenopausal women using the framed Slim LNG-IUS (mean

age, 57 years, range 47–71; mean duration of regimen use, 70 months, range 25–98),

who presented with climacteric symptoms constituted the “long-term” group.

Women with prior endometrial hyperplasia were excluded. The majority

(n ¼ 70) received percutaneous 17b-estradiol, 1.5 mg daily (Oestrogel1), or an

equivalent dose by patch or orally, on a continuous basis. The remaining group of

women (n ¼ 32) used a lower dose on their own initiative.

An endometrium sample was taken with a suction curette. To achieve a repre-

sentative sample, the biopsies were drawn from all parts of the uterus. Two

experienced pathologists and an independent, blinded, pathologist examined the

embedded and stained samples according to the diagnostic criteria of Hendrickson

(Hendrickson and Kempson 1980) and classified them according to Kurman (1995).

The mean endometrial thickness was 3.2 mm (range 3–7 mm). In one woman, the

endometrial thickness was 7 mm, but on histology, her endometrium was found to

be inactive. All women maintained a thin endometrium during the entire HRT

treatment period. The dominant endometrial histological picture was that of epithe-

lial atrophy accompanied by decidualization of the stroma (Kurman classification
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2 þ 5b; 5b; 2 or 3), which correlates well with the measured endometrial thickness

(�5 mm). In 13 women, only very scanty tissue could be obtained during the last

sampling due to profound endometrial atrophy (Kurman classification 1). Weak

endometrial proliferative activity was found in two women (Kurman 4a). No

endometrial hyperplasia was found.

4 Concluding Remarks

4.1 Long-Acting Contraceptive Methods Should Be Used
to Prevent Unintended Pregnancies

User noncompliance with most oral and barrier contraceptive methods is a ubiqui-

tous phenomenon, particularly in younger women. Even in those whose motivation

for daily use is good, compliance is often poor (Moreau et al. 2007). This is not

likely to change, since the inadequacies of these methods are related to human error

as well as lack of education and understanding. The relatively high frequency of

side effects of some methods only adds to the problem (Westhoff et al. 2007).

Highly effective and well-tolerated intrauterine methods can solve this problem,

because use of intrauterine devices and systems can reduce the number of unin-

tended pregnancies with no intervention by the patient. Besides, intrauterine con-

traceptive devices are more cost effective than the combined oral contraceptive pill.

Some of the new intrauterine methods described in this chapter, such as the

frameless copper IUD and the frameless LNG-IUS, are ideal for use in younger

women, because they are small, very effective, well-tolerated, and almost impossible

to expel. If a framed IUD/IUS is used, the horizontal crossarm should ideally not be

wider than 28 mm (most T-shaped IUDs, including the Mirena1 LNG-IUS are

32 mm wide) to avoid incompatibility leading often to cramping and expulsion,

complaints that are the most common reasons for discontinuation of the method, as

well as attendant bad publicity (Suhonen et al. 2004). A recent review of the clinical

experience with the LNG-IUS in nulliparous women concluded that the LNG-IUS

is both safe and effective for use in nulliparous women (Prager and Darney 2007).

The American College of Obstetricians and Gynaecologists (ACOG) Committee

issued a document in 2007 which addresses the major benefits of IUD use in

adolescents, a population at particular risk of unintended pregnancy (ACOG

Committee Opinion 2007).

Copper IUDs should be offered more frequently to young and adolescent

women, even as a first method, in combination with condoms to protect against

sexually transmitted infections (STIs), particularly after a first unintended preg-

nancy. The LNG-IUS, on the other hand, has been shown to offer some protection

against pelvic infection (Andersson et al. 1994). The association between oral

contraceptive use and the occurrence of cervical ectopia has important implications

concerning the susceptibility to cervical infection as it may facilitate penetration of

bacteria and viruses into the underlying tissue, including HPV and HIV (Crittchlow
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et al. 1995). There is concern that this mechanism may be an important causative

factor (even if it is not the only factor) in the occurrence of cervical neoplasia (Beral

et al. 1988).

4.2 Long-Term Intrauterine Contraceptive Methods
to Replace Irreversible Female Sterilization

Worldwide, tubal sterilization is used by more people than any other method of

contraception. All techniques of tubal sterilization in widespread use have low risks

of surgical complications. Although tubal sterilization is highly effective, the risk of

pregnancy varies by age andmethod of occlusion. Pregnancies can occur many years

after the procedure, and when they do, the risk of ectopic gestation is high (Peterson

2008). Although sterilization is intended to be permanent, expressions of regret and

requests for reversal are not uncommon and are much more likely to occur among

women sterilized at young ages (Jamieson et al. 2002). In countries where LNG-IUS

use is widespread, the incidence of tubal sterilization has decreased substantially

(Inki 2007). Health care professionals should realize that the LNG-IUS has much to

offer to women who consider their family complete. They should explain that, in

addition to offering almost perfect contraceptive protection, the LNG-IUS also

provides significant noncontraceptive health benefits, such as reduced menstrual

blood loss and dysmenorrhea; regression and cure of endometrial hyperplasia, both

non-atypical and atypical; and probably regression of pelvic endometriosis and

uterine adenomyosis (Mansour 2007; Bahamondes et al. 2007). Furthermore, the

high regret rates within the first year after sterilization should encourage providers to

propose the LNG-IUS as the first choice option for women with a complete family

who are requesting contraception (Curtis et al. 2006; Grimes and Mishell 2008).

4.3 Safer Contraception

Perhaps it is good to repeat what others have said before: “We need to develop an

attitude of zero-tolerance to serious adverse effects of contraceptives.” Hence, the

need to develop steroidal drug delivery systems with minimal or no metabolic

impact. As a result of technological progress, miniature frameless and framed,

long-term intrauterine drug delivery systems can offer women of all ages almost

trouble-free contraception with reduced side effects. Despite the minimal absorp-

tion of the steroid in the systemic circulation, intrauterine drug delivery systems

deserve the status of locally acting methods which are safer than systemically

applied hormones. Plasma levels observed with a 20 mg-releasing levonorgestrel

intrauterine system are significantly lower than with any other mode of adminis-

tration of levonorgestrel.
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Applied to the uterus, absorption into the systemic circulation is low. An LNG-

IUS which has perforated the peritoneal cavity results in 10 times the plasma levels

of levonorgestrel seen with a non-perforated LNG-IUS (Haimov-Kochman et al.

2003). This proves that intrauterine delivery of hormones is a safe alternative when

compared with other methods of administration of hormones.

Systemic, orally administered hormones, such as the combined Pill, could

endanger vascular health, as a recent study suggests. In this study, Rietzschel

et al. (2007) express concern about the long-term use of OCs (>10 years). The

use of OCs was found to be associated with an unexpected increase in the preva-

lence of carotid and femoral arteriosclerosis in young, healthy women. There was a

20–30% increased prevalence of plaque formation in the carotid and femoral

arteries per 10 years of OC exposure. This study was based on a representative

sample (2,524 male/female volunteers, 33–55 years) from the Belgian general

population free from overt cardiovascular disease. Vascular echography of the

carotid and femoral arteries was systematically performed and atherosclerosis

was defined by the presence of carotid or femoral plaque.

4.4 Pain Control with Intracervical Anesthesia
for IUD/IUS Insertion

Several measures have been used to reduce patient discomfort during the insertion

procedure of an IUD/IUS, including premedication, topical intracervical anesthe-

sia, and loco-regional anesthesia (Thiery 1985; Hollingworth 1996). Vasovagal

syncope appears to be less frequent when paracervical block anesthesia (PCB) is

used. Although PCB is described as highly effective for minimizing discomfort for

IUD retrieval/insertion, many physicians fear PCB because of the risk of inadver-

tent intravascular injection leading to convulsions and central nervous system

depression. However, intracervical anesthesia does not carry this risk and should

therefore be available in centers providing IUD/IUS insertion. Prophylactic ibuprofen

administration of 600–800 mg may be highly useful and can be combined with

intracervical anesthesia (Hubacher et al. 2006).

In some women the use of misoprostol 400 mg, 3 h prior to fitting the IUD/

IUSmay be useful to dilate the cervical canal. But, it should also be kept in mind that

a psychological approach is sometimes better than pharmacological premedication.

4.5 Intrauterine Hormonal, Period-Free, Contraception
for All Women

Mirena1, the first levonorgestrel intrauterine system, has been hailed as one of the

greatest advances in the field of contraception since the introduction of “the Pill”
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(Mansour 2006). Over 10 million women worldwide have chosen the LNG-IUS.

Acceptance and continuation of this IUS has been high in women of all age groups,

whether they have children or not, due to both its noncontraceptive and contracep-

tive benefits.

As far as menstrual bleeding is concerned, the majority of women during their

reproductive period prefer to menstruate less than once a month or not at all

(den Tonkelaar and Oddens 1999). They know that the amenorrhea, which appears

under progestogen contraception, is both nonpathological and reversible. Conse-

quently, many women, confident of the birth control provided by these very

efficient contraceptive methods, may also wish to space out what they consider

useless and unpleasant periods to 3–6 months or even to 1 year or more. The

acceptability of contraceptive-induced amenorrhea appears to be similar in the

USA and in Europe, with the exception of black women who are less accepting

the absence of bleeding than white women (Aubény 2006).

Has the LNG-IUS the potential to revive intrauterine contraception and improve

the underuse of the IUD (d’Arcangues 2007)? This could very well be the case,

where higher prices of the IUD/IUS could motivate marketing companies to

increase their promotional budget especially in Western countries. Ironically,

while the Mirena1 LNG-IUS was developed with public funds, and was meant to

be made available through the public sector in developing countries, poor women in

these regions still lack access to this advanced technology for contraception and

treatment because of the high cost. A striking fact is the very common occurrence of

heavy menstrual bleeding and anemia in less developed countries. Anemia is one of

the most widespread, and most neglected, deficiency diseases in these regions.

Anemia is common in women during their reproductive years and is particularly

severe in those who are pregnant or breast-feeding. The LNG-IUS could be very

useful in women prior to pregnancy, to counteract the effect of heavy menstrual

bleeding and contribute to healthier infants as higher iron stores reduce the risk of

low-birth weight (Palma et al. 2008).

4.6 Intrauterine Hormonal Contraception Can Prevent
the Need for Hysterectomy

Those who prescribe the LNG-IUS know that the number of hysterectomies can be

reduced substantially. General practitioners and family planning doctors should

know that women with heavy bleeding and menorrhagia, whether associated with

intramural or subserous fibromyoma(s) or not, can be treated effectively with the

LNG-IUS (Magalhães et al. 2007; Kaunitz 2007). It is relatively rare that the

LNG-IUS fails and if so, uterine pathology (mostly intracavitary fibroids) should

be suspected (Rizkalla et al. 2008). Virtually all studies involving the LNG-IUS

uniquely show that it reduces MBL and subsequently improves blood hemoglobin

and serum ferritin levels. In the UK and elsewhere, in centers where the LNG-IUS
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is promoted by the health care providers, a reduction in the hysterectomy rate of

50% has been seen over the last 10 years (and 75% fewer tubal sterilizations).

Studies with FibroPlant1 LNG-IUS and Femilis1 LNG-IUS suggest that almost

80% of hysterectomies can be avoided. This economical method should, therefore,

be used more extensively and promoted in the media so that women know about it.

The insertion of an LNG-IUS, is a minor office procedure with only a few risks

when compared with invasive surgery for menorrhagia such as transcervical resec-

tion of the endometrium (TCRE) and hysterectomy (Hurskainen 2006; National

Institute of Clinical Excellence 2005; Milsom 2007). Besides, insertion of the

LNG-IUS requires no or limited training in contrast with ablation techniques

which require intensive training and therefore have a long learning curve.

An additional advantage of the LNG-IUS is that it may also be beneficial in

women with endometriosis, adenomyosis, fibroids and endometrial hyperplasia

(Bahamondes et al. 2007; Fedele et al. 1997; Varma et al. 2008). Most patients

are likely to select a non-invasive treatment. Avoidance of major surgery, combined

with no hospitalization and quick recovery, are seen as major advantages of non-

invasive management. In women treated with the LNG-IUS, this device would be

preferred over hysterectomy by 95% of the patients if the expected success rate

were >50% (Boudrez et al. 2004).

4.7 Reducing The Risk of Postmenopausal Heart Disease,
Stroke, Dementia and Alzheimer disease

After cessation of ovarian function, when estrogen therapy may be initiated, the

LNG-IUS would ensure endometrial protection as a transition to the menopause for

as long as hormone therapy is needed (Sitruk-Ware 2007). However, since the

publication of the WHI study, many doctors remain confused as to the benefits and

risks of hormone replacement therapy. For the reasons discussed earlier, transder-

mal estrogen and intrauterine progestogen or progesterone administration may be

the safest and best accepted route for women with uterus resulting in high patient

compliance and providing maximal benefits for postmenopausal women. It is

considered “the way forward,” as expressed by several experts (e.g., J. Manson,

T. Mikkola, F. Naftolin, personal communication), since this regimen could be

considered an almost estrogen-only therapy as the absorption of the progestogen in

the systemic circulation is very low.

Transdermal estrogen administration has shown to perform significantly better

than oral estrogen for menopausal symptom control (Pratapkumar 2006). Recently,

new evidence has shown that the age at which HRT is started is of great importance.

A window of opportunity could be defined. Women in the age group of 50–59 years

who participated in the estrogen-alone arm of the WHI study were asked immedi-

ately after the early cessation of the trial to become part of an ancillary study – the
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WHI-CACS (Coronary Artery Calcification Study) which looked at the magnitude

of coronary calcifications measured by ultra-fast coronary CT. Coronary calcium

deposits develop as part of the atherosclerosis process and correlate well with

findings of coronary angiography. The results of WHI-CACS are very encouraging,

since women who were randomized to the estrogen arm of the WHI had signifi-

cantly smaller calcification scores than their counterparts in the placebo arm

(Manson et al. 2007). The effect was recorded for all degrees of severity, with

estrogen users having a 20–30% reduction in the likelihood of being categorized as

having a mild to moderate increase in calcification score (less than 100), and a more

than 50% reduction in the likelihood of being categorized as an advanced case with

a calcification score above 100. This study re-affirms what was actually known for

many years, based on animal data and observational studies in women. Estrogen has

a wide range of well-documented beneficial metabolic and vascular effects.

“It reduces the pace of accumulation of atherosclerosis, and decreases the risk of

coronary events, provided that treatment is started early in the menopause” (Pines

et al. 2007; Vitale et al. 2008; Karim 2008; International Menopause Society

(2008); Mikkola 2008).

Also, according to Henderson, a critical window of opportunity may exist which

could reduce the incidence of dementia and Alzheimer disease (Henderson 2008).

In addition, there appears to be no increased risk of stroke if low dose ERT is

started early after menopause in comparison with the overall risk in the WHI trial

(Grodstein 2008).

4.8 The Future

New indications will be found for the use of the LNG-IUS in combination with

other hormones. For instance, the LNG-IUS in combination with 100 mg per day

releasing transdermal estradiol patches has been shown to be highly effective for

the management of physical and psychological symptoms of severe premenstrual

syndrome (PMS) (Royal College of Obstetricians and Gynaecologists 2007). In

addition, the intrauterine route for hormone delivery will probably be used in the

future not only for treatment of gynaecological disease but also for its prevention

(Fraser 2007).

The frameless and framed IUD/ IUS platforms will be used in the future for the

development of other drug delivery systems. Some of these developments are

already conceived and proof of concept demonstrated. It is likely that in the near

future intrauterine, subdermal and intravaginal drug delivery systems will be

developed for the sustained release of progesterone antagonists (PAs) and selective

progesterone receptor modulators (SPRMs). These systems may treat or cure

conditions, such as fibromyomas and endometriosis/adenomyosis, since they are

likely to be more effective than current drug delivery systems, including the

LNG-IUS (Maruo et al. 2007). SPRMs could also be used in postmenopausal

women (Sitruk-Ware 2008).
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In addition, dual compartment delivery systems could be developed that release

a PA or a SPRM in combination with a potent microbicide. The combination of

locally delivered contraceptive and microbicide compounds could be very useful

for bleed-free contraception and for the prevention of HIV transmission in HIV+

women. Such dual systems might also be useful in HIV– women to protect them

from transmission from their male partner, especially in regions with a high

prevalence of HIV.

A dual compartment intrauterine system could also be combined with other

viricidal delivery systems, such as a vaginal ring. Due to the high local concentra-

tion of antiviral drug, resistance, as well as toxic effects, side effects, and poor

compliance leading to treatment discontinuation, may all be avoidable. In addition,

the intrauterine delivered hormone or anti-hormone could eliminate menstrual

blood loss, which is an important source of viral shedding.
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Abstract It is estimated that 90% of all medicines are oral formulations and their

market share is still increasing, due to sound advantages for the patient, the

pharmaceutical industry and healthcare systems. Considering biopharmaceutical

issues such as physicochemical requirements of the drug and physiological condi-

tions, however, oral delivery is one of the most challenging routes. Recognising

solubility, permeability and residence time in the gastrointestinal milieu as key

parameters, different characteristics of drugs and their delivery systems such as

size, pH, density, diffusion, swelling, adhesion, degradation and permeability can

be adjusted to improve oral delivery. Future developments will focus on further

improvement in patient compliance as well as the feasibility of administering

biotech drugs via the oral route.

F. Gabor (*)

Department of Pharmaceutical Technology and Biopharmaceutics, Universität Wien,

Althanstrasse 14, A-1090, Vienna, Austria
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Abbreviations

AAL Aleuria aurantia lectin

API Active pharmaceutical ingredient

BCS Bioclassification System

EGF Epidermal growth factor

EOP Elementary osmotic pump

EPAS Evaporative precipitation into aqueous solution

FAE Follicle associated epithelium

FDA Food and drug administration

FDDS Floating drug delivery system

GALT Gut-associated lymphoid tissue

GI Gastrointestinal

GRAS Generally recognised as safe

HBS Hydrodynamically balanced system

HEC Hydroxyethyl cellulose

HPMC Hydroxypropylmethyl cellulose

IBD Inflammatory bowel diseases

LEA Lycopersicum esculentum agglutinin

MC Methyl cellulose

OPV Oral poliovirus vaccine

PEG Polyethylene glycol

PVP Polyvinylpyrrolidone

SFL Spray freezing into liquid

SOTS Sandwiched osmotic tablet system

UEA Ulex europaeus agglutinin
WGA Wheat germ agglutinin

1 Introduction

Despite tremendous innovations in the field of drug delivery and the acquisition of

detailed knowledge about promising alternative routes of administration, it is

estimated that 90% of all medicine usage is in oral form and oral drug delivery

systems comprise more than half the drug delivery market. In 2008, the oral drug

delivery market is a USD 35 billion industry and is expected to grow as much as
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10% per year until at least 2012. Among liquid and semi-solid formulations, the

tablet is still the preferred drug product for oral administration, offering sound

advantages.

For the patient, peroral administration is the most comfortable mode of therapy.

It is painless as compared to injections, convenient compared to enemas, self-

manageable without any training and, at least at first sight, easy to use. In practice,

however, some basics have to be considered upon application to guarantee adequate

oral absorption even of technologically skilled delivery systems: First, the head

should be held up to avoid constriction of the pharynx causing reduced patency.

Second, the oral dosage form should be co-swallowed with a minimum of 100 ml

water of the reel. Otherwise the formulation can adhere in the esophagus, usually in

the upper third. When swallowing a 12.5-mm tablet in the supine position without

water, orogastral passage was observed in only two volunteers out of 20. Increasing

the volume of water to 100 ml led to 92% successful passages (Gallo et al 1996).

Upon oesophageal adhesion, repeated sipping of even higher volumes of water did

not help to detach the formulation. This is especially important with administration

of sticky drugs such as bisphosphonates, tetracyclines, penicillins, non-steroidal

anti-inflammatory drugs and theophylline. Third, an upright position of the body or

at least 45� inclined is beneficial even for a bedridden patient to guarantee rapid

transit into the stomach. In addition, to provide for successful absorption some

tablets must not be split into parts (van Santen et al. 2002; Hussar 2000). In the case

of enteric-coated and dry-coated tablets, the protective layer would be disrupted

and osmotic tablets lose their release characteristics. Accordingly, tablets contain-

ing microgram quantities of active pharmaceutical ingredients split into half would

suffer from lack of dose uniformity, and fragments of tablets less than 50 mg in

initial weight are tricky to handle. Apart from technological problems, toxicologi-

cal aspects for the nursing staff have to be considered on crushing tablets, especially

those containing highly active substances such as hormones and their antagonists,

cytostatics, antivirals and immunsuppressives. In addition, sustained release oral

dosage forms improve patient comfort as well as compliance by reducing the dosing

frequency.

Apart from convenience for the patient, oral drug products are also profitable

for the pharmaceutical industry. Nowadays, oral formulations are produced in

large quantities with short production times due to skillful automation of the

manufacturing process. Adhering to the good manufacturing practice (GMP)-

regulations, oral delivery products of high quality are prepared in a reliable and

reproducible manner. After covering the costs of development, the ease of prepara-

tion results in bulk products being cost-effective and profitable.

Finally, the healthcare system takes financial advantage of simple usage of oral

delivery systems without any difficulties. Especially in view of the growing elderly

population and consequent rising costs for healthcare, oral delivery products allow

for cost-saving therapies without skilled medical intervention.

Consequently, it seems that oral dosage forms are the ideal formulations

for therapy. From a biopharmaceutical point of view, however, oral delivery is

one of the most challenging routes of administration. As the major task of the
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gastrointestinal (GI) tract is absorption of nutrients, it offers a large absorptive area

and high blood supply which also supports absorption of drugs. At the same time,

however, there are highly efficient life-saving systems and pathways to degrade and

inactivate compounds harmful to the body. Thus, improvement of oral absorption

by tuning formulation factors is a balancing act considering GI physiology as well

as physicochemical properties of the active pharmaceutical ingredient.

1.1 Physicochemical Considerations

Although reports on the peroral uptake of nanoparticles disproved the paradigm that

exclusively dissolved matter can be absorbed, it is commonly accepted for the

majority of formulations that dissolved molecules of active pharmaceutical ingre-

dients (API) are transported across membranes, considering that passive diffusion

strongly prevails over active transport in the case of drug molecules (Florence 1997;

Kararli 1989). An ideal absorption process requires a maximum water-solubility for

rapid dissolution in the body fluids and for diffusion according to Fick’s law. At the

same time a minimal lipophilicity is a prerequisite for permeation across the

phospholipid bilayer of the cellular membrane. To estimate the lipid solubility of

an API, the equilibrium partition of APIs between a hydrophilic and a lipophilic

phase followed by calculation of log P for non-dissociable APIs or log D for acidic

or basic API molecules is commonly applied. Due to changing pH during GI transit,

only log D is meaningful on peroral administration of ionizable APIs. As a rule of

thumb, for sufficient absorption of an API its log P should range between –1 and 3.4.

In an effort to calculate absorption parameters for drug discovery and early

stages of development, the so-called “rule of five” was proposed to predict the drug-

like properties of a substance from solubility and permeability parameters. Accord-

ingly, poor absorption or permeation is more likely when there are more than five

H-bond donors (–OH and –NH groups), 10 H-bond acceptors, the molecular weight

is greater than 500 and the calculated log P is greater than 5 (Lipinski et al. 2001).

Only drug substances that are substrates for transporters are excluded from this rule.

In view of the fact that nearly a third of the drug substances listed in the United

States Pharmacopeia (USP25) are poorly soluble or insoluble in water, chemical

and/or technological tricks are necessary to guarantee absorption of drugs

(Langguth et al. 2004). Optimising solubility may include using a more soluble

salt, e.g. the aqueous solubility of tetracycline is enhanced six-fold by formation of

the hydrochloride salt or nine-fold in the case of the phosphate. Attention should be

paid to the fact that the presence of excessive chloride ions in gastric acid can

depress solubility, in vivo resulting in salting-out of the drug (Thomas and Rubino

1996). A study dealing with the evaluation of seven salt forms of a protein kinase

inhibitor revealed that the mesylate monohydrate salt was five times more soluble,

more stable, and 2.6 times more bioavailable after oral administration to beagles

easier to process than the hydrochloride salt (Engel et al. 2000). Correspondingly,
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the solubility of weakly acidic drugs might be enhanced by salt formation with

cations. Although the amount of counter ions is usually too low to provoke adverse

effects, it should be considered that potassium can be a GI irritant, magnesium can

be a laxative and calcium can be a constipant.

When a drug exists in a variety of crystalline forms, they can have different

solubilities. Out of different polymorph forms, the metastable one with highest free

energy exhibits highest solubility and thus greater absorption than a stable poly-

morph. For example, the hydrophobic oral hypoglycaemic agent tolbutamide can

occur in four polymorphs with different conformations and motility of the toluene

and n-butyl moieties (Kimura et al. 1999). The metastable polymorph with highest

solubility converts itself to another metastable polymorph with nearly identical

solubility during dissolution tests within 3 h. According to studies in beagles, the

bioavailability of this latter metastable monoclinic polymorph was 2.5 times higher

than that of the stable orthorhombic form. As this metastable form of tolbutamide

requires at least 60�C and 75% relative humidity for transformation to the less

soluble orthorhombic form, no problems are expected during processing, storage or

dissolution of the final oral drug product.

Another metastable state of a drug is the amorphous form, which requires less

energy for dissolution due to lack of crystalline lattices and thus exhibits higher

bioavailability than the crystalline form. Amorphous forms of drugs can even

evolve during pharmaceutical processing such as milling, spray drying, lyophilisa-

tion, granulation, compression and film coating. To avoid spontaneous crystal-

lisation of amorphous drugs, the storage temperature of the drug formulation

should be 50� lower than the glass transition temperature (Yoshioka et al. 1994).

In the case of indomethacin with a melting point of about 50�C, co-precipitation
with 5% PVP was reported to retain the amorphous state up to 70�C, which allows

storage at ambient temperature (Yoshioka et al. 1995).

In addition, co-medication to modify motility or pH, use of tensides or complex-

ation for solubilisation can also improve solubility as a prerequisite for absorption

(see Sect. 2.8).

Apart from the physicochemical properties of the drug, the physiology of the GI

tract dictates the absorption characteristics of the active pharmaceutical ingredient

from the oral delivery system.

1.2 Physiological Conditions in the GI Tract

When a formulation is administered perorally, it meets quite different environmen-

tal conditions: a friendly or hostile milieu, a short- or long-term stay, exposure to

light or even heavy propulsions. It is obvious that these conditions strongly influ-

ence the absorption of the active pharmaceutical ingredient. These environmental

conditions are regionally different throughout the GI tract and reflect the anatomy

of the stomach and intestine. For some characteristics see Table 1.
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1.2.1 Oral Cavity and Oesophagus

Upon administration, the oral dosage form is in contact with saliva, albeit briefly. In

man, 0.5–1.5 l saliva is secreted per day, exhibiting a mean pH of 6.4 within the

extremes of 5.8 and 7.1. Containing 6 g l–1 dry substances, the ptyalin in saliva

digests starches and the mucin lubricates solid matter. Except for special buccal

bioadhesive or sublingual formulations containing readily absorbable lipophilic

drugs, the contact time with the epithelium of the mouth is too short for noteworthy

absorption (Smart 2005).

Upon swallowing, the dosage form usually passes the oesophagus rapidly. This

transversal and longitudinal highly folded muscular tube 2 cm in diameter joins the

pharynx to the cardia of the stomach. Embedded in the submucosa, about 300

glands secrete mucus onto the squamous epithelium, providing moist conditions.

Controlled by the medulla oblongata, a normal adult swallows 600–700 times per

day, but the frequency is reduced to a tenth during night. According to magnetic

marker monitoring of a capsule 16.1 mm in length and 5.5 mm in diameter, the

oesophageal transit time lies in the range of less than 10 s and further decreases to

about 1.4 s under optimum conditions with increasing volume of co-swallowed

water (Weitschies et al. 2005). Whereas an upright body position accelerates the

passage compared to a supine one, the oesophageal transit time seems to be

independent of the propulsive motor function of the oesophagus. Although the

submucosa contains large blood vessels, the short contact time usually excludes

any absorption of drugs.

1.2.2 Stomach

After a hopefully unimpeded passage of the cardia, which represents a 5–6 cm long

zone of 15–40 mmHg pressure above intragastric one rather than a “spincter”, the

drug delivery system enters the stomach. The mucosa of this highly expandable

organ contains about 3.5 million gastric pits with four glands each, yielding a

density of about 100 gastric pits per square mm of surface. Four types of secreting

cells lining these gastric pits secrete mucus as well as up to 1.5 L of gastric juice per

day. The gastric juice contains predominantly pepsin, hydrochloric acid, but also

gastrin, intrinsic factor, 1.7 g L–1 dissolved mucins as well as other compounds.

This acidic milieu aids dissolution of basic APIs as a first step towards absorption

and efficacy; on the other hand peptides or other acid-labile drugs can be denatu-

rated and/or proteolytically degraded, losing efficacy. At higher magnification, the

mucosa consists of a monolayer of columnar epithelial cells 20–40 mm in height

which is covered by a viscoelastic mucus layer of mean height 140 mm. The mucus

layer with a mean renewal time of 4–5 h establishes a pH gradient ranging from pH

2 in the lumen to neutral pH at the cell surface due to bicarbonate secretion. Thus,

the degree of ionisation of basic drugs is converted towards the non-dissociated
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form which favors diffusion across the cell membrane. Contrarily, the mucus layer

also represents a diffusional barrier against absorption for even small molecules.

Generally, there are two main parameters affecting the gastric fate of a drug

delivery system and therefore also absorption: the pH and the gastric retention time

(see Table 1). Whereas in fasted humans the gastric pH ranges between 1.3 and 2.1

as determined by the Heidelberg capsule, it is strongly variable after a meal

(Dressman 1986). Food such as dairy products can buffer and neutralise gastric

acid, but the pH can even become slightly alkaline, provoking, e.g., degradation

of enteric coats followed by premature release of acid-sensitive or irritant drug

substances.

Being also strongly dependent on the fed or fasted state, gastric emptying

determines the arrival of the formulation in the small intestine and thus represents

a key parameter for reaching the absorption site. The “interdigestive migrating

motor complex” occurs every two hours in the fasted state or after dietary intake as

soon as digestible contents leave the stomach. It starts with a lag-phase of no

motility for 30–45 min (phase I). Lasting for about 30 min, irregular mixing

contractions (phase II) are followed by powerful circular contracting waves, the

so-called housekeeper waves, sometimes (hopefully faintly) audible as borborygmi

(phase III). These waves protrude all indigestible material including tablets through

an open pylorus to the small intestine where the propulsions slowly decline. After

5–15 min of highest activity a resting phase (phase IV) with negligible motor

activity is entailed. In the fed state, the “antrum mill,” repeated and irregular

contractions at a rate of about three per minute mix, grind, repel and empty the

stomach of material smaller than 1–2 mm. Thus, in the fasted state, single unit

dosage forms larger than 4 mm remain in the stomach until the next housekeeper

waves arrive, which might occur within a few minutes up to two hours. In the fed

state, these larger monolithic formulations are exposed to the antral mill and they

leave the stomach 2–8 h later. This time frame is strongly dependent on the

composition of the diet. In general, a high fibre diet entails a longer time of drug

absorption (40 min) than a no-fibre diet (30 min) upon administration of solid

dosage forms. For comparison, the lag time of a liquid was quite short, amounting

to 8–9 min (Walter et al. 1989). In addition, fats and oils prolong the gastric

residence time due to inhibition of antral but concurrently increasing pylorus

contractions (Houghton et al. 1990). However, uninterrupted food intake leaves

no time for housekeeper waves to clean the stomach from large tablets, at least

during the night. A problem observed in adipose patients associated with risky

adverse reactions is “dose dumping”. Once they stop eating for a few hours, all the

collected tablets are released at once to the small intestine and provoke symptoms

of heavy overdosing. On the contrary, multiple units smaller than 2 mm leave the

stomach within 10–40 min in the fasted state, as they are processed like liquids.

Upon feeding the residence time of pellets depends on their density. At a density

similar to water, the pellets leave the stomach rapidly inside the central liquid

stream. At a higher density they settle down to the greater curvature, escape antral

milling and are emptied after the meal resulting in gastro-retention for more than

40 min. All in all, drugs are not efficiently absorbed in the stomach.
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1.2.3 Small Intestine

Upon passage of the pylorus, the more or less deaggregated dosage form enters the

small intestine with a mean diameter of 3–4 cm. Due to folding of the mucosa, the

surface area of the epithelium as well as the apical membrane of epithelial cells is

larger than a tennis court and favors the absorption of nutrients as well as drug

molecules. In spite of similar histology, the absorptive capacity and the secretions

are quite different in the duodenum, jejunum and ileum. In man, the absorptive villi

in the duodenum are short and broad, in the jejunum they are higher and most

numerous, and they become fewer and smaller in the ileum. It was estimated that

the mucosal area per centimeter serosal length is about 98 cm in the jejunum,

decreasing to about 20 cm in the lower ileum (Kompella and Lee 2001). In addition,

the high permeability of the epithelium to small molecules decreases down the

small intestine. This underlines the excellent absorptive capacity of the duodenum,

which might be counteracted by rapid duodenal transit of seconds up to a few

minutes (Schiller et al. 2005).

Moreover, absorption is supported by a high blood perfusion which maintains

the concentration gradient of the drug between the intestinal lumen and the plasma.

Nearly one third of the cardiac output flows through the gastrointestinal organs with

10% supplying the small intestine at a flow rate of 500 ml min–1. Interestingly, the

villi receive 60% of this blood flow (Washington et al. 2002).

There are also different secretions which support or counteract dissolution,

integrity and absorption. About 0.7–2.5 l of isotonic pancreatic juice of pH

7.0–7.7 is secreted per day into the duodenum. It contains a wide array of different

enzymes including proteases and lipases as well as amylases which can activate

prodrugs, degrade protein pharmaceuticals, and increase osmotic pressure by

splitting polysaccharides into low molecular weight oligosaccharides.

Additionally, the biliary secretion supports absorption. Up to 600 ml hepatic bile

is produced per day, concentrated and pooled in the gallbladder with a volume of

50–65 ml. Concurrent with housekeeper waves or upon ingestion of a meal, bile is

released into the duodenum. Containing natural emulsifiers such as bile salts,

lecithin and cholesterol, lipids are thereby emulsified in small droplets enabling

degradation by lipases. The resulting free fatty acids form mixed micelles with bile

acids and most probably accumulate at the cell surface where the fatty acid is

absorbed. The bile salts are reabsorbed in the ileum to close the enterohepatic circle.

It has been suggested that lipophilic drugs are absorbed by this fat absorption

pathway (Florence and Attwood 2006).

To neutralise the acidic chyme and to establish the optimal pH for proteolytic

activity, the Brunner’s glands located in duodenal crypts secrete bicarbonate as well

as mucus. Considering that pH is a logarithmic scale, this change markedly affects

the degree of ionisation, the aqueous solubility and therefore the efficiency of

absorption. Although different ranges of pH are reported for the anatomical regions

of the small intestine, there is a consensus that the duodenal pH is slightly acidic to

neutral and the pH remains more or less constant at pH 7.5 until dropping down to

pH 5.5 beyond the ileocecal junction (Lui et al. 1986; Hardy et al. 1987).
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In addition to this luminal barrier against absorption comprising pH and

enzymes, the mucus barrier is another fact to be considered. The Brunner’s glands

as well as goblet cells secrete granules of mucus which swell upon contact with

water. In that way a viscous aqueous layer is formed with a mean thickness of

30–100 mm up to 192 mm adjacent to the absorptive enterocyte. This so-called

unstirred water layer acts as a diffusional barrier, sometimes becoming a rate

limiting step in absorption (Allen 1984). Interestingly, pH measurements with

microelectrodes revealed an acidic microclimate in the range of pH 4.5–6.0 adja-

cent to the cell surface (Washington et al. 2002). Although weak bases might thus

be poorly absorbed, this hypothesis was experimentally disproved.

Another driving force of absorption is the convective water flow. The proximal

small intestine absorbs about 8 l water per day at a flow rate of 50 ml min–1 (Schiller

et al. 2005), probably resulting from both slow passive water transport due to

differences in osmotic pressure between blood and luminal contents and due to

differences in hydrostatic pressure resulting from contractions, as well as rapid

active water transport via aquaporins (King et al. 2004). There is an experimentally

confirmed phenomenon that absorption of acidic and basic drugs increased concur-

rently with increasing water absorption, which contributes to successful absorption

in the intestine. This so-called solvent drag might be simply explained by the fact

that removal of water concentrates the API and thus promotes diffusion across the

mucosal epithelium (Florence and Attwood 2006). As confirmed by magnetic

resonance imaging in fasted volunteers, the fluid volume is not homogenously

distributed throughout the small intestine, but separated pockets filled with about

12 ml water were detected especially in the distal region. After a meal, this volume

decreased from 12 ml to 4 ml and the number concurrently increased (Schiller et al.

2005). This observation raises questions about the impact of this segmentation on

impeded absorption of drugs from non-deaggregating dosage forms resulting in

intra- and inter-individual fluctuations of plasma levels.

The residence time is another crucial factor determining the extent of absorption.

After a meal, the motility pattern in the small intestine comprises both longitudinal

contractions of about 2 cm segments, which mix the chyme and expose it to the

absorptive surface, as well as peristaltic contractions which propel the food towards

the large bowel in a cycle of 1–3 contractions followed by 5–40 s of inactivity. In

the fasted state the “interdigestive migrating motor complex” proceeds from the

stomach to the small intestine but with decreasing intensity. In contrast to the

stomach, the residence time of solutions, pellets and single units was found to be

in the same range of about four hours and was not influenced by food (Davis et al.

1987). Compared to tablets, the residence time of microparticles was longer and

more reproducible, leading to more predictable plasma levels.

A meal exerts no influence on the residence time of the formulation in the small

intestine, unlike the stomach, but it can markedly affect absorption of the dissolved

API. Binding of the API to dietary proteins, adsorption to food or competition of the

API with dietary compounds for carrier proteins, among other factors, might reduce

the absorbed fraction. In addition, the viscous chyme can limit access of the

dissolved API to the absorptive epithelium. Conversely, the bioavailability of
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drugs with high first-pass effect is enhanced in the presence of food. While the

absorptive process itself is not affected, the absorbed fraction increases due to

saturation of metabolising brush border and liver enzymes as well as increased

prandial blood flow (Melander 1987).

In the small intestine as well as in the large intestine absorption occurs not only to

the blood compartment, but also to the lymphatics. The open-ended lymphatic

capillaries in the villi are involved in fat absorption; moreover, there is also a local

immune system. The gut-associated lymphoid tissue (GALT) consists of single and

clustered specialised epithelial cells, the so-calledM cells. These oval or rectangular

accumulations of M cells are termed Peyer’s patches and they are usually located at

the mesenteric border of the intestine. The size varies individually from a few

millimeters up to extremes of 28 cm length in adults, comprising up to 25% of the

GI mucosa. The number of patches increases distally towards the colon. The utility

of this route for absorption of particles and vaccination is described below.

In addition, absorption is not uniform throughout the GI tract, but there are local

differences in drug absorption. These “absorption windows” are attributed to

regional differences in pH, composition and thickness of mucus, surface area and

enzyme activity. According to studies in humans, e.g. piretanide is absorbed from

the stomach and duodenum (Brockmeier et al. 1986), ciprofloxacin (Harder et al.

1990), captopril (Hu and Amidon 1988) and metoprolol (Jobin et al. 1985) from the

small intestine and diltiazem from the large intestine.

1.2.4 Large Intestine

The entrance of dosage forms into the large intestine is controlled by the ileocaecal

junction which prevents reflux of large intestinal contents but can also retain larger

dosage forms in the small intestine. After administration of a large single-unit

dosage form to young and elderly volunteers, a hold-up time of 2–20 h in the

large bowel has been reported (Metcalf et al. 1987). Generally, APIs are absorbed to

a smaller extent in the large intestine than in the small intestine. The absorptive area

is only 0.25% of that of the small intestine, which derives from lack of villi and

reduced length, although the gut extends up to 8.5 cm in diameter at the caecum and

diminishes to 2.5 cm at the sigmoid segment (Read et al. 1980). For comparison, the

absorptive area per cm gut segment is about 1,700 cm2 in the small intestine and

20 cm2 in the large intestine. One of the main functions of the colon is the re-

absorption of water and electrolytes, which also limits dissolution of drugs. The

colon is capable of absorbing nearly 90% of water entering it (Debongie and Philips

1978). Up to 4 L water are absorbed per day at a rate of 2.7 ml min–1 to form a

semisolid stool containing 60–85% water. The aqueous milieu for absorption is

provided by the humidity of the chyme as well as by water pockets with a filling

volume of 1–2 ml being irregularly distributed and less abundant in the transverse

colon. After a meal, their number increases but their volume remains rather

constant. As 90% of orally administered capsules were not in contact with fluid
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pockets, the influence of these pockets on the absorption of drugs from solid dosage

forms remains to be elucidated (Schiller et al. 2005).

Another function of the colon influencing absorption is mixing and lubrication

of the luminal content. Goblet cells located in numerous crypts secrete mucus

which reduces friction but also forms a mucus layer covering the absorptive

enterocytes. In this way, the mucus layer acts as a diffusional barrier similar to

8% polyacrylamide gels (Smith et al. 1986). The mucus layer is part of a

microclimate adjacent to the enterocytes providing a pH of 6.8, in contrast to

the varying pH in the bulk phase (McNeil et al. 1987). Colonic motility comprises

segmental contractions mainly in the proximal colon which mix the content and

increase the contact with the mucosa. Antiperistaltic contractions propel the

luminal content towards the ileum and therefore contribute considerably to the

increased residence time of APIs and formulations in the colon. Finally, mass

movements representing intense and prolonged contractions occurring 3–4 times

per day purge the distal colon. Interestingly, coffee with or without caffeine

increased motility of the colon within 4 min after consumption in eight responders

but six volunteers did not respond (Brown et al. 1990). Altogether, the concerted

action of the different motility patterns leads to a high residence time of 24–26 h

for children and young adults which is further prolonged in elderly persons up to

110 h (Kirwan and Smith 1974). In healthy volunteers, the colonic residence time

of tablets and capsules averaged between 20 and 30 h, offering sufficient time for

absorption even at a low rate (Kompella and Lee 2001). In addition, small

particles pass more slowly through the colon than large units (Hardy et al.

1985). However, increased dietary fibre decreases the residence time and can

abolish any absorptive benefit.

Despite lower blood flow (8–75 ml min–1) compared to the small intestine,

colonic delivery opens promising perspectives for peptide and protein delivery

because of strongly reduced protease activity, being 20-fold to 60-fold less than

in the small intestine (Washington et al. 2002). In addition, there is a neutral luminal

pH ranging from 6.4 in the ascending colon via 6.6 in the transverse colon to 7.0 in

the descending colon (Evans et al. 1988). The colonic pH, however, is strongly

variable and can rise up to 8.0 depending on the protein content of food or drop

down in the case of a high fibre diet, therefore influencing drug absorption.

A unique feature of the colon is the manifold bacterial flora of more than 400

different species, of both aerobic bacteria mainly in the proximal colon and

anaerobic bacteria in the caecum. Similar to a fermentation chamber, a wide

array of reactions such as hydrolysis, aromatisation, reduction, esterification,

decarboxylation and deamination are possible, which can influence the amount of

API to be absorbed but is also exploited as a strategy for colon-targeted drug

delivery (Edwards 1997). Digestion of cellulose by bacterial cellulases yields

volatile compounds and these gas bubbles may reduce contact of the API with the

mucosa. In addition, short chain fatty acids are formed during fermentation of

carbohydrates which can transiently reduce the luminal pH prior to absorption

(Lipton et al. 1988).
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2 Formulation Parameters to Improve Oral Delivery

In an effort to save costs by accelerated development of drug products, 20 years of

research led to the conclusion that the absorption characteristics of an API can be

predicted by its solubility as a measure for its physicochemical properties and by its

permeability considering the physiological conditions in the alimentary canal.

These two parameters form the basis of the Biopharmaceutics Classification System

(BCS), comprising four categories which allow prediction of the biopharmaceutical

quality of a drug substance (Amidon et al. 1995; Lennernäs and Abrahamsson

2005). Whereas in the case of class I drugs with high solubility and permeability

no problems are expected, in the case of class II drugs with low solubility and

high permeability, solubility is the rate-limiting step and therefore requires

improvement. In turn, in the case of class III drugs with high solubility and low

permeability, some effort is necessary to enhance absorption. Finally, in the case of

class IV drugs exhibiting both low solubility and low permeability, bioavailability

is limited and thus requires both enhancement of solubility and absorption. Accord-

ing to this categorisation, a toolbox of different techniques exists to improve oral

delivery by tuning a wide array of parameters as outlined below.

2.1 Size

In course of the last two decades considerable efforts have been made in order to

develop approaches which facilitate the production of drug particles with precisely

controlled features on the micro- and nanometre scale. For oral dosage forms the

interest focused on nanoparticles basically originates from two motives. Firstly, a

considerable number of newly developed drug candidates and marketed substances

belong to BCS classes II and IV which, as a common characteristic, suffer from

insufficient bioavailability due to low solubility. Since nanosizing of a drug can

clearly improve the dissolution profile of the compound, it has been established as

an essential approach for the handling of this issue (Kesisoglou et al. 2007).

Secondly, seminal research reports on the oral absorbability of nanoparticles have

catalysed efforts aiming at the development of drug-loaded systems which effec-

tively translocate to systemic circulation. Undisputedly, this route of drug delivery

is highly complex. However, since peroral formulations imply high patient compli-

ance, several strategies for the administration of highly potent but sensitive biotech

drugs have been investigated (Sood and Panchagnula 2001).

2.1.1 Effects of Nanosizing

Owing to their small size, drug particles in the nanometre range exhibit a quicker

and more uniform distribution in the GI tract compared to conventional single-unit

dosage forms (Asghar and Chandran 2006). As a consequence of the high surface
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area, which enhances interaction of the particles with the epithelial lining and

mucus, the application of a nanosized drug is also supposed to lead to prolonged

residence times and more uniform bioavailability (Keck and Müller 2006). How-

ever, the most distinct effect of nanosizing on a substance’s bioavailability is

supposed to be due to an alteration of the compound’s dissolution behavior. In

this regard, the effects on the dissolution velocity elicited by downsizing of a drug

crystal into the nanometre range are mainly attributed to an increase of the parti-

cle’s specific surface area. This can be illustrated when considering a microparticle

(radius ¼ 10 mm) which is “broken” into 106 nanoparticles (radius ¼ 100 nm).

Although bearing an equal total mass, the nanoparticles exhibit a hundred times

larger surface area for dissolution. The transfer velocity of solvated molecules from

this surface area into bulk solution is determined by the hydrodynamic boundary

layer thickness (Borm et al. 2006). For particles with a size of >50 mm the

thickness of the layer is fairly constant and typically about 30 mm. In contrast,

smaller micro- and nanoparticles are predicted to possess thicknesses comparable to

the particle’s diameter or radius (Galli 2006). As a consequence of this decreased

boundary layer in conjunction with the large surface area, dissolved molecules can

more rapidly transfer into bulk solution. The connection of these effects explains

the higher dissolution velocity of nanoformulated substances and is illustrated in

the Noyes–Whitney equation as extended by Nernst and Brunner (Eq. 1):

dCt

dt
¼ DA

h
ðCs� CtÞ (1)

where CS represents the equilibrium solubility of the substance, Ct is the concen-

tration at time t, D is the diffusion coefficient, A is the surface area of the particles

and h stands for the hydrodynamic boundary layer thickness (Noyes and Whitney

1897; Brunner 1904; Nernst 1904). Aside from the altered dissolution velocity,

nanosized drug crystals are also characterised by increased saturation solubility as a

consequence of the higher curvature of the particle surface (Borm et al. 2006; Wu

and Nancollas 1998). This relation is given in the Ostwald–Freundlich equation (2)

for solid–liquid dispersions:

log
Cr

C1
¼ 2 sV

2:303RT r r
(2)

where Cr stands for the solubility of particles with radius r, C1 for the solubility of

infinitely large particles, s for the interfacial tension of the substance, V is the molar

volume of the particle material, R the absolute gas constant, T the absolute temper-

ature and r the density of the solid.

Below a particle size of about one micron, a notable surface curvature effect is

expected which results in an increased dissolution pressure and hence saturation

solubility (Müller and Peters 1998). However, since these effects are based on the

assumption of spherical particles, it should be highlighted that the practically
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observed solubilities for broken crystallites might substantially differ from the

predicted ones (Tang et al. 2004; Borm et al. 2006).

Generally, when the dissolution rate of a poorly water-soluble substance is

optimised, faster absorption rates are monitored in vivo. Consequently, if an

inadequate dissolution rate is the factor limiting a substance’s bioavailability,

downsizing of the drug particles to the nanometre range has reportedly been a

valid approach to enhance performance of the drug (Liversidge and Cundy 1995)

and to accelerate its onset of action (Wu et al. 2004; Hanafy et al. 2007). The latter

has especially raised interest in the context of the delivery of pain-controlling

substances, where therapeutic plasma concentrations should be reached without

marked delays. In a study comparing the bioavailability of nanocrystalline

naproxen with that of the two marketed products Naprosyn1 (suspension) and

Anaprox1 (tablet), the time to reach maximum plasma drug concentrations was

found to be 50% less for the nanosized substance (Merisko-Liversidge et al. 2003).

Besides the faster onset of action it has also been reported that the administration of

drug nanocrystals can be beneficial for compounds which usually suffer from

discrepancies in bioavailability between fed- and fasted-state administration. In

particular, poorly water-soluble compounds frequently exhibit an enhanced disso-

lution rate mediated by components of the food and GI secretion (i.e. bile). By

improving the dissolution properties of these substances independent from external

factors, nanosizing can standardise the bioavailability and thus the therapeutic

response (Wu et al. 2004). This is also an issue for BCS class IV drugs where the

additional integration of penetration enhancers in the formulation might prove to be

a valuable concept for achieving higher plasma concentrations (Merisko-Liversidge

et al. 2003; Wu et al. 2004). When not only fast dissolution but also sustained

release of a poorly bioavailable drug is an issue, coating of nanosized drug crystals

with mucoadhesive polymers or molecular incorporation of the active agent into

polymeric particles with bioadhesive character could enhance performance of the

drug delivery system (Takeuchi et al. 2001; Bernkop-Schnürch 2005).

2.1.2 Techniques for the Nanosizing of Drug Particles

Most of the techniques used for nanosizing are based on the processing of an

aqueous suspension of drug particles which contains surface active agents in order

to stabilise the ultrafine colloids generated. As a rule of thumb particle re-growth

due to Ostwald ripening should not be an issue if the processed compound’s

solubility in water is lower than 1 mg ml–1 (Merisko-Liversidge et al. 2003).

If dealing with more soluble substances or if the nanocrystals are to be transferred

into solid dosage forms, reduction of the water content is deemed necessary. This is

achieved by lyophilisation or spray-drying following the diminution process which

will enhance the particles’ long-term stability as well as re-dispersability.

In the following text a description of the most established processes for the

nanosizing of solid drug particles will be given. As illustrated in Table 2, several

companies offer formulation development services based on these processes. Clear
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information is not always provided on the method applied for diminution (i.e. in

case of IDD1-P), however most of the technologies contain similarities. The

alternative concepts included in The BioAqueousSM Solubilization Services

(The Dow Chemical Company) are not described in detail, but for the interested

reader literature quotes are provided. Generally, when the rather recent dates of the

marketed products’ FDA approvals are considered, an increasing number of for-

mulations which include nanosized drug particles can be expected in the future.

Bottom-Up Processes

In order to produce nanosized particles by precipitation, the substance to be

formulated must be soluble in a preferably non-toxic water-miscible solvent. In

practice, this is a limiting factor for several new chemical entities which are neither

Table 2 Overview of the commercially applied technologies for micro- and nanosizing of solid

drugs with marketed products (if applicable)

Technology (company) Process Marketed product (active agent;

company; year of FDA approval;

dosage form)

NanoCrystal1

Technology

(Elan Nanosystems)

Wet-milling Rapamune1 (sirolimus; Wyeth;

2000; tablet)

TriCor1 (fenofibrate; Abbott;

2001; tablet)

Emend1 (aprepitant; Merck; 2003;

capsule)

Megace1 ES (megestrol;

Bristol-Myers Squibb; 2005;

liquid oral suspension)

Insoluble Drug Delivery

Platform Technology

(IDD1-P)

(SkyePharma)

Ultrasonication, homogenisation,

milling, microfluidisation

Triglide1 (fenofibrate; Sciele

Pharma; 2005; tablet)

NANOEDGE1

(Baxter)

Precipitation followed by high

pressure homogenisation

–

Nanomorph1

(Soliqs/Abbott)

Dissolution–precipitation –

DissoCubes1

(SkyePharma)

High-pressure homogenisation –

Nanopure1

(PharmaSol)

High-pressure homogenisation

(in water/PEG/glycerol/oils)

–

BioAqueousSM

Solubilization

Services

(The Dow Chemical

Company)

– Precipitation

– Template emulsion

(Anton et al. 2008)

–

– Spray freezing into liquid (SFL)

(Hu et al. 2003)

–

– Evaporative precipitation into

aqueous solution (EPAS)

(Chen et al. 2002)

–
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soluble in aqueous media nor in most organic solvents. After mixing the organic

solution of the compound with an aqueous solution of stabiliser, the ambient

conditions have to be controlled in such a way as to trigger precipitation of the

desired crystalline or amorphous drug particles in the nano- or micrometre size

range (400–2,000 nm) (Möschwitzer and Müller 2007). At a certain stage of the

process, cessation of particle growth is necessary, which is attained by the addition

of selected polymers (gelatine, chitosan, poloxamer, etc.). These substances act as

growth inhibitors by adsorbing to the particle surface and by increasing the viscos-

ity of the suspension. Finally, the generated drug nanoparticles are stabilised, for

instance by spray-drying with excipients (lactose, mannitol, etc.). This step has to

be implemented in order to conserve the particle size and amorphous state which

determine the dissolution rate and consequently bioavailability of the drug in vivo

(Rasenack et al. 2003).

Top-Down Processes

The common feature of top-down approaches for the nanosizing of active agents is

the application of an external force in order to induce breakage of the drug particles

at crystal imperfections. Depending on the technique applied, the forces for dimi-

nution are generated by collisions with milling media, cavitation, high shear forces,

interparticle collision or turbulent flow (Möschwitzer and Müller 2007). Common

to all techniques is that a certain particle size threshold has to be accepted in

practice, which depends on the drug properties as well as the technique-specific

practical energy input. This lower limit within practically relevant process times is a

result of the downsizing-associated reduction of available crystal lattice imperfec-

tions per particle for breakage. As a consequence of this, a further reduction of

particle size can only be attained by an exponential increase in the energy input

after several processing cycles. Since the arrival at this point is determined by the

substance-specific hardness of the drug particles, optimised processing parameters

leading to a desired particle size cannot directly be extrapolated to other substances.

However, it has frequently been reported that the majority of particles is already

notably nanosized in course of a few process cycles. Continued diminution does not

necessarily further reduce the mean particle size but narrows the size distribution.

Wet-Milling

Wet-milling has been used for the production of nanosized drug particles for several

years and is the essential diminution technique of the patented NanoCrystal1

Technology (Elan). Basically, a milling chamber which is charged with milling

media (pearls), dispersion medium (mostly water), drug particles and stabiliser is

subjected to rotary movement as a whole or its contents are stirred by an agitator.

The revolving pearls generate high shear forces and interparticle collisions inside

the mill, which collectively lead to the diminution of drug crystals to about

80–400 nm. It has to be taken into account that the high inner surface area of the
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mill also increases product loss due to adherence of milled drug particles. This can

lead to cross-contamination and also is especially unwanted when processing costly

substances which, as often is the case with new chemical entities, are only available

in small quantities. Impurities abrased from the milling media consisting of stain-

less steel, glass and ceramics based on yttrium-stabilised zirconium dioxide have

been another point of concern (Möschwitzer and Müller 2007). This issue might be

overcome by using durable and high-grade milling media such as pearls of highly

crosslinked polystyrene resin which only exhibit wear in the range of 0.005% (w/w)

based on the drug concentration of the dispersion (Merisko-Liversidge et al. 2003).

If the success of a formulation technology is measured by the number of

products in clinical trials and marketed, the NanoCrystal1 Technology has to

date out-performed its competitors in terms of commercial success (Table 2).

High Pressure Homogenisation

Piston-Gap Homogenisers

High pressure homogenisation has been a standard technique in the food and dairy

industry for several decades. In the case of pharmaceutical formulations its appli-

cation has flourished, as the process is neither limited to emulsions nor to suspen-

sions and can be operated in the lab (0.5 ml) as well as in large batch-scale

(2,000 Lh–1) (Keck and Müller 2006; Möschwitzer and Müller 2007; Müller and

Peters 1998).

In high pressure homogenisation the particle suspension is forced through the

constricted gap of a homogenising valve. Since the volume of suspension flowing

over time has to be constant prior to and in the considerably narrower gap (~20 mm)

of the valve, the velocity of the fluid instantaneously rises upon entering the

passage. Even at room temperature this leads to a drop of the fluid’s static pressure

below the vaporisation point. As a consequence, the formation of gas bubbles takes

place which is frequently termed “cavitation”. After having passed the gap, the fluid

flow velocity is lowered again leading to implosion of the gas bubbles, which

initiates high-energy micro jet-streams. Although it is the major diminution princi-

ple attributed to high pressure homogenisation, cavitation is very likely comple-

mented by additional factors such as interparticle collisions and high shear forces

(Möschwitzer and Müller 2007).

In the case of solid drug particles, no general rules have been identified for the

addition of tensides to the homogenisation process. The amount and type of tenside

added has only been reported to be diminution-relevant when processing emulsions

(Keck and Müller 2006). This can be explained by the lowering of the surface

tension which decreases the energy input required to disintegrate a liquid droplet. In

contrast to wet-milling, product loss due to the inner surface area of the equipment

as well as wear of particles from machine parts is quite low. Upon application of

“hard” homogenisation conditions of 1,500 bar pressure and 20 repeated cycles,

only about 0.7 ppm iron were detected in the final suspension by atomic absorption

spectroscopy (Krause et al. 2000).
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Although high pressure homogenisation of aqueous suspensions is considered a

fairly production-friendly process, the use of water as dispersant is not desirable for

the subsequent transfer of nanocrystalline drug particles into traditional dosage

forms such as tablets or capsules. In most cases the water content of the suspensions

has to be reduced prior to further processing, which implies time- and energy-

consuming steps such as lyophilisation, spray-drying or fluidised bed drying

(Möschwitzer and Müller 2007). In this regard, a more suitable technique licensed

under the name Nanopure1 (PharmaSol GmbH, Berlin) has been developed, which

involves the production of nanocrystalline suspensions in water-reduced (water–

glycerol/PEG mixtures) or water-free dispersants (oils, liquid PEG, hot-melted

PEGs). Interestingly, diminution of drug particles via high pressure homogenisation

can also be attained in these media although the likelihood of cavitation is clearly

reduced in systems with low vapor pressures. For this case it is hypothesised that

shear forces, interparticulate collisions and turbulent flow mainly contribute to

downsizing of the dispersed drug crystals (Keck and Müller 2006). The main

advantage of this approach lies in the convenient processing of the suspension

after the high pressure homogenisation step. When hot-melted PEGs are used as

dispersants, the nanosuspension can either directly be filled into soft or hard-gelatin

capsules (solidification in capsule) or can be cooled leading to crystallisation of the

PEG matrix and entrapment of the particles. The resulting solid is ground to a

powder which can be used for compression into tablets or for the filling of hard-

gelatin capsules. This provides additional benefits since the solidified PEG matrix

stabilises the nanoparticles and thus enhances the formulation’s shelf-life. More-

over, PEG melts at physiological temperature conditions and thereby allows libera-

tion of the monodisperse nanosized drug crystals in the GI tract.

Microfluidisation

This technique relies on the diminution of suspended drug crystals in a Microflui-

dizer1 processor. Basically, an intensifier pump drives the particle suspension

through microchannels with fixed geometry until the liquid stream is split in a

“Y” fashion and increasingly narrows. As with piston-gap homogenisers the

decreasing diameter of the channel leads to an incremental increase in streaming

velocity which results in cavitation and high shear rates. Finally the two split

streams collide head-on leading to further impacts and diminution. Although very

high homogenisation pressures can be attained with this technique, it has been

reported that certain substances have to be subjected to a considerable number of

processing cycles in order to achieve sufficient particle size reduction (Keck and

Müller 2006; Möschwitzer and Müller 2007).

2.1.3 Absorption of Nanoparticles

The uptake of nanosized particles on oral administration has been intensely inves-

tigated for the delivery of highly potent protein and peptide drugs, since standard
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parenteral application is associated with low patient acceptance especially in the

case of chronic therapy (des Rieux et al. 2006). The approaches discussed below are

mainly based on drug-loaded polymeric nanoparticles, for which a variety of

preparation procedures have been developed.

First reports dealing with the absorption of particulate materials from the GI tract

appeared several decades ago. Surprisingly, particles well in the micrometre range

(�150 mm) such as starch granules, pollen, silicate crystals and powdered rabbit hair

were found in the subepithelial layers of the mucosa after having been fed to animals

(Volkheimer 1974). This observation was attributed to a rather passive mechanical

process termed “persorption” which occurs at low frequencies. Since then, more

efficient pathways have been identified which could be exploited for the peroral

administration of particulates which ultimately translocate to systemic circulation.

These routes focus on normal gut epithelial cells and M cells, with the latter being

located in the follicle associated epithelium (FAE) which covers underlying singular

or associated lymphoid follicles of the gut-associated lymphatic tissue. The sparseM

cells exhibit several characteristics which might prove beneficial for the uptake of

particles. Compared to normal gut epithelial cells they are reported to be covered

with a thinner glycocalyx layer which is supposed to facilitate adherence of parti-

cles. Furthermore, M cells have adapted to absorb a wide range of substances and are

located in direct proximity to lymphatic tissue (Shakweh et al. 2004). Obviously, this

latter fact has generated enormous interest for the development of particulate

systems which are able to induce mucosal immunisation (O’Hagan et al. 2006).

However, the extrapolation of animal data to humans is difficult due to the different

anatomy of the FAE in rodents (10–50% M cells) compared to humans (~5% M

cells) (Florence 2005; des Rieux et al. 2006). Consequently, to date it remains

elusive whether M cells alone can serve as resorptive sites via which sufficient

amounts of nanoparticles are taken up for a systemic effect.

In this regard, normal gut epithelial cells might simply be more preferable due to

their abundance in the intestine. By using polymeric nanospheres as a model for an

oral drug delivery system, several studies have identified the optimal size for

efficient absorption to lie in the range of 50–100 nm (Jani et al. 1990). These results

correspond to others obtained from more detailed studies focusing on enterocytes

(Jani et al. 1992) and the treatment of inflammatory bowel disease (Lamprecht et al.

2001) which report highest uptakes for particles 100 nm in size. In the latter case

high uptake into locally diseased tissue rather than systemic uptake is desired, and

was probably reached due to increased uptake of the particles by macrophages and

due to entrapment as a consequence of higher mucus secretion in the inflamed

tissue. Generally, the role of mucus in the absorption process of nanoparticulate

materials is disputed. On the one hand it is argued that uptake is inhibited by

entanglement of the particles between the glycoproteins while on the other hand

entrapment in the mucus layer supposedly increases the intestinal residence time

and contact of the particles with the gut wall.

Obviously, several important problems have yet to be addressed if systemic

response with orally administered nanoparticles is to be successfully achieved.
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For instance, in the case of insulin several studies have shown conflicting thera-

peutic effects in animals (Delie and Blanco-Prieto 2005). The outcome of these

observations is that, especially for drugs with narrow therapeutic windows, the

standardisation of uptake efficiency when formulated as nanoparticles has to be a

major topic of research on the way to controlled oral bioavailability (Dearn AR

1997). This must include systematic investigations of the influence of the type of

polymer constituting the particle matrix as well as the type and concentration of

tenside used for the production procedure (Delie and Blanco-Prieto 2005). Further-

more, the drug loading efficiency of the polymeric carriers is an issue especially for

water-soluble compounds such as proteins. Finally, considering the already com-

plex events of particle uptake into the epithelial cell layer, it can be imagined that

basolateral export and the subsequent translocation to the bloodstream are under-

estimated hurdles which still need to be successfully dealt with (Florence 2006).

2.2 pH-Dependent Drug Delivery

Due to distinct changes of the environmental pH in different sections of the GI tract

(see Point 1.2 “Physiological Conditions in the GI Tract” of this chapter), a drug

dosage system following the oral route is subjected to highly diverse external

conditions during its passage. Since the uptake of many agents is known to differ

considerably among the consecutive regions of the intestinal mucosa, providing a

high concentration of active compound in the section with optimum uptake is of

essential importance for gaining adequate bioavailability. For this, the physiologi-

cal changes in pH may be used as a chemical trigger to specifically release a drug in

the region of interest, thereby enabling the protection of the compound prior to the

intended area of uptake and the bypassing of adverse effects in these regions. Most

pH-dependent delivery systems encompass the prevention of release in the acidic

gastric milieu, followed by an unhindered or pronounced release in the area of small

intestine or colon featuring a higher pH range. It should be noted that natural

differences in gastrointestinal pH among individuals as well as temporary fluctua-

tions caused by dietary factors, disease or co-administration of other drugs might

influence the performance of pH-triggered systems and must be taken into account

for the development of safe delivery strategies. One general advantage of enteric-

coated tablets or multiparticulate systems is their ease of manufacture and relatively

low cost compared to other, more complex delivery systems (Friend 2005).

Commonly used approaches for the design of pH-dependent dosage forms are

based on polymeric coatings that are applied to a preformed tablet, capsule, pellet or

particle, or on the embedding of the API in a pH-sensitive matrix or hydrogel.

Alongside the traditional forms of enteric coating, one upcoming field that has

received a special boost by pH-triggered systems is the area of colon targeting.
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2.2.1 pH-Sensitive Coatings

Today, a variety of polymers with different backbone modifications and side-chain

conjugates is available, allowing for a precise control of release at a certain

threshold pH. Amongst them, the group of methacrylic acid copolymers, or Eudra-

git1 (trademark of Evonik Röhm, Darmstadt, Germany), is one of the best known

and in wide use for the preparation of pH-sensitive coatings or hydrogels. Different

types of Eudragit1 powders and ready-to-use suspensions are commercially avail-

able which represent copolymers of methacrylic acid and methyl methacrylates

carrying different functional groups. The ratio of free acid to ester groups deter-

mines the extent of swelling and/or dissolution rate of the polymer, and the quantity

and type of charged groups at the surface accounts for a prevailing anionic or

cationic character (Moustafine et al. 2005). By incorporation of positively charged

moieties, such as dimethylamino or quaternary amino groups, the polymer can be

considered a polycation (Eudragit1 type E, RL, RS). These polycations are insolu-

ble at the neutral pH of the saliva and will, according to the type of charged group,

either dissolve completely in the stomach (dimethylamino groups, Eudragit1 E)

or – in the case of quaternary amino groups – show swelling without complete

disintegration (Eudragit1 RL and RS). For negatively charged polymers (Eudra-

git1 L, S and FS), the hydration of ionised carboxylate groups occurring at pH 5.5 or

higher accounts for insolubility in the acidic gastric fluids with a subsequent release

in the alkaline milieu of the lower GI tract. This prevents exposure of the

encapsulated compound to harsh conditions in the stomach and enables unhindered

delivery to the preferential site of uptake. The fine-tuning of polymer composition,

as well as type and extent of derivatisation, allows for a relatively precise controlling

of the threshold pH. This provides the possibility for a more accurate determination

of the site of dissolution in the small intestine or colon, although limited by the fact

that the changes in pH along the lower GI tract are much less pronounced than the

step from gastric fluid to duodenum and may be subjected to fluctuations according

to dietary status.

The application of different Eudragit1 coatings in pharmaceutical dosage forms

is widespread with numerous products marketed for local or systemic therapy (e.g.

Asacol1, Salofac1, Claversal1, EntocortTM EC, Budenofalk1) (Friend 2005;

Fedorak and Bistritz 2005). However, since the pH profile along the GI tract is

variable and thus hinders precise control of the site of release, the trend today is

toward combined delivery systems that utilise more than one coating or targeting

principle. Various systems have been published covering the combination of pH- and

time-dependent release, mostly composed of an outer coating layer of Eudragit1

grade L, S or FS and an inner core of a swelling polymer such as Eudragit1 type RL

and RS, ethylcellulose or hydroxypropylmethylcellulose (Vandelli et al. 1996; Gupta

et al. 2001; Edsbäcker et al. 2003). Moustafine and coworkers have explored the

formation of interpolyelectrolyte complexes between different types of Eudragit1

polymers, which possess altered release profiles compared to conventional physical

mixtures of the individual polymers (Kumar 2000; Moustafine et al. 2005). Similar

ionic complexes can be observed for other polymers that are in use for controlled
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release, e.g. chitosan or carboxymethylcellulose, and can be rendered pH-responsive

by incorporation of one or more pH-sensitive compounds (Lorenzo-Lamosa et al.

1998).

As mentioned above, more complex delivery systems attract increasing notice

today, due to the fact that the combination of various targeting strategies allows for

a further fine-tuning of the site of release. Regarding pH-dependent dosage systems,

these new developments impact especially on two fields, one being the sector of

colon targeting, the other concerning the design of novel pH-sensitive hydrogels.

2.2.2 pH and Colon Targeting

In recent years, increased attention has been paid to the specific targeting of the

distal part of the GI tract, not only as a way of improving the treatment of local

diseases such as infections, carcinoma or Crohn’s disease but also as an interesting

possibility for systemic absorption (Yeh et al. 1995). Fragile compounds such as

proteins or peptides are subjected to much lower levels of digesting proteolytic

enzymes in the colon than the rest of the GI tract, and the long residence time in the

colon that accounts for nearly 80% of the total GI transit time represents a large

absorption window for the uptake of drugs. The pH-dependent disintegration of

polymeric drug carriers or coatings has been evoked as an important principle for

the successful realisation of such colon-targeted strategies, although the selectivity

of release at the intended area still remains problematic. Due to the lack of

distinctive changes in pH in the lower GI tract, there is no effective stimulus that

could reliably trigger the disintegration of a target system precisely in the region of

the upper colon by pH alone. Additionally, as is known today, the pH in the colon

might be subjected to fluctuations and even be more acidic than the pH in the small

intestine (Lorenzo-Lamosa et al. 1998; Friend 2005). Thus, many recently devel-

oped strategies for colon targeting rely on the combined application of a pH trigger

and a second principle that is based on a different mode of operation.

These alternative principles mainly include enzymatic systems, which take

advantage of the specific microflora present in the large intestine and use various

types of bacterially cleavable polymers that contain azo groups or glycosidic bonds

(Brondsted and Kopecek 1992; see Sect. 6 in “Nanoparticle Technologies for

Cancer Therapy”). The major drawback of these synthetic or natural polysacchar-

ides such as chitosan, pectin, dextran or chondroitin sulfate is their high solubility in

gastric fluid (Chen et al. 2004), hence the combination with a second delivering

strategy to avoid disintegration too early is of obvious benefit. To bridge the

passage of the upper GI tract, either acid-insoluble pH-dependent or delayed

time-dependent coatings can be applied. However, care should be taken regarding

time-controlled systems, since the usual transit time required to reach the colon is

known to be 4–6 h in fasting condition, but can increase remarkably due to delayed

gastric emptying in fed state. Thus, pH-triggered release systems that are less

susceptible to variations in dietary status might present the preferred option.
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Lorenzo-Lamosa et al. have developed a multiparticulate colonic drug delivery

system that is composed of chitosan microcores entrapped within Eudragit1 L-100

or S-100 microspheres (Lorenzo-Lamosa et al. 1998). The combination of the colo-

nic biodegradable chitosan matrix with an acid-resistant Eudragit1 coating resulted

in an unaffected integrity without release during transit through the gastric cavity,

followed by an almost zero-order kinetic drug release in small intestine and colon.

A connected interplay of pH-triggered dissolution, swelling and bacterial degradation,

which is possible due to the formation of an ionic crosslinking between chitosan and

the acrylic polymer, is held responsible for the observed release characteristics.

Besides the combination with enzymatic targeting, the principle of pH control

together with matrices for delayed release is successfully in use for colon delivery.

EntocortTM EC capsules (AstraZeneca, Lund, Sweden) for the treatment of Crohn’s

disease are composed of an Eudragit1 L100 coated shell that contains ethylcellu-

lose pellets carrying the drug (Edsbäcker et al. 2003). Eudragit1 coated micro-

granules, designed to dissolve at pH >6.4, are the working principle of

Budenofalk1 capsules (Falk Pharma, Freiburg, Germany) (Fedorak and Bistritz

2005). Krishnamachari et al. recently suggested the use of poly(D,L-lactide-co-
glycolide) (PLGA) microparticles that feature a coating with Eudragit1 S-100 for

the delivery of budesonide to the site of disease (Krishnamachari et al. 2007).

2.2.3 pH-Responsive Hydrogels

Swellable and biologically degradable hydrogels have emerged as an important tool

for enhanced delivery of drugs to defined sections of small intestine or colon, and

can be specifically designed to utilise the changes in pH as a stimulus to initiate

swelling or dissolution. Again, different targeting strategies can be followed

according to the chemical nature of the hydrogel, but the most widespread approach

is to design the gel in such a way that swelling in acidic gastric fluid is prevented

and the incorporated drug is not released until it reaches neutral or basic regions of

the lower GI tract. This selective swelling behavior can be realised by using

matrices that contain, e.g., carboxylic groups, which retain a compact network at

low pH and increase swelling upon ionisation at higher pH ranges. So far, a huge

variety of polymers or copolymers has been assessed for this purpose, most of

which are prepared by copolymerisation or by crosslinking of polymer precursors.

It should be noted that hydrogels of similar compositions may exhibit different

degradation patterns according to the mode of preparation (Yeh et al. 1995). This

may be attributed to different network structures resulting from the diverse synthe-

sis methods. Crosslinks between polymers can be provided by covalent bonding,

hydrogen bonding or physical entanglement, and can strongly affect the drug

release kinetics by either favoring surface erosion or bulk erosion as a degradation

pattern. Generally, the higher the crosslinking density, the lower the swelling of the

gel in aqueous medium and the slower the drug release (Yeh et al. 1995). Upon

reaching the full extent of swelling, the release of the active agent may further be

enhanced by disruption of the matrix through chemical hydrolysis or by
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incorporation of biodegradable cleavage sites that are now accessible for the

degrading enzymes (Akala et al. 1998).

All pH-responsive hydrogels are polyelectrolytes that contain either acidic or

basic groups which accept or release protons according to changes in environmental

conditions (Qiu and Park 2001). It is important to mention that due to the closeness

of adjacent charged groups in the polyelectrolyte matrix the total extent of ionisa-

tion may be less than for similar amounts of corresponding monoacid or monobase

(Mayo-Pedrosa et al. 2008). The degree of swelling of the hydrogel is mainly

determined by electrostatic repulsion between enclosed ionised groups and is

much higher than for uncharged polymers. The application of comonomers, such

as hydroxyethyl methacrylates and methyl methacrylates, causes a different hydro-

phobicity of the gel and allows for a further tuning of pH response.

Cationic polymers swell in the acidic pH of the stomach, and can be made of,

e.g., chitosan or N,N0-dimethylaminoethylmethacrylate (Siegel et al. 1988; Patel

and Amiji 1996). Hydrogels containing anionic groups will start to swell or dissolve

in the neutral or basic environment of the small intestine or colon, and may be

composed of various derivatives of acrylic acid, poly(acrylamide), poly

(methacrylic acid), poly(vinylacetaldiethylaminoacetate), or dextran (Akala et al.

1998; Aikawa et al. 1998; Chiu et al. 1999; Qiu and Park 2001). Otherwise inert

hydrogel matrices that do not show alterations upon changes in pH can be rendered

pH-sensitive by utilisation of appropriate crosslinkers, such as maleic acid cross-

linked poly(vinyl alcohol) hydrogels (Peppas and Peppas 1990; Gohil et al. 2006;

Basak and Adhikari 2008).

Chitosan is a copolymer of D-glucosamine and N-acetylglucosamine that is

widely used in drug delivery due to its good biocompatibility, but usually is of

limited use for intestinal drug delivery owing to its fast dissolution in the acidic

milieu of the stomach (Chen et al. 2004). However, complexes of chitosan deriva-

tives and polyanionic alginate can be used as pH-sensitive hydrogels that withstand

the acidic conditions in gastric fluid, provided the chitosan is additionally fixed with

an appropriate crosslinker. Since application of glutaraldehyde is restricted for

toxicological reasons, Chen et al. have proposed the use of genipin as a naturally

derived crosslinking agent of low toxicity with an hydrogel system of alginate and

N,O-carboxymethyl chitosan (Chen et al. 2004). A sufficient retention of enclosed

model drug, followed by subsequent release at neutral pH, could be shown.

Recently, the in situ coating of cellulose/PVP pellets with a pH-sensitive hydrogel

by photopolymerisation has been described, allowing for specific tuning of pH

responsiveness and enabling incorporation of drug in the matrix of the pellet as well

as in the coating gel (Mayo-Pedrosa et al. 2008).

2.3 Swelling

Swellable hydrophilic polymers are widely used components of controlled-release

systems. They are mainly applied to the production of API-containing matrices or
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for coatings. Drug release from a swellable matrix is mainly controlled by the rate

of swelling of the polymer and the API diffusion through the gel layer. A broad

variety of designs is available which allows for different timed-release schemes

ranging from pulsatile delivery to sustained delivery over a prolonged period.

Due to their favorable swelling properties and compressability, the most

important representatives of this group of polymers are cellulose ethers such as

hydroxypropylmethyl cellulose (HPMC), methyl cellulose (MC), and hydroxyethyl

cellulose (HEC). They are well characterised, mostly have “generally recognised as

safe” (GRAS) status and are available in a broad range of viscosity and substitution

grades. Furthermore, copolymers of methacrylic acid, galactomannans, alginates

and many other natural and synthetic polymers can be applied.

Upon water contact, these polymers swell and undergo a transition from the

glassy to the more permeable rubbery state resulting in the formation of a gel layer.

Initially, water penetration prevails, the swelling front which is the inner boundary

of the gel layer moves on and the thickness of the gel layer increases. At the same

time, part of the polymer dissolves or erodes at the outer boundary of the gel layer,

the so-called erosion front. When water uptake and polymer erosion are balanced,

the layer thickness stagnates. Finally, when all the polymer has been hydrated, the

gel layer thickness decreases. Moreover, another boundary within the gel layer

has been described, the so-called diffusion front which constitutes the border

between the already dissolved and the still undissolved drug (Colombo et al. 2000;

Gazzaniga et al. 2008). As mentioned above, the gel layer thickness is time-

dependent, which is important for the drug release kinetics.

Depending on the rate-limiting step, drug release can be diffusion-controlled,

swelling-controlled or chemically controlled. Diffusion-controlled delivery can be

modeled by Fick’s law with either constant or variable diffusion coefficients.

If drug diffusion is faster than polymer swelling, drug release depends on the

swelling rate of the polymer network. A prominent example of such swelling-

controlled drug release is HPMC. In the case of chemically controlled release,

chemical reactions within the delivery matrix are the rate-limiting principle, for

example hydrolytic or enzymatic degradation of the polymer or cleavage of conju-

gated drug from the network (Lin and Metters 2006).

Concerning drug release, another crucial parameter is the mesh size of the

hydrogel, which typically ranges between 5 and 100 nm in the swollen state. If an

API is smaller than the mesh size, which is the case for most APIs, its diffusion is

not delayed. However, for non-porous hydrogels as well as for porous hydrogels

with pore sizes similar to the size of the active agent, diffusion is sterically impaired

and the diffusion coefficients decrease. By choosing appropriate parameters, the

structure and mesh size of swollen hydrogels as well as the degree of gel swelling

and degradation can be tuned (Lin and Metters 2006). This allows the design of

specifically tailored controlled-delivery devices.

Delayed release that does not depend on pH, ionic strength or temperature is

particularly interesting for chronotherapy of chronic diseases which show circadian

variations, for example in the case of rheumatoid arthritis or bronchial asthma,

which manifest especially in the early morning. Delayed release allows bedtime
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administration without exposing the patient to the API during the whole night

(Gazzaniga et al. 1994).

The most common delayed-release systems use swellable hydrophilic poly-

mers representing either coated reservoir systems or capsular systems with hydro-

philic polymeric plugs (Gazzaniga et al. 1994). Coatings of reservoir systems

with hydrophilic polymers are generally applied by press-coating techniques,

spray-coating, dip-coating or powder-layering. One example is the ChronotopicTM

delivery system which consists of a single- or multiple-unit drug core or gelatin

capsule surrounded by a HPMC layer that is responsible for the lag phase

(Gazzaniga et al. 1994). It can either be used for delayed release after a pro-

grammed lag phase or for time-dependent colon-specific delivery, if an additional

outer gastro-resistant film is applied (Sangalli et al. 2001). Double-peak plasma

levels were obtained with a reservoir system containing part of the API in the

outer layer and part of it in the core, resulting in an immediate initial dose followed

by a delayed release. However, even more versatile platforms are available, for

example multi-unit devices including a multitude of cores with different release

characteristics in one hard-gelatin capsule. By combining differently coated cores

even multi-pulse delivery is possible. Another recently introduced controlled-

release technology is SyncroDoseTM (Penwest Pharmaceuticals, USA), which

consists of a drug-containing core coated with an erodible layer of xanthan and

locust bean gum mixtures. The lag time of these systems depends on the composi-

tion of the coating. Generally, the coating step can be quite tricky. For example, it

is rather challenging to obtain uniform HPMC coat layers by double-compression,

which are essential for the release characteristics. Thus, alternative methods of

compression coating were evaluated, resulting in devices such as the EncoreTM

system and one-step dry-coated tablets (OSDRC1) (Ozeki et al. 2004; Gazzaniga

et al. 1994).

Capsular systems with polymeric plugs are composed of an insoluble shell

surrounding the API core, a soluble cap and a plug which consists of a hydro-

philic polymeric tablet sealing the open end. After swelling or erosion of the

plug, the API is released. Commercialised examples comprise the PulsincapTM

system and the Egalet1 system, the latter consisting of a cylinder containing an

API core and erodible plugs at both ends (Bar-Shalom et al. 1991; Gazzaniga

et al. 1994).

Besides delayed-release sytems, there are numerous further applications of

swellable polymers for controlled-release technologies. For instance, they are

used for floating gastroretentive delivery systems to entrap low-density compo-

nents, as well as for expandable systems which have a prolonged gastric residence

time due to their size. As for expandable systems, they have to be small enough to

be swallowed. In the stomach, they rapidly expand by swelling or unfolding and

therefore become too big to pass the pyloric sphincter. After having released their

drug load, they have to be emptied from the stomach, preferably by complete

erosion. Swellable systems are easier to produce than unfolding systems

and might generally have better chances of clinical implementation (Klausner

et al. 2003).
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Most of the currently used hydrogel delivery systems contain polymers that are

not degraded in the GI tract. Nevertheless, enzymatically degradable hydrogels are

becoming increasingly important, especially for site-specific delivery to the colon

(Friend 2005; Lin and Metters 2006). Moreover, the area of stimuli-sensitive

hydrogels is growing. Their swelling or deswelling characteristics and therefore

drug release are governed by external factors such as pH, ionic strength or temper-

ature (Qiu and Park 2001).

To conclude, hydrophilic polymers are used for a broad variety of controlled

release formulations, from site-specific devices for gastroretentive or colon delivery

to time-dependent devices like osmotic pumps. For the future, their use in newly

designed delivery systems may be anticipated, as well as a range of new hydrophilic

polymers with tailored properties.

2.4 Osmotic Pressure

Oral osmotic pumps have gained increasing interest over the past three decades,

because they are widely independent of pH, presence of food and other physio-

logical parameters. Their function is based on an osmotic pressure gradient between

the interior of the delivery system and the environment. Osmotic pumps have well-

understood properties and can be tailored with a high in vitro–in vivo correlation to

obtain either zero-order or patterned release. Today, they are already applied in

many therapeutic fields, such as cardiovascular medicine, endocrinology, urology,

and diseases of the central nervous system. Their advantages comprise stable drug

concentrations in plasma and reduced dosing frequency (Conley et al. 2006).

Osmotically controlled delivery systems consist of a drug-containing osmoti-

cally active core surrounded by a semipermeable membrane. In an aqueous envi-

ronment, water intrudes through the membrane forming a saturated solution of drug

and/or additional osmotic agents with a high osmotic pressure. This solution can

only be released through predetermined delivery orifices in the membrane. Gener-

ally, drug release is governed by the drug solubility, the osmotic pressure gradient,

the size of the delivery orifice and the characteristics of the membrane.

For osmotic delivery, a drug should ideally have intermediate solubility

(50–300 mg ml–1). Otherwise, solubility-modifying excipients may be added to

the drug core. For instance, highly water-soluble drugs can be formulated with

sodium chloride in order to reduce their solubility. Drugs with pH-dependent

solubility can be co-formulated with acidic or basic components. Interestingly,

poorly water-soluble drugs can be released even as a suspension. In this case, the

dispersed drug is extruded due to swelling of co-formulated hydrophilic polymers

or due to effervescent excipients, such as sodium bicarbonate and citric acid. Yet

another approach is the application of poorly soluble drugs in form of cyclodextrin

complexes (Verma et al. 2000, 2002).

However, if the osmotic pressure of the saturated drug solution is not sufficient,

sugars, water-soluble salts or other osmotically active excipients can be added to
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the core. As an alternative, hydrophilic polymers can be included in the core

material. They swell upon water influx and thus contribute to the hydrostatic

pressure (Thombre et al. 2004).

Another important aspect is the size of the delivery orifice. In many cases,

these orifices are created by drilling a hole into the membrane either mechanically

or by laser light. Moreover, controlled-porosity osmotic pumps have been devel-

oped, too. In that case, the orifices are formed due to the incorporation of

leachable materials that are dissolved upon introduction into an aqueous environ-

ment (Zentner et al. 1985).

Concerning the membrane, two major prerequisites have to be met: firstly, water

penetration has to be possible while the permeation of solutes must be inhibited,

and, secondly, the membrane has to withstand the internal pressure. Commonly

used materials include cellulose esters such as cellulose acetate, various types

of Eudragit1, and ethylcellulose. As the membrane thickness usually amounts to

200–300 mm, sufficient water influx might be an issue. This can be alleviated by

adding hydrophilic flux enhancers such as polyethylene glycols (Verma et al. 2000,

2002). Alternatively, asymmetric membranes have been designed which consist of

a porous layer providing the mechanical strength and a thin semipermeable layer

for diffusion control. They can be used to increase water influx, which might be

favorable for drugs with low solubility in order to achieve higher drug release rates

(Herbig et al. 1995; Thombre et al. 1999).

Drug release from osmotic pumps usually follows zero-order kinetics, i.e. a

constant amount of drug is delivered over time. This delivery regime starts after a

certain lag time as soon as the osmotic pressure gradient has been built up and

continues until all the osmotically active solid has been dissolved (Verma et al.

2000). In addition, more sophisticated systems have been created which allow for

ascending, delayed or pulsed release.

Among the currently available designs of osmotic delivery systems, the best-

known example is the elementary osmotic pump (EOP), a single-chamber device,

which is mainly used for drugs with intermediate water solubility. The OROS1

osmotic technology (Alza Corporation, USA) has been used for a range of marketed

products, such as the phenylpropanolamine formulation Acutrim1 (Ciba-Geigy)

(Shokri et al. 2008). In order to adopt EOP technology for poorly water-soluble

drugs, swellable EOPs have been designed, which contain the drug dispersed in a

hydrophilic polymer and an osmotic agent. Upon water influx, the internal hydro-

static pressure increases due to polymer swelling and osmotic effects. As a result,

the drug is released in dispersed form included in a gel (Shokri et al. 2008).

Besides single-chamber devices, a range of multi-chamber systems has been

developed. Push–pull osmotic pumps consist of a bilayer core, which is surrounded

by a semipermeable membrane with a small orifice. The upper layer that is near the

orifice contains the drug, the lower layer contains an osmotic polymer. Water

uptake leads to swelling of the lower parts. The increased internal pressure

(“push”) results in the extrusion of the API (“pull”). Similarly, the sandwiched

osmotic tablet system (SOTS) contains a trilayer core with a push layer in the

middle and two attached API layers (Liu et al. 2000). Besides push–pull systems
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with their expanding second chamber, various osmotic pumps with nonexpanding

second chambers have been created. Among them are devices where the API

solution gets diluted by passing the second chamber. This might be an advantage

for certain drugs, if a concentrated solution can induce irritation in the gastrointes-

tinal tract (Verma et al. 2000, 2002).

Recent developments include multiparticulate delayed-release systems consist-

ing of a multitude of API-containing pellets that are coated with semipermeable

films, as well as L-OROS1 (Alza Corporation) for the delivery of liquid drug

formulations or insoluble APIs and OROS-CT1 (Alza Corporation) for site-specific

delivery to the colon (Verma et al. 2000, 2002).

A variety of release profiles can be obtained by combining osmotic systems with

other principles for controlled drug release. For instance, a drug-containing coating

can be additionally applied in order to provide an initial dose. Another approach is

based on a delayed burst-release of a drug from a capsule coated with a semiper-

meable layer which is filled with the API and a swellable polymer. After a certain

lag time, which can be tuned via the coating, the internal pressure has enormously

increased and the capsule “explodes.” Among many other approaches for pulsed

release, one example is multiparticulate systems that combine osmotically active

pellets with different coatings which therefore sequentially release their drug load

(Anal 2007).

Examples of marketed products based on osmotic delivery include the nifedipine

formulation Procardia1 XL (Pfizer), a calcium channel blocker for the treatment of

angina, and Covera-HS1, a verapamil formulation. Glucotrol1 XL (Pfizer), a

glipizide formulation, is used for the treatment of type II diabetes mellitus. Further-

more, there are Cardura1 XL (Pfizer), a doxazosin formulation for the treatment of

benign prostatic hyperplasia (BPH), Lyrinel1 XL (Janssen-Cilag), an oxybutynin

formulation for overactive bladder, Concerta1 (Janssen-Cilag), a methylphenidate

formulation for the treatment of attention deficit hyperactivity disorder (ADHD),

Invega1, a paliperidone formulation for the treatment of schizophrenia, and Jur-

nista1 (Janssen-Cilag), a hydromorphone formulation for the treatment of pain

(Conley et al. 2006).

To conclude, osmotic pumps are a highly versatile platform for controlling

release characteristics. Over the years, the range of drug candidates has been

expanded from osmotically active drugs with intermediate water solubility to

highly and poorly water-soluble as well as liquid drugs, and a large number of

new applications may be expected in the future.

2.5 Density

Besides other physical properties, the density of a dosage form can be exploited for

site-specific drug release. It is applied for gastroretentive delivery systems which

remain in the stomach for a prolonged time. As a result, bioavailability and

therapeutic efficiency of a wide range of substances with local action or absorption

374 F. Gabor et al.



in the stomach and the proximal small intestine can be improved, provided that they

are sufficiently stable at acidic pH. Among them are drugs with a small absorption

window such as levodopa or furosemide, as well as drugs with limited stability in

distal parts of the gut. Sustained release in the stomach can provide less fluctuating

plasma levels, e.g. in the levodopa treatment of Parkinson’s disease (Crevoisier

et al. 1987). Another field of application is the local delivery of drugs for the

treatment of gastric ulcers, e.g. misoprostol or antibiotics against Helicobacter
pylori (Singh and Kim 2000).

The gastric residence time of a pharmaceutical dosage form depends on a variety

of physiological factors such as feeding state, quality and quantity of ingested food,

age, and state of health. As it also strongly depends on the size and density of the

formulation, the most promising approaches for prolonging gastric residence time

with a substantial number of human clinical trials are floating and expanding

systems, as well as mucoadhesive systems. Floating devices are buoyant in the

stomach due to their low overall density compared to the gastric content (1.004–

1.010 g cm–3), whereas expanding systems swell or unfold after swallowing which

makes them too big to pass the pyloric sphincter (Klausner et al. 2003). Mucoadhe-

sive systems, on the other hand, stick to the gastric mucosa. Although a prolonged

gastric residence time can be achieved with such systems, they carry the risk of

oesophageal adherence which might result in drug-induced injuries (Talukder and

Fassihi 2004; Streubel et al. 2006). Another approach for gastroretention is high-

density systems, which owe their weight to heavy inert excipients such as barium

sulfate, zinc oxide, titanium dioxide or iron powder (Singh and Kim 2000). They are

assumed to sink to the bottom of the stomach and remain entrapped in the folds of the

antrum. However, high-density systems have not yet proved efficient in vivo (Bar-

donnet et al. 2006). In addition, magnetic systems can be applied. In that case, an

external magnet placed on the abdomen retains the dosage form which also contains

a small magnet in the desired position. The main drawback of this method is the

difficulty of exact positioning of the external magnet (Bardonnet et al. 2006).

Floating drug delivery systems (FDDS) and low-density systems can be single

unit or multiple unit dosage forms. According to their mechanism of action, they are

classified as effervescent and non-effervescent formulations.

Effervescent FDDS become buoyant due to gas generation after a certain lag

time upon ingestion. In most cases, carbonates or bicarbonates are used. They

liberate carbon dioxide upon contact with gastric contents. A broad variety of

designs has been developed. Matrix systems are prepared using swellable hydro-

philic polymers such as methylcellulose or chitosan, in combination with carbo-

nates/bicarbonates and tartaric/citric acid. Upon contact with water, the polymer

swells, CO2 is generated and remains entrapped. After a certain lag time, the device

starts floating and releases its drug load (Arora et al. 2005). Another approach is to

coat the drug-containing cores with an inner layer of effervescent agents, i.e. one

sublayer containing sodium bicarbonate and another sublayer containing tartaric

acid, and an outer swellable layer of polyvinyl acetate and shellac (Arora et al.

2005; Ichikawa et al. 1991). A similar principle is employed for floating capsules

that contain a multitude of granules with different residence times in the stomach
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according to their coatings. Increasing the thickness of the swellable membrane

layer results in better floating characteristics on the one hand and higher lag time

and decreased release rates on the other hand (Arora et al. 2005). Furthermore, a

variety of multi-layered tablets has been designed, e.g. a swellable asymmetric

triple-layer tablet that contains a separate gas-generating layer (Arora et al. 2005;

Yang et al. 1999). For zero-order controlled release in the stomach, a multilayer

tablet was composed of two barrier layers and one drug layer. In that way, erosion

of the barrier layers accompanies increased API exposure. Yet another interesting

approach is the combination of floating and expansion due to the incorporation

of rapidly swellable polymers with effervescent materials (Arora et al. 2005).

A special case is raft-forming systems which contain hydrophilic polymers that

produce a viscous gel layer floating on top of the gastric fluids due to entrapped CO2

bubbles (Bardonnet et al. 2006). As illustrated above, most designs are based on a

combination of effervescent substances with swellable polymers. Nevertheless, ion

exchange resins loaded with bicarbonate and surrounded by a semipermeable

membrane can be employed as well (Arora et al. 2005). Another approach for gas

generation was described in the 1970s. Volatile liquids such as cyclopentene or

ether were entrapped in certain chambers where they gasify at body temperature

(Arora et al. 2005; Singh and Kim 2000). The majority of effervescent systems,

however, rely on carbonates or bicarbonates.

Non-effervescent FDDS are buoyant because of entrapped air or fatty excipients,

with hydrodynamically balanced systems (HBS) being one of the most important

approaches. They contain swellable hydrophilic polymers, which enclose air bub-

bles resulting in an overall density that is lower than the gastric contents. Flotation

of these devices depends on the type of polymer and on the presence of air

inclusions within the matrix. The mixture of drug and swellable polymer can either

be filled into capsules or compressed to form tablets. Another prominent approach

is the preparation of hollow microparticles, so-called microbubbles, with drug-

containing shells. They are prepared by solvent evaporation technique using, e.g.,

polycarbonate, various Eudragit1 types, polypropylene or poly(methyl methacry-

late). Other types of floating microbeads include alginate beads that are produced

by precipitation of alginate in calcium chloride solution or microspheres prepared

by spray-drying. In addition, polypropylene foam powder was proposed as a low-

density excipient for single-unit systems as well as for multiparticulate systems

(Streubel et al. 2006). Further creative designs include a sheet-like multilayered

device with drug-containing layers and barrier films that are sealed together in such

a way that small air pockets are entrapped, as well as combinations of several

technologies, such as floating devices coated with mucoadhesive polymers (Arora

et al. 2005; Singh and Kim 2000).

Marketed products based on FDDS include floating capsules such as Madopar1

HBS (Roche), a sustained release formulation of levodopa and benserazide for

the treatment of Parkinson’s disease, and Valrelease1 (Roche), a diazepam formu-

lation. Another example is Cytotec1 (Pfizer), a bilayer floating capsule for the

local delivery of misoprostol for treatment of gastric ulcers. Furthermore, raft-

forming systems are commercially available, such as the antacids Gaviscon1
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(GlaxoSmithKline) and Topalkan1 (Pierre Fabre), which are used for the treatment

of gastroesophageal reflux (Arora et al. 2005; Singh and Kim 2000).

However, some limitations of currently available technologies still remain.

A drawback of single unit systems is that they can leave the stomach prematurely.

Their “all-or-nothing” emptying process may lead to unreliable and irreproducible

therapeutic effects. Multiple unit systems are therefore preferable (Singh and Kim

2000; Bardonnet et al. 2006). According to their mechanism, non-effervescent

systems with immediate buoyancy are regarded as safer than effervescent systems

that float only after a certain lag time with increased risk of premature emptying

from the stomach (Streubel et al. 2006). Generally, efficient floating depends on the

presence of enough liquid in the stomach. Thus, patients have to drink water

frequently, which could impair patient compliance (Hwang et al. 1998). Keeping

in mind also that standard non-disintegrating controlled-release tablets can show

significant gastric retention times, gastroretentive technologies still have to prove

their additional benefit (Waterman 2007).

Nevertheless, there have been promising results in vitro and in vivo. Because

many drug therapies would benefit from reliably prolonged gastric retention,

extensive research efforts are still underway. Thus, more successful floating drug

delivery systems may be expected in the future.

2.6 Enzyme-Mediated Release in the Colon

The enzyme-mediated liberation of an active agent from its carrier has been a widely

studied research topic in drug delivery. Extensive interest in this release-triggering

mechanism for oral administration originates from the differential enzyme patterns

and activities encountered during GI passage (Table 1). The colon has been a site of

special interest due to its high bacterial count and therefore enzyme-rich environ-

ment which is dominated by (oxido-)reductive (nitroreductase, hydrogenase, azo-

reductase, nitric oxide reductase, sulfoxide reductase, etc.) and hydrolytic enzymes

(b-glucuronidase, glycosidase, esterase, amidase, sulfatase, etc.) (Bourgeois et al.

2005; Scheline 1973). Since occurrence and high activity of these enzymes are

characteristic for the colon, these facts can be exploited for the local liberation of

active agents concurrent with low absorption in the upper GI tract. In practice this

has been of interest for the therapy of chronic disease states such as colon-involving

Crohn’s disease, ulcerative colitis (Friend 2005) or colon carcinoma, but also for

oral vaccination and the delivery of proteins and peptides. Although it has not been

fully resolved to date whether the colon can serve as a location for sufficient protein

absorption to result in a systemic effect, its relative lack of protein-degradative

enzymes, comparably long residence time of the chyme and high responsiveness to

absorption enhancers have driven sustained efforts in this field (Rubinstein et al.

1997; Mackay et al. 1997). Generally, enzyme-degradable drug delivery systems for

colon-specific administration are either based on (polymeric) prodrugs or polymers

to be used as coating materials for the drug core and as embedding media for drug

entrapment into matrix or hydrogel systems (Sinha and Kumria 2003).
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2.6.1 Prodrugs

The use of prodrugs for the delivery of therapeutic agents to the colon has mainly

been pursued in the context of the local treatment of inflammatory bowel diseases

(IBD). Conjugation of the active agent with hydrophilic or high molecular weight

molecules is supposed to reduce premature absorption and to increase availability

of the drug in the colon (Friend 2005). In order to be able to formulate prodrugs, the

active agent molecule has to bear chemically reactive hydroxyl, amino, nitro or

carboxyl groups. Using these functionalities, prodrugs with mostly azo and glyco-

side linkages have been synthesised for colon-specific delivery by conjugation of

the drug with artificial polymers, mono-, oligo- or multimers of sugars, amino acids,

cyclodextrins (Minami et al. 1998), glucuronic acid (Simpkins et al. 1988), dextran

(Larsen et al. 1991), as well as sulfonamides and p-aminobenzoic acid (Bourgeois

et al. 2005). It has to be emphasised that careful choice of the carrier molecule is an

essential developmental step. This has been clearly demonstrated in the case of

sulfasalazine for the treatment of Crohn’s disease and ulcerative colitis, which

consists of sulfapyridine (carrier) azo-linked to mesalazine (active agent). It was

found that upon enzyme-mediated cleavage of the azo bond high concentrations of

sulfapyridine are absorbed which subsequently lead to side effects (Peppercorn

1984). This has resulted in the development of mesalazine prodrugs incorporating

safer carrier molecules such as ipsalazide and balsalazide or olsalazine consisting of

two mesalazine molecules as the most elegant example (Chan et al. 1983). Other

approaches include linkage of mesalazine to higher molecular weight carriers such

as polysulfonaidoethylene (Polyasa1) or polyamidoamine dendrimers (Wiwatta-

napatapee et al. 2003) with the advantage of fecal excretion of the carrier after drug

release in the colon. Generally, in the case of prodrug formation with high molecu-

lar weight polymers, the likelihood of absorption of the conjugate in the upper GI

tract drastically decreases, leading to more effective colonic delivery. However,

care has to be taken when lipophilic APIs are bound to the hydrophilic polymer

chains, since sufficient aqueous solubility of the prodrug is a key prerequisite for its

enzymatic degradability.

Another approach to the treatment of IBD relies on the b-glycosidic derivatisation
of non-polar anti-inflammatory corticosteroids such as dexamethasone, prednisolone

or hydrocortisone with carbohydrates, resulting in hydrophilic prodrugs (Friend and

Chang 1984). Aside from site-specific delivery to the inflamed tissues, the altered

polarity of the resulting compounds decreases absorption in the small intestine,

which consequently lowers systemic side effects as well as the therapeutic dose.

2.6.2 Polymeric Coatings and Matrices

The cladding of solid dosage forms with environment-responsive coatings consti-

tutes an essential technique for the development of efficient oral formulations.

If preferential release of the active agent is desired in the colon, enzymatically

cleavable polymers represent promising coating as well as matrix materials.
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The suitability of several classes of polymers and polysaccharides for this purpose

has been intensively studied (Friend 2005). In order to attain successful delivery to

the colon, the coating material should be characterised by good film-forming

properties, low permeability and poor water solubility. However, a certain degree

of swellability needs to be present for efficient enzymatic degradation.

The first biodegradable polymers used for colon drug delivery were azo

polymers usually consisting of a hydrophilic, a hydrophobic and an azo moiety

(Bourgeois et al. 2005). By varying the proportions of the three constituents it has

been feasible to design polymers with improved degradation (more hydrophilic)

and protection characteristics (more hydrophobic) (Van denMooter et al. 1992, 1993).

However, possible toxicity of the reduced azo aromatic linkers and rather slow

degradation rates of the coating material in the colon have constituted drawbacks to

this approach. Alternatively, the use of (naturally occurring) polysaccharides might

be preferable due to their biodegradability, availability and inexpensiveness and

due to the abundance of hydrolysing glycosidases (di-, tri and polysaccharidases)

produced by colon-resident bacteria (Havgaard and Brondsted 1996). In order to

compensate for the inferior film-forming properties and often high water solubility

of these substances, modifications altering the hydrophilicity of the backbone or

blending with synthetic polymers have been investigated (Chourasia and Jain

2004). Among the polysaccharides most frequently applied are amylose (Milojevic

et al. 1996), guar gum (Tugcu-Demiroz et al. 2004), inulin (Vervoort and Kinget

1996), and chondroitin sulfate. For the latter mucopolysaccharide, the degree of

crosslinking with dicyclohexylcarbodiimide can control the drug release character-

istics of the formulation (Rubinstein et al. 1992). The polycationic polysaccharide

chitosan has also frequently been applied for the development of colon-release

forms, but suffers from rather high aqueous solubility at gastric pH levels (Hejazi

and Amiji 2003). In order to overcome this and to improve integrity of the chitosan-

coated cores in the upper GI tract, acid-resistant coatings with Eudragit L-100R1 or

L-100S1 (see chapter Haag in this book) have been proposed (Lorenzo-Lamosa

et al. 1998). Chitosan was also used to formulate beads for multiparticulate hydro-

gel systems by polyelectrolyte complexation with tripolyphosphate. It was found

that the degradation of the hydrogel matrix is dependent on the molecular weight

and degree of deacetylation of chitosan (Zhang et al 2002). In the case of pectin,

another frequently used polysaccharide, the high solubility in the upper GI tract has

also been limited its use as a coating material, but thick-compression coats or a

combination with ethylcellulose have been shown to clearly reduce premature drug

release from pectin-coated delivery systems (Ahmed 2005). The interested reader is

directed to a comprehensive collection of studies dealing with microbially-trig-

gered pectin-containing formulations (Bourgeois et al. 2005).

An alternative and possibly more advanced colon-targeted delivery system

(CODESTM) contains the synthetic disaccharide lactulose. This system consists of

a core with lactulose and drug, an inner acid-soluble coating (Eudragit1 E) and an

outer enteric coating (Eudragit1 L). The latter dissolves in the small intestine,

leading to the diffusion of intestinal fluids into the core where the lactulose

dissolves. Lactulose diffuses from the core into the colonic lumen and is
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subsequently degraded by bacterial enzymes. This leads to a locally acidic environ-

ment which in turn results in dissolution of the acid-soluble layer and release of the

drug (Katsuma et al. 2002).

In the face of the successful delivery of locally acting therapeutics to the

colon by enzymatically triggered release formulations, the exploitation of this

site-specific mechanism for the oral delivery of biotech drugs remains an interesting

perspective for future investigations.

2.7 Biorecognition

A rather sophisticated way to improve oral delivery is the exploitation of biorecog-

nition mechanisms. They can either be used for bioadhesion in order to achieve

prolonged residence times in the GI tract or for highly specific delivery to a certain

tissue. Among bioadhesives, a widely studied approach is mucoadhesion of poly-

mers such as chitosan, polyacrylates, and polythiolated polymers due to non-specific

interpenetration of polymer chains and mucus. Unfortunately, these classical

mucoadhesives have not yet proven successful for peroral delivery in humans

(Gabor et al. 2004; Varum et al. 2008). A more site-specific approach is based on

cytoadhesion. For this purpose, a drug delivery system is functionalised with a

ligand that binds to a specific structure on the surface of a certain cell type.

Generally, this is accomplished by covalent coupling of the targeter to the surface

of the delivery vehicle. Upon binding at the target site, drug is released. If the target

is a receptor that can mediate endocytosis, binding may even result in cytoinvasion –

assuming that the delivery system has the right size. A prerequisite, however, is the

identification of appropriate target structures, followed by the identification of a

suitable ligand that can be coupled to the surface of the delivery system and resists

premature degradation in the GI tract. Among a variety of different approaches for

targeting to the small intestine, glycotargeting using lectins is one of the most

popular.

Lectins are proteins that specifically bind to certain carbohydrate moieties

(Sharon and Lis 2004). In the intestine, sugars are present in the mucus and in the

glycocalyx of the enterocytes being part of the “sugar code” which represents an

important mechanism of biorecognition (Gabius 2000). As known from the litera-

ture, the sugar composition of the glycocalyx is a tissue-specific feature that can be

exploited for targeting (Gabor et al. 2004).

Targeting to enterocytes has attracted a lot of interest in the last years, especially

for enhancing the uptake of nanoparticles aiming at the delivery of drugs that

cannot yet be administered perorally because of their poor solubility, absorption

or stability in the GI tract. In addition, targeting to M cells is extensively studied for

improving oral vaccine delivery. Their main function is the delivery of antigen from

the gut lumen to the GALT. Besides targeting to healthy intestinal epithelium, there

are approaches for targeting of antibiotics to H. pylori, specific delivery of antican-
cer drugs to colon carcinoma cells and many more.
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2.7.1 Targeting to Enterocytes

Based on studies of the binding characteristics of various fluorescein-labelled

plant lectins with differing carbohydrate specificities, the glycosylation pattern of

enterocytes has been assessed. N-Acetyl-glucosamine-binding lectins such as wheat

germ agglutinin (WGA) from Triticum vulgare and tomato lectin (LEA) from

Lycopersicum esculentum bind to intestinal epithelial cells to a high degree.

WGA interacts with the glycosylated extracellular domains of the epidermal growth

factor (EGF) receptor resulting in receptor-mediated endocytosis (Lochner et al.

2003). The intracellular localisation of internalised WGA has been studied using

Caco-2 cells, which are a model for human intestinal epithelial cells. The majority

of the internalised lectin was found in lysosomes (Wirth et al. 2002). Experiments

with Caco-2 monolayers also demonstrated a certain degree of transcytosis for

WGA. Cytoadhesion and cytoinvasion using Caco-2 cells were also observed for

WGA-functionalised nanoparticles (Weissenboeck et al. 2004; Fillafer et al. 2008).

Thus, WGA might be a promising candidate for enhancing peroral delivery of

drugs. It mediates not only mucoadhesion and cytoadhesion to enterocytes, but also

cytoinvasion and even partial transcytosis. Moreover, it is not degraded by GI

enzymes. While some plant lectins are highly toxic, WGA is a dietary lectin that

is also found in wheat products. In the concentrations necessary for glycotargeting

no toxic effects are expected, although this still has to be confirmed by in vivo

studies. Other aspects that still have to be further elucidated include the risk of

eliciting an immune response to WGA during its use for drug delivery (Gabor et al.

2004).

Besides lectin-mediated targeting, other approaches comprise targeting to the

vitamin B12 receptor for endocytosis (Russell-Jones et al. 1999), to peptide trans-

porters (Walter et al. 1996), as well as bile acid-mediated transport (Swaan et al.

1996). Targeting to the transferrin receptor has also been assessed, but this strategy

has the critical drawback that the receptor is mainly expressed at the basolateral side

of enterocytes.

2.7.2 Targeting to M Cells

M cells are specialised epithelial cells overlying Peyer’s patches and mesenteric

lymph nodes (Miller et al. 2007). They are able to take up antigen from the gut

lumen and process it to the gut-associated parts of the immune system. Therefore,

they are the main target for improving the efficacy of oral vaccination.

Oral vaccines have better compliance than parenteral vaccines, they are more

cost-effective, do not bear the risk of contracting blood-borne diseases, and can

generate both mucosal and systemic immunity (Aziz et al. 2007). Although the

overall experience with marketed products has been positive, there are only a few

oral vaccines available (Foxwell et al. 2007). Until now, most oral vaccines have

been based on live-attenuated organisms (O’Hagan et al. 2006). The best-known
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example is the oral poliovirus vaccine (OPV) which was adopted in the 1960s and

successfully contributed to the worldwide reduction of polio cases. Nevertheless,

live-attenuated OPV still bears the risk of re-acquisition of the neurovirulence and

transmission characteristics of wild polioviruses and should therefore be replaced –

and in fact is in Europe – by inactivated poliovirus vaccine in order to eradicate

polio completely (Bonnet and Dutta 2008). Other examples of available oral

vaccines are live-attenuated cholera, typhoid and rotavirus vaccine.

Besides antimicrobial vaccination, oral immunotherapy against type I allergy is

an important goal. About one quarter of the population of developed countries

suffers from allergies. In this field, the only causal treatment is specific allergen

immunotherapy with the goal of shifting the antibody response from a Th2 type

immune reaction to a Th1 type resulting in an alleviation of allergic symptoms.

To date, it is only available via the subcutaneous and the sublingual routes

(Roth-Walter and Jensen-Jarolim 2007).

For mucosal immunisation in the intestine, antigen has to cross the intestinal

epithelium and gain access to the gut-associated lymphoid tissue (GALT). This

transcytosis occurs mainly at M cells. Their major function is the uptake and

transport of antigens from the gut lumen to the GALT which allows the immune

system to monitor the gut content. M cells are well suited to this purpose: their

apical membrane has a reduced glycocalyx and reduced membrane hydrolytic

enzyme activity. Moreover, the number of lysosomes is dramatically reduced

which allows transport of intact antigen to the GALT. In the lymphoid follicles,

the antigen is captured by antigen-presenting cells followed by the induction of an

immune response which finally results in the production of antibodies. Mucosal

immunity is mainly due to secretory imunoglobulin A (IgA) which captures the

antigen at the mucosa and neutralises virus and endotoxin without causing tissue

damage (Brandtzaeg 2007). The gut mucosa contains at least 80% of the body’s

activated B cells, and about 90% of them produce IgA (Brandtzaeg et al. 1989).

Therefore, mucosal vaccines are of special interest in the fight against pathogens

that cause mucosal infection or invade through the mucosa (Levine 2003). In

addition to mucosal immunity, systemic immunity with long-lasting serum IgG

and IgA responses can be induced. The protection ranges from a reduction of

symptoms to the complete inhibition of infection.

Recently, the focus in antimicrobial vaccine research has been on subunit and

DNA vaccines (Peek et al. 2008). Subunit vaccines use only part of the pathogen,

for example a certain protein, as the antigen. They have the advantage that they

cannot revert to a virulent form and do not contain contaminants derived from the

pathogenic organism. However, oral DNA and subunit vaccines as well as aller-

gens must be protected from the low pH in the stomach and from digestive

enzymes.

A range of vaccine delivery systems has been developed over the past years.

They include bacterial and viral live vectors, virus-like particles, non-living

delivery systems and transgenic plant “edible vaccines”. Among non-living

systems, liposomes, proteosomes and a range of polymeric particles have

been investigated (O’Hagan et al. 2006). Microparticles prepared from the
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biocompatible and biodegradable polymer poly(D,L-lactide-co-glycolide) are the

most extensively studied non-viral delivery platform (Brayden and Baird 2001;

Perrie et al. 2007).

Particle uptake into M cells is influenced by their size and surface characteri-

stics. While it is generally accepted that particles below 1 mm are efficiently

transcytosed through M cells, there is still some controversy concerning the

maximum particle size that can be taken up. Some authors state that the optimum

size for transcytosis goes up to 2, 3 or even 5 mm (Roth-Walter and Jensen-

Jarolim 2007; O’Hagan et al. 2006; Brayden 2001). Moreover, hydrophobic

particles are better absorbed by M cells than hydrophilic ones, negatively or

neutrally charged particles better than positively charged ones (des Rieux et al.

2006).

Uptake of antigen from non-targeted systems is usually not sufficient for the

induction of mucosal immunity, whereas systems that adhere to M cells are

effectively transcytosed. A major challenge is the identification of an M cell-

specific target. One of the main drawbacks is the high M cell variability among

species and individuals, as well as among different physiological states and ages

(des Rieux et al. 2006; Brayden and Baird 2001). Another is the lack of appropriate

in vivo and in vitro experimental models (Foxwell et al. 2007). Up to now, various

approaches have been studied leading to more or less promising results. The two

main strategies are the use of plant lectins for glycotargeting and the mimicry of

well-known pathogen–cell interactions (Brayden et al. 2005).

The most widely used plant lectin for M cell targeting is Ulex europaeus
agglutinin 1 (UEA-1) which specifically binds to a-L-fucose (Foster and Hirst

2005). Aleuria aurantia lectin (AAL) is an alternative (Roth-Walter et al. 2004,

2005). UEA-1 and AAL binding have been evaluated in mice. However, humans

lack a-L-fucose on the apical surface of M cells.

The other main strategy follows the example of pathogens that use M cells as

their entry ports. Bacteria such as Yersinia, Salmonella and Shigella interact with M
cells via adhesins. A Yersinia adhesin called invasin has been shown to interact with
cell surface b1-integrins (Clark, et al. 1998). In contrast to other polarised epithelia,
b1-integrins are not restricted to the basolateral side in M cells, but are also

expressed apically. This has also been exploited for targeting of nanoparticles

with the RGD peptide motif (des Rieux et al. 2006). Another adhesin studied for

M cell targeting is reovirus adhesin s1 (Miller et al. 2007). Additionally, the

ganglioside GM1, the B subunit of the cholera toxin receptor, was also considered

for improving vaccine delivery. Although it is present on enterocytes as well, the

anatomical features of M cells make the receptor more accessible and could

therefore appear more attractive. In addition, IgA-mediated interaction with M

cells might be a further approach (des Rieux et al. 2006).

Although some fundamental challenges on the way to successful M cell target-

ing still remain, there are encouraging results giving hope that future improvements

for the induction of immunity against various pathogens as well as for oral

immunotherapy against type I allergy may be expected.
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2.7.3 Miscellaneous

Specific targeting has also been proposed for the eradication of H. pylori from the

stomach. This pathogen, which resides deep in the gastric mucus, causes diseases

such as dyspepsia, gastritis and ulcers. It is also associated with a significantly

higher risk of gastric cancer and MALT lymphoma. Besides other gastroretentive

dosage forms, specifically targeted systems could be applied for even more effica-

cious delivery of antibiotic drugs. One approach utilises glycotargeting. Interest-

ingly, in that case the sugar is the targeter, and the lectin is the target. The bacterial

adhesin BabA2 binds to the fucosylated histo-blood group antigen Lewis b at the

surface of gastric cells. Accordingly, fucose-functionalised nanoparticles preferen-

tially adhere to the bacteria. Unfortunately, not all strains of H. pylori express
BabA2 (Bardonnet et al. 2006).

In addition, cancer-specific cell surface structures might be exploited for tar-

geted delivery. For instance, the b-galactoside specific lectins galectin-1 and -3 are

upregulated in many epithelial tumors such as colon cancer and could be used as

targets (Minko 2004).

2.8 Absorption Enhancers

2.8.1 General Considerations

Today, several factors are known to negatively influence a drug’s bioavailability,

including insufficient dissolution, fast degradation of the compound in the gastric or

intestinal fluid, poor membrane permeation and an extensive first-pass metabolism.

Uptake across the intestinal epithelium has always attracted special attention,

representing a critical step in the chain of events that cover the absorption of a

drug and its transport to the site of action. When taking a closer look at the

physicochemical nature of a specific compound, different properties are associated

with reduced membrane permeability, such as a low octanol/water partitioning, the

presence of charged functional groups, a large polar surface area or high molecular

weight (see Sect. 1.1). A considerable amount of work has been done in order to

improve mucosal transport, and can basically be divided into strategies that tend to

alter the physicochemical nature of the API itself and strategies that tend to alter the

permeability of the membrane. Since the principle of applying chemical modifica-

tions to the API itself – that is to say the development of equally active derivatives

or prodrugs – is often difficult or even impossible and has to be carried out for each

specific agent individually, the strategy of rendering the membrane more permeable

would be highly advantageous and could be applied for various substances without

further changes.

For the development of formulations that are based on co-administration of one

or more absorption-enhancing excipients, several key issues have to be taken into

account. Firstly, in order to clarify if an improvement in oral bioavailability by
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enhancers is possible, it is important to determine exactly the predominant limiting

factor(s) in an API’s pharmacokinetic profile. Particular attention should be laid on

a thorough understanding of the uptake mechanism, since the principle of absorp-

tion enhancement is not limited to influencing membrane permeability, but may

also include other strategies such as an impairment of secretory transport. After a

thoroughgoing evaluation of a drug’s kinetic fate in the human body, the choice of

absorption promoter should be based on a detailed understanding of its mechanism

of action (Yeh et al. 1995).

Up to now, penetration-enhancing formulations have unfortunately not been able

to reach their full potential, due to general problems that apply to the majority of

substances independent of their chemical origin. Several difficulties that have to be

dealt with are intrinsically associated with the principle of co-administration. For an

effective absorption enhancement, the API as well as the excipient have to be

present at the site of uptake in sufficient concentrations and at the same time,

requiring a synchronised delivery to the intended target area. Detecting differences

in intestinal distribution is therefore of obvious importance. If necessary, release

may be improved by application of additional delivery strategies, such as enteric

coating (Aungst 2000).

The main concern that is common to all types of membrane permeation enhan-

cers is the pervading danger of toxic side effects. The risk of causing severe damage

to the mucosal membrane by trying to manipulate its permeability is inherently

connected to this approach and gives rise to the controversy about the usefulness of

absorption enhancers. It is difficult to accurately determine the severity of damage

that is inflicted on the membrane – which may be able to recover – by treatment

with a permeation enhancer, but from today’s point of view many of the compounds

investigated so far seem to be at least as deleterious as helpful. However, some

promising results have been published on excipients of different chemical classes

that seem to enhance drug absorption without compromising cell viability, even

when used in concentrations that effectively improve uptake (Hastewell et al. 1994;

Whitehead et al. 2008). For most enhancers studied so far, steep concentration vs.

effect profiles in vitro have been shown, along with relatively small safety margins.

In many cases, there is no difference between effective and membrane damaging

concentrations (Whitehead et al. 2008). It is worth mentioning that most enhancers

show a higher cytotoxic potential in cell culture models than in intact intestinal

membranes, a fact that is attributed to the presence of repair mechanisms which

allow for a certain recovery from trauma (Aungst 2000). However, the potential for

recovery is limited and often may not be high enough to sufficiently enlarge the

therapeutic concentration window to a safe level.

2.8.2 Strategies of Absorption Enhancement

Achieving beneficial impact on bioavailability by use of absorption enhancers

requires thorough knowledge of the drug’s pharmacokinetics and a understanding

of the working mechanism of the penetration enhancer. Unfortunately, up to now
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there is no complete understanding of all the principles that govern enhancer

behavior. Besides concepts that directly affect the physiology of the mucosal

membrane, additional aspects should be considered in the context of drug absorp-

tion, such as the possibility of improving the intestinal dissolution of a poorly

water-soluble drug by solubilising excipients. For many absorption enhancers, this

feature is known to be the primary cause or at least a supporting factor for the

absorption-enhancing potential (Stegemann et al. 2007). Taking a closer look at the

intestinal epithelium, an enhancer can principally act as a promoter of the transcel-

lular route or the paracellular route or by interfering with active secretory transport.

Concerning membrane-specific effects, one should generally keep in mind that,

comparable to an API which might possess sites of preferential uptake in the course

of the GI passage, there might be sections with higher and lower response to a

specific enhancer. Thus, the effect of absorption enhancement may also be regio-

selective and has to be coordinated to the distribution profile of the agent (Aungst

2000).

Solubilising Excipients

The trend of today’s new chemical entities towards higher molecular weight or

increased lipophilicity often entails the problem of limited gastrointestinal solubil-

ity and thus may be associated with limited oral bioavailability (Stegemann et al.

2007). Especially for substances in BCS class II (poorly soluble but permeable, see

Sect. 2), an enhanced dissolution rate would be expected to result directly in

increased uptake after oral administration. The possibilities for influencing drug

solubility are numerous and cover modifications to the molecule itself, e.g. by

conversion to various salts (see Sect. 1.1), as well as the co-administration of

dissolution-promoting excipients. The field of solubilisation enhancement has –

apart from using a variety of conventional chemical principles (Strickley 2004)

– experienced considerable impact in recent years by applying newly developed

techniques such as cyclodextrins or self-emulsifying drug delivery systems, and is

still far from being fully explored.

Cyclodextrins are cyclic oligomers of glucose which can be categorised in

different groups according to their molecular weight and chemical nature. Regard-

ing oral formulations, the b-cylodextrins and various newly developed derivatives

are of major importance (Stegemann et al. 2007). By forming inclusion complexes

with lipophilic molecules, cyclodextrins are able to temporarily modify the physi-

cochemical properties of a substance and are able to remarkably improve a com-

pound’s solubility and stability (Davis and Brewster 2004). Another advantage of

cyclodextrins is their inertness towards biological membranes in living tissue, that

is to say they enhance solubility and uptake of the included API but do not get

absorbed themselves (Gould and Scott 2005).

Lipid-based drug delivery systems have received increased attention within recent

years, due not only to a presumed ability of using the lymphatic pathway of absorp-

tion, which covers direct uptake in the lymphatic system, but also due to the
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possibility of formulating self-emulsifying drug delivery systems. Such systems are

based upon mixtures of several lipophilic, amphiphilic or hydrophilic excipients that

together form a thermodynamically stable microemulsion of nanosized droplets

when brought into aqueous environment (Porter et al. 2008). Medium-chain glycer-

ides have proven to be suitable candidates for the development of such self-

emulsifying systems (Constantinides et al. 1996), and are believed to facilitate

transcellular uptake in addition to their use as solubility promoters (Muranushi

et al. 1981). Moreover, some excipients contained in self-emulsifying systems may

possibly inhibit cytochrome P enzymes and P-glycoprotein-mediated blood-to-lumen

transport, e.g. Tween 80 or Cremophor RH40 (Mountfield et al. 2000; Hugger et al.

2002). To date, several formulations employing the principle of self-emulsification

have been successfully marketed (e.g. Sandimmun Neoral1, Norvir1).

The Transcellular Route

A major part of the compounds known to enhance absorption are believed to have

direct influence on the cellular membrane, thereby facilitating transport via the

transcellular route. This group comprises surfactants, medium chain triglycerides,

fatty acids, steroidal detergents, acylcarnitines or alkanoylcholines, a-amino acids

and others (Aungst 2000). The exact mechanism that renders the cell membrane

more permeable is still unknown, but probably includes a variety of different

factors such as an increased bilayer fluidity, solubilisation of membrane compo-

nents and pore-forming effects. So far, most analytical studies have been confined

to a detection of intracellular uptake of marker molecules or release of cellular or

membrane components into the surrounding medium, both being indicators for an

increased membrane permeability without providing further information on the

underlying principle. Though the impact on membrane integrity seems to be at

least partly reversible for several enhancers, this approach naturally is strongly

connected to potential toxic side effects.

The Paracellular Route

In comparison to the transcellular pathway, enhancing transport via the paracellular

route requires the – at least transient – opening of the interconnecting tight junctions

without affecting the overall membrane integrity, and thus would probably be less

dangerous for cell viability. The dimension of the paracellular space is 3–5 nm at

maximum, which presumably limits this mode of passage to solutes with a molec-

ular radius of not more than 1.5 nm (~3.5 kDa) (Salama et al. 2006). For permeation

enhancers, the trigger that results in opening of tight junctions could not be clearly

identified so far, but based on the fact that the zonula occludens is strongly

interconnected with the underlying cytoskeleton, a Ca2+-dependent contraction of

perijunctional actin fibers is discussed as a possible mechanism (Fasano and Uzzau

1997). Additionally, extracellular Ca2+ depletion by chelating agents or other lytic
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effects could render the zonula occludens more permeable. An interesting approach

in this context describes the utilisation of substances that mimic endogenous

modulators of the tight junctions, proposing these molecules as promising candi-

dates for the realisation of a reversible absorption enhancement which should be

less damaging. Zonula occludens toxin and its biologically active fragment have

been successfully used for this purpose (Fasano and Uzzau 1997).

Secretory Transport Inhibitors

Certain drugs, though lipophilic and thus in principle not hindered in their ability to

cross membranes, may nevertheless be limited in oral bioavailability due to active

transport from the enterocyte back into the intestinal lumen. Any inhibition of these

transport systems, which include, e.g., P-glycoprotein and other members of the

family of multidrug resistance-associated proteins, would consequently lead to an

increase in net absorptive permeation (Aungst 2000). However, when using this

principle attention should be paid to the avoidance of systemic side effects, since

these transport proteins are not found exclusively in the intestinal mucosa. In addition

to designated inhibitors of these transporters such as cyclosporin (Terwogt et al. 1998),

several pharmaceutical excipients that have already been in use for a long time have

meanwhile been proven to exert influence on secretory transport, e.g. Tween 80 and

Cremophor EL (Nerurkar et al. 1996; Porter et al. 2008; Hugger et al. 2002).

2.8.3 Outlook

For a critical evaluation of absorption enhancers, it is important to mention that

development and testing of penetration enhancers is usually carried out using

in vitro models such as Caco-2 cells, although the performance of the same

enhancers in vivo has been shown to considerably differ in many cases. Often,

results obtained in cell culture or Using chamber tests cannot be successfully

reproduced in vivo, and it is unclear whether cytotoxicity evaluations performed

in vitro are predictive for the situation in vivo (Aungst 2000). Up to now, a

comparative evaluation of absorption enhancers has also been hindered by the

fact that a multitude of different testing methods has provided highly heterogeneous

results. Especially regarding solubilising excipients, novel testing models that take

into account, for example, the effect of endogenously derived emulsifiers in the

digestive fluids are greatly needed and could further deepen our understanding of

absorption enhancement (Porter et al. 2008). Whitehead et al. recently published a

study conducted on Caco-2 cell monolayers that included 153 known permeation

enhancers, aiming to assess their “therapeutic concentration window” by compar-

ing their enhancing potency with their toxic potential. Taking into account that the

results obtained still need to be confirmed by in vivo experiments, the study

nevertheless gives a clear indication that effective penetration enhancement is

possible without compromising safety (Whitehead et al. 2008).
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3 Future Perspectives

In future, the large and growing market share of oral formulations will include

developments which might fall into two categories, personalised medicine and

formulations for poorly absorbable chemical entities, comprising biotech as well

as already established drugs.

Whereas a distinct formulation for each individual person remains a fiction, it is

a fact that age strongly influences the required dose and the dosing frequency.

Children are often “therapeutic orphans” since pharmaceutical developments as

well as clinical studies are conceived for adults. At least in Europe, drug-containing

drops or lollipops are not the ultimate solution to meet the demands of paediatric

formulations. For the growing elderly population, physiological changes in the

gastrointestinal pH, the residence time or the blood flow, and morphological

changes such as possible mucosal atrophy or decreasing liver function, as well as

sometimes restricted motor function, must be considered when designing a dosage

form. Oral formulations meeting these challenges related to age are expected to

greatly improve therapeutic success.

Another challenge is to consider circadian rhythms such as those of heart rate,

blood pressure, hormone plasma levels, gastric pH, renal function and disease state,

e.g. in asthma or allergy. Considering these parameters will require skillful modified

release formulations which in turn will reduce side effects and improve efficacy.

Nowadays, the genetic mechanisms behind a growing number of diseases such

as cancer or various metabolic diseases are elucidated. Needless to say, there is a

huge interest in exploiting this knowledge for novel treatment regimes. However,

the main limitation is the lack of appropriate delivery devices. Therapeutic genes as

well as proteins and peptides have to be protected from premature degradation and

they have to be specifically delivered to their molecular targets. Although there are

still fundamental obstacles to successful gene delivery in general, some researchers

already dare to hope that one day even gene therapeutics could be administered

perorally. To date, despite considerable efforts, the delivery of sufficient amounts of

therapeutic proteins and peptides by the oral route remains a challenge. Nature has

equipped the gastrointestinal tract with a range of protective mechanisms to limit

the entry of bioactive proteins or genetic compounds. Thus, the success of perorally

administered biotech-derived therapies will depend on our ability to overcome

gastrointestinal barriers without impairing the physiological functionality of the

intestine.
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Abstract Transdermal drug delivery is a validated technology contributing signifi-

cantly to global pharmaceutical care. Since 1980, impressive growth in this field has

been observed with many commercial successes; importantly, a new chemical

entity was recently developed and approved for transdermal administration without

having first been given as an injectable or oral dosage form. The progress achieved

has been based on the clearer understanding of skin barrier function, and of the

physicochemical, pharmacokinetic and physiological factors which underpin the

feasibility of transdermal administration. Novel, non-invasive approaches to

enhance and control drug transport across the skin are under intensive investigation,

and some technologies, e.g. iontophoresis, have reached true maturity. The “local”,

subcutaneous delivery of drugs (for example, to underlying muscle and other
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tissues) is gaining increasing acceptance, and new opportunities in this under-

subscribed area may be envisaged.

Keywords Transdermal drug delivery � Skin � Skin penetration enhancement �
Iontophoresis � Minimally invasive technology

1 Introduction

The ultimate objective of drug therapy is a non-invasive device which senses the

patient’s drug requirement and then delivers the right dose of the active agent at the

right rate. Presently, this goal is achieved by the withdrawal of a blood sample, and

an analysis of the drug itself, or of a biomarker, followed by drug administration

typically via an intravenous injection or infusion.

Passive transdermal delivery meets the non-invasive criterion and is able to

provide drug input over extended periods of time at essentially sustained and

controlled rates (Fig. 1). But most patches provide only zero-order delivery and

cannot offer a monitoring capability. In contrast, iontophoresis and the new gener-

ation of so-called “minimally invasive” technologies (such as microneedles and

thermal poration methods) are taking a different view of the skin as a platform for

information exchange.

This chapter examines the state of the art of transdermal drug delivery and

explores the potential for future developments. While discussion concentrates on

drugs for systemic effect, the concepts addressed apply just as well to the “local”,

subcutaneous delivery of anti-inflammatory agents.
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2 The Present State of Transdermal Drug Delivery

2.1 Barrier Function of Skin

Significant advances in understanding the barrier function of the skin have been

made in the last 30 years. The architecture of the stratum corneum (SC), the

principal resistance to drug transport, has been determined, and the organisation

of the SC intercellular lipids has been clearly related to their biophysical properties,

and to their role in barrier function (Bouwstra and Ponec 2006).

From this research, straightforward algorithms to predict skin permeability have

been derived (Fig. 2) (Potts and Guy 1992), so that the physicochemical feasibility

of transdermal drug delivery can be tested in silico before any experiment is

performed.

However, despite being able to assess the potential “deliverability” of a particu-

lar drug active agent, the pool of potential candidates for transdermal administra-

tion has not dramatically expanded. The criteria to be satisfied are identical to those

identified before scopolamine (the first approved transdermal drug) was marketed

in the early 1980s. Furthermore, even though the physical nature of the skin’s

barrier is now well-understood, the biology remains a real challenge, in that many

chemicals, including some transdermal candidates, provoke irritation or sensitiza-

tion of the skin. For the moment, circumvention of this problem is not possible, and

a drug which is irritating cannot be considered for transdermal delivery. It is

absolutely essential, therefore, that any drug/formulation combination being eval-

uated for transdermal feasibility is tested for irritation and sensitization early on in

the development process.

2.2 Transdermally Delivered Drugs

Transdermal administration has several well-known advantages (Delgado-Charro

and Guy 2001). Pre-systemic metabolism is avoided, permitting lower daily doses

to be administered. Blood or plasma levels of the drug can be kept within the

therapeutic window for extended periods of time, prolonging drug action and

reducing the dosing frequency needed. Inter- and intra-patient variability are

reduced, as a consequence, and patient compliance and acceptability improved.

Lastly, input of drug can be stopped by removal of the patch.

log kp = –2.7  +  0.71•log Ko/w – 0.0061•MW

Ko/w = octanol–water partition coefficient.

MW = molecular weight. kp units are cm/hr.

Fig. 2 Empirical algorithm

for the prediction of a drug’s

permeability coefficient (kp)
across the skin from an

aqueous vehicle (Potts and

Guy 1992)
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On the other hand, transdermal delivery is limited by several factors (Delgado-

Charro and Guy 2001). It can only be used for potent drugs whose daily dose is of

the order of 10 mg or less. Higher doses can only be accommodated by increasing

patch size (Fig. 3). In general, from a practical and aesthetic standpoint, 100 cm2 is

considered to be the maximum acceptable. Transdermal drugs are “small” mole-

cules, of molecular weights (at least, for the moment) no greater than 500 Da;

lipophilicity is essential but, because the drug has to exit the SC to be resorbed

systemically, some aqueous solubility is also necessary. Self-evidently, transdermal

delivery is appropriate for drugs that are poorly (if at all) orally bioavailable, and

which have short biological half-lives (implying an appreciable first-pass effect and

an inconvenient dosing regimen). Finally, as mentioned already, the drug cannot be

locally irritating or sensitising.

Transdermal delivery has been approved for the following drugs: scopolamine

(motion sickness), nitroglycerin and isosorbide dinitrate (angina pectoris), cloni-

dine (hypertension), estradiol (hormone replacement therapy), fentanyl (analgesia),

nicotine (smoking cessation), testosterone (hypogonadism), norelgestromin +

ethinyl estradiol (contraception), oxybutynin (incontinence), selegiline (depres-

sion), methylphenidate (attention deficit hyperactivity disorder), buprenorphine

(analgesia), rivastigmine (dementia), rotigotine (anti-Parkinsonian) and granisetron

(anti-emetic). The spectrum of diseases treated by transdermal administration is

remarkable – the sole common link between these drugs is their potency. Rotigotine

represents a particularly noteworthy example as it is the first new chemical entity

developed ab initio for transdermal delivery. All others were already approved for

delivery by other, more conventional routes of administration (usually oral) before

their development for the transdermal route.

Oxybutynin (molecular weight is 357.5 Da, log (octanol–water partition coeffi-

cient (P)) is ~4.7) may be used to illustrate the characteristics of a transdermally

administered drug (Dmochowski et al. 2003). The patch for oxybutynin is a thin,

flexible, transparent, acrylic adhesive system which, when applied every 3–4 days

(e.g. to the abdomen or upper arm), significantly reduces incontinence episodes.

Observed skin irritation is limited. Approximately 4 mg of drug is delivered per day
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from a 39 cm2 patch containing a total oxybutynin loading of 36 mg, and the system

maintains relatively constant plasma concentrations (Fig. 1). When given orally, the

drug suffers an extensive first-pass effect due to biotransformation via CYP3A4.

This problem is totally eliminated by transdermal delivery, as evidenced by the

significant reduction in the resulting systemic levels of the drug’s principal metab-

olite (Fig. 4). Furthermore, as a result, the dose of oxybutynin which has to be given

transdermally is much less.

2.3 Enhancement of Transdermal Drug Delivery

Passively delivering charged drugs, or compounds with molecular weights above

1,000 Da, is precluded to all intents and purposes by the SC barrier. To circumvent

this impasse requires an enhancement technology. The present options can be

grouped into three approaches:

l Formulations which include a chemical penetration enhancer;
l Physical action on the drug itself, e.g. iontophoresis; and
l Physical and/or mechanical energy applied to the barrier, such as ultrasound,

microneedles, thermal poration.

Reviews of the penetration enhancer literature are abundant (Smith and Maibach

2005) and deliver a consistent message: that is, despite the fact that several

marketed patches contain excipients which permit the drug to be transferred across

the skin more rapidly, the incorporation of enhancers into transdermal delivery

systems leads to an increased incidence of irritation. In fact, there is a direct
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correlation between the efficacy of an enhancer to improve drug permeation and its

inherent ability to elicit irritation; thus, the better the enhancer, the worse the

irritation observed. For the moment, therefore, the enhancer�drug combination,

which significantly promotes transport while causing minimal or no irritation, has

not been defined (Karande et al. 2005). The regulatory barrier to the incorporation

of a declared skin penetration enhancer in a novel formulation is also important.

Agencies like the U.S. Food and Drug Administration will, not unreasonably, ask

for evidence to demonstrate that a penetration enhancer really acts as such; further,

if the excipient is not a generally-regarded-as-safe (GRAS) substance, then infor-

mation testifying to its safety will also be required. Alternative strategies involving

manipulations of a topical formulation include the incorporation of liposomes, or

other “vectors”, and the use of supersaturation. Despite considerable effort in the

former area, no transdermal products which take advantage of this technology have

yet been commercialised. With supersaturated vehicles, it has proved possible to

improve drug flux without eliciting irritation (Fig. 5); however, there is a major

stability problem which, at present, makes the approach practically difficult (Moser

et al. 2001). Nevertheless, spray-on formulations are under development (Thomas

and Finnin 2004), and these may ultimately demonstrate that the technology is

feasible.

Iontophoresis enhances drug transport across the SC, without significant pertur-

bation of the barrier per se. In iontophoresis, an electrical potential gradient

imposed across the skin drives the movement of (primarily) ionised species through

the SC which is normally impermeable to the transport of charged entities (Mudry

et al. 2006). Ion electromigration is determined by the current flowing in the

iontophoretic circuit and, as a result, the transdermal delivery of a drug is directly

proportional to, and controlled by, the charge passed between the electrodes
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Fig. 5 Vasoconstriction induced by hydrocortisone (measured in arbitrary units) following

administration in a marketed cream formulation (0.1%, w/v) and in a supersaturated gel in

which the drug was present only at 0.02% (w/v). Three different controls were also evaluated as

indicated (A.F. Davis, personal communication)
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contacting the skin (Fig. 6) (Luzardo-Alvarez et al. 2001). However, the ionised

drug is only one of several available charge carriers in the system: for example,

there may be ions of the same charge in the background electrolyte, and these can

compete with the drug to carry charge into the skin; furthermore, ions of opposite

charge within the body are able to transport charge in the opposite direction.

Iontophoresis efficiency, therefore, is always less than 100% and is often very

small. Moreover, electromigration is not the sole mechanism implicated in ionto-

phoresis. Under normal physiological conditions, the skin carries a net negative

charge and is therefore preferentially permeable to cations. Because the membrane

is charged, the imposition of an electric field across the skin provokes a convective,

electro-osmotic flow of solvent in the anode-to-cathode direction, increasing cation

transport, retarding that of anions, and providing a means to enhance the transder-

mal delivery of neutral, water-soluble compounds. Electromigration and electro-

osmosis contributions to the overall iontophoretic transport depend on drug size and

mobility; the latter becomes increasingly more important with increasing molecular

size (Guy et al. 2000). Although the principles of iontophoresis have been under-

stood for more than a century, transdermal devices based on the technology have

only recently reached the market (albeit, at least so far, with less than modest

commercial success). Integrated delivery systems for lidocaine (inducing local

anaesthesia) (Vyteris 2008) and fentanyl (to provide analgesia) (Janssen-Cilag

2009) have received regulatory approval, and an iontophoretic-based device has

been introduced for glucose-monitoring in diabetics (Sieg et al. 2005). In the latter

example, the electrical current “pulls” glucose across the skin from the extracellular

fluid inside the body to the surface, where it is analysed in situ and the result

translated into a measurement of glycaemia via a prior calibration. Iontophoresis is

therefore a mature technology, feasible both for drug delivery and non-invasive

monitoring. Other systems are being developed and applications in fertility treat-

ment and in Parkinson’s therapy are anticipated.

The development of technologies with which to “short-circuit” the barrier

function of the skin has been the subject of great activity in recent years. These

approaches are characterised by the creation of new pathways through the SC and
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into the skin (Guy 2003). The size of these conduits is measured in terms of microns

(Fig. 7), making them sufficiently large, therefore, to allow the transport of macro-

molecules, such as vaccines, proteins and DNA. The methods of skin “poration”

include mechanical means, by microneedle arrays or high-velocity particles, or

application of physical energy using, for example, ultrasound (sonophoresis) or

heat or lasers (thermal poration). The term “minimally invasive” is used to describe

these new techniques, reflecting the claim that they provoke little or no physical

sensation in vivo. Of these approaches, development is furthest advanced for

microneedles, thermal poration and sonophoresis.

Dramatic advances in micromachining and microfabrication have permitted a

diverse variety of microneedle arrays to be manufactured (Sivamani et al. 2007).

These can be exceptionally small and penetrate only ~100 mm into the skin (and

hence cause essentially no sensation). Different materials have been used to make

the microneedles which can be solid or hollow. The strategy for their application

may be insertion followed by immediate removal and administration of a patch, or

the use of biodegradable microneedle arrays intended to permit slower release of an

associated drug in situ. Alternatively, the microprojections can be coated with a

vaccine, which desorbs upon insertion and then provokes the skin’s immune system

to amplify the desired pharmacological effect.

The creation of micron-sized portals through the skin using thermal energy may

be accomplished by a heated microfilament array or the use of radio-frequency

micro-ablation (Altea 2008; Levin et al. 2005). The depth of the pores induced

100 µm 
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48.3 µm wide

41.7 µm wide

Fig. 7 Confocal microscopy image of human skin in vivo after poration with a microneedle

array (MicroCorTM, Corium International, Inc., Redwood City, CA) (G.W. Cleary, personal

communication)
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ensures access to the viable tissue and that the conduits then become filled quickly

with extracellular fluid. In this way, it becomes possible to deliver therapeutic doses

of normally skin-impermeable drugs (e.g. the salt of an active species which has

much greater stability than the corresponding unionised species) across rather small

areas of skin. The thermal ablation of the SC causes the membrane’s impedance to

fall dramatically, providing an opportunity for feedback control of the energy pulse

delivered to the skin. Because of the dimensions of the pores, as with microneedles,

the transdermal delivery of proteins such as insulin (Fig. 8), human growth hor-

mone and alpha-interferon has been possible.

Increasing drug transport across the skin by the application of low-frequency

(20–100 KHz) ultrasound (Mitragotri and Kost 2004) – so-called sonophoresis –

has been pursued for over a decade. While an approved product has yet to reach the

market, sonophoresis has been shown to significantly increase the delivery of both

small and macro-molecules, and its application to non-invasive glucose monitoring

is under active development. Cavitation has been established as the mechanism by

which ultrasound creates low resistance pathways across the skin, and the speed

with which these conduits appear can be noticeably facilitated by pre-treatment of

the SC with a surfactant such as sodium lauryl sulphate. Increased permeability

remains for about 12 h, with restoration of the barrier claimed to occur within 1 day

post-treatment.

Overall, the minimally invasive technologies described offer several interesting

applications, particularly in vaccine and other macromolecule delivery, and in non-

invasive glucose monitoring. Despite the high intensity of activity presently under-

way, the field remains in what may be termed “early-stage” development, with

proof-of-principle clearly demonstrated, but long-term confirmation that successful

products will result awaiting verification. The key open questions concern the

patency of the new pathways created, safety in general associated with the opening

of pores in the skin, and economics – that is, will the cost of any technology be

competitive with a simple needle and syringe, and will national health systems and

insurance companies provide reimbursement for such novel therapies?
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2.4 Local and “Subcutaneous” Drug Delivery

Obstacles to the delivery of drugs into the skin for dermatological diseases, and to

the immediately underlying tissues to treat local inflammation, are obviously

similar to those encountered in transdermal administration. Both objectives have

been disappointingly addressed to date with clearly inefficient formulations dom-

inating the market. Real opportunities exist, therefore, to make significant improve-

ments in drug therapy in these areas.

Skin problems represent an ever-increasing fraction of a general practitioner’s

workload. This can be illustrated by the fact that the incidence of atopic eczema in

children has increased from 5% in 1950, to more than 25% in 2000, and is

continuing to rise (Cork et al. 2006). Yet, from the majority of topical drug

formulations, only a few percent of the applied dose is actually absorbed; that is,

the “bioavailability” of topical drugs is very low. There is an obvious need,

therefore, to improve this situation by better matching the drug with its vehicle

and by ensuring that the utilisation of the active species is improved (as this will

undoubtedly lead to more reproducible therapy with fewer, or no, side-effects). As

mentioned previously, supersaturation is a means by which a greater fraction of the

applied drug dose can be mobilised into the skin, and the creative use of volatile and

non-volatile excipients is one approach being explored to take advantage of this

metastable state, without difficult-to-resolve stability problems.

Delivery of non-steroidal anti-inflammatory drugs to treat local pain and inflam-

mation in subcutaneous targets beneath the skin (in muscles, joints, tendon, etc.)

(Lee and Maibach 2006) is successfully and widely used in Asia. While there has

been scepticism in the U.S.A. about the efficacy of such an approach, and only a

relatively low level of activity in Europe, there is now a growing interest in the

opportunities afforded by this strategy. The key, of course, is to generate convinc-

ing evidence that the topical delivery to subcutaneous tissues can be at least as good

as oral dosing, in terms of the rate and extent at which the drug reaches the target

site. The important advantage of achieving this aim is that an equivalent effect is

produced with very low or negligible systemic exposure of the patient to the drug,

with a concomitant and significant reduction in unwanted side-effects. Significant

growth is this area may be anticipated.

3 Conclusions

Several outstanding contributions of transdermal drug delivery can be identified:

1. Drug administration which is quite different from conventional approaches (for

example, oral dosing).

2. Elimination of the “peaks and valleys” in drug plasma levels seen with more

conventional routes of delivery.
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3. Development of distinct patch technologies and release mechanisms to achieve

the desired drug delivery profile.

4. Linear manipulation of the drug dose delivered by varying patch area.

5. Avoidance of the first-pass effect, and modification of drug/metabolite ratios

(and reducing, thereby, some important side-effects).

6. Application of the technology to diverse therapeutic areas.

7. Provision of sustained and controlled drug input over periods from 12 h to

7 days.

8. Otherwise difficult-to-formulate drugs have been successfully delivered trans-

dermally.

9. Increased patient compliance.

10. Improved drug utilisation.

It is reasonable to expect that the success of transdermal delivery will be

sustained, even though the rate at which new candidates for conventional, passive

administration is unlikely to change dramatically. Furthermore, areas of significant

growth can be foreseen. For example, while iontophoresis has yet to produce a

“home run” in terms of commercial success, the maturity of the technology implies

that it is ready to be exploited once the right opportunity is identified. The range of

minimally invasive approaches appears likely to impact on macromolecular drug

delivery in some way, and a number of interesting “fits” between active and

technology are already being examined in depth. Lastly, there seems little doubt

that the advances, upon which the transdermal field has grown, will also benefit new

approaches to deliver drugs into and beneath the skin where important potential

areas of exploitation are clearly evident.
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Targeting the Brain – Surmounting or Bypassing

the Blood–Brain Barrier

Heidrun Potschka

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 412

2 Structure and Function of the Blood–Brain Barrier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 412

3 The Blood–Brain Barrier as a Limiting Factor in the Treatment of CNS Diseases . . . . . . . 414

4 Modulation of Blood–Brain Barrier Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 416

4.1 Opening of the BBB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417

4.2 Inhibition of Efflux Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 418

4.3 Prevention of Disease-Associated or Therapy-Induced

Changes of the Blood–Brain Barrier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 420

5 Bypassing the Blood–Brain Barrier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423

5.1 Nano-Sized Carrier Systems and Drug Conjugates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423

5.2 Intranasal Administration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 424

5.3 Intracerebral Administration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 424

6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426

Abstract The constituents of the blood–brain barrier, including its efflux trans-

porter system, can efficiently limit brain penetration of potential CNS therapeutics.

Effective extrusion from the brain by transporters is a frequent reason for the

pharmaceutical industry to exclude novel compounds from further development

for CNS therapeutics. Moreover, high transporter expression levels that are present

in individual patients or may be generally associated with the pathophysiology

seem to be a major cause of therapeutic failure in a variety of CNS diseases

including brain tumors, epilepsy, brain HIV infection, and psychiatric disorders.

Increasing knowledge of the structure and function of the blood–brain barrier

creates a basis for the development of strategies which aim to enhance brain uptake
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of beneficial pharmaceutical compounds. The different strategies discussed in this

review aim to modulate blood–brain barrier function or to bypass constituents of the

blood–brain barrier.

Keywords Blood–brain barrier � Controlled release system � Efflux transporter �
Nanoparticles � P-glycoprotein � Pharmacoresistance

1 Introduction

The limited membrane permeability of cells which are constituents of the blood–

tissue barrier contributes critically to protection of tissues from putatively harmful

xenobiotics. On the other hand the efficient barrier can restrict the brain penetration

of central nervous system (CNS) therapeutics. Therefore many promising com-

pounds fail in CNS drug development due to limited access to the target sites in the

brain. Moreover the efficacy of marketed drugs can be reduced by a restriction of

brain access resulting in a low efficacy or even mere pharmacoresistance. The

penetration may be limited by basal barrier function. In some diseases pathophysi-

ology-associated changes can occur at the blood–brain barrier (BBB) which may

further restrict brain access. Furthermore drugs may also affect the BBB and may

further tighten the barrier. In individual patients the genetics of physiological

agents which contribute to BBB structure and function can additionally affect

brain access and efficacy of CNS therapeutics. When aiming to optimize brain

pharmacokinetics, it is of specific interest to develop strategies to overcome,

modulate, or bypass the BBB.

2 Structure and Function of the Blood–Brain Barrier

The BBB critically controls the passage of compounds from the blood to the CNS.

The major component of the BBB is a monolayer of brain capillary endothelial

cells. The restriction of brain penetration arises from the presence of tight junctions

between adjacent endothelial cells and the relative paucity of fenestrae and pinocy-

totic vesicles. A basal membrane, pericytes, and astrocyte foot processes surround

the brain capillary endothelial cells. The close association between brain capillary

endothelial cells and surrounding astrocytes seems to be critical for the induction of

barrier functions in the endothelial cell layer, including the formation of interen-

dothelial tight junctional complexes.

Due to the BBB, circulating compounds can only gain access to the brain via

lipid-mediated transport of small nonpolar molecules through the BBB by passive

diffusion or less frequently by catalyzed transport (Pardridge 1999). As a
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consequence there is a strong positive correlation between lipophilicity and brain

access for the majority of CNS active compounds. However, uptake can be lower

than predicted for compounds which are subject to extrusion from the brain by

active BBB efflux transporters.

Numerous membrane transporters have been described in BBB endothelial cells

which are involved in the influx or efflux of various essential substrates including

electrolytes, nucleosides, amino acids, and glucose (Lee et al. 2001), as well as

xenobiotics. Efflux transporters at the BBB protect the CNS tissue against changes

in the environment by restricting penetration into and facilitating extrusion from

brain tissue (Leslie et al. 2005). Because the transporter molecules do not distin-

guish between harmful xenobiotics and active pharmaceutical ingredients (API)

which are used as drugs to treat CNS diseases, the brain efflux transporters can also

cause undesirable effects in limiting brain access of drugs which are administered

for CNS disease therapy (Loscher and Potschka 2005a). Several brain efflux

transporters have been linked to a limited brain penetration of CNS active drugs

which restricts drug effectiveness or may even result in mere drug resistance. More

than a decade ago, P-glycoprotein (Pgp, ABCB1) was the first drug efflux trans-

porter to be identified in the BBB (Cordon-Cardo et al. 1989; Thiebaut et al. 1987).

Since then accumulating data indicate a critical role of different BBB efflux

transporters in limiting the brain uptake of a variety of therapeutic agents (Loscher

and Potschka 2005b).

The most relevant efflux transporters which have so far been identified at the

BBB belong to the class of ABC transporters. ABC transporters comprise two

transmembrane domains and two nucleotide-binding domains (Rosenberg et al.

2003), which may also be encoded by two separate polypeptides. For several ABC

transporters, for example Pgp, there is more than one substrate-binding site per

transporter, allowing for a broad substrate spectrum. Transport of compounds is

associated with major conformational changes in the transporter molecule (Martin

et al. 2001). ATP binding seems to induce a conformational change which is

associated with alterations in affinity and orientation of the substrate binding site

(s) such that substrate is released at the extracellular surface of the membrane

(Martin et al. 2001). Subsequently, hydrolysis of ATP resets the transporter for the

next cycle (Senior et al. 1995).

Depending on structural features of the encoded transporters, ABC genes are

divided into a number of families (ABCA, ABCB, ABCC, ABCD, ABCE, ABCF, and
ABCG). Due to the fact that the old nomenclature is frequently used in the

publications cited in this review, this will be used throughout the chapter. The

new nomenclature is given at least once with the first mention of the respective

transporter.

Efflux transporters expressed at the BBB include members of the ABCB, ABCC

and ABCG family: Pgp (ABCB1), members of the multidrug-resistance associated

protein family (MRP/ABCC family), and breast cancer related protein (BCRP/

ABCG2).

For the pharmaceutical industry, the question whether a developmental com-

pound is a transporter substrate is of particular interest. Low affinity to BBB efflux
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transporters is advantageous for the development of CNS therapeutics, which have

to achieve high concentrations in the brain. In contrast, high affinity to BBB efflux

transporters is advantageous for the development of drugs, which should act in the

periphery in order to avoid CNS side effects.

3 The Blood–Brain Barrier as a Limiting Factor

in the Treatment of CNS Diseases

As already described, the function of the BBB can critically influence drug efficacy

and tolerability. Compounds may be too hydrophilic to penetrate efficaciously by

diffusion, whereas transport by brain efflux transporters may function as a limiting

factor for brain uptake of lipophilic compounds.

Therapeutic success in many CNS diseases including brain cancer, epilepsy,

depression, schizophrenia, and HIV-associated encephalopathy is limited by poor

response or complete resistance to drug treatment. Besides other mechanisms,

alterations in drug uptake into the brain or into brain parenchymal target cells are

considered to be an important reason for therapeutic failure (Loscher and Potschka

2005a; Thuerauf and Fromm 2006). Thereby, disease-associated or therapy-

induced changes in efflux transporter expression are thought to critically affect

brain pharmacokinetics of a variety of important CNS active drugs.

Many brain tumors are highly resistant to drug treatment and systemic chemo-

therapy often fails to improve the outcome. A key factor for therapeutic failure of

systemic chemotherapy is restricted BBB penetration of potent chemotherapeutic

drugs (Nies 2007). Anticancer agents were among the first drugs that were identi-

fied to be substrates of BBB efflux transporters, i.e., of Pgp as well as MRPs and

BCRP. Several studies indicated that the poor efficacy of systemically administered

anticancer drugs is at least partly due to the activity of BBB efflux transporters

(Kemper et al. 2004).

In 30%–40% of epilepsy patients antiepileptic drug therapy fails to control

seizure activity in an adequate manner. Microdialysis experiments using transporter

inhibitors, experiments in knockout mice, as well as in vitro studies have indicated

that several antiepileptic drugs are transported by BBB Pgp, and some are also

subject to transport by MRPs (Cucullo et al. 2007; Loscher and Potschka 2005b;

Marchi et al. 2005; Rizzi et al. 2002; Sills et al. 2002). As antiepileptic drugs

generally penetrate well into the brain, they can only be low to medium affinity

substrates. Brain penetration of antiepileptic drugs is only restricted when an over-

expression of BBB efflux transporters occurs as a consequence of seizure activity.

Therefore assays with sufficient sensitivity are required to determine whether

antiepileptic drugs are substrates of BBB transporters. In recent years the neglect

of this fact resulted in a series of inconsistent data. Thus, further research will be

necessary to determine whether all clinically relevant antiepileptic drugs are sub-

strates of BBB efflux transporters, especially of the human isoforms.
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Seizure-induced overexpression of BBB efflux transporters in the epileptic brain

generally renders a feasible explanation for the multidrug resistance of epilepsy

based on limited access of antiepileptic drugs to their target sites. Important support

for this concept came from experiments in two different models of drug-resistant

epilepsy. Pgp expression in drug-resistant rats significantly exceeded that in drug-

responsive rats (Potschka et al. 2004; Volk and Loscher 2005). Recent experimental

studies, in which it was demonstrated that drug resistance of seizures can be

overcome by transporter inhibitors, rendered further evidence for the multidrug

transporter hypothesis of drug-resistant epilepsy (Brandt et al. 2006; Clinckers et al.

2005). When further developing or validating new strategies to overcome drug

resistant epilepsy, it must be taken into consideration that it is considered a

multifactorial problem, and thus the relative importance of efflux transporter over-

expression needs to be elucidated.

Genetic deficiency of Pgp in mice resulted in enhanced brain access for several

antidepressants, indicating that these are effluxed into the blood by Pgp (Grauer and

Uhr 2004; Uhr and Grauer 2003; Uhr et al. 2003, 2000). Whether this active efflux

transport can contribute to therapeutic failure in depression remains to be deter-

mined. Due to the lack of models for treatment-resistant psychiatric disorders, it is

difficult to test the validity of this hypothesis, which therefore still remains rather

speculative. First indirect support for an impact of BBB efflux transporters on

therapeutic success in the treatment of psychiatric diseases came from a genetic

analysis in schizophrenic patients treated with bromperidol. The MDR1 genotype

showed correlation with the therapeutic response to bromperidol (Yasui-Furukori

et al. 2006). Recently, Uhr et al. (2008) reported that the MDR1 genotype of

depressed patients is a strong predictor for therapeutic success with several anti-

depressants.

In the treatment of HIV infection, the development of HIV protease inhibitors

has resulted in considerable progress. However, a major limitation in their efficacy

is the restricted access to the brain which leaves the brain viral reservoir unaffected.

Pgp-mediated efflux has been hypothesized to contribute to the limited brain

penetration rates of HIV protease inhibitors such as saquinavir, amprenavir, nelfi-

navir, and indinavir (Banks et al. 2006; Edwards et al. 2002; Kim et al. 1998;

Washington et al. 2000). Pgp upregulation at the BBB by the HIV-Tat protein

(Hayashi et al. 2005) may further reduce penetration and efficacy of the HIV

protease inhibitors in long-term survivors of AIDS. In addition to Pgp, MRP1,

MRP2, and MRP4 also accept HIV protease inhibitors as substrates and might

therefore be involved in the limitation of their brain access.

Riluzole is the only recognized drug that increases the survival time of patients

with amyotrophic lateral sclerosis. Studies in Pgp knockout mice revealed that

riluzole and minocycline, a compound which can delay disease onset, are both

substrates of Pgp (Milane et al. 2007), so that therapeutic efficacy may be affected

by this BBB efflux transporter.

Pgp-mediated extrusion from the brain has a tremendous impact on opiate and

opioid analgesic efficacy. Modulation of Pgp function significantly affected the

antinociceptive effect of morphine (King et al. 2001; Letrent et al. 1999; Thompson
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et al. 2000). Thus, Pgp seems to be an important issue in pain control with opioid

analgesics, which may influence the onset, magnitude, and duration of the analgesic

response (Dagenais et al. 2004). Recently, this assumption was further substantiated

as Hamabe et al. (2007) reported a negative correlation between morphine’s

analgesic effects in a mouse model and the individual Pgp expression rate in the

cortex.

Furthermore, Pgp seems to limit the distribution of some antibacterial drugs

including fluoroquinolones and erythromycin to the brain (Sasabe et al. 2004;

Schinkel 1999). Brain extrusion of these antibiotics may contribute to their limited

or lack of efficacy in CNS microbial infections.

To summarize, it has been demonstrated that BBB efflux transporters critically

influence CNS effects of numerous APIs (Table 1) and that this influence is of

clinical relevance for many of these drugs.

4 Modulation of Blood–Brain Barrier Function

Accumulating knowledge of the impact of the BBB and its efflux transporter system

on response to CNS therapy stimulates efforts to develop strategies to target drugs

in an optimized manner to the brain tissue (Fig. 1; Table 2). The development of

imaging techniques based on positron emission tomography creates the opportunity

to study Pgp-mediated transport noninvasively in individual patients and its modu-

lation in vivo (Elsinga et al. 2004; Hendrikse and Vaalburg 2002; Langer et al.

2007; Lee et al. 2006). Further development of these diagnostic techniques will

open avenues for selection of patients that may benefit from new strategies aiming

to outwit or bypass the BBB.

Table 1 CNS therapeutics as substrates of BBB efflux transporters: examples

Pharmacological

group

Examples Transporters involved

Anticancer drugs Doxorubicin, daunorubicin, vinblastin,

vincristine, paclitaxel, etoposide, topotecan

ABCB1/Pgp, ABCC

transporters/MRPs,

ABCG2/BCRP

Analgesics Morphine, methadone, fentanyl ABCB1/Pgp

HIV protease

inhibitors

Amprenavir, indinavir, saquinavir ABCB1/Pgp, ABCC

transporters/MRPs

Antipsychotic

agents

Olanzapine, amisulpride ABCB1/Pgp

Antiepileptic

drugs

Phenytoin, carbamazepine, oxcarbazepine,

lamotrigine, phenobarbital, felbamate,

valproic acid, topiramate

ABCB1/Pgp, ABCC

transporters/MRPs

Antidepressants Amitryptiline, nortryptiline, venlafaxine,

paroxetine

ABCB1/Pgp

The transporters listed do not necessarily transport all compounds given, but in some cases

transport only single compounds of the pharmacological group
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4.1 Opening of the BBB

BBB disruption must be transient and reversible to have any role in the delivery of

APIs such as anticancer drugs to the brain. A variety of hypertonic solutions has

been used to disrupt the BBB (Kroll et al. 1998). With its approval for use in

patients, mannitol is most commonly used in both preclinical and clinical studies.

Mannitol-mediated BBB opening has been used in combination with anticancer

drugs to treat patients with metastatic or primary brain tumors. Some studies have

indicated some success and minimal morbidity of the strategy. In a simplified view

of the approach, mannitol is considered to result in osmotic shrinkage of endothelial

cells thereby inducing tractive forces on the tight junctions which then disintegrate.

However, as several structural and functional changes occur in endothelial cells in

response to mannitol, the events that result in enhanced permeability may be much

more complex. Recently, Farkas et al. (2005) reported that hyperosmotic mannitol

induces phosphorylation of beta-catenin. Since beta-catenin is a key component of

the junctional complex, its phoshorylation may be important for mannitol-induced

reversible opening of the BBB.

In general, osmotic disruption of the BBB is not specific enough to exclude CNS

entry of toxic xenobiotics. Furthermore BBB opening and albumin extravasation

Brain
4

Astrocytic endfeet

Basal
membrane

basolateral
1

Brain capillary endothelial cell

Tight
junction

apical/luminal

Blood

Pgp BCRPMRPs 32

Fig. 1 Strategies to enhance brain penetration of CNS therapeutics. (1) Opening of the BBB can be

achieved by disintegrating the tight junctional complex. (2) Modulation of BBB efflux transporter

function or inhibition of the induction of efflux transporters results in a more specific enhancement

of brain penetration rates. (3) Use of nano-sized carrier systems and drug conjugates allows

bypassing of BBB efflux transporter molecules. (4) Direct intracerebral administration (e.g., by

implantation of release systems) bypasses the barriers and results in much higher local drug

concentrations
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may facilitate or even cause epileptogenesis (Ivens et al. 2007; Tomkins et al. 2007;

van Vliet et al. 2007). Thus, more specific strategies to target APIs to the brain

without disruption of BBB integrity would be advantageous.

Administration of a bradykinin analog (RMP-7) has been suggested as an

alternative approach. RMP-7 opens tight junctions by a receptor-mediated mecha-

nism, thereby promoting delivery of the cytostatic carboplatin to glioma implanted

in rat brain (Matsukado et al. 1996). However, the bradykinin analog failed to

improve carboplatin efficacy in phase II and III clinical trials (Prados et al. 2003).

Further options include the intracarotid administration of alkylglycerol which

affects the BBB in a more subtle way. Enhanced drug transport via the paracellular

way has been described in rodents (Erdlenbruch et al. 2003a, b). To our knowledge

no human data are available so far.

4.2 Inhibition of Efflux Transport

Increasing awareness of the impact of efflux transporters on successful pharmaco-

therapy of CNS diseases stimulates efforts to develop strategies to modulate

Table 2 Strategies to enhance brain penetration

Strategy Putative

relevance for

Experimental

evidence

Clinical

evidence

Modulation of BBB function

Opening/weakening of the BBB, e.g., Brain cancer + +

Mannitol

Bradykinin analog

Alkylglycerol

Inhibition of efflux transport Brain cancer + �
Epilepsy + �
Focal cerebral

ischemia

+ �

Brain HIV � �
Psychiatric

diseases

� �

Prevention of disease- or therapy-associated

changes in BBB efflux transporter

expression

Brain cancer � �
Epilepsy + �
Focal cerebral

ischemia

� �

Bypassing the BBB

Nano-sized carrier systems

and drug conjugates

Brain cancer + +

Epilepsy + �
Focal cerebral

ischemia

� �

Brain HIV � �
Psychiatric

diseases

� �

Intracerebral administration Brain cancer + +

Epilepsy + �
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transporter function (Loscher and Potschka 2005a; Thuerauf and Fromm 2006). As

Pgp is known to transport a large number of commonly prescribed drugs, efforts to

date concentrate especially on this transporter. Mechanisms by which Pgp activity

in the BBB can be modulated include direct inhibition by specific inhibitors,

functional modulation, and transcriptional modulation (Bauer et al. 2005). Initially,

drugs used for other indications and noted to inhibit Pgp in cell culture, such as

verapamil, cyclosporin A, and quinidine, have been tested as Pgp modulators (Fox

and Bates 2007). Owing to low binding affinity for Pgp, high doses of these early

inhibitors were needed and excessive toxicity was observed in patients. Second

generation inhibitors were developed as analogs of the initial agents. Valspodar

(PSC-833), a non-immunosuppressive derivative of cyclosporin D, exemplifies the

development of these agents (Fox and Bates 2007). The compound proved to be

better tolerated than inhibitors of the first generation. However, valspodar inhibits

CYP enzymes thereby resulting in decreased clearance and increased systemic

exposure of co-administered compounds.

Whereas first and second generation Pgp inhibitors were hampered by additional

pharmacodynamic effects or by additional effects on drug metabolism (Thomas and

Coley 2003), the development of third generation Pgp inhibitors produced selective

and more potent modulators, such as tariquidar, laniquidar, zosuquidar, and elacri-

dar (Bates et al. 2002; Thomas and Coley 2003). The three generations of Pgp

modulators comprise competitive inhibitors which are substrates by themselves,

and noncompetitive inhibitors that induce changes in the conformation which affect

transport efficacy.

In view of the complexity of efflux transport, an aim that suggests itself is to

develop dual or multipotent inhibitors. Jekerle et al. (2006) recently reported the

development of the novel inhibitor, WK-X-34, which modulates both Pgp and

BCRP in experimental models. In the clinical setting, co-administration of Pgp

inhibitors together with anticancer drugs in oncology has shown some efficacy

(Breedveld et al. 2006), although not all studies yielded promising data. Therefore,

the continued development of these agents must be awaited in order to establish

the true potential of Pgp-mediated reversal of multidrug resistance in the treatment

of brain cancer and other CNS diseases. In this context, it is of particular interest

that a recent study reported differences in the sensitivity of Pgp located in different

cells and blood–tissue barriers (Choo et al. 2006), Pgp localized in the BBB

proved to be more resistant to inhibition than Pgp in other tissues (Choo et al.

2006). This resistance can be overcome by a sufficiently high dose of an inhibitor.

However, whether this is safely attainable in the clinical situation remains to be

determined.

Experimental studies in a rodent glioblastoma model and a rodent melanoma

brain metastasis model demonstrated efficacy of the strategy (Fellner et al. 2002;

Joo et al. 2008). Brain penetration and efficacy of systemically administered

paclitaxel could be enhanced significantly by co-administration of the Pgp inhibi-

tors valspodar or HM30181A (Fellner et al. 2002). Co-administration of Pgp

inhibitors also improved the response to antiepileptic drugs and even helped to

overcome mere resistance to antiepileptic drugs in several animal models (Brandt
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et al. 2006; Clinckers et al. 2005). In these studies the combination proved to be

well tolerated. In a rodent model of focal cerebral ischemia, co-administration of a

third generation Pgp inhibitor was also substantiated as a promising strategy for

neuroprotection (Spudich et al. 2006). Tariquidar enhanced the accumulation and

the neuroprotective efficacy of the neuroprotectants FK506 and rifampicin.

In view of the experimental success, it is important to consider that any

modulation of transporter function is associated with specific hazards. First,

complications with a combination of a Pgp inhibitor or modulator with a CNS

active drug may be related to the intended aim. An influence on pharmacokinetics

of the therapeutic agent will not only affect the target tissue or target brain

region. Enhanced drug concentrations in other brain regions and also in peripheral

tissues may promote side effect potentiation. In accordance with this, several

trials with combinations of anticancer drugs and Pgp inhibitors had to be closed

ahead of schedule due to enhanced chemotherapy-related toxicity (Fox and Bates

2007).

Second, multidrug transporters such as Pgp serve a variety of physiological

functions including protection from xenobiotics. Other xenobiotics taken up by

the body may be more harmful in the presence of efflux transporter inhibitors due to

the influence on their distribution. Furthermore Pgp and MRPs may protect brain

parenchymal cells from apoptosis (Gennuso et al. 2004; Pallis et al. 2002), and

transporter inhibition may thus promote cell death. Nevertheless, transient inhibition

of efflux transporters by short-term administration of inhibitors may be a tolerable

strategy to reverse or prevent drug resistance.

With regard to specific brain targeting, evidence exists that modulation of efflux

transporter function may indeed enhance brain penetration of CNS therapeutics;

however, transporter activity will also be affected in other blood–tissue barriers,

haematopoetic cells, and excretory organs.

4.3 Prevention of Disease-Associated or Therapy-Induced
Changes of the Blood–Brain Barrier

Expression of efflux transporters is regulated in a highly dynamic manner. This

regulatory process can be considered as a mechanism that allows adaptation to

changing requirements in detoxification and tissue protection. The regulation of

expression has been most intensely studied for Pgp. Knowledge of the regulation of

BBB efflux transporter activity is of particular interest because it may prepare the

molecular basis for the development of strategies to specifically manipulate BBB

function in order to improve pharmacotherapy of CNS diseases. This underlines the

specific importance of further research focusing on the different mechanisms of

regulation and their interaction.
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A variety of xenobiotics including several APIs have been demonstrated to

induce expression of multidrug transporters. In the treatment of brain cancer,

induction of efflux transporter expression by chemotherapeutic drugs in tumor

cells and BBB endothelial cells is a well recognized mechanism that limits drug

concentrations at the target tumor cells and contributes to therapeutic failure (Lee

and Bendayan 2004; Loscher and Potschka 2005a). The strong induction by

anticancer drugs is probably due to their pronounced cytotoxic effects on cells

and the induction of a cellular stress response. Orphan nuclear receptors have been

recognized as master regulators of drug-induced changes in expression of metabo-

lizing enzymes and of members of the multidrug transporter families (Masuyama

et al. 2005). The orphan nuclear receptor PXR/SXR (termed pregnane X receptor

[PXR] in rodents and steroid and xenobiotic receptor [SXR] in humans) proved to

be expressed in rat brain capillaries (Bauer et al. 2004). Its functional relevance for

regulation of efflux transporters in the BBB was indicated by the observation that

the PXR ligand dexamethasone increased Pgp expression and Pgp-specific trans-

port (Bauer et al. 2004). Thus, PXR/SXR may be a key xenobiotic sensor in brain

capillary endothelial cells which mediates induction of Pgp. Targeting these xeno-

sensors by administration of antagonists has been suggested as a means of over-

coming therapy-induced resistance mechanisms (Ekins et al. 2007). The ongoing

molecular characterization of the binding sites of the receptors has implications for

future discovery of molecules that are more selective and potent than currently

available antagonists.

Using intestinal and lung carcinoma cell lines it was demonstrated that induction

of efflux drug transporters by xenobiotics and especially chemotherapeutics does

not necessarily depend on PXR (Huang et al. 2006). Based on the fact that the group

also demonstrated that the modes of regulation can be cell-specific, it is currently

not clear if these data can be extrapolated to brain capillary endothelial cells. Baker

et al. (2005) reported that epigenetic changes in the MDR1 promoter occur in

response to chemotherapeutic drugs which then enhance the MDR phenotype.

Dramatic changes in the temporal and spatial pattern of histone modifications

occurred within the 5’ hypomethylated region of MDR1, which directly correlated

with MDR1 upregulation (Baker et al. 2005). Further research may create a basis

for the identification of further targets for prevention of therapy-induced transporter

overexpression.

Several CNS pathologies have been associated with changes in efflux trans-

porter expression or function. Epilepsy, which is characterized by recurrent spon-

taneous seizures, is one of the most common neurological disorders. In animal

models of epilepsy a transient increase in Pgp and MRP2 expression was observed

in brain capillary endothelial cells, astroglia, and neurons after seizures, which

indicates that seizures themselves can induce overexpression of drug transporters

(Loscher and Potschka 2005a; Sisodiya 2003). This seizure-induced overexpres-

sion proved to be restricted to brain regions involved in seizure initiation and

spread. These data are in line with investigations in human epileptogenic tissue

dissected from pharmacoresistant patients during epilepsy surgery, which also
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indicated high expression rates of efflux transporters (Loscher and Potschka

2005a; Sisodiya 2003). However, definite conclusions from these studies are

hampered by the lack of adequate control tissue, because patients who are treated

successfully do not generally undergo surgical resection of epileptogenic foci. The

cellular mechanisms involved in seizure-induced overexpression of efflux trans-

porters still need to be elucidated. With respect to the excessive glutamate release

associated with seizures, it is of particular interest that glutamate proved to

upregulate Pgp expression via an NMDA receptor mechanism (Zhu and Liu

2004). Recently, we were able to demonstrate that extracellular glutamate

signals through the NMDA receptor and COX-2 in brain capillaries to increase

BBB Pgp expression following seizures (Bauer et al. 2008). Consistent with our

hypothesis, exposing isolated rodent brain capillaries to glutamate increased Pgp

expression and transport activity. These increases were blocked by the NMDA

receptor antagonist MK-801 and by the selective COX-2 inhibitor celecoxib. In

rats, intracerebral microinjection of glutamate caused locally increased Pgp

expression in brain capillaries. Moreover, using a pilocarpine status epilepticus

rat model, we achieved an attenuation of seizure-induced increases in capillary

Pgp expression by administration of the non-selective COX inhibitor indometha-

cin. These data suggest that it might be possible to enhance brain uptake of

antiepileptic drugs and to overcome transporter-mediated resistance by COX

inhibition (Bauer et al. 2008).

In accordance with the seizure-induced molecular changes at the BBB, an

upregulation of Pgp has also been described following focal cerebral ischemia

(Spudich et al. 2006). As enhanced glutamate release also is a hallmark during

ischemic brain damage, this induction may also be related to glutamate release and

subsequent activation of inflammatory events, and may be prevented using the same

strategies as those already substantiated in an epilepsy model.

Further elucidation of the mechanisms involved in transporter regulation in CNS

diseases may open avenues for new strategies to enhance brain penetration of CNS

therapeutics. Apart from involved receptors or changes in the promotor region,

a variety of mechanisms that contribute to cellular stress responses, including

phospholipase C, proteinkinase C, mitogen-activated protein kinase cascades,

mobilization of intracellular Ca2+, cytokines, nuclear factor kappa B, and heat

shock factor 1, regulate multidrug transporter genes such as MDR1 (Ho and

Piquette-Miller 2006; McRae et al. 2003; Shtil and Azare 2005; Tchenio et al.

2006). Using primary cultured rat brain endothelial cells to examine the effect of

oxidative stress on expression of transporters, Felix and Barrand (2002) found a

stress-induced increase in Pgp expression and function whereas no such alterations

were observed for MRP1. Hartz et al. (2004, 2006) defined a signaling pathway as

part of the innate immune response through which Pgp activity is rapidly modu-

lated. Their findings suggested that the inflammatory cytokine tumor necrosis factor

(TNF)-alpha reduces Pgp activity via TNF-R1 receptor activation, endothelin-1

release, and endothelin-B receptor signaling. All these findings complete our view

of the regulatory mechanisms, and inspire research efforts for prevention of trans-

porter-mediated resistance in CNS diseases.
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5 Bypassing the Blood–Brain Barrier

5.1 Nano-Sized Carrier Systems and Drug Conjugates

An alternative approach which avoids compromising the protective function of

efflux transporters is to bypass transporter molecules. Different strategies are

followed in this regard including nanoparticle encapsulation (Huwyler et al.

1996; Kreuter 2001) or conjugation (Mazel et al. 2001) of transporter substrates.

Nano-sized carrier systems including polymers, emulsions, micelles, liposomes,

and nanoparticles may deliver their content to the brain by passive targeting (de

Boer and Gaillard 2007). The rate of distribution into the brain is often limited

with these systems. The penetration rate will generally depend on the physico-

chemical features and the physiological conditions. A variety of compounds

including several anticancer drugs have been formulated into nano-sized carrier

systems. Efficacious delivery has been described in rodents. Whereas free doxoru-

bicin did not induce any relevant effect in a brain tumor model in rats, liposomal

doxorubicin increased the survival time (Sharma et al. 1997). Evidence exists that

the first dose of doxorubicin thereby promotes subsequent brain uptake of further

dosages due to a toxic effect on proliferating endothelial cells and reduction of

the angiogenic factor VEGF (Zhou et al. 2002). Polymer-based particles were

studied more rarely. They are in most instances formulated by adsorbing the drug

onto the particle surface (Kreuter 1995). The particles are then phagocytosed into

the cell where the drug is released. Enhanced brain uptake of doxorubicin has

been demonstrated when the drug was loaded on the surface of solid poly(butyl

cyanoacrylate) particles (Gulyaev et al. 1999). In a rat glioblastoma model long-

term remission was achieved in 20% of the animals with the formulation (Steiniger

et al. 2004).

In patients, therapeutic drug concentrations were reached in the central tumor

mass following administration of liposomal daunorubicin (Zucchetti et al. 1999). In

clinical trials the response rate to liposomal doxorubicin or daunorubicin was

considered promising by the authors (Hau et al. 2004; Koukourakis et al. 2000a, b;

Lippens 1999). However, conclusions are hampered by the fact that the patients

received additional radiotherapy or other chemotherapeutic agents. Thus, further

trials are necessary to clearly determine the therapeutic potential.

Active drug targeting strategies involve the application of a technology that

utilizes endogenous transport mechanisms for site-specific delivery (de Boer and

Gaillard 2007). Ligands for targeting may be conjugated to the drug itself or may be

attached to the surface of drug-loaded particles. With respect to the BBB, ligand-

mediated site-specific delivery involves receptor-mediated transcytosis systems at

the BBB to reach extracellular or intracellular targets in the brain. Interestingly,

targeting strategies can benefit from pathophysiological mechanisms, when the

target is induced during the disease course. Gaillard et al. (2005) have identified a

novel carrier protein for targeted delivery which makes use of the diphtheria toxin

receptor, which is strongly induced under conditions of neuroinflammation such as
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those occurring in many brain diseases, including Alzheimer’s disease, Parkinson’s

disease, multiple sclerosis, ischemia, encephalitis, epilepsy, tumors, etc.

The carrier protein CRM197 is a nontoxic mutant of diphtheria toxin which

specifically binds to the diphtheria toxin receptor resulting in receptor-mediated

transcytosis and uptake into the brain (Gaillard et al. 2005). This delivery strategy

can be applied using CRM197 drug conjugates or CRM197-coated drug-loaded

liposomes.

The most widely characterized receptor-mediated transcytosis system for CNS

targeting is the transferrin receptor (Pardridge 2002). Drug targeting to this receptor

can be achieved either by using endogenous ligands or by using an antibody

directed against the receptor (OX-26). The insulin receptor represents another

receptor-mediated transcytosis system which has already been used for targeted

delivery of drugs to the CNS (Pardridge 2005). An alternate approach is based

on LRP1 and LRP2 receptors, which are known multiligand scavengers. Several

ligands of these receptors including melanotransferrin, apolipoproteins, and apro-

tinin have already been used to promote brain targeting (de Boer and Gaillard

2007).

5.2 Intranasal Administration

Nasal drug administration is considered to provide one putative means for targeted

CNS drug delivery (Graff and Pollack 2005). Three pathways are generally postu-

lated for a drug administered to the nasal cavity to follow. These routes include

direct delivery to the brain, e.g., along nerve sheaths, axonal transport along

neurons, and entry into the blood from the nasal mucosa (Graff and Pollack

2005). To what extent a molecule passes along these routes and to what extent it

is thus indeed targeted to the CNS critically depends on its chemical features and its

formulation (Ugwoke et al. 2001). A recent meta-analysis of all published studies

claiming evidence for direct nose-to-brain transport identified only two studies in

rats which provide results that can be regarded as an indication for direct transport

from the nasal mucosa to the CNS (Merkus and van den Berg 2007). The same

analysis did not reveal any pharmacokinetic evidence supporting a claim that nasal

administration of drugs in humans will result in an enhanced delivery to their target

sites in the brain compared with intravenous administration of the same drug under

similar dosing conditions. Thus, it is currently rather questionable whether intrana-

sal administration can be considered as a means for efficacious brain targeting.

5.3 Intracerebral Administration

It is generally possible to achieve much higher concentrations of drug in the brain

by direct administration into the cerebrospinal fluid or into the brain parenchyma
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(Huynh et al. 2006). Intracerebroventricular or intrathecal drug infusion delivers

drugs to the cerebrospinal fluid (CSF) thereby avoiding the BBB and hepatic

metabolism. Following delivery to the CSF, APIs still have to pass the ependymal

brain–CSF barrier. This is feasible for many small and lipophilic compounds.

However, penetration into the parenchyma is limited due to tortuosity, transcapil-

lary loss, cell uptake, and binding (de Boer and Gaillard 2007). Therefore, drugs

administered to the CSF have minimal access to the parenchyma by diffusion. As

a consequence, intraventricular administration of CNS drugs is considered partic-

ularly useful for meningioma treatment, as tumor metastasis is prevented by

effects on cells floating in the CSF but is not applicable in glioma therapy

(Huynh et al. 2006). The intrathecal administration route fails to result in drug

accumulation in parenchymal structures deep within the brain, and is thus appli-

cable rather for treatment of disseminated meningeal or spinal disease (Groothuis

et al. 2000).

Implantable controlled release systems can be designed from both degradable

and non-degradable polymers (Sawyer et al. 2006). Appropriately designed, poly-

mers can provide reliable sustained release for periods of days to many years. As

persistence of the delivery system will limit the clinical use, biodegradable poly-

mers are more common than non-degradable systems. Controlled release systems

are already used clinically for treatment of brain tumors (Sawyer et al. 2006).

Intracranial implantation of a wafer loaded with carmustine (BCNU) following

surgical debulking of the tumor was well tolerated in patients with malignant

gliomas and resulted in a modest improvement of patient survival (Brem et al.

1995; Engelhard 2000). A general drawback of controlled release systems for

different indications is that the local penetration of the drug is limited due to the

restriction of diffusion by the brain parenchyma.

Convection-enhanced delivery was developed to deliver compounds throughout

the brain to overcome the diffusion barrier seen with polymeric-controlled release

(Bobo et al. 1994). The approach is based on continuous infusion which uses a

convective flow to drive the API throughout a larger region of tissue (Huynh et al.

2006). In comparison with bolus injections to the brain parenchyma, the benefits are

derived from the greater distribution and continued exposure due to the long

infusion time (Sawyer et al. 2006). The technique has been used in chemotherapy,

gene therapy, and immune therapy. Clinical use has been established in glioma

patients with recurrence of tumors. Patients receive local infusions after surgical

resection or infusion directly into the tumor. In clinical trials it has been demon-

strated that convection-enhanced delivery is suitable for delivering agents to a large

tumor volume. For example, clinical trials with delivery of an immunotoxin into

glioblastoma tumors were able to achieve complete regression with minimal sys-

temic toxicity in some patients (Husain et al. 2003).

Alternative approaches for direct delivery include gene therapy involving viral,

lipid, polymer-based, and cell-based delivery strategies. For detailed information

on these approaches readers are referred to reviews that focus on these techniques

(de Boer and Gaillard 2007; Huynh et al. 2006).
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6 Conclusions

In recent years awareness of the impact of brain efflux transporters on treatment of

CNS diseases has progressively increased. Cumulative knowledge of the structure,

function, localization, and substrate specificities of brain efflux transporters has

helped to develop and validate strategies to deal with the activity of these transpor-

ters in a clinical setting. Several strategies for brain targeting of drugs are already

applied clinically, especially for treatment of brain tumors. Recently, particular

interest has arisen in the regulation of transporter expression or function in patho-

physiological conditions, which may contribute to disease development or progres-

sion but may also influence the pharmacotherapeutic outcome. Further research

may provide new approaches which prevent a strengthening of BBB function in

CNS diseases, and may thereby prevent development of pharmacoresistance.
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Abstract Topical drug application is less prone to severe systemic side-effects

than systemic application. Starting with the liposomes, various types of nanosized

and microsized drug carriers have been developed to increase the notoriously low

penetration of active agents into the skin, which limits not only the topical therapy

of skin disease but also transdermal therapy.

Today, liposome- and microsponge-based preparations are approved for derma-

tomycosis, acne and actinic keratosis. Under investigation are drug carriers such as

lipid nanoparticles, polymeric particles, dendrimers, and dendritic-core multi-shell

nanotransporters. According to the rapidly increasing research in this field, both in

academia and industry, a breakthrough appears likely, once stability problems

(nanoparticles) and safety concerns (dendrimers) are overcome. Technical

approaches and results of in vitro, ex vivo and in vivo testing are described, taking

into account pharmacokinetic, efficacy and safety aspects.

Keywords Skin penetration � Cutaneous absorption � Drug carriers � Liposome �
Solid lipid nanoparticle � Microemulsion � Polymer particles

Abbreviations

5-FU 5-Fluorouracil

API Active pharmaceutical ingredient

CAT-1 4-Trimethyl-ammonium-2,2,6,6-tetramethylpiperidine-1-oxyliodide

CMS Core multi-shell (nanotransporters)

CNT (Carbo-)nanotubes

CPA Cyproterone acetate

FITC Fluorescein 5-isothiocyanate

GRAS Generally recognised as safe

logP Octanol:water partition coefficient

MCT Medium chain triglycerides

NLC Nanostructured lipid carriers

OECD Organisation for Economic Co-operation and Development

PLA Polylactic acid

PLGA Poly(D,L-lactic-co-glycolic acid)
PASI Psoriasis Area and Severity Index

QSPR Quantitative structure permeability relationship

SCCP Scientific Committee on Consumer Products

SLN Solid lipid nanoparticles

TAC Triamcinolone acetonide
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1 Introduction

In the topical treatment of skin diseases, the active pharmaceutical ingredient (API)

makes contact with the target site before entering the systemic circulation which – in

general – is mandatory for contact with non-target sites. Therefore, systemic side

effects are reduced compared to parenteral or oral drug administration. Application of

drugs (preparations of API) to the skin surface was and still is used not only for

skin diseases but also for antirheumatic therapy, to control gastrointestinal side effects

of nonsteroidal anti-inflammatory drugs. Moreover, drug application to the skin

surface circumvents hepatic first-pass metabolism and major fluctuations of plasma

levels typical of repeated oral administration of rapidly eliminated drugs. Thus

transdermal drug application is gaining increasing importance for systemic treatment,

e.g.with drugs subject to extensive first-pass elimination such as glyceryl trinitrate and

estrogens, as well as for long-term suppression of chronic pain by opioids.

It was, however, only in the 1960s and 1970s that pioneering research opened the

field of dermatopharmacology and in particular dermatopharmacokinetics, which

allowed for a quantitative insight into drug action on the skin tissue, into API levels

at the target site and into the systemic uptake of APIs and toxic agents. Only then

did the influence of receptor affinity and drug vehicle for therapeutic efficacy or for

suitable surrogate parameters [e.g. skin blanching for the anti-inflammatory

potency of glucocorticoids; (McKenzie and Stoughton 1962)], respectively,

become obvious. Since surmounting the horny layer (stratum corneum) of the

epidermis was revealed as the greatest challenge, detailed investigations followed

into its structure and into methods of overcoming or bypassing the horny layer. In

fact, early pioneering research proved renal hydrocortisone excretion to be related

to the thickness of the horny layer at the target site (Feldmann and Maibach 1969).

Later on the shunt pathway of drug penetration via hair follicles was demonstrated

(Hueber et al. 1994) – the latter being most relevant when studying percutaneous

absorption in furry animals.

2 (Per-)Cutaneous Absorption

When surmounting the horny layer, APIs and toxic agents first enter viable epider-

mis (Fig. 1). The concentration gradient from the epidermis to the vascularised

dermis then allows the agents to gain access to the blood vessels.

2.1 Skin Morphology and Barrier Function

The skin is made up of the epidermis as well as the dermis situated underneath

(Fig. 1). Still further down there is the subcutis which is rich in triglycerides.

Micrometre-wide hair follicles reaching from the dermis or even from the subcutis
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to the skin surface and thus passing through the epidermis are the most abundant

appendages of the skin. Compared to furry animals, hair follicles are low in number

in humans and the orifices cover only about 0.1% of the skin surface. In man,

gender-related differences are small (Jacobi et al. 2005a).

The vascularised dermis (1–2 mm in thickness) is rich in fibres (collagen,

elastin), embedded in ground substance surrounding fibroblasts which are the

most numerous cell in the dermis. The most abundant cell of the unvascularised

epidermis is the keratinocyte; cellular contacts are formed by desmosomes. Four

epidermal layers are detectable by cellular differentiation: the stratum basale

which is separated from the dermis by a basal membrane to which keratinocytes

make contact by hemidesmosomes, the stratum spinosum, the stratum granulosum

and the most superficial stratum corneum which consists of about 15 layers of flat

apoptotic keratinocytes, the so-called corneocytes. The thickness of the horny layer

amounts to about 10–15 mm, the thickness of the viable epidermis to 50–100 mm.

Other cell types are embedded between the basal keratinocytes, e.g. melanin-

producing melanocytes and antigen-presenting Langerhans cells. In inflammatory

skin diseases such as dermatitis, psoriasis vulgaris and fungal infections of the skin

due to dermatophytes, leucocytes invade the skin.Moreover, in psoriasis the thickness

increases due to enhanced proliferation and disturbed differentiation of keratinocytes.

The main penetration barrier which protects humans both from excessive water

loss and harm due to toxic agents (and microorganisms) from the environment

consists of the horny layer. During differentiation and passage to the surface,

keratinocytes degrade phospholipids and synthesise ceramides which are packed

into granula and secreted into the intercellular space where the ceramides plus

cholesterol, long-chain (predominantly C22 and C24) free fatty acids and choles-

teryl sulfate form highly ordered lipid layers serving as a cover. In healthy skin,

these lipids are predominantly in the solid state due to an orthorhombic packing,

while a hexagonal packing and thus a gel-like structure is characteristic for the most

Fig. 1 Morphology of human skin (from Mutschler et al. (2008) with permission)
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superficial layers of the stratum corneum (Bouwstra and Honeywell-Nguyen 2002).

At the same differentiation stage, nuclei and in particular DNA of keratinocytes are

degraded and the water content of superficial skin declines to less than 20%.

Overlapping laterally by about 15% in man, dozens of the cells group together,

forming clusters which represent the basic permeation barrier unit. Junctions

between the clusters protrude into underlying skin as small furrows of up to several

micrometres in size. Hydrophilic channel-like structures (nanopores) of up to 20 nm

in diameter are reported to funnel into the inter-corneocyte spaces (for review see

Cevc 2004).

In atopic dermatitis, psoriasis and other skin diseases, the penetration barrier is

less efficient. The clearly reduced barrier function in atopic dermatitis patients

results from a decreased amount of ceramides (especially ceramide 1) and a higher

proportion of hexagonal lateral packing of the epidermal lipids (Choi and Maibach

2005; Bouwstra and Ponec 2006). Moreover, there is an irregular pattern of lipid

organisation and irregular structure of protein particles of desmosomes. In psoriatic

plaques, too, alterations in ceramide composition (again, in particular, decreased

ceramide 1 levels) are to be found as well as increased keratinocyte proliferation

and incomplete differentiation leading to the formation of a highly irregular horny

layer (Choi and Maibach 2005). In fact, the similarities between these diseases are

becoming more obvious (Wilsmann-Theis et al. 2008) which is well in accordance

with overlaps in their therapeutic management. Even more severely altered orga-

nisation of lipid lamellae – plus disturbed protein functions – is seen with lamellar

ichthyosis which is due to hereditary defects in the protein or lipid metabolism,

respectively (Akiyama and Shimizu 2008).

2.2 Skin Penetration Pathways

In general, agents penetrate and permeate the skin predominantly using the tortuous

intercellular pathway between the corneocytes of the horny layer. Therefore both

the physicochemical nature of the agent and the anatomical region of application

are of relevance. Absorption is rather high from the forehead, less so from post-

auricular spaces, even less from belly and arm and least from palms and soles

(Feldmann and Maibach 1969; Rougier et al. 1987; Tsai et al. 2003). Fentanyl and

sufentanil uptake from foot, thigh, chest and abdomen was remarkably similar, and

age and gender effects were not seen (Roy and Flynn 1990).

Moreover, highly lipophilic agents can penetrate the skin via the hair follicle

(Ogiso et al. 1996; Münster et al. 2005) and – other than with the horny layer –

micrometre size does not exclude penetration into follicular orifices (Hoffman

1998; Lademann et al. 1999; Otberg et al. 2004; Toll et al. 2004). In fact, recently

follicular penetration has gained more and more interest – especially against the

background of the development of novel drug delivery systems.

Besides acting as a penetration barrier, the horny layer is also a reservoir for

topically applied substances. API binding to the keratin of the corneocytes as well
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as miscibility with the lipid domains contribute to the reservoir function (Heard

et al. 2003). Four days after the application of glucocorticoids under occlusion, skin

blanching could be re-induced by renewed occlusion of the treatment area, relea-

sing glucocorticoid from its reservoir (Vickers and Fritsch 1963). From the reser-

voir, agents can diffuse into viable skin and gain access to the dermal blood vessels;

alternatively elimination can occur from the stratum corneum by desquamation of

the corneocytes without access to viable skin.

2.3 Assessment of (Per-)Cutaneous Absorption

Based on molecular weight and octanol:water distribution, quantitative structure

permeability relationship (QSPR) approaches have been devised to assess the

intrinsic permeability of agents (for review see Moss et al. 2002; Geinoz et al.

2004). The procedures have been recently refined (Katritzky et al. 2006; Majumdar

et al. 2007; Ottaviani et al. 2007). However, results may be valid only when applied

to agents with physicochemical properties close to those of the training set. In fact,

percutaneous absorption quantified using human and pig skin ex vivo as well as

reconstructed epidermis did not correlate with QSPR data when studying agents

widely varying in molecular weight and lipophilicity (Schäfer-Korting et al.

2008a). To unravel vehicle effects on skin absorption, experimental studies are

indispensable in any case (Schäfer-Korting et al. 2008b).

Penetration into and permeation of the skin can be quantified ex vivo using

human or animal skin, in vitro using reconstructed human skin, as well as in vivo

(e.g. man and rat). The experimental approaches described here allow the under-

standing of the predictability of preclinical and clinical data generated when testing

topical drug delivery systems.

Various approaches have been established for the assessment of (per-)cutaneous

absorption. For purposes of regulatory toxicology, the OECD has released

in vivo guideline 427 based on experiments in the rat (OECD 2004a) and

in vitro (ex vivo) guideline 428 (OECD 2004b). The ex vivo techniques make

use of Franz diffusion cells for testing (Bronaugh and Stewart 1985). Based on a

strictly controlled protocol, this approach has been validated recently using

human epidermis, porcine skin and reconstructed human epidermis as test matrix

(Schäfer-Korting et al. 2006, 2008a). Concentrations of the agent of interest are

followed in an acceptor fluid separated by the skin from the donor vehicle which

is applied to the external surface of the skin. To follow drug penetration into the

skin, the agent is quantified after removing the skin from the Franz cell (Wagner

et al. 2004; Luengo et al. 2006; Stecova et al. 2007; Lombardi Borgia et al. 2008;

Schäfer-Korting et al. 2008a). A reasonable agreement of ex vivo and in vivo

data generated in man was described (Bronaugh and Franz 1986; Wagner et al.

2002b).

Drug release from topical preparations, e.g. in drug development, is followed

using a synthetic membrane instead of skin (Jenning et al. 2000b; Schmook et al.
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2001). While release can predict skin penetration promotion by the vehicle, it is the

skin which reveals the intrinsic penetrability of the API. In fact, superior skin

penetration of ibuprofen over ketoprofen at pH 7.4 became obvious only when

using skin ex vivo (from the rat) as test matrix (Takahashi et al. 2002). However,

recently efforts have been undertaken to develop matrix systems (e.g. PAMPA-

skin) to quantify percutaneous absorption without the need of skin ex vivo or

reconstructed epidermis (Ottaviani et al. 2007).

With API applied by the parenteral or oral route, plasma levels reflect the

concentrations of the active agent at the target site as soon as a (pseudo) steady

state of drug distribution is obtained. This, however, does not hold true with topical

therapy. There the API passes the target organ skin before entering the circulation.

Therefore, in clinical studies for drug absorption from topical dermatics, plasma

levels should not be followed – except for studying systemic load and the potential

for systemic side effects. Non-invasive alternatives advocated for use in humans are

the tape stripping procedure for the quantification of drug levels in the horny layer

(Weigmann et al. 1999, 2005; Shah 2001; Wagner et al. 2002a; Löffler et al. 2004;

Jacobi et al. 2005b) – which has to be passed by any compound applied to the

skin to become active either within the skin or systemically. A transparent and

highly flexible adhesive film is attached to the stretched skin with standardised

pressure and removed, thereby removing superficial corneocytes (Bashir et al.

2001; Lademann et al. 2005). Since the vehicle influences the amount of stratum

corneum removed with each strip, the amount of API has to be related to the amount

of stratum corneum obtained (Dreher et al. 2005; Jacobi et al. 2005b). Drug levels

in the horny layer are reported to parallel dermal availability (Shah et al. 1998) and

the skin blanching response when studying topical glucocorticoids (Pershing et al.

1992; Pelchrzim et al. 2004). Tape stripping, however, might not give meaningful

results for APIs targeted to specific strata of viable skin.

Differential stripping is a procedure removing the horny layer by tape stripping in the

first step and the contents of the hair follicles by cyanoacrylate stripping in the second

(Schaefer and Lademann 2001; Teichmann et al. 2005). Thus differential stripping

allows selective access to substances penetrated into the orifices of hair follicles.

2.4 Enhancement of (Per-)Cutaneous Absorption

In many skin diseases (e.g. atopic eczema and psoriasis vulgaris) a partially

disturbed barrier can assist xenobiotics to overcome the horny layer (Anigbogu

et al. 1996). While this is a major concern when considering nanotechnology safety

(Stern and McNeil 2008), adequate skin penetration is still an important challenge

in the development of topical dermatics. Conventional drug carrier systems, such as

creams and ointments, result in drug uptake of only a few percent, which moreover

as a rule is linked to a fairly high variation of uptake rates. Consequently, API levels

within the diseased skin may be sub-therapeutic in some patients while inducing

unwanted local or systemic side effects in others.
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To be well absorbed, a substance should have a

l Molecular mass less than 500 g mol�1

l A low melting point
l Adequate solubility in oil and water and
l An octanol:water partition coefficient (logP) of about 1–3.

Saturated or, even better, supersaturated systems favour skin penetration (Moser

et al. 2001; Barry 2004).

Moreover, penetration enhancers can improve penetration into the skin. These

agents can be grouped (Thong et al. 2007) as follows:

l Solvents and hydrogen bond acceptors (e.g. dimethylsulfoxide, dimethylforma-

mide)
l Fatty acids and alcohols (laurylic acid, oleic acid, ethanol, n-octanol and many

others) and
l Weak surfactants (e.g. Azone1, terpenes).

Penetration enhancers are found in very high amounts in microemulsions. Special

attention should be given to propylene glycol which is not infrequently a compo-

nent of the vehicles used for reference when testing particulate preparations.

The mechanisms of enhancement are still only partially understood. Based on

the chemical structure, there is an interaction with stratum corneum lipids reducing

the rigidity of the barrier and favouring the use of the nonpolar pathway or a change

of protein conformation (protein denaturation) enabling the use of polar pathways.

Some enhancers may also act on both pathways (Thong et al. 2007). Azones result

in the formation of an additional fluid phase in mixtures of epidermal lipids

(Pilgram et al. 2001). The channel-like structures between keratinocyte clusters

can be altered by detergents and fatty acids which favours drug penetration (Barry

2004).

Mixtures of penetration enhancers such as sodium laureth sulfate and phenyl

piperazine can be more efficient than the single agents and can allow even macro-

molecular agents such as heparin, luteinising hormone and oligonucleotides to

permeate rat skin (Karande et al. 2004).

In general, changes induced by detergents in particular are linked to skin

irritation at large which may result in irritant dermatitis if severe (Fang et al.

2003; Gloor 2004). The risk is enhanced with increasing potency of the penetration

enhancers, and if skin occlusion is applied for a further penetration enhancement

(for review see Thong et al. 2007).

3 Drug Carriers – Technological Aspects

Novel drug carriers intended for use in skin disease are often designed according to

the principles of nanotechnology. To increase loadability with APIs, however, the

dimensions of nanocarriers for biomedical use are 100–1,000 nm (Anton et al.
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2008) and thus exceed the size of engineered nanomaterials as well as those of

incidental components of air pollution, which have at least one order of magnitude

less than 100 nm by definition (Stern and McNeil 2008).

According to the structures, nanoparticles can be divided into nanocapsules,

exhibiting typical core–shell structures, and homogeneous nanospheres. Corre-

spondingly, microcapsules and microspheres fall into the size range of >0.1 to

1 mm. Biocompatibility is a major prerequisite for pharmaceutical use and it is a

challenge to design the formulation of the carrier to fit with the physicochemical

properties of the API (e.g. to avoid chemical instability) and the therapeutic needs

(e.g. improved skin penetration, prolonged uptake). The design and production of

the various types as described below are reviewed in detail elsewhere (Anton et al.

2008). When aiming for drug approval, safety of all components obviously has to be

demonstrated according to regulatory purposes.

3.1 Liposomes

According to their particle size, liposomes belong to the nanospheres or micro-

spheres. Small unilamellar vesicles (SUV) have dimensions of 20 up to about

100 nm, large unilamellar vesicles (LUV) are larger than 100 nm, and multilamellar

vesicles (MLV) have dimensions exceeding 500 nm. Vesicles are built by amphi-

philic molecules such as phospholipids which form bilayers containing water in

their cavity and dispersed in an aqueous medium. The polar head groups of the

phospholipids (e.g. lecithin) form the interface to the aqueous media. Lipophilic

agents are incorporated into the bilayers, the hydrophilic agents loaded are to be

found within the water phase inside the vesicles. Hydrophilic agents, however, are

often also found outside the liposomes in high amounts.

However, liposomes are metastable systems and their pharmaceutical use is

often limited by instability. Instability can be due to leakage of the vesicles, change

in vesicle size due to aggregation or fusion, as well as ester hydrolysis and

formation of oxidation products. Building up the liposomes from hydrogenated

phospholipids (gel-state liposomes), adding epidermal lipids (ceramides, choles-

terol) and embedding liposomes into a gel matrix improves vesicle stability over

liposomes made up from nonsaturated phospholipids (liquid-state liposomes).

The first liposomal product introduced into the market in 1988 was an econazole

preparation for topical therapy of dermatomycosis (Fig. 2; Pevaryl1 Lipogel).

Recently liposomes loaded with UV-A and UV-B absorbing agents (Daylong1

Actinica) have been approved in the European Union as a medical device for

protection from actinic keratosis in high risk patients such as organ transplant

recipients on long-term use of immunosuppressive agents (Ulrich et al. 2008).

Moreover, liposomal diclofenac (Diclac1 Lipogel) is authorised for the topical

therapy of osteoarthritis (Table 1).
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Fig. 2 Econazole-loaded liposomes. (a) Electron microscope freeze–fracture photograph of a

commercial scale econazole liposomes dispersion (ELD) batch (Pevaryl1 Lipogel) six months

after production (with permission from Kriftner 1992). (b) Interaction of ELD with Candida
albicans (CA) blastospore and reconstructed epidermis (corneocyte, C). The cell membrane of the

CA blastospore is partially detached from CA cell wall (arrow). The cell membrane of the

corneocyte (C) is impregnated with electron dense material representing applied drug (double
arrow) (with permission from Korting et al. 1998)
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3.2 Niosomes

Evolved from liposomes, niosomes are non-ionic surfactant vesicles made up from

polyoxyethylene alkyl ethers, polyoxyethylene alkyl esters or saccharose diesters.

Thus niosomes are also related to micelles, yet are of larger size. Niosomes entrap,

e.g. tretinoin, with high efficiency (>91%) and protect the labile agent against

photodegradation (for review see Date et al. 2006).

3.3 Solid Lipid Nanoparticles and Nanostructured Lipid Carriers

Solid lipid nanoparticles (SLN) are nanospheres or nanoplatelets made up from

lipids solid at room and body temperature such as glycerol behenate (Compritol1),

glycerol palmitostearate (Precirol1) or tristearin glyceride. The nanodispersion

obtained by hot or cold homogenisation under high pressure is stabilised by the

addition of surfactants such as poloxamers, polysorbitanes or sucrose esters. SLN

nanodispersions can be stable for years. The often rather poor loadability of the

SLN due to the limited space for the API within the crystalline lattice is improved

when using mixtures of lipids solid and fluid at room temperature (e.g. medium

chain triglycerides, MCT); the resulting nanoparticles are named nanostructured

lipid carriers (NLC) which in fact stand in between SLN and nanoemulsions

(for review see Müller et al. 2007). Detailed physical investigations into NLC

made up from Compritol/MCT indicate that the liquid lipid is attached to the solid

lipid matrix and can form a nanospoon-like structure (Jores et al. 2005).

In spite of the limited loadability which restricts the amount of drug in relation to

the amount of lipid, the encapsulation efficiency can be very high and often exceeds

90% with highly lipophilic agents (cyproterone acetate logP 3.28 (Stecova et al.

Table 1 Commercially available drug delivery systems for the topical therapy of skin diseases and

the transdermal application

API Vehicle Commercial

product

Company Indication

Econazole Liposomes Pevaryl

Lipogel

Cilag,

Switzerland

Dermatomycoses

Methoxycinnamates butyl

methoxy-

dibenzoylmethane

Liposomes Daylong

Actinicaa
Spirig,

Switzerland

Prophylaxis of

actinic

keratosis

Diclofenac Liposomes Diclac

Lipogel

Hexal, Germany Osteoarthritis

Tretinoin Microsponges Retin-A

Micro

Ortho-

Neutrogena,

USA

Acne vulgaris

Fluorouracil Microsponges Carac Sanofi Aventis,

USA

Actinic keratosis

aMedical device
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2007); clobetasol propionate logP 3.98 (Hu et al. 2002); prednicarbate logP 4.02

(Santos Maia et al. 2002); econazole logP 5.32 (Sanna et al. 2007)).

Recently a versatile method, parelectric spectroscopy, has been developed which

allows differentiation between API attached to the particle surface and embedded

within the particle matrix (for review see Blaschke et al. 2007). The reliability of

the results is proven by a comparison with independent methods such as fluores-

cence anisotropy (solvatochromism) measurements using the lipophilic benzophe-

noxazone dye Nile red (Lombardi Borgia et al. 2005) and electron spin resonance

studies (Braem et al. 2007). A detailed insight into the interaction of carrier and

guest molecule is obtainable by changes in the signals emitted by the guest

molecule, which, however, limits the applicability to model agents. In general, it

is not applicable to APIs.

Drug release can be very rapid (burst release) due to polymorphic transition of

the lipid lattice, yet sustained drug release is possible, too, and initial burst release

can be followed by sustained release (for review see Schäfer-Korting et al. 2007).

3.4 Micro- and Nanoemulsions

Both micro- and nanoemulsions have droplet sizes smaller than 100 nm in diameter.

Microemulsions are transparent dispersions of oil and water stabilised by an

interfacial film of surfactant (and co-surfactant) molecules. Microemulsions form

spontaneously without high shear equipment. The active agents are solubilised and

thus available for rapid penetration into the skin. Increasing thermodynamic acti-

vity, the presence of (co-)surfactants acting as penetration enhancers and occlu-

sivity improve skin penetration to variable degrees (Santos et al. 2008).

In contrast to microemulsions, nanoemulsions are metastable systems, the struc-

tures depending on the process of preparation: spontaneous emulsification or use of

a high shear device. Nanoemulsions appear as water-like fluids, lotions or crystal-

clear gels.

3.5 Polymer Particles Including Dendrimers

In contrast to the carriers described above, which are physical aggregates of nano-

or microsize dimension, polymer particles are nanosized or microsized macromo-

lecules – which, however, can also form aggregates (Haag and Kratz 2006).

Porous polymeric systems have an open structure; in principle capsules and

spheres are possible. The large internal surface of nanospheres and microspheres

allows for high loadability; both hydrophilic and lipophilic molecules can be

loaded. The spheres can release the loaded material over a prolonged time, with

or without burst release. Nanocapsules exhibit a core–shell structure: the core acts

as a liquid (mainly oil) reservoir for APIs, the shell is built up from a biodegradable
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polymer. Another advantage, besides high drug encapsulation efficiency and pro-

tection of instable agents against degradation, consists of low polymer content.

Particles are built up from biodegradable synthetic materials such as polylactic

acid (PLA), poly(D,L-lactic-co-glycolic acid) (PLGA) or polycyanoacrylate (Anton
et al. 2008); moreover modified natural products such as chitosan and albumin

can be used.

Dendrimers are macromolecules of a randomly branched but well defined

dendron-like structure which can reversibly incorporate guest molecules; alterna-

tively the guest molecules can be bound covalently to reactive sites of the den-

drimer. These nanoparticles can be designed for specific core–shell structures

which actively release the loaded agent by pH-triggered cleavage of the shell

(Haag and Kratz 2006). Guest molecules can be loaded into the hydrophilic (e.g.

polyglycerol or polyethyleneimine) core or into the lipophilic shell produced by the

covalent binding of alkyl ketones. A minimum core size (about 3,000 g mol�1) and

a highly branched architecture are required for good encapsulation efficiency

(Krämer et al. 2002). For further details see the chapter by R. Haag, this volume.

Microsponges1 are spheric delivery systems of a non-collapsible polymer

(mainly substituted acrylates or styrene-divinyl benzene) structure with a large

porous surface and diameters of 5–300 mm (microbeads: sizes less than 50 mm,

macrobeads: sizes about 100–200 mm) and will thus accept a high API load up to

their own weight. Loaded into microsponges, labile APIs can be protected from

environmental factors (Date et al. 2006). Preparations with fluorouracil for actinic

keratosis (CaracTM) and tretinoin for acne treatment (Retin-A Micro1) are in

clinical use in the USA (Table 1).

3.6 Miscellaneous Nanoparticles

Titanium dioxide and zinc oxide nanoparticles reflect and scatter UV light; titanium

dioxide particles of 60–120 nm in size are most efficient. Titanium dioxide particles

are considered to be safe (SCCP 2007). Moreover, UV-B and UV-A absorbing agents

are active agents of sunscreens which are tested when loaded onto nanoparticles.

(Carbo-)Nanotubes (CNT) are low-weight, high-strength building materials;

quantum dots consist of a colloidal core surrounded by one or more surface coatings

(shells) that reduce leaching of metals from the core. These nanoparticles have not

yet been applied to the skin for biomedical purposes. However quantum dots have a

potential for use as diagnostics because of intense photostable fluorescence. Skin

penetration of spherical and ellipsoid quantum dots has been evaluated for occupa-

tional safety reasons; the particles can penetrate the stratum corneum of porcine

skin ex vivo, yet have not been detected in the acceptor medium (Ryman-Rasmus-

sen et al. 2006). A similar behaviour was also seen with nail-shaped quantum dots.

If, however, they make contact with viable epidermis, e.g. in diseased skin, an

inflammatory response could be initiated, derived from the exposure of human
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keratinocytes (Zhang et al. 2008). Due to the current lack of use as drug vehicle,

nanotubes and quantum dots will not be considered further here.

4 Current Therapy in the Main Target Indications for API-

Loaded Nanoparticulate Delivery Systems

In dermatotherapy, research on new drug entities and drug delivery systems is

focussed on frequent diseases often difficult to treat, in particular acne and psori-

asis. For severe manifestations, not infrequently highly active APIs which may also

induce major unwanted effects have to be prescribed for systemic use.

Acne vulgaris. Almost 85% of young people aged 12–25 years and as many as

8% of adults aged 25–34 years and 3% of those aged 35–44 years suffer from acne.

The disease manifests as comedones, when during adolescence androgen induces

sebum production while hypercornification of the hair follicle impedes sebum

transport to the skin surface. Propionibacteria and micrococci colonising the seba-

ceous duct degrade sebum and induce the formation of inflammatory mediators

with the resulting development of papules and pustules. The therapeutic regimen

(Table 2) is dependent on the pathology of the dominant symptom, taking the

severity – mild, moderate or severe – into account.

Topical therapy (retinoids, benzoyl peroxide, azelaic acid, antibiotics) is indi-

cated in mild and moderate forms while more severe acne may require combined

topical and systemic treatment. Efficacy requires the regular application of anti-

acne agents, yet side effects often reduce patient compliance. Oral isotretinoin

Table 2 Anti-acne agents

API Efficacy Side effects Promising drug delivery

systems

Retinoids:

tretinoin,

isotretinoin,

adapalene

High in mild to moderate

acne: isotretinoin,

applied orally also in

severe acne forms

Irritation Liposomes, microsponges,

microemulsions, SLN:

improved tretinoin skin

penetration, fewer side

effects

Benzoyl peroxide Good in mild acne Irritation,

burning

sensation

Liposomes, microsponges:

improved efficacy and

tolerability

Azelaic acid Sufficient in mild acne Well tolerated

Antimicrobials:

erythromycin,

clindamycin,

tetracyclines

Good to high Induction of

drug

resistance

Liposomes (increased

clindamycin efficiency)

Antiandrogens:

cyproterone

acetate

High Antiandrogen

effects

exclude the

use in male

patients

Liposomes, SLN: enhanced

skin penetration;

liposomes: low serum

levels, efficacy

corresponds to oral dosing
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application is the treatment of choice for severe acne, in particular in the male

patient; long-lasting remissions are feasible. An increase in liver enzyme blood

levels and plasma lipids, as well as severe skin irritation, however, are dose-limiting

side effects. Retinoid-induced teratogenic effects are of serious concern in females.

In severe acne of females the antiandrogen/progestin cyproterone acetate (CPA) is

an option. The drug is applied orally. To avoid the risk of exposure of an unborn

child to antiandrogens, CPA is administered in fixed combination with ethinyl

estradiol for suppression of conception. The industrial development of equipotent

topical application forms failed both with respect to isotretinoin and CPA.

Atopic dermatitis and psoriasis vulgaris. Potent anti-inflammatory agents such

as glucocorticoids are still a mainstay for dermatitis of both the atopic and contact-

allergic type. The major risk is skin atrophy. Following an initial reversible thinning

detectable by skin ultrasound, the process can result in irreversible striae formation

with use of potent glucocorticoids over several weeks (Schäfer-Korting et al. 1996).

Reconstitution of skin thickness after the application of potent conventional gluco-

corticoids takes time (Korting et al. 2002) and may not be complete prior to the next

exacerbation of dermatitis which requires further glucocorticoid treatment.

Nuclear factor of activated T-cells (NFAT) inhibitors such as tacrolimus and

pimecrolimus are moderately potent alternatives for dermatitis, whereas ciclosporin

is used for severe psoriasis and dermatitis. However, ciclosporin is active only

when applied systemically. In fact the high molecular weight of these agents

exceeding 800 g mol�1 impairs skin penetration. In recalcitrant psoriasis, oral

methotrexate is another option. Methotrexate, however, can induce liver toxicity,

and ciclosporin immunosuppression.

5 Clinical and Preclinical Data of Carrier-Loaded API

Progress in drug delivery systems may allow the safer use of these agents by the

topical route. While only limited in vivo data have been reported, there is abundant

information from ex vivo studies. Due to the major importance of the intercellular

pathway in surmounting the horny layer in man, results from studies in human and

porcine skin are to be preferred over studies in furry animal skin – both ex vivo and

in vivo.

5.1 Liposomes and Niosomes

For improved skin penetration and targeting to the skin but also for transdermal

therapy, liposomes have been studied since the early 1980s and have been the

subject of detailed reviews, (e.g. Bouwstra and Honeywell-Nguyen 2002; Elsayed

et al. 2007). We therefore focus on the most essential and most recent data.

Fundamental studies. Loading to liposomes can increase skin penetration while

pretreatment of the skin with empty liposomes often is less efficient. Whereas in the
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early days some authors suggested skin penetration of intact vesicles, this is no

longer a matter of debate today – except for highly fluidic vesicles. In fact,

liposomes tend to fuse at the skin surface. Vesicles have been detected by freeze-

fracture electron microscopy up to the ninth tape strip only when applying the rather

flexible liquid-state liposomes. Accordingly, rigid gel-state liposomes which are not

detectable even in most parts of the superficial stratum corneum result in slower

skin penetration compared to liquid-state liposomes. Depending on the phospholi-

pids used to produce the liposomes, however, marked changes in the horny layer

structure can be induced, such as the intercellular deposition of liposome ingre-

dients – possibly due to a lysophospholipid content which is known to destroy lipid

membranes. In general, application under occlusion reduces skin penetration since

occlusion assists the vesicles to fuse at the skin surface (for review see Bouwstra

and Honeywell-Nguyen 2002). In contrast, vesicle size and lamellarity appear of

minor importance.

Besides improving the permeation of the horny layer, liposomes can target the

pilosebaceous unit (for review see Elsayed et al. (2007)). Since the antigen-pre-

senting Langerhans cells of the skin are plentifully located next to the hair follicle,

liposomes have recently gained interest for immunisation, too.

Highly flexible liposomes (addition of surfactants for the reduction of interfacial

tension) called Transfersomes can increase skin penetration and permeation not

only of small molecules (glucocorticoids, ketoprofen) but even of agents of higher

molecular weight such as albumin and insulin – thereby, e.g., reducing glucose

blood levels in mice and man (Cevc 2004). Although not generally accepted

(Bouwstra and Honeywell-Nguyen 2002; Elsayed et al. 2007), squeezing of intact

Transfersomes1 through the small channel-like structures of the skin is postulated

(Cevc 2004). Another approach to improved skin penetration is an increase in

vesicle flexibility due to the addition of ethanol; these liposomes are called etho-

somes (Dayan and Touitou 2000; Touitou et al. 2000). The enhanced effect on API

penetration following ethosomes over an ethanolic solution and liposomes, respec-

tively, can be explained by the synergism of the well-known penetration enhance-

ment by ethanol and the high vesicle membrane fluidity (Dubey et al. 2007; Elsayed

et al. 2007). Most interestingly, ethosomes transported the marker agent rhodamine

red into deeper skin strata; maximum rhodamin red staining was obtained at a depth

of about 130 mm, corresponding to superficial dermis. With conventional lipo-

somes, staining was most pronounced at a depth of 20–60 mm (Dubey et al.

2007). This demonstrates that the carrier system can also modulate API location

within the skin tissue.

Liposomes can also act as a drug depot. From multilamellar gel-state liposomes

(made up from hydrogenated lecithin/cholesterol) loaded with the hydrophilic

spin probe CAT-1 and injected subcutaneously, 60% of the spin probe still

remained in intact vesicles after 96 h. In contrast, on injecting CAT-1 solution,

the spin probe-related signal declined rapidly due to distribution and bioreduction

(Moll et al. 2004).

Anti-acne drugs. With respect to drug delivery systems for acne treatment, the

gold-standard tretinoin (Table 2) has been studied most frequently. Various

450 H.C. Korting and M. Schäfer-Korting



preparations of liposome-encapsulated tretinoin have been tested in animal and

human skin for absorption. Importantly, clinical studies have also been performed

in acne patients for clinical efficacy and tolerability. The outcome parameters

have been related to those obtained with conventional formulations (for review

see Date et al. 2006; Schäfer-Korting et al. 2007). Application to animal and

human skin results in higher local retinoid concentrations following liposomal

formulations as compared to a gel or a solution. Accumulation in the skin is most

pronounced with negatively charged liposomes or when adding hyaluronic acid as

drug localiser, while positively charged vesicles appear to favour skin perme-

ation. Clinical effects in acne vulgaris have been investigated in two double-blind

studies. Superior tolerability of liposomal tretinoin (equal and reduced drug

concentration) has been demonstrated compared to an approved gel, while effi-

cacy was the same. Moreover, also efficacy can be increased if identical tretinoin

concentrations are used.

Liposome encapsulation can also improve benzoyl peroxide efficacy in mild

acne while reducing irritant reactions, possibly due to targeting of the hair follicle.

Most interestingly, in an open clinical trial in females suffering from moderate to

severe acne, topical liposomal CPA has been found equipotent to the oral applica-

tion of CPA plus ethinyl estradiole. Both preparations were superior to placebo.

With the topical application, CPA plasma concentrations are around only 10%

of those following oral application (for review see Date et al. 2006). Therefore,

liposomes have the potential to overcome the notoriously poor CPA skin penetra-

tion which in fact was the reason for the discontinuation of the development of a

topical CPA formulation in the early days. Only recently, improved CPA penetra-

tion following an alcoholic solution (Iraji et al. 2006) and when loaded to SLN

(Stecova et al. 2007) have also been described.

Antifungal drugs. Tinea is a frequent fungal infection; dermatophytes as the

relevant pathogens are found on top as well as within the superficial layers of the

stratum corneum of glabrous skin. Although azole-type antifungals incorporated

in conventional semi-solid vehicles such as creams cure a majority of cases,

there is still need for optimisation. A stable econazole liposome formulation

embedded into a gel matrix (Table 1; Fig. 2A) has been introduced into the

market in several European countries. In an in-vitro model of Candida albicans-
induced skin infection, econazole liposomal gel appeared superior to the cream

of identical strength (Fig. 2B; Korting et al. 1998; Schaller et al. 1999). More-

over, mycological cure rates in tinea pedis were 80% (liposome gel) versus 73%

(econazole cream), yet superiority could not be proven statistically (Korting

et al. 1997).

Glucocorticoids. Transfersomes enhanced triamcinolone acetonide skin pene-

tration and activity in the standard tests in human volunteers, which are skin

blanching and the suppression of UV-induced erythema assay. Interestingly, skin

thinning was less severe with Transfersome-loaded triamcinolone acetonide when

reducing the glucocorticoid concentration (by 90%) to the equipotent concentration

in commercial cream and ointment (Fig. 3; Fesq et al. 2003). The reduced decline in

skin thickness following liposomal triamcinolone acetonide, despite remaining
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anti-inflammatory effects, opens the door to a safer use of strong conventional

glucocorticoids in severe chronic dermatitis in the future, if this result can be

confirmed in future studies.

Antipsoriatic agents. From aqueous solution, methotrexate skin penetration is

very poor (Weinstein et al. 1989). Liposomes and niosomes may have the poten-

tial to permit topical methotrexate therapy, thus replacing the current oral treat-

ment of severe and recalcitrant psoriasis. Methotrexate penetration into the skin

Fig. 3 Triamcinolone acetonide (TCA) loaded transfersomes. (a) Activity in the UVB erythema

test and skin blanching assay. (b) Skin thinning effect (with permission from Fesq et al. 2003)
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is improved following the application of a solution in 50% propylene glycol

(enhancing drug penetration) and elastic liposomes (Trotta et al. 2004). More

recent studies on methotrexate-loaded ethosomes (69% entrapment efficiency,

stable for at least 120 days) demonstrated enhanced methotrexate permeation

across human skin (Dubey et al. 2007). Niosomal methotrexate incorporated into

a chitosan gel was tested in human volunteers and psoriatic patients. Efficacy

as derived from the decline in the Psoriasis Area and Severity Index (PASI) was

superior to methotrexate gel; significant irritation and sensitisation were not seen

(Lakshmi et al. 2007).

Antineoplastic agents. Moreover, loading 5-fluorouracil (5-FU) to niosomes

(made up from bola-surfactant, Span 801 and cholesterol, loading capacity about

40%) increased the penetration of human stratum corneummembranes eight-fold as

compared to an aqueous 5-FU solution and four-fold when adding empty niosomes

to the aqueous solution. Moreover, 5-FU cytotoxicity for the human melanoma cell

line SKMEL-28, as well as the spontaneously transformed keratinocyte cell line

HaCaT, increased (Paolino et al. 2008). This is well in accordance with obviously

increased 5-FU efficacy and reduced irritancy when loading to microsponges

(Menter et al. 2008).

Transdermal application.As described, liposomes were and still are frequently

tested for transdermal use. In a multicentre, randomised, double-blind trial in 397

patients with knee osteoarthritis, Transfersome-loaded ketoprofen was applied

daily for six weeks. Placebo and celecoxib 100 mg (suggested daily dose 200 mg)

served as reference. Average reduction of pain score following ketoprofen (18.2)

and celecoxib (20.3) was similar and was superior to placebo (9.9). Gastrointesti-

nal effects of transfersomal ketoprofen and placebo were comparable (Rother

et al. 2007).

5.2 Lipid Nanoparticles

Fundamental studies. Investigations using lipophilic agents such as retinol, pre-

dnicarbate, CPA, and the lipophilic marker dye Nile red loaded to Compritol-based

SLN proved the agent can penetrate human and pig skin ex vivo more rapidly and to

a higher extent than conventional vehicles and a nanoemulsion. In fact drug levels

in the skin can exceed those following cream and gel preparations about four-fold

for several hours (Jenning et al. 2000a; Santos Maia et al. 2002; Lombardi Borgia

et al. 2005; Stecova et al. 2007). Later on, the differences in cutaneous drug

concentrations following SLN and conventional formulations decline. The initially

enhanced uptake appears to result from a burst release from the solid particles

following water evaporation on the skin surface and the change of lipid modifica-

tion resulting in a more dense packing of the lipid lattice (Jenning et al. 2000b).

In fact, adding empty SLN to prednicarbate cream was no more efficient with

respect to prednicarbate penetration into human skin ex vivo than the unmodified

cream (Santos Maia et al. 2002).
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The efficiency of SLN and NLC (mean diameters: 140–180 nm) to improve skin

penetration was compared using the dye Nile red which was embedded into the

lipid matrices, with NLC preferentially in the liquid lipid phase (Jores et al. 2005;

Lombardi Borgia et al. 2005). Loaded to SLN made up from Compritol or Precirol,

Nile red uptake increased about four-fold over the uptake following the reference

cream. NLC were less efficient both when using MCT and the penetration enhancer

oleic acid as liquid lipid (Lombardi Borgia et al. 2005). Scanning electron micros-

copy demonstrated a rather rapid degradation of SLN applied to the skin surface

which appears to facilitate contact of the loaded agent with the skin surface

(Küchler et al. 2008). This effect may contribute to improved skin penetration.

Another proposed mechanism is skin occlusion which is inversely related with

particle size and thus clearly more pronounced with nanoparticles than micropar-

ticles (Müller et al. 2002). In contrast, an irritant effect often seen with penetration

enhancers can be excluded, since neither Poloxamer 188 used for nanoparticle

stabilisation nor the nanoparticle dispersion disturbed phospholipid membranes as

studied by force microscopy (Blaschke et al. in press).

The lipid film formed by degraded lipid particles, however, can also retard skin

penetration, as observed when studying econazole permeation of porcine epidermis.

The antifungal agent was loaded to Precirol/Tween 80-based SLN. Lag time

increased and cumulative amount of permeated econazole decreased with increasing

lipid content of the particles embedded into a gel matrix (Sanna et al. 2007).

Most importantly, loading to SLN can not only increase skin penetration but can

induce epidermal drug targeting, as described for prednicarbate (Santos Maia et al.

2002) and podophyllotoxin (Chen et al. 2006), opening the horizon for more

selectivity in drug action and reduced unwanted side effects with respect to the

cutis and organ function beyond the skin. When studying the interaction of guest

molecule and its carrier, epidermal targeting appeared linked to an attachment of

the guest molecule to the carrier surface (Sivaramakrishnan et al. 2004; Stecova

et al. 2007). Targeting was not seen with guest molecules incorporated into the lipid

matrix (Lombardi Borgia et al. 2005). As described with liposomes, SLN too have

the potential to deliver loaded agents to the hair follicle and sebaceous glands

(Münster et al. 2005).

Anti-acne drugs. As with liposome loading, local tolerability of tretinoin-loaded

SLN can be superior to tretinoin gels as shown by the Draize test in the rabbit (for

review see Date et al. 2006). Moreover, the tretinoin isomer isotretinoin was loaded

to SLN 30 and 50 nm in diameter made up from Precirol and stabilised by Tween 80

and lecithin. No isotretinoin permeation of rat skin was seen with loaded SLN in

spite of a significant accumulation within the tissue – both being in contrast to the

retinoid dissolved in 95% ethanol (Liu et al. 2007). This may offer new approaches

for the treatment of severe acne, too. Currently long-lasting suppression of severe

acne becomes possible only with oral isotretinoin application. Due to the high risk

of a teratogenic side effect, however, this is possible in females only under strictly

controlled contraceptive measures during the isotretinoin application period and for

another 2 months thereafter.
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To avoid side effects, topical antiandrogen treatment using lipid nanoparticles

may be a future option, given that skin penetration is sufficiently high and systemic

absorption low. Penetration of CPA into human skin ex vivo when loaded to SLN,

NLC, a nanoemulsion and microparticles was well in accordance with the effects

seen when loading the lipophilic dye Nile red: SLN enhanced CPA uptake four-fold,

NLC and microparticles were less efficient and following the nanoemulsion CPA

amounts in skin did not exceed those following CPA-loaded cream. Permeation of

human skin correlated with skin penetration (Stecova et al. 2007).

Besides steroidal antiandrogens such as CPA, there are nonsteroidal agents with

high androgen receptor selectivity, e.g. RU 58841. While SLN loading of RU58841

failed, a lipophilic myristate ester prodrug was easily loadable. Interestingly, no

prodrug or drug (SLN loaded or non-loaded) has been detected in the acceptor

medium following RU58841 myristate application to pig skin ex vivo and despite a

rapid release of the active androgen by keratinocytes, fibroblasts, dermal papilla

cells and sebocytes. Even more important is the lack of permeability of recon-

structed human epidermis (Münster et al. 2005), since this in vitro test matrix is

over-predictive compared to human skin (Schreiber et al. 2005). Since Nile red

loaded to SLN allowed detection of the dye in high concentrations within the hair

follicle and the sebaceous gland up to a depths of about 650 mm (Münster et al.

2005), SLN have the potential to deliver not only anti-acne APIs but also agents for

male baldness to the site of disease – which has been claimed also for liposome-

encapsulated RU 58841 (Bernard et al. 1997).

Glucocorticoids. Loading the lipophilic prednisolone diester prednicarbate to SLN
(Compritol/Poloxamer 188, mean particle size 144 nm), the uptake by human skin

ex vivo at 6 h increased about four-fold over the commercial cream, if the steroid was

applied as both SLN dispersion or cream containing prednicarbate-loaded SLN. At

24 h, the differences in epidermal prednicarbate concentrations following SLN and

conventional formulations had declined. Interestingly, there was prednicarbate target-

ing to the epidermis (Fig. 4; Santos Maia et al. 2002). This was not seen with, e.g.,

betamethasone 17-valerate, which was only poorly attached leading to overloaded

systems at the relevant concentrations (Sivaramakrishnan et al. 2004).

While prednicarbate-SLN so far were tested in vitro only, a clinical study

on clobetasol propionate-loaded SLN in patients with dermatitis demonstrated

the expected improved efficacy of pertinent glucocorticoid treatment over the

conventional cream (Kalariya et al. 2005). Whether the skin atrophy potential of

glucocorticoid-loaded SLN may decline, as observed with transfersomal triamcin-

olone acetonide (Fesq et al. 2003), currently remains to be demonstrated. In spite of

an improved benefit/risk ratio compared to equipotent glucocorticoids, prednicar-

bate in conventional formulations is not totally devoid of any skin thinning effect

(Schäfer-Korting et al. 1993; Korting et al. 2002).

Antiviral systems. Podophyllotoxin is a standard drug for genital warts; their

development is induced by human papilloma virus infection of epithelial cells.

Since podophyllotoxin can induce severe skin irritation, a well-tolerated alternative

by loading the agent to SLN was sought. Podophyllotoxin was loaded to tripalmitin-

based SLN stabilised by lecithin and Poloxamer 188 (diameter 36–208 nm) or
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Tween 80 (bimodal size distribution, peak values of 44 and 194 nm), respectively.

With both SLN dispersions, podophyllotoxin permeation of pig skin ex vivo was

not observed, which was in contrast with the ethanolic solution serving for refer-

ence. Within the skin tissue, however, podophyllotoxin concentrations were similar

following the ethanolic solution and Tween-stabilised SLN dispersion; the concen-

trations were even almost four-fold higher following the lecithin/Poloxamer SLN

dispersion. As abundant podophyllotoxin-related fluorescence was detected within

the epidermis and close to the hair follicles, the authors considered both transepi-

dermal and follicular uptake to be relevant (Chen et al. 2006). These results may

stimulate systematic research on the effects of particle structure as well as the

development of delivery systems for the topical treatment for, e.g., herpes virus

infections. In particular the topical treatment of herpes labialis still demands

improved cure rates, and topical treatment of herpes genitalis is not yet possible.

UV protection. Non-loaded and loaded SLN have been investigated for possible

use in the protection of sunburn and skin cancer. Interestingly, cetyl palmitate

nanodispersions act both as particulate UV blockers themselves and as sustained

release carrier for UV-absorbing 2-hydroxy-4-methoxy benzophenone. Thus UV

protection increased three-fold over both individual components (Müller et al.

2002). Recently UV protection was studied testing 3,4,5-trimethoxybenzoylchi-

tin-loaded SLN; efficacy increased if tocopherol was added (Song and Liu 2005).

Transdermal application systems. As described with liposomes, SLN-loading

can also retard API release. This was described with flurbiprofen-loaded SLN made

up from stearic acid/cholesterol and stabilised by lecithin/Poloxamer 188 at varying

Fig. 4 (a) Improved

absorption and epidermal

targeting (0–100 mm skin

depth) of prednicarbate

loaded to SLN (black column)
compared to the respective

cream (grey column). The
preparations were applied to

human skin ex-vivo for 6 h.

(b) Adding empty SLN to

prednicarbate cream (white
column) does not influence
prednicarbate skin

penetration and distribution

compared to PC cream (with

permission from Santos Maia

et al. 2002)
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ratios; the entrapment amounted to 72%–93% on average. While burst release was

seen with the SLN dispersion, release was sustained when embedding the particles

into a polyacrylamide gel. In the acute carageneen-induced rat paw edema model,

the intensity of flurbiprofen-related edema suppression ranked in the order: SLN

embedded into the gel matrix> SLN dispersion> flurbiprofen solubilised in saline

pH 7.4 (Jain et al. 2005).

Rat paw edema – acute carrageneen-induced and long-lasting Freund´s

adjuvant-induced – served also for testing of SLN from tristearine glyceride

stabilised with lecithin/polyethylene glycol (400) monostearate (mean diameter

123 nm) loaded with triptolide, a diterpenoid triepoxide. With the optimised SLN

dispersion, triptolide penetration of rat skin increased 3.4-fold over the solution

(propylene glycol/water); a lag phase was not observed. Microemulsions tested in

parallel released triptolide even more efficiently (exceeding the solution seven-

fold) – but after a lag phase of about 5 h. The rapid penetration following the SLN

dispersion is well in accordance with most efficient suppression of acute edema,

and the highest uptake from the microemulsion with a very strong influence on

long-lasting edema (Mei et al. 2003).

Safety aspects. The lipids used for SLN production often have GRAS (generally

recognised as safe) status (Müller et al. 2007), but this describes safety when

exposed orally and is less relevant for dermal use. In various cell lines

(e.g. HL60) and primary cells (murine peritoneal macrophages, human keratino-

cytes and fibroblasts) SLN appeared to be rather well tolerated (Müller et al. 1997;

Schöler et al. 2001, 2002; Santos Maia et al. 2002; Weyenberg et al. 2007). SLN

were reported to be less cytotoxic than polycyanoacrylate and PLGA nanoparticles

(Müller et al. 1997). Adding cationic surfactants such as stearylamine or dimethyl-

dioctadecylammonium bromide for stabilisation, however, reduced the viability of

macrophages exposed to SLN (Weyenberg et al. 2007).

Application of SLN dispersions to reconstructed human epidermis proved well

tolerated (Santos Maia et al. 2002; Küchler et al. 2008), which is well explained by

the barrier function of the construct which does not exist with monolayer cultures.

Since the barrier of reconstructed human epidermis making contact with the test

preparations is less functional than normal human skin (Schäfer-Korting et al.

2008a), tolerability in man should be good. However, it has to be kept in mind

that topical dermatics are developed for skin disease and then the barrier can be

clearly less functional.

5.3 Microparticles

Besides liposomes, microsponges were studied with anti-acne drugs. Loading

tretinoin or benzoyl peroxide to microsponges increased local tolerability of these

agents while still influencing activity favourably, including that against P. acnes
(for review see Date et al. 2006). Recently microsponge delivery systems were

Carriers in the Topical Treatment of Skin Disease 457



also described for sustained benzoyl peroxide release (Jelvehgari et al. 2006), but

the results of ex vivo and in vivo testing are still awaited.

Loading hydroquinone 4% and retinol 0.15% to microsponges for sustained

drug release resulted in a well tolerated preparation improving postinflammatory

hyperpigmentation and hyperpigmentation in melasma, in an open study of 28

patients (Grimes 2004). Moreover, microparticulate preparations forming a UV-

protecting film covering the skin appeared interesting with respect to sunscreens,

too (Lademann et al. 2004).

An increasing global health burden is actinic keratosis which may progress to

squamous cell carcinoma. Topical 5-FU 5% cream belongs to the current first-line

treatment options, but local tolerability is poor. 0.5% 5-FU loaded to microsponges

(Table 1) proved to be about equipotent. According to a recent study in 356 patients

with actinic keratosis, the 5-FU microsponge-based preparation proved more effi-

cacious than the respective vehicle even when applied for one week only. Therapy

was well tolerated, and no patient discontinued treatment because of side effects

(Menter et al. 2008).

The skin is also subject to side effects of systemically applied drugs. A dose-

limiting effect in, e.g., doxorubicin chemotherapy is palmar–plantar erythema

which is triggered by the drug excreted with the sweat, then spread over the skin

surface and penetrating the horny layer. The pronounced reservoir in the thick

stratum corneum of palms and soles results in the generation of free radicals in high

amounts, severely damaging the skin. To avoid this side effect by an efficient

barrier cream, microparticles consisting of a mixture of Hippospongia communis
and silica 10–100 mm in size were loaded with a mixture of antioxidants and

incorporated into a cream vehicle. Lasting for 6 h, this formulation formed a

homogeneous film on the skin surface even in deep furrows and wrinkles. Openings

of hair follicles and sweat glands were covered, too. This barrier may impair

doxorubicin penetration and the antioxidant agents loaded to the particles may

interfere with free radical production. In contrast, a microparticle-free cream

serving for reference did not protect hair follicle orifices (Lademann et al. 2008).

This study indicates a new protection strategy against cutaneous side effects of

antitumor drugs applied systemically.

Lipid microparticles made up from tristearin glyceride, stabilised with hydroge-

nated phosphatidylcholine (particle size 10–40 mm) and incorporated into an oil-in-

water emulsion, only slightly promoted stratum corneum penetration of the UV-A

absorbing agent butyl methoxydibenzoylmethane as compared to an oil-in-water

emulsion when applied to human volunteers (Iannuccelli et al. 2008). This is well in

accordance with results of previous studies (Stecova et al. 2007; Küchler et al. 2008).

5.4 Microemulsions

The solubility potential of microemulsions promotes skin penetration due to an

increase in the concentration of lipophilic APIs and thus an increased concentration
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gradient towards the tissue. The main site of solubilisation is the lipophilic moiety

of the micellar surfactant film. Moreover, the usually very low interfacial tension

allows for excellent contact with the entire application area including, e.g., wrinkles

and microscopic gaps. Besides this, isopropyl palmitate and surfactants can induce

penetration enhancement due to disruption of the stratum corneum lipid organisa-

tion or increasing API solubility within the skin, following incorporation into the

skin layers (for review see Kreilgaard 2002; Santos et al. 2008).

Fundamental studies.Methyl nicotinate applied in an isopropyl palmitate micro-

emulsion gel rapidly induced intense erythema. This, however, faded very rapidly

whereas liposomes not disrupting the horny layer and forming a depot in the horny

layer induced a longer lasting effect. Achieving better contact with the skin, water-

in-oil (w/o) microemulsion and liposomes (from hydrogenated lecithin/cholesterol)

accelerated benzyl nicotinate penetration into mouse skin as compared to hydrogel.

However, efficacy as derived from skin oxygenation due to blood vessel dilation was

not influenced (for review see Kreilgaard 2002). In contrast, a microemulsion and a

liposomal formulation accelerated butyl nicotinate-induced vasodilation in mouse

skin over the hydrogel used for reference. A further improvement was obtained by

the synergistic combination of penetration enhancers N-lauroyl sarcosine/sorbitan
monolaurate added to the microemulsion, since the increased fluidity of stratum

corneum lipids facilitated drug penetration (Abramovic et al. 2008). The combined

penetration enhancers were reported to be well tolerated in general (Karande et al.

2004). They did, however, induce some skin irritation (Abramovic et al. 2008).

Drugs for skin disease. Besides liposomes and microsponges, microemulsions

have been studied with anti-acne drugs (for review see Date et al. 2006). Tretinoin

incorporation into a microemulsion can enhance skin levels while reducing perme-

ation of pig skin ex vivo. Moreover, erythema formation in the Draize test in rabbits

was less severe. Azelain permeation through mouse skin increased, which was

further stimulated when adding the penetration enhancer dimethylsulfoxide.

However, skin irritation due to microemulsions was observed. While enhancing

skin penetration of hydrocortisone compared to an amphiphilic cream, skin blanch-

ing was counteracted due to skin irritation and thus increased blood flow (Lehmann

et al. 2001). Methoxsalen uptake was enhanced up to eight-fold compared to water;

efficacy was related to the content of penetration enhancer. Moreover, skin perme-

ation of methotrexate increased up to ten-fold from a lecithin–water–propylene

glycol–decanol–benzyl alcohol microemulsion compared to a water–propylene

glycol solution (Kreilgaard 2002).

Transdermal application. Aiming at improved therapy for osteoarthritis, micro-

emulsions were developed which enhanced human skin permeation of diclofenac,

indomethacin, ketoprofen, celecoxib and rofecoxib three-fold to eight-fold. With

celecoxib and rofecoxib, the onset of anti-inflammatory effects was more rapid

than conventional vehicles (for review see Kreilgaard 2002; Santos et al. 2008).

Loading to microemulsions also enhanced triptolide permeation of rat skin and

efficacy in long-lasting rat paw edema (see above). This is well in accordance with

the high amount of surfactant and co-surfactant used for production of the micro-

emulsion. Erythema of the treatment site was not detected (Mei et al. 2003).
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5.5 Polymer Particles Including Microparticles and Dendrimers

Compared to the investigations into liposomes and lipid nanoparticles, studies with

polymer-based particles are rather few in number. Yet these studies, especially

when using biostable particles, allow an insight into the processes of skin penetra-

tion and thus are of great relevance for the understanding of the function of

nanoparticulate drug delivery systems in general.

Biodegradable poly(e-caprolactone) nanoparticles enhanced the cutaneous

uptake of lipophilic agents such as the UV-protection agent methoxycinnamate

(Alvarez-Roman et al. 2001) and the dye Nile red (Alvarez-Roman et al. 2004b),

whereas flufenamic acid uptake declined when loaded to PLGA nanoparticles

(Luengo et al. 2006). In fact, flufenamic acid in general permeates human skin

efficiently, even when applied in aqueous solution (Schäfer-Korting et al. 2008a).

Loading of biostable poly n-butylcyanoacrylate nanocapsules (188 nm in diameter)

with indomethacin (77% entrapment efficiency) increased drug release. The nano-

dispersion promoted indomethacin skin penetration almost ten-fold over the pene-

tration when applying indomethacin Pluronic1 gel, and uptake was enhanced

almost four-fold when incorporating the nanocapsules into Pluronic gel. Nanopar-

ticles were detected within the horny layer by parallel dye labelling (Miyazaki et al.

2003).

Interestingly, a first comparison of Nile red skin penetration from core multi-

shell (CMS) nanotransporters synthesised using the dendrimer technology (Krämer

et al. 2002), forming aggregates of about 40 nm in size, and SLN (average size

180 nm) indicated a clear superiority of the CMS nanotransporters (Küchler et al.

2008). Whether this is due to differences in particle size or results from the material

building up the particle still has to be revealed.

The mechanism of penetration enhancement is best evaluated using covalent

binding of dyes to biostable particles. Fluorescein 5-isothiocyanate (FITC)-labelled

nanoparticles were preferentially localised in the follicular openings. Particle

accumulation increased with time and was most pronounced with the smaller

particles (Alvarez-Roman et al. 2004a; Luengo et al. 2006). Moreover, a series of

studies by the Lademann group revealed that carriers up to 3 mm in size can

transport the loaded agent into the open hair follicle. The optimum size is around

300–750 nm (Lademann et al. 1999; Schaefer and Lademann 2001; Toll et al. 2004;

Teichmann et al. 2005), since the particles make use of a pump mechanism

depending on the movement of the hair and the zigzag structure of the hair surface

produced by keratinocyte desquamation. While the spontaneous hair movement

in vivo transports particles deep into the follicle, hairs need to be moved by massage

in ex vivo studies (Teichmann et al. 2006). Because of the low sebum flow, particles

were stored for about 10 days within the hair follicles while free agents were stored

for 4 days only (Lademann et al. 2007). Maybe this will allow for specific use in

defined fields of dermatotherapy in the future.

Fluorescein-labelled nanoparticles were also enriched in skin furrows, yet pene-

tration of intact particles was not seen (Alvarez-Roman et al. 2004b; Luengo et al.
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2006). Therefore, in contrast to transfersomes, stable particles of 20 nm in diameter

cannot squeeze through the channel-like structures of the stratum corneum, and

loaded APIs have to be released for permeating the horny layer.

Safety aspects. Whereas dendrimers and especially those with amine surfaces

can be very toxic, toxicity can be reduced by polyethylene shells surrounding the

dendritic core, which should also reduce the aggregation tendency of the nanopar-

ticles (Stern and McNeil 2008). This approach has been followed when designing

CMS nanotransporters and in fact toxicity for keratinocytes was remarkably low

(Küchler et al. 2008).

6 Miscellaneous Approaches

Iontophoresis and microneedles can improve the penetration of ionised agents into

intact skin. These procedures are described elsewhere in this handbook. Stimulating

results have been reported with respect to iontophoresis in the treatment of,

e.g., acne scars (tretinoin gel) and hypertrophic scars (for review see Patravale

and Mandawgade 2008).

7 Conclusion

Loading of APIs to nanoparticles, microparticles and microemulsions for dermal

and transdermal use can alter skin penetration. The penetration rate can increase or

decrease depending on the nature of the active agent and the preparation. Improved

uptake is often linked with higher efficacy. If the concentration of the active

pharmaceutical ingredient is adjusted, local tolerability can be improved. Currently

only a few drugs based on nanosized or microsized application systems have been

approved for topical use and introduced into the market. However, one has to keep

in mind the rather slow progress obtained, e.g., in the field of transdermal therapeu-

tic systems, too, which is due to technological challenges and the high standards of

drug development set to ensure efficacy and safety.
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Jenning V, Schäfer-Korting M, Gohla S (2000b) Vitamin A-loaded solid lipid nanoparticles for

topical use: drug release properties. J Control Release 66:115–126
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(2002) Drug targeting by solid lipid nanoparticles for dermal use. J Drug Targeting 10:489–495

Santos P, Watkinson AC, Hadgraft J, Lane ME (2008) Application of microemulsions in dermal

and transdermal drug delivery. Skin Pharmacol Physiol 21:246–259

SCCP (2007) The Scientific Committee on Cosmetic Products (SCCP) Opinion on safety of

nanomaterials in cosmetic products. http://ec.europa.eu/health/ph_risk/committees/04_sccp/

docs/sccp_o_123.pdf

Schaefer H, Lademann J (2001) The role of follicular penetration. A differential view. Skin

Pharmacol Appl Skin Physiol 14(Suppl 1):23–27
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Abstract Development of intraocular drug delivery systems (DDSs) is urgently

required for the treatment of eye diseases, especially in the posterior segment of the

eye (the vitreous cavity, retina, and choroid), most of which are refractory to

conventional pharmacologic approaches; eye drops and systemically administered

drugs cannot achieve therapeutic drug concentrations in the posterior segment of
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the eye. Repeated intravitreal injections of anti-angiogenic agents are effective in

the treatment of age-related macular degeneration, but there remain risks of serious

side effects such as endophthalmitis associated with repeated injections. Intraocular

DDSs may address these problems. Intraocular sustained drug release from

implantable or injectable devices has been investigated to treat vitreoretinal dis-

eases. A reservoir-type nonbiodegradable implant was first launched in the market

in 1996 for the treatment of cytomegalovirus retinitis secondary to the acquired

immunodeficiency syndrome, followed by clinical trials for a variety of potent

devices to treat other challenging eye diseases. An injectable rod-shaped insert

releasing a steroid is presently being assessed in a phase III trial to treat macular

edema secondary to diabetic retinopathy or retinal vein occlusion. Thus various

types of intraocular DDSs will be commercially available to treat vision-threatening

intraocular diseases in the near future.

Keywords Age-related macular degeneration � Biodegradable polymer �
Controlled release � Intraocular drug delivery system � Microsphere

List of Abbreviations

AIDS Acquired immune deficiency syndrome

AMD Age-related macular degeneration

API Active pharmaceutical ingredient

CMV Cytomegalovirus

CNV Choroidal neovascularization

DDS Drug delivery system

ECT Encapsulated cell technology

EVA Ethylene vinyl acetate

HAART Highly active antiretroviral therapy

PLGA Poly(lactic-co-glycolic acid)
PVA Poly(vinyl alcohol)

PVR Proliferative vitreoretinopathy

RPE Retinal pigment epithelium

VEGF Vascular endothelial growth factor

1 Introduction

The eye is a photosensory organ with specific structures similar to those of a

camera. The eye should preserve not only the transparency of ocular media but

also its configuration, in order to stabilize refractory structures (e.g., cornea and
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lens). For this aim, the most effective shape is a balloon-like configuration with

little vasculature, few cellular components, and transparent fluid inside. Aqueous

humor, the intraocular circulating fluid, is well conditioned with sufficient nutrients

for nonvascular structures and a strictly limited amount of macromolecules such

as proteins and lipids for homeostasis and transparency. This forms the blood–
aqueous barrier, composed of ciliary nonpigmented epithelium and iridal vascular

endothelium with tight junctions. The outer and inner blood–retinal barriers,
which are formed by the retinal pigment epithelium (RPE) and retinal vascular

endothelium, respectively, regulate retinal homeostasis (Maurice and Mishima

1984; Geroski and Edelhauser 2001; Ambati and Adamis 2002; Yasukawa et al.

2004, 2006, 2007). In this way the intraocular space is separated from the

systemic blood circulation (Fig. 1) and therefore systemically administered

drugs cannot easily reach the intraocular space (Pharmacological Therapy for

Macular Degeneration Study Group 1997; Ip and Gorin 1996). Therefore, high

drug dosages must be used to achieve efficacy, frequently causing side effects in

other healthy tissues. On the other hand, the eye is covered with collagenous

layers (e.g., cornea and sclera) and epithelial and endothelial barriers (e.g., cornea

and RPE). These barriers, continuous tear production, frontward flow of aqueous

humor, and choroidal circulation limit the penetration of topically administered

drugs (e.g., eye drops and ointments) (Lang 1995; Kim et al. 2007) (Fig. 1).

Consequently, eye drops must be instilled frequently or at high concentrations to

achieve therapeutic concentrations even in the anterior segment of the eye. It is

much harder to deliver drugs to the posterior segment because of the longer

Fig. 1 Barriers which limit drug delivery into the posterior segment of the eye. The cornea, tear

drainage, episcleral blood flow, and intraocular counterdirectional convection limit the delivery of

locally administered drugs into the posterior segment of the eye. Systemically administered drugs

cannot reach the vitreous cavity and the retina easily because of the blood–retinal barriers
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diffusion distance and counterdirectional intraocular convection from the ciliary

body to Schlemm’s canal.

Considering these problems, most recent therapies for vitreoretinal diseases, for

example exudative (wet) age-related macular degeneration (AMD) and macular

edema, have been administered by periocular or intraocular injection (Ip et al. 2004;

Gillies et al. 2006; Rosenfeld et al. 2006; Brown et al. 2006; Augustin and Schmidt-

Erfurth 2006). In the vitreous cavity, however, the half-life of most drugs with a

low molecular weight is as short as a few hours, even large molecules such as

antibodies have a half-life of a few days (Bakri et al. 2007a, b). Therefore, repeated

intravitreal injections may be required, potentially associated with adverse effects

such as cataract formation, vitreous hemorrhage, endophthalmitis, and retinal

detachment (Cantrill et al. 1989; Cocherau-Massin et al. 1991; Heinemann 1989;

Ussery et al. 1988).

Drug delivery systems (DDSs) may overcome the aforementioned problems

of pharmaceutical approaches. Regarding DDSs to the anterior segment of the

eye, some inserts used instead of eye drops are already commercially available:

Ocusert1 Pilo (controlled-release pilocarpine, Alza Co., Palo Alto, CA), Mydria-

sert1 (IOLTech, La Rochelle, France), and Lacrisert1 (hydroxypropyl cellulose

ocular insert, Merck & CO., Inc., Whitehouse Station, NJ) (Fig. 2). Ocusert1

Pilo inserts, which became commercially available in 1974, contain a core

reservoir consisting of pilocarpine and alginic acid. The core is surrounded by

Fig. 2 Controlled release systems. Ocusert1, Mydriasert1, Vitrasert1, and Retisert1 are clini-

cally available, nonbiodegradable (reservoir-type) devices. Lacrisert1 is a biodegradable (mono-

lithic-type) insert in the conjunctival sac. *Commercially available medical devices. **Products

under clinical trials
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a hydrophobic ethylene vinyl acetate (EVA) copolymer membrane that controls

diffusion of pilocarpine, an active pharmaceutical ingredient (API), from the

insert into the eye. Pilocarpine can decrease intraocular pressure in patients

with glaucoma. While commonly used eye drops should be administered four

times a day, the insert releases pilocarpine for a week after it is placed in contact

with the conjunctival surface. Mydriasert1 is an insoluble-matrix retropalpebral

ophthalmic insert containing phenylephrine and tropicamide as APIs to obtain

sustained mydriasis during surgery or fundus examination. Lacrisert1 is biode-

gradable and inserted daily into the conjunctival sac instead of eye drops in the

treatment of dry eye. These types of inserts could be easily removed if adverse

effects develop. However, these inserts do not provide striking benefits over

conventional use of eye drops. On the other hand, it must be beneficial but more

complicated and hard to develop DDSs to the posterior segment of the eye. The

implants should be placed into the sub-Tenon’s, intrascleral, or intravitreal space.

In this case, any mechanical effects of the remaining matrix and any pharmaco-

logic effects of the drug used should be considered.

In this section, we review medical devices for the treatment of diseases in the

posterior segment of the eye which are clinically available, under clinical trial, or

being tested preclinically.

2 Targeted Vitreoretinal Diseases

Vision loss easily impairs quality of life. In industrialized nations, AMD, diabetic

retinopathy, and retinitis pigmentosa as well as glaucoma are main causes of legal

blindness, while cataract and corneal diseases are still sight-threatening in develop-

ing countries. Retinal disorders are one of the most challenging diseases in the

body, involving AMD, diabetic retinopathy, retinitis pigmentosa, and macular

edema secondary to diabetic retinopathy, uveitis, pseudophakia, and retinal vein

occlusion. Some eyes with glaucoma are refractory to any medications and surgical

approaches. In such cases, retinal ganglion cells are damaged, resulting in progres-

sive visual field defect. Thus, most hard-to-treat eye diseases are associated with

alteration of retinal functions. Because the retina is a neurosensory organ with

binocular harmonized function, the retina and, in particular, its center, called the

macula, require homeostasis in (1) the structure and the location, (2) transparency,

and (3) neurophysiology. AMD and macular dystrophy often lead to irreversible

impairment of neurophysiologic functions at the macula. Macular edema impairs

not only the structure but also the transparency and physiologic functions of the

retina. To date, advances in surgery enable even the peeling of the internal limiting

membrane, the innermost thin layer of the retina, by the use of special instruments,

resulting in recent highly improved visual outcomes in eyes with macular holes.

However, most other macular diseases are still refractory to any type of treatment.

Many vitreoretinal disorders are refractory to the effects of current medications

because of the aforementioned difficulties in pharmacologic approaches. Therefore,
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a DDS may be necessary in the treatment of a variety of intraocular diseases.

Potentially, an intraocular controlled (sustained) release system can be used for

diseases in which repeated local administration of drugs is likely to be effective,

such as wet AMD, macular edema, cytomegalovirus (CMV) retinitis, and uveitis. In

addition, in diseases that initially require vitreoretinal surgery and in which com-

plications or recurrence may occur postoperatively, intraocular controlled release

devices implanted adjunctively during surgery may improve recovery (e.g., prolif-

erative vitreoretinopathy (PVR), choroidal neovascularization (CNV), and diabetic

retinopathy). Moreover, a controlled release system may be necessary to treat

chronic diseases with no satisfactory therapies, such as geographic atrophy (dry

AMD), macular edema, and retinitis pigmentosa.

2.1 Cytomegalovirus (CMV) Retinitis

CMV retinitis used to be an object of public concern, because it occurred in

approximately 25% of patients with acquired immune deficiency syndrome

(AIDS) and was a leading cause of blindness in terminally ill patients (Gross

et al. 1990). This background urgently required the development of a new treatment

modality. Early diagnosis and efficient management are necessary to preserve

vision. Systemic administration of ganciclovir or foscarnet first proved effective

in slowing the progression of CMV retinitis. However, these drugs frequently have

serious side effects: ganciclovir causes myelosuppression and foscarnet kidney

dysfunction, which may necessitate discontinuance of the therapy (Henderly et al

1987; Holland et al. 1986; Jabs et al. 1987). Therefore, intravitreal administration of

ganciclovir was then carried out but needed to be repeated to maintain intraocular

drug concentration in the therapeutic range, potentially associated with inherent

risks of retinal detachment, cataract, vitreous hemorrhage, and endophthalmitis

(Cantrill et al. 1989; Cocherau-Massin et al. 1991; Heinemann 1989; Ussery et al.

1988). A pressing need to preserve the quality of life in patients with AIDS focused

on the development of new intraocular DDSs, leading to the first commercial use

of a controlled release system for ganciclovir with a nonbiodegradable polymer

device (Vitrasert1) (Sanborn et al. 1992). This proved to be effective and biocom-

patible clinically, although it required surgery to remove the exhausted unit or to

repeat implantation (Morley et al. 1995; Sanborn et al. 1992; Smith et al. 1992).

More recently, highly active antiretroviral therapy (HAART), a combination of

reverse-transcriptase-inhibiting nucleosides and human immunodeficiency virus

type 1-specific protease inhibitors, has been established to normalize immunity in

patients with AIDS and promote the regression of several opportunistic infections

including CMV retinitis (Autran et al. 1997; Mitchell et al. 1999; Vrabec et al.

1998). Thus HAART has significantly reduced the need for an intraocular device

for patients with AIDS. Yet, a number of scientists that gained fundamental

knowledge in the field of intraocular DDSs, and now continue to develop new

devices to treat a variety of other challenging vitreoretinal diseases.
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2.2 Noninfectious Uveitis

The uvea is the intraocular tissue with melanin granules, involving the iris, the

ciliary body, and the choroid. Uveitis is an ocular autoimmune or inflammatory

disease occurring in the uvea and adjacent tissues such as the sclera and the retina.

Uveitis has acute or chronic features affecting local or diffuse areas of the eye, and

it has the potential for recurrence. The disease often requires long-term medication

with steroids, immunosuppressive agents, antibiotics, or their combination in order

to suppress inflammation or prevent recurrence in specific cases. Persistent inflam-

mation in the anterior segment sometimes results in posterior synechia of the iris

limiting the dilation of the iris, secondary glaucoma with or without peripheral

anterior synechia of the iris, and cataract formation, while longstanding inflamma-

tion in the posterior segment sometimes leads to hazy vitreous humor, macular

edema, exudative or ischemic retinal vascular disorders, and other retinal dysfunc-

tions. The necessity of long-term medication led to the development of a controlled

release system for fluocinolone acetonide with a nonbiodegradable polymer device

(Retisert1), which was approved by the US FDA in 2005 (Jaffe et al. 2000).

2.3 Macular Edema

Macular edema, if persistent, often leads to irreversible loss of visual acuity, accom-

panying a variety of diseases including diabetic retinopathy, uveitis, and retinal vein

occlusion (Fig. 3). This disease is characterized by leakage of serum from retinal

capillaries and subsequent swelling of the macula, the center of the retina.

Diabetic macular edema is one of major causes of legal blindness in patients

with diabetes mellitus. There are approximately 500,000 cases requiring treatment

in the USA every year. Permeability of retinal vasculature is enhanced by vascular

endothelial growth factor (VEGF) secreted from retinal cellular components in

response to occlusion of microcapillaries and subsequent ischemia. Also macular

edema is affected by a variety of general conditions: degree of diabetic nephropathy

as well as retinopathy, hypertension, anemia, and hyperlipidemia. Diabetic macular

edema is classified into two types: focal and diffuse. Focal macular edema is often

caused by microaneurysms with a compromise of the blood–retinal barrier integ-

rity, which is treatable by laser photocoagulation of the microaneurysms. On the

other hand, diffuse macular edema is caused by dilation of retinal capillaries around

the macular area. Diffuse macular edema is currently treated by grid laser treat-

ment, intravitreal or sub-Tenon’s injection of a steroid, triamcinolone acetonide

(Ip et al. 2004; Gillies et al. 2006), or vitrectomy. More recently, some nonbiode-

gradable or biodegradable devices with various corticosteroids for intraocular use

(Medidur1, I-vation1, and Posurdex1) as well as intraocular injection of anti-

VEGF agents (Lucentis1, and Avastin1) are under clinical trial in the treatment of

diffuse diabetic macular edema.
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2.4 Retinitis Pigmentosa

Retinitis pigmentosa is a clinically and genetically heterogeneous group of eye

diseases with primary retinal and RPE degeneration resulting from a variety of

genetic alterations in physiologic functions of photoreceptors and underlying RPE

cells as a sensor of visible light. Gene mutations involve autosomal dominant and

recessive, X-linked, and mitochondrial modes. Most causal genes may be asso-

ciated with the retinoid cycle, involving e.g., rpe65, abca4, vmd2. Generally, an

Fig. 3 Macular edema secondary to central retinal vein occlusion. (a) Fluorescein angiography

revealed cystoid macular edema. (b) Optical coherence tomography showed a retinal section with

cystic spaces at the macula. Visual acuity is 20/100. (c) Intravitreal injection of crystalline

triamcinolone acetonide (4 mg) reduced the macular edema and improved visual acuity to

20/50. However, macular edema often recurs and requires repeated administration of drug, laser

photocoagulation, or vitrectomy
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electroretinogram is negative or non-recordable before the onset of visual field

defect. Many cases have progressive visual field defect, in some cases accompanied

by loss of visual acuity. To date, there have been no successful treatment modalities

to improve genetic alteration or even delay the progression of symptoms. However,

a recent report on gene therapy has shed hopeful light on the treatment. Intravitreal

injection of rpe65-encoding adenovirus vector delayed the worsening of visual

function in eyes with Leber’s congenital amaurosis (Maguire et al. 2008). This

result suggests that long-term supply of defect or altered proteins derived from gene

mutations may rescue eyes with retinitis pigmentosa. Intracellular delivery of

proteins as well as gene therapies using viral or nonviral vectors, siRNAs, and so

on may have great potential to treat retinitis pigmentosa.

2.5 Age-Related Macular Degeneration (AMD)

AMD is a leading cause of legal blindness in people over 50 years of age in most

developed countries (Klein et al. 1992; Ryan et al. 1994). Fifteen million Amer-

icans and more in other western countries are affected by AMD. About 14–24% of

US citizens aged 65–74 years and 35% of people over 75 years of age have the

disease. There are approximately 200,000 new cases of AMD each year in USA,

and the annual incidence is expected to grow as the population ages. AMD is

classified into two types: choroidal neovascularization (CNV; exudative or wet

AMD) and geographic atrophy (dry AMD). Geographic atrophy represents the

death of photoreceptors and underlying RPE cells and the atrophy of underlying

choriocapillaries, resulting in gradual impairment of central vision with no success-

ful treatment. In contrast, CNV often results in acute or subacute irreversible

visual loss (Ryan et al. 1994) (Fig. 4). CNV has been treated by surgical removal,

macular translocation with scleral retraction sutures or 360� retinotomy, laser

photocoagulation, photodynamic therapy, transpupillary thermotherapy, or radia-

tion (American Academy of Ophthalmology 2000; Bressler 1997; Chakravarthy et al.

1993; Kaplan 1996; Macular Photocoagulation Study Group 1986, 1990, 1994a, b).

Fig. 4 Exudative form of

age-related macular

degeneration. Choroidal

neovascularization (asterisk)
invaded into the subretinal

space with fibrin and

hemorrhage (arrows). Even
with the newest treatments

(anti-VEGF therapies), the

improvement of already-

decreased vision is limited.
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Despite a variety of treatments, recovery of vision in eyes with CNV is still highly

limited. In addition, the recurrence of CNV is a serious problem. Macular translo-

cation with 360� retinotomy often dramatically improves visual acuity (Eckardt

et al. 1999; Pertile and Glaes 2002). However, severe complications such as

postoperative PVR and diplopia have yet to be minimized.

Recently, many clinicians, investigators, and pharmaceutical companies have

been very interested in the development of pharmacologic therapies for AMD,

because photodynamic therapy with a photosensitizer, topical steroid therapy, and

more recently the use of anti-VEGF agents appeared relatively effective exudative

AMD (Blumenkranz et al. 2002; Rosenfeld et al. 2006; Brown et al. 2006; Augustin

and Schmidt-Erfurth 2006; Adamis and Shima 2005). A number of clinical trials are

now completing, ongoing, or prepared. Recent successful cases have been per-

formed by intravitreal or sub-Tenon’s injections because of the past history of the

failures of pharmacologic approaches by systemic use of interferon alpha and

thalidomide in the treatment of exudative AMD (Ip and Gorin 1996; Maguire

et al. 2001; Pharmacologic Therapy for Macular Degeneration Study Group

1997). However, more recent new agents have been or are planned to be tested,

not only by intravitreal or sub-Tenon’s injection but also by systemic administra-

tion or even by eye drops. Thus, recent major trends in the development of

new compounds tend to make many subsequent innovators blind to the impaired

access of pharmacologic agents to the posterior segment of the eye as a critical issue.

The development of an intraocular controlled-release system or drug targeting is

desired as eagerly as the development of a new potent anti-angiogenic agent.

2.6 Proliferative Vitreoretinopathy (PVR)

PVR, the major cause of failure of retinal detachment surgery, involves intraocular

pathologic wound healing: the formation of fibrous membranes composed of RPE

cells, glial cells, macrophages, and fibroblasts on or beneath the retina (Jerdan et al.

1989; Machemer and Laqua 1975; Retinal Society Terminology Committee 1983).

RPE cells that scatter into the vitreous cavity or subretinal space after retinal

detachment produce extracellular matrix proteins, proinflammatory cytokines,

and chemokines. This results in breakdown of the blood–retinal barrier, recruitment

of other inflammatory cells, and myofibroblastic transdifferentiation of RPE cells

(Scheiffarth et al. 1988). Contractile forces generated within the fibrous tissue

formed ultimately lead to tractional retinal detachment and/or macular pucker,

which threaten vision. RPE cells and fibroblasts are usually the predominant

cell types in the epiretinal membranes of PVR. A variety of cytokines may play

a role in the pathogenesis of PVR, including transforming growth factor-beta

(Gonzalez-Avila et al. 1995), platelet-derived growth factor (Milenkovic et al.

2003), basic fibroblast growth factor (Hueber et al. 1996–1997; La Heij et al.

2002), tumor necrosis factor-alpha (Armstrong et al. 1998), epidermal growth factor

(Milenkovic et al. 2003), interleukin-1beta (El-Ghrably et al. 2001), interleukin 6

478 T. Yasukawa and Y. Ogura



(El-Ghrably et al. 2001; La Heij et al. 2002), interleukin 8 (El-Ghrably et al. 2001),

interferon gamma (El-Ghrably et al. 2001), hepatocyte growth factor (Hinton et al.

2002), connective tissue growth factor (Hinton et al. 2002), and VEGF (Armstrong

et al. 1998). Thusmany substances can be candidates in the treatment of PVR. On the

other hand, a single treatment targeting one of these substances may be insufficient

to treat PVR. Because surgical approaches are necessary in many cases to mechani-

cally reduce the retinal traction, some devices for intraocular controlled release of

drugs can be applied intraoperatively as an adjunct to decrease the incidence of PVR.

3 Nonbiodegradable Devices

The development of intraocular controlled release systems has been enthusiasti-

cally investigated since the late 1980s because of the urgent necessity to establish a

new treatment modality alternative to repeated intravitreal injections of ganciclovir

in the treatment of CMV retinitis in patients with AIDS. These efforts led to the first

commercial product, Vitrasert1, which was a non-biodegradable implant contain-

ing ganciclovir (Fig. 2) (Sanborn et al. 1992). This reservoir-type implant is made

up from non-biodegradable polymers such as poly(vinyl alcohol) (PVA), EVA, and

silicon laminate, and contains an API in the inner space. This type exhibits the most

stable and long-standing release profile of an API, as compared with other types of

implants, because it can store a large amount of an API and regulate drug release

merely by total surface area and thickness of PVA, a permeable polymer (Fig. 5a)

(Okabe et al. 2003; Yasukawa et al 2004, 2006). EVA or silicon laminate, a

nonpermeable polymer, is used to limit the practical surface area for drug perme-

ability, while PVA is used to construct the framework of the device and regulate the

rate of drug permeability. On the other hand, the disadvantages of this type involve

the relatively large size of the device requiring a large incision for implantation,

which may increase the risk of vitreous hemorrhage, subsequent epiretinal mem-

brane and retinal detachment, and the potential need for removal surgery to

exchange the implant or treat possible complications such as retinal detachment

and API-induced adverse effects. In fact, the same type of implant, Retisert1,

which releases fluocinolone acetonide for the treatment of chronic non-infectious

uveitis, has a critically high incidence of steroid-induced cataract and glaucoma.

The investigators must consider not only sustained effects but also possible adverse

effects of APIs and nonbiodegradable devices in designing controlled release

systems.

3.1 Vitrasert1: Nonbiodegradable Implant with Ganciclovir

Vitrasert1 (Bausch & Lomb, Rochester, NY) is a reservoir-type implant that

delivers ganciclovir, an antiviral drug, intraocularly in patients with AIDS-related

CMV retinitis, approved in 1996 by FDA. Ganciclovir is a synthetic nucleoside
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analog of 20-deoxyguanosine that inhibits replication of viruses including CMV,

herpes simplex virus-1 and -2, Epstein–Barr virus, and varicella zoster virus. This

intravitreal implant contains a ganciclovir tablet composed of 4.5 mg of ganciclovir

and 0.25% of magnesium stearate as an inactive ingredient, coated with PVA and

EVA. PVA and EVA are non-degradable polymers used for controlling the rate of

drug release. Hydrophobic EVA was used to limit the surface area available for

release of the hydrophilic drug. Ganciclovir is slowly released over a 5–8 month

period of time across the water-permeable PVA membrane following the entrance

of fluid into the device. Ganciclovir is partially dissolved with imbibed water up to

the saturated concentration and continuously diffuses across the PVA membrane.

The reservoir implant yields zero-order release kinetics, while the inner solution

remains saturated with ganciclovir. Vitrasert1 requires surgical implantation.

A 5.5 mm sclerotomy is made circumferentially 4 mm posterior to the limbus.

After trimming prolapsed vitreous humor, the ganciclovir implant is placed into the

vitreous cavity through the sclerotomy and fixed with anchoring sutures. Then

the sclerotomy and the conjunctiva are sutured. Caution is needed in handling the

device so as not to damage the PVA membrane. After the implantation, most

Fig. 5 The release profiles of

APIs from a non-

biodegradable implant (a) and

a biodegradable implant (b).

A non-biodegradable implant

is advantageous for stable and

sustained release, while a

biodegradable one requires no

removal or exchange surgery.

While a biodegradable

implant (closed squares in b)

generally exhibits a triphasic

release pattern of APIs, a

blend-type biodegradable

implant (closed circles in b)

can improve stability and

period of API release.

Reproduced from Okabe

et al. (2003) and Yasukawa

et al. (2000)
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patients will experience an immediate decrease in visual acuity for the following

2–4 weeks. This temporal visual impairment may result from the surgical procedure

itself. The implanted device will require the removal procedure if re-implantation is

necessary or if any complications such as retinal detachment occur.

3.2 Retisert1: Nonbiodegradable Implant with Fluocinolone
Acetonide

Retisert1 (Bausch & Lomb, Rochester, NY) is a reservoir-type implant with the

same shape as Vitrasert1, designed for the treatment of chronic non-infectious

uveitis (Jaffe et al. 2000) (Fig. 6a). The implant consists of a tablet containing

0.59 mg of the active ingredient, fluocinolone acetonide, and inactive components

such as microcrystalline cellulose, PVA, and magnesium stearate. The implant is

coated with PVA and silicon laminate to yield sustained release of a corticosteroid,

fluocinolone acetonide, at a steady rate of 0.3–0.6 mg/day to the posterior segment

of the eye for a period of 30 months. The device is 5 mm long, 2 mm wide, and

1.5 mm thick, smaller than Vitrasert1. Fluocinolone acetonide reduces inflamma-

tion and lowers intravitreal VEGF levels in the eye. The recurrence rate of uveitis is

reduced to 7–14% in the 34-week period post-implantation, in contrast to 40–54%

in the control group. The implant also decreases the necessity to use systemic and

topical administrations of steroid. The implantation procedure is same as that for

Vitrasert1. Caution should be exercised in handling the implant in order to avoid

damage to the PVA membrane, which may result in an unexpectedly increased rate

of drug release from the implant. Intraocular sustained release of steroid, however,

ironically results in a marked rate of steroid-induced intraocular complications.

Within 34 weeks post-implantation, approximately 60% of patients will need med-

ications to treat steroid-induced glaucoma.Moreover, within two years after implan-

tation, approximately 32% of patients will require glaucoma (filtering) surgery

(Callanan 2007). Also within a post-implantation period of two years, most phakic

eyes will develop cataract formation and require cataract surgery. Nevertheless,

Fig. 6 A variety of medical devices for DDSs to the posterior segment of the eye. (a) Retisert1

(Bausch & Lomb) contains a tablet with fluocinolone acetonide encapsulated with nonbiodegrad-

able polymers. (b) I-vationTM (SurModics) is a helical nonbiodegradable implant with triamcino-

lone acetonide, implantable through a small incision. (c) Posurdex1 (Allergan) is an injectable rod

with dexamethasone placed with a special applicator
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because long-standing intraocular inflammation itself can be associated with inci-

dence of secondary glaucoma and cataract, the sustained and excellent efficacy of

the implant to treat chronic uveitis is highly appreciable.

3.3 I-vationTM: Nonbiodegradable Implant with Triamcinolone
Acetonide

A unique nonbiodegradable implant, I-vationTM (SurModics, Irvine, CA), is cur-

rently in a phase I clinical trial for the treatment of diabetic macular edema. This

device contains and releases 0.925 mg of a corticosteroid, triamcinolone acetonide,

slowly to the posterior segment of the eye. The shape of the device is a unique

scaffold designed for minimally invasive implantation, different from those

of Vitrasert1 and Retisert1 which require more invasive surgery for implantation

(Fig. 6b). The implant’s small diameter enables implantation through a sclerotomy

with a 25-gauge needle. The unique helical design maximizes the surface area

available for drug release as well as enabling anchoring of the implant against the

sclera. The thin cap attached is placed under the subconjunctival space. The

triamcinolone acetonide is coated with a blend of polybutyl methacrylate and

polyEVA. The safety and biocompatibility of I-vationTM have been derived from

preclinical studies for up to 9 months post-implantation. SurModics is sponsoring a

Phase I safety study called STRIDE (Sustained Triamcinolone Release for Inhibi-

tion of Diabetic Macular Edema) for the treatment of diabetic macular edema. Early

clinical results show I-vationTM to be safe and well tolerated. Average macular

thickness in eyes with diabetic macular edema decreased to 230 mm at month 6, as

compared with preoperative thickness of 376 mm. The study subjects will be

followed for three years. The release profile of drugs can be customized by varying

ratios, thickness, and total surface area of constituent polymers in the coating. It

remains to be seen whether the sclera tolerates anchoring of the device for long

periods and after removal of the device.

3.4 Medidur1: Nonbiodegradable Insert with Fluocinolone
Acetonide

Medidur1 (Alimera Sciences Inc., Alpharetta, GA; pSivida Inc., Watertown, MA)

is an injectable nonbiodegradable intravitreal implant for the treatment of diabetic

macular edema. The Medidur1 insert is only 3.5 mm in length and 0.37 mm

in diameter, designed to release a constant amount fluocinolone acetonide to the

posterior segment of the eye over a period between 18 and 36 months. The insert

is a reservoir-type implant like other nonbiodegradable implants. In contrast to

them, however, it is designed for sutureless insertion in an office setting by use of
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25-gauge transconjunctival injector system without the necessity for surgical inci-

sions in the conjunctiva and the sclera and subsequent suturing. The insert releases

0.2 mg or 0.5 mg of fluocinolone acetonide to the vitreous cavity per day. A phase III

trial is under way for the treatment of diabetic macular edema. It should be ascer-

tained whether the insert that is suspended without any fixation in the vitreous cavity

will have any adverse effects and, if necessary, can easily be surgically removed.

4 Biodegradable Devices

Compared with non-biodegradable implants, biodegradable implants have the

following merits: no need of removal surgery, and flexibility in shape. They can

be processed into a variety of configurations such as microparticles, rods, discs,

tablets, and implants (Fig. 2) (Yasukawa et al. 2004, 2006, 2007). Recently,

Posurdex1, a rod that is injectable using a special injector with a 22-gauge needle,

is under phase III clinical trial in the treatment of macular edema secondary to

retinal vein occlusion or diabetic macular edema. This implant is composed of the

homogenous mixture of dexamethasone as an API and poly(lactic-co-glycolic acid)
(PLGA), a biodegradable polymer, categorized as the monolithic type. In general,

this type has three phases of release of an API: (1) the first burst derived from APIs

deposited on the surface of the implant; (2) the diffusion phase driven by osmotic

pressure and polymer biodegradation; and (3) the final burst originating from

sudden disintegration of matrix of the implant (Fig. 5b) (Yasukawa et al. 2004).

Therefore, if the API possesses toxic effects at high concentrations, investigators

should take the first and the final bursts into consideration. In contrast to reservoir-

type implants, API release profiles for monolithic-type devices should be affected

by a variety of factors involving types and molecular weight of polymers, mixing

rate of polymers and APIs, and total surface area of the device. Yasukawa and

Kunou et al. demonstrated that a blend of two kinds of polymers with different

molecular weights resulted in reduction of the final burst and more stable and long-

standing release of APIs (Fig. 5b) (Yasukawa et al. 2000; Kunou et al. 2000). Thus

the release profile of APIs from biodegradable implants may become as stable as

non-biodegradable ones, while the duration of API release may be shorter due to the

limited amount of APIs contained.

4.1 Posurdex1: Biodegradable Insert with Dexamethasone

Posurdex1 (Allergan Inc., Irvine, CA) is a biodegradable polymer matrix prepared

with PLGA that releases dexamethasone over approximately five weeks and phase

III clinical trials have been evaluating its usefulness in persistent macular edema

associated with diabetic retinopathy, retinal vein occlusions, uveitis, and post-

cataract surgery. The prototype of this insert was implanted through a 20-gauge

scleral incision into the vitreous cavity in the operation area. A phase II clinical trial

Medical Devices for the Treatment of Eye Diseases 483



showed that patients who had been implanted with the insert containing 0.7 mg of

dexamethasone had the greatest improvement in vision, and most of these patients

exhibited a three-line increase in an eye chart to measure visual acuity. Adverse

effects such as elevated intraocular pressure or cataract formation were not

observed in the treated group. Thereafter, a novel insertion system employing a

disposable applicator with a 22-gauge needle was developed for Posurdex1

(Fig. 6c). The insert is injected in the office setting using this applicator. The

clinical trials are currently in phase III to investigate efficacy and safety in larger

numbers of patients with diabetic macular edema.

Surodex1 (Oculex Pharmaceuticals, Sunnyvale, CA) is a PLGA pellet with

0.06 mg of dexamethasone to provide sustained release of dexamethasone over

7–10 days after insertion into the anterior chamber. Surodex1 achieves higher

intraocular drug levels than with conventional dexamethasone eye drops, effec-

tively reducing post-cataract surgery inflammation (Tan et al. 1999). This insert is

approved for use in cataract surgery in Singapore.

4.2 Injectable Microspheres

While it is advantageous that microspheres are injectable, in the 1990s intravitreally

injected microspheres had been assumed to impair the transparency of intraocular

media. Thereafter, intravitreal injection of crystalline triamcinolone acetonide

began to be carried out in the treatment of macular edema and exudative AMD

(Ip et al. 2004; Augustin and Schmidt-Erfurth 2006; Gillies et al. 2006). Triamcin-

olone acetonide is hydrophobic and mostly suspended in the vehicle. Nevertheless,

crystalline triamcinolone acetonide mostly sinks down into the inferior part of the

vitreous cavity, where it does not impair the ocular media and visual functions. This

successful use of drug suspensions will provide great opportunities for intraocular

DDSs using microparticles. The ongoing clinical trial of Posurdex1 clearly indi-

cates that biodegradable polymers are biocompatible. In the near future, many types

of biodegradable implants and microparticles will proceed to clinical trial. In Japan,

sub-Tenon’s injection of microspheres with betamethasone (DE-102, Santen Phar-

maceuticals, Ikoma, Japan) is currently in phase II/III clinical trial for the treatment

of diabetic macular edema. Also, microspheres with pegaptanib, an aptamer with

affinity to VEGF (Macugen; Pfizer Inc., New York, NY), have been investigated in

the laboratory. These microspheres, when injected intravitreally in rabbits, slowly

release pegaptanib into the vitreous cavity for four months.

5 Triamcinolone Acetonide Crystal Suspensions

Crystal suspensions of triamcinolone acetonide have made great impact in the

treatment of vitreoretinal diseases; intravitreal and sub-Tenon’s administrations

of triamcinolone acetonide have been widely used in the treatment of macular
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edema, exudative AMD, and uveitis (Ip et al. 2004; Gillies et al. 2006; Augustin and

Schmidt-Erfurth 2006) (Fig. 3c). Because of its hydrophobicity, injected crystals

gradually dissolve, resulting in sustained release of triamcinolone acetonide. Intra-

vitreal injection of 4 mg or sub-Tenon’s injection of 20 mg of triamcinolone

acetonide provides 3-month efficacy in the chorioretinal tissue. While intravitreal

injection is more effective than sub-Tenon’s injection, it has more frequent risk

of steroid-induced glaucoma and cataract progression. Nevertheless, both compli-

cations are treatable in most cases. Thus the crystal suspensions are considered in

a sense as DDSs without any polymer matrix as a base. Future candidates for

devices to release steroids may need to have a release profile superior to that of

intravitreally injected crystalline triamcinolone acetonide.

6 NT-501: Encapsulated Cell Technology (ECT)

ECT is a novel technology developed by Neurotech Pharmaceuticals, Inc. (Lincoln,

RI, USA) to allow sustained delivery of cell-derived factors to the posterior

segment of the eye. ECT implants consist of cells, which have been genetically

modified to secrete therapeutic factors, and envelopes of semi-permeable hollow

fiber membrane (Fig. 2). The permeability of the hollow fiber membrane enables

long-term cell survival by allowing influx of oxygen and nutrients and preventing

direct contact of encapsulated cells with cellular and molecular elements of the

immune system. Encapsulated cells continuously produce the therapeutic protein,

which diffuses out of the implant at the target site. Protein delivery in the vitreous

cavity for as long as 18 months has been achieved by an ECT device, NT-501,

containing human cells genetically engineered to secrete ciliary neurotrophic

factor. NT-501 is fixed with suturing at the pars plana as for Vitrasert1 and

Retisert1. A phase I clinical trial was completed in early 2006 in ten patients

diagnosed with retinitis pigmentosa at the National Eye Institute in the USA.

ECT-mediated delivery of ciliary neurotrophic factor was found to be safe over a

six-month treatment period. In addition, unexpectedly, visual acuities tended to

improve a variable extend from baseline. NT-501 is currently in a phase II/III

clinical trial for the treatment of retinitis pigmentosa and in a phase II clinical trial

for the treatment of dry AMD. ECT devices can potentially release antibodies and

cytokines, too.

7 Conclusion

In the treatment of exudative AMD, repeated intraocular injections of anti-VEGF

agents recently exhibited remarkable inhibitory effects in contrast to other existing

treatment modalities such as photodynamic therapy, laser photocoagulation, and

surgery. A great number of drug candidates are now in clinical or preclinical trials.
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However, some trials are by systemic use or even by eye drops, not taking

specificity in ocular pharmacokinetics into consideration. Some scientists have

forgotten or did not recognize the previous unsuccessful history of interferon

and thalidomide. Other therapies by a single compound may be less effective

than anti-VEGF therapies, because VEGF must be a key regulator in many steps

of inflammation and angiogenesis and thus its blockage can inhibit inflammatory

reaction and angiogenesis directly and rapidly. Controlled release systems may be

necessary to further improve efficacy and to reduce the incidence of adverse effects

as compared with repeated intravitreal injections of anti-VEGF agents. In the

1980s, AIDS-associated cytomegalovirus retinitis accelerated advances in intraoc-

ular drug delivery systems, having realized the clinical use of non-biodegradable

implants. Today, a variety of biodegradable implants and microparticles are also

available for clinical use. Now, most challenging vitreoretinal diseases are targeted.
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