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Forward

Controlled Release Systems impact the health and well being of tens of millions of

people every year. And yet, it is a relatively new field built both on solid funda-

mentals of chemistry and mass transport, as well as new discoveries in materials

science and biology. It is also an interdisciplinary field and involves the conver-

gence of a broad range of engineering, scientific, and medical disciplines. Ron

Siegel, Juergen Siepmann, and Mike Rathbone have put together a book that

explains and discusses the fundamentals of this field.

Fundamentals and Applications of Controlled Release Drug Delivery examines

various aspects of fundamentals of drug delivery from why and when controlled

release is needed to the different mechanisms and processes involved, including

aspects of mathematically modeling these systems. This work also covers bio-

degradable polymers, hydrogels, hydrophobic polymers, and other materials of

significance. A significant portion of this volume is devoted to delivering drugs

over both the right time period and to the right place in the body. Mechanisms of

release for achieving appropriately timed drug release such as diffusion, swelling,

osmosis, and polymer degradation are discussed. For accomplishing targeting to

the right place in the body, approaches such as nanosystems, liposomes, and

receptor targeted release are examined. Finally, various selected applications

of drug delivery are evaluated. These include cancer, heart disease, vaccines, and

tissue repair. The need for sophisticated drug delivery systems which take into

account circadian and other physiological rhythms is also explored.

As the twenty-first century emerges, there is little question that drug delivery

will play a major role in health care. This book will clearly help those who want to

design and utilize these important systems.

Cambridge, MA, USA Robert Langer, Sc.D.
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Preface

This volume provides an overview of fundamental principles relating to the science

and technology of drug delivery. It approaches the subject from a mechanistic

perspective using language that is understandable to those entering the field and

who are not familiar with its common phrases or complex terms. It provides a

simple encapsulation of concepts and then expands on them as the reader progresses

through the book. Once the concepts are laid out, applications to various disease

states are described in detail.

Drug delivery is an interdisciplinary field concerned with the proper administra-

tion of bioactive compounds to achieve a desired clinical response in humans or

animals. Drug delivery is beneficial to billions of people (and animals) worldwide

and is achieved by designing and developing technologies that modify the temporal

and spatial drug release profile, resulting in enhanced product safety and improved

patient convenience and compliance. Rational design of a drug delivery technology

requires the convergence of many fields of science and engineering.

Technologies have been developed for delivery of bioactives via many routes of

administration including the oral, topical (e.g., skin), transmucosal (nasal, buccal/

sublingual, vaginal, ocular, and rectal), and inhalation routes. A broad range of

bioactive compounds are incorporated into delivery technologies, from simple

molecules to peptides and proteins, antibodies, vaccines, and gene-based drugs.

A well-designed drug delivery technology offers the advantages of reduction in

dose frequency, a more uniform effect of the drug over time, reduction of drug side

effects, reduced unwanted fluctuations in circulating drug levels, and extension of

the commercial value of a drug or formulation. Disadvantages of drug delivery

systems include their high cost, and sometimes a decreased ability by the clinician

or patient to adjust dosages.

The outcomes of recent efforts in the field of drug delivery are rapidly emerging,

as is expansion of knowledge of the underlying science. Recent advances include

the development of targeted delivery systems in which the drug is only active in a

specific area of the body such as cancer tissues, microscopic novel long acting

vii



formulations such as microparticles and nanoparticles in which the drug is released

over a period of time in a controlled manner, liposomes, in situ forming implants,

and drug polymer conjugates.

This book is divided into six parts. The first part covers the value of drug
delivery, starting with a chapter written by Wilson on the advantages that drug

delivery brings and why drug delivery is needed to treat a specific condition. Terms

used in the drug delivery area are defined and controlled release resources are

identified. An overview of mechanisms of drug delivery is then provided in a

chapter by Siegel and Rathbone. The second part of the book covers polymeric
delivery materials and includes a description of the synthesis, manufacture, and

characterization of polymeric materials used to deliver drugs. Chapters emphasize

the need for materials characterization and the need to fully characterize

manufacturing processes to avoid process and product failures. Hydrophobic poly-

mers are discussed by Jones et al., hydrogels are reviewed by Omidian and Park,

and Burgess and Tsung co-author a chapter on biodegradable polymers The third

part of the book deals with temporal delivery systems and mechanisms. Siepmann

et al. author two chapters on diffusion and swelling controlled systems, Schwende-

man and Wischke provide a summary of degradable polymeric carrier systems, and

Siegel presents an overview of porous systems. In the fourth part concerning spatial
delivery systems and mechanisms, Minko provides a chapter on receptor targeted

release, Torchilin reviews liposomes for targeted drug delivery, and Fattal discusses

targeted delivery using biodegradable polymeric nanoparticles. The fifth part deals

with present and potential future clinical applications of controlled drug delivery.

This part begins with an extensive review of chronotherapeutics and drug delivery

by Smolensky et al., which is followed by chapters on approaches to treatment of

cardiovascular disease (Fishbein et al.), cancer (Bardhwaj and Ravi Kumar), and

infectious disease (Senel). A final chapter in the fifth part covers controlled release

in tissue engineering (Suggs). The sixth, final part is a future outlook consisting of a
chapter written by Dr. Stephen Perrett surveying the present and future regulatory

and commercial landscape for advanced drug delivery systems.

The Editors are indebted to the willingness and expertise of the authoritative

contributors who have donated their valuable time to write chapters for this volume.

Without them this book would not have become a reality.

Lille, France Juergen Siepmann

Minneapolis, MN, USA Ronald A. Siegel

Southport, QLD, Australia Michael J. Rathbone
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Part I

The Value of Drug Delivery



Chapter 1

The Need for Drugs and Drug
Delivery Systems

Clive G. Wilson

Abstract Disease processes and ageing require therapeutic intervention to ameliorate

or eliminate, when possible, the effects of pathologies on everyday living. Ageing is

associated with a gradual degeneration and subsequent alteration of the balance of

the body’s control systems. Drugs are useful therapeutic agents that interact with

cellular targets to produce an effect that amplifies or more usually blocks cellular

processes selectively, provided that dose and access are sufficient. This redresses the

balance in ageing and pathology to increase patient comfort. The relationship

between presentation of the drug and effect can be defined mathematically and is

used to calculate the target window for administration; however, both pathological

processes and ageing can alter exposure as changes occur in structure and function of

the body, leading to decreased control of drug effectiveness.

1.1 Introduction

Although health and well-being are best managed by appropriate diet and lifestyle,

human beings undergo a continuous progression toward old age, beset by infection

and incapacity. Disease is the general description of a health condition not caused

by the direct result of a physical injury and there are many approaches to categori-

zation of disease, as illustrated in Table 1.1. Diseases vary in severity, impact, and

individual susceptibility, and can be traced to a mixture of circumstance, exposure,

age, and predisposing factors. Disease processes have consequences or sequelae –
pathological processes or complications resulting from an adaptive change as the

body attempts to repair the damage caused by the disease process. For example, a

wound scars and there may be subsequent limitation in function, i.e., both structural

C.G. Wilson (*)

Strathclyde Institute of Pharmacy and Biomedical Sciences, Glasgow, Scotland, UK

e-mail: c.g.wilson@strath.ac.uk
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and functional manifestations. Pathologies are generally identified by a characteristic

set of symptoms, which may together be described as a syndrome: the sum of the

signs of a morbid state whose characteristics were well-described initially but whose

underlying causality was not appreciated. Examples include Cushing’s syndrome,

Down’s syndrome, and Alzheimer’s disease.

The important characteristics of a disease are that functionality is disturbed and

that it may be associated with pain, deprivation of sleep, mood changes, and loss of

appetite which are distressing to the individual and to the caregiver.

Appropriate treatment of the body’s disorders by medicine and surgery is one of

the cornerstones of an advanced civilization. Achievement of valuable, high-quality

life experience is dependent on health and unfortunately, the human machine has

a limited span before disease and irreversible ageing processes limit function.

Table 1.1 Alternative approaches for classifying diseases

4 C.G. Wilson



A major goal of medical and drug therapy is to slow down, and sometimes reverse

the effects of infection, inflammation, injury, and overindulgence, and to counter

genetic predisposition to certain illnesses.

1.2 Why We Need Drugs

Drugs are needed to correct imbalances caused by genetic predispositions, ageing,

injury, and foreign invasion. They are sometimes needed as replacements, such as in
hormone therapy. Sometimes, drug therapy is directed to counter the growth and

development of injurious populations of cells by direct antagonism of their metabo-

lism. In such a system, the specificity of the toxic assault is very important. More

commonly, we use drugs to subtly adjust the changes that occur due to inadequate

endogenous compensation to physiological challenges. As an example, ageing

involves the loss of function andmost drug therapy is accessed by ageing individuals

in order to counteract the effects associatedwith old age, as summarized in Table 1.2.

The inability to deal with these diseases produces frustration, a decrease in the

quality of life, pain, and depression.

The power of drugs was appreciated by the ancients and was associated with

religion and superstition. Systematic study of anatomy and physiology and reeval-

uation of old remedies drove mankind toward a systematized approach to research

and the birth of allopathic medicine, wherein the actions of compounds on tissue

receptors could be studied, transmitters and humoral agents could be identified, and

the dose–activity relationship could be quantified. Thus, the actions of drugs

discovered in the past, especially the plant-based medicines including salicylin,

digitalis, atropine, ergotamine, and opium, became better understood. Successful

treatment of illnesses with drugs was largely based on better purification and

analytical methods, robust hypotheses, and physiological and biochemical

measurements. At the turn of the nineteenth century, the age of chemistry led to

the synthesis of active small molecules, such as acetylsalicylic acid and

acetamidophen, the first concepts of targeting, Ehrlich’s “magic bullet,” and the

discovery of biopharmaceuticals beginning with molecules, such as penicillin.

Modern drug discovery and development now draw from the astounding advances

in the physical, chemical, and biological sciences that have occurred in the past

century and parallel innovations in engineering and manufacturing.

1.3 Drug Substances

A compound is classified as a drug if it has a reproducible effect on the body which

can be observed and, better still, measured. This is achieved by ligand binding of

the molecule to a receptor. However, not all ligands are useful drugs. This is partly

1 The Need for Drugs and Drug Delivery Systems 5



because of hindered ability to access and sustain sufficient concentration at the

intended site of action, poor discrimination of subtypes, or issues of stability. Drugs

cause their effects generally by mimicking natural transmitters or more commonly

by blocking receptors. Since drugs are usually released into the circulation, their

actions are analogous to hormones, whose action is distal to the point of release.

Drugs with high specificity act at low concentration on a particular receptor

subtype, whereas global pharmacons act on a variety of receptor types simulta-

neously. To understand the implications of this, the process of physiological

balance or homeostasis must be considered.

Table 1.2 Changes associated with ageing

6 C.G. Wilson



1.4 The Importance of Accelerators and Brakes
in Homeostasis

The human system attempts to produce a consistent homeostasis, with tissue

activities held in balance by the influence of opposing drives. Standing, walking,

and digestion all involve sequences of different muscles operating in a programmed

order. Thus, each organ system has an effector and antagonist component. In the

case of muscles which must contract to exert an action, the opposing muscle

relaxes/contracts while the effector contacts/relaxes, adjusting the movement of a

joint or caliber of a sphincter to a target configuration. If both muscle sets contract

appropriately but to different degrees, tension is generated and the position of a

limb can be controlled. In addition, the extent of muscle movement is “sensed” to

control action and prevent spasm – this represents a feedback mechanism. For this,

the body needs separate motor nerve supplies and afferent and efferent sensory

nerve fibers. In addition, the system provides an overall adjustment of tone,

generally produced by secretion of hormones, such as adrenaline. In this way, the

body is ready, like an idling engine, to react quickly to a stimulus.

Thus, adrenaline acts on the sympathetic system to increase a parameter, such as

heart rate, and thus blood flow while parasympathetic, cholinergically mediated

stimuli slow the heart down. The two arms of the autonomic nervous system can

each be controlled by pharmacologic stimulation or repression, leading to

alterations in cardiovascular function. For example, to reduce the actions of adren-

aline, it can be either blocked, e.g., using a beta blocker, or opposed by a parasym-

pathetic agonist, mimicking and supplementing natural opposition (Fig. 1.1).

In this way, therapy is able to alter the balance by addition to one side, i.e.,

agonism, or antagonism of the opposing system. The second reason for therapy is the

reduction of inflammation associated with aggressive remodeling of tissues caused

Fig. 1.1 The opposition of

adrenergic and cholinergic

drive. The adrenergic system

can be antagonized by

blockade (middle panel) or
cholinergic drive increased

with an agonist

1 The Need for Drugs and Drug Delivery Systems 7



by the immune cascade. This is also an element of the third rationale for using drugs,

the supplementation of the body’s natural response to infection or uncontrolled

growth of tissues, as in cancer. Finally, the body may fail to produce or absorb

sufficient quantities of hormones, vitamins, or nutrients, requiring supplementation.

1.5 Access

With few exceptions, all internal and external surfaces of the body are covered by

an epithelial layer. Epithelial layers differ in morphology: on an outside surface

which is subject to abrasion, such as skin, cells are set into a multilayered, striated,

squamous epithelium and may be keratinized, whereas internal tissue-covering

membranes and absorptive membranes, such as intestinal villi, are thinner, colum-

nar epithelial layer systems. Permeability is governed both by physicochemical

factors, according to Fick’s Law (Chap. 6), and by physiological factors, as

illustrated in Fig. 1.2. Flux through transport systems is sensitive to affinity, contact

time, area, and substrate concentration.

Most drug absorption is mediated by passive diffusion through external surfaces

and by a combination of passive, facilitated, and active transport (sometimes,

against a concentration gradient) internally. Passive diffusion is a function of the

drug’s mobility and solubility in the membrane, and is influenced by the drug’s

polarity, ionization state, and size. These factors can be accounted for physicochem-

ical mechanisms and may be predicted in silico with relative certainty. Using both

facilitated and active transporters, the body selectively extracts nutrients from the

digestive tract contents or from assimilated materials in the systemic circulation,

and attempts to reject the uptake of toxic substances. The most familiar transporters

are those for polar key nutrients, including glucose, essential amino acids, and

Fig. 1.2 Role of

physiological processes

maintaining concentration

gradient
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nucleotides. Of special importance for drug delivery, however, are efflux systems

that expel materials through transporters located on the apical membranes of

transporting epithelia.

Transporting epithelial cell layers are anatomically polarized with differential

expression of apical and basolateral transporter systems as illustrated in Fig. 1.3.

For the gut, it was appreciated early on that oligopeptide transporters, including

human intestinal peptide transporter 1 (hPEPT1), have wide substrate specificities

and can transport a chemically diverse selection of substrates, provided that the key

motifs are conserved. The efflux proteins, which attenuate drug flux across epithe-

lial membranes, contain ATP-binding regions which are critical to their transport

activity. Active transport results from binding of ATP and the substrate to the

transporter, followed by hydrolysis of bound ATP to ADP with accompanying

translocation of substrate across the membrane, and then release of ADP to regen-

erate the transporter’s native state [1].

Once access to the systemic circulation is achieved, the physiological factors

impinging on target tissue concentration are principally total body volume of

distribution, since the drug concentration is diluted and taken up by other tissues,

protein binding, clearance by metabolism, renal and biliary secretion, and persis-

tence of the vehicle or drug in the circulation. Around the target site, other tissues

compete for ligand binding as illustrated in Fig. 1.4. Therefore, a key parameter is

the vascularity of the target.

Fig. 1.3 Net active transport

flux is the resultant of uptake

and efflux processes

Fig. 1.4 Target organ

perfusion is an important

variable, especially as the

target is distal to the input

process
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1.6 Blood Flow

Tissues can be divided into three groups with respect to blood flow. The heart,

brain, and lung are well-perfused, as are the liver and kidneys. Skeletal muscle is

less well-perfused and skin and adipose tissue have poor perfusion. Microcircula-

tion is affected by blood pressure, and in the elderly it has been suggested that tissue

perfusion is adversely affected by too low diastolic pressure [2].

Blood supply to the tissue affects the time over which drug equilibrium is

established in a tissue, as illustrated in Fig. 1.5, which illustrates the case for a

single dose. In well-perfused tissues, concentration in tissue roughly follows that

in plasma, with a relatively brief delay, while in poorly perfused tissues the peak in

concentration is attenuated but drug may remain in tissue much longer than in

plasma.

1.7 Potency, Affinity, and Efficacy

In tissue preparations with pure drugs applied in buffer or saline, clearance

mechanisms do not influence outcome and the response of a tissue to local drug

concentration shows a curve similar to that portrayed in Fig. 1.6a. This curve shows

three zones as concentration increases: first, nonspecific binding producing no

response, followed by a graded response according to concentration, and finally

saturation.

Fig. 1.5 The relationship between central systemic (solid curve) and tissue (dashed curve)
concentrations in (a) well- and (b) poorly perfused tissue

10 C.G. Wilson



The curve in Fig. 1.6a is not so convenient for comparing molecular target

affinity between drugs as these concentrations may span several decades in concen-

tration. Response is, therefore, plotted against the log10 molar concentration of drug

as shown in Fig. 1.6b. The sigmoidal log-dose/response relationship is very familiar

in pharmacology.

Potency of a drug is described in common parlance as the amount of drug needed

to produce an effect of given intensity. Potency is a reflection of affinity, i.e., the
concentration of drug needed to bind to a receptor, and efficacy, the relationship

between binding and drug effect. Potency of a drug is usually expressed as EC50,

the concentration required to produce 50% of the maximum response. The dose

required to elicit a measurable effect varies substantially. For example, in pain

control, a small dose of an opiate produces a large effect. Acetaminophen or

ibuprofen at equivalent doses would be almost without measurable effect, and in

any case they do not act on the same receptors. In clinical practice, potency varies

considerably, depending on receptor distribution and the modes and sites of deliv-

ery and elimination processes.

1.8 Specificity

To achieve high levels of control of an integrated process, the body needs many

transmitters, each directed against particular tissue subtargets. Thus, the gut uses

many different chemical transmitters and nerve networks to control motility,

including dopaminergic, adrenergic, gabaminergic, and parasympathetic neurons.

In other tissues, exemplified by the heart, the sympathetic and vagal (parasympa-

thetic) supply opposes each other. The vagus nerve is important in many sensory

physiological functions communicating the state of organs to the brain, and it

affects central, respiratory, gastric, inflammatory, and central nervous system

functions. Sympathetic nerves activate the key physiological functions involved

in mental or physical stress, whereas the parasympathetic system lowers activity,

Fig. 1.6 Plot of response against concentration (a) and the log-dose versus response curve (b)
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operates during periods of quiet physical activity, supports muscle activity during

digestion, and is involved in anabolic metabolism (conservation of energy).

An example of this accelerator/brake balance is seen classically in cardiac tissue.

Stimulation of the heart by the sympathetic system increases heart rate and con-

traction force, whereas stimulation of the vagus slows the heart down and decreases

atrial contraction force. Action is mediated by neurotransmitters between the motor

neuron and muscle. These compounds are quickly broken down or reabsorbed after

action to allow the tissue to prepare for restimulation. If one pathway shuts down or

is amplified, then there may be a gradual change in physiological function in the

region of focal impairment. This provides a chance for an imbalance to gradually

manifest itself leading to illness. Some drugs mimic the action of transmitters and

are able to cause full or partial agonist action, as shown in Fig. 1.7. Other drugs,

e.g., hormones, act on control systems and their action is more subtle and prolonged

as compensatory processes need to be readjusted.

Another important feature is the range of actions that a drug may have, according

to the distribution of receptors in the tissues. The local environment causes

modifications in receptor subtypes allowing specificity. Pure specificity is rare in

that once the dose is raised other receptor subtypes come into play, although a full

effect may not be seen if the drug is not a complete agonist (see Fig. 1.7).

For example, increasing the dose of a bronchodilator b2-agonist produces increased
heart rate and tremor as b1-adrenoreceptors are partially stimulated. Partial agonists

are widely used in medicine, and they can be regarded as having both antagonistic

and agonist effects. Thus, they stimulate to give a submaximal response but

compete when a full agonist is present and decrease the action. The beta blockers

acebutalol, oxprenolol, and pindolol, are said to have an intrinsic sympathomimetic

effect because they are partial agonists.

Physically targeted systems are important in maximizing the local concentration,

which is one of the principal benefits of close arterial injection. This reduces

bystander effects or collateral damage to nontarget tissues.

Fig. 1.7 Illustrating log-dose

response curves for three

chemically related

compounds on receptor action
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1.9 The Relationship Between Presentation and Effect

The pharmacodynamic profile reflects the sum of the affinity, absorption, and

excretion processes, as well as blood flow to the target site. A certain amount of

nonspecific binding occurs which does not elicit a response, and therefore the effect

profile lags behind tissue accumulation which in turn may be time shifted relative to

the peak plasma concentration time profile. Such time shifted relationships are

illustrated in Fig. 1.8. If the tissue is well-perfused, for example the brain, the effect

is not noticeable, but for poorly perfused tissues, such as bone and adipose tissue,

peak concentrations build slowly, according to the dosing interval. The relationship

between derived pharmacokinetic parameters, such as Tmax and Cmax, and effect is

more difficult to describe in these tissues.

1.10 Drug Absorption: The Balance Between Solubility
and Permeability

To be effective, a drug must reach the target site of action in sufficient quantity.

Thus, the compound must dissolve, be absorbed through the gut, and possess

sufficient metabolic stability to generate adequate drug concentrations at the

pharmacologically relevant site so that the desired action is obtained in a reproduc-

ible manner.

Drug absorption is influenced by three main groups of factors broadly classified

into physicochemical and physiological parameters, with additional influences of

diet, race, and genetic influences. Physicochemical processes dominate the first part

of this scheme (disintegration and dissolution), and therefore in vitro simulations of

the solubilization process have validity, at least for gastrointestinal (GI) delivery.

Table 1.3 illustrates some common terms encountered in the description of drugs.

Fig. 1.8 The relationship

between plasma and tissue

concentrations and the

response profile
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Solubility. The increase in molecular size of modern drugs starts to limit aqueous

solubility, and the average solubility of current drugs on the market is around 3 mM.

Thus, solubility is a limiting variable, and solubility issues are addressed by various

means, including selection of an amorphous form where appropriate, reduction in

particle size, and the use of cosolvents. Some tissues present different environments.

For example, theGI tract shows amarked gradient in pHamong stomach, intestine, and

colon, and there are variations even within the stomach [3, 4]. Thus, solubility of drug

may change as it passes through various stages of the GI tract, which may impinge on

bioavailability.

Permeability. The other term relating to biological properties is permeability.

Experts argue about the use of this term and some prefer to describe the net process

as absorption. When permeability problems are encountered, a mechanism to

increase flux by alteration of membrane/microenvironment conditions or even a

simple increase in concentration gradient might achieve the goal.

Table 1.3 Drug and formulation attributes

ACTIVE PRINCIPLE The drug in the formulation. Commonly

INGREDIENT referred to as API.

PARTICLE SIZE (of API).

DOSE Scaled to body weight, age and disease severity.

HIGHLY SOLUBLE   Dissolves in 250 mL at all pH’s

EXCIPIENTS Other components of the dose form added to aid
manufacture, stability and release properties of the
API.

DISSOLUTION RATE The process of release of ingredient into solution, 
often measured in vitro in a compendial apparatus. 

DISSOLUTION PROFILE  The characteristic rate of release in vitro. The 
shape of the release profile is controlled by the 
physicochemical properties of the drug, 
supplemented by the release mechanism, which 
subsequently affects absorption into the systemic 
circulation. 

HIGHLY VARIABLE DRUGS Drugs which show greater than 30% variation in 
bioavailability, leading to difficulties in assessing 
bioequivalence. Probably show extensive first pass 
extraction.   In spite of this, they tend to be very 
safe because of the large therapeutic index 
associated with these drugs. 

Influences rate of dissolution 
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1.11 A Place for Formultion

Oral drug formulations remain the mainstay of therapy, being cheapest for the

manufacturer to produce, simplest to dispense, and most convenient for the patient.

Drug in a solid form provides good stability over the intended lifetime of the

product, and many innovations have appeared to overcome the shortcomings of

the active compound.

Although modern drugs are proving to be harder to bring to market due to poor

bioavailability problems, early drug treatments were hit or miss affairs. A few plant-

derived toxins were well known to the Greeks and the Romans but as the intended

outcome was death, titration might have been unnecessary! It was important that the

poison was disguised and no doubt Lucretia Borgia was an exemplary teacher of

taste masking. The drugs known to the ancients were galenicals: simple pharmaceu-

tical preparations originally produced by extraction of the sought-for active from

plant material. The pharmaceutical tablet was derived from compressing medicinal

agents with a suitable liquid adhesive into pills: Burroughs andWellcome coined the

term “tablet” to describe their invention of a compressed pill in 1878. Remington

described the process of making tablets at the pharmacy shop using an upper and

lower die and a compression cylinder. Thematerial was placed into the cylinder with

the lower die in place and the upper die struck with a mallet.

The age of synthetic and analytical chemistry brought into control the proportion

of active pharmaceutical ingredient in a formulation. The need to deliver a set

amount of a therapeutic agent brought with it new concepts in pharmaceutical

sciences, embodied in pharmacopeia, including identity, purity, product robustness,

and control of drug release. The extension into extended release was enthusiastically

embraced as a method of sustaining drug concentrations and improving patient

compliance. Furthermore, physicians became aware of another key improvement

due to extended release: reducing peaks and troughs associated with treatment with

immediate release dosage forms, as illustrated in Fig. 1.9.

Fig. 1.9 How peaks and

troughs move in an out of the

therapeutic window? Tissue

concentrations (dotted line)
may, however, be more

smoothed, depending on

tissue perfusion

1 The Need for Drugs and Drug Delivery Systems 15



1.12 The Concept of the Therapeutic Window

In Fig. 1.9, attention is drawn to the fact that at high concentrations of the drug there

is a problem with unwanted effects being triggered by binding to low affinity

receptors. This gives rise to the concept of the therapeutic window: a minimum

concentration is required to produce a wanted effect but as levels are elevated, a

toxic threshold is crossed. Sometimes, this concept is expressed as a ratio of toxic

level to minimum effective concentration, the therapeutic index.

When a drug is administered and is absorbed into the systemic circulation, it is

diluted into the fluids in the compartments available to it, is bound to plasma protein,

and starts to associate with body tissues. On repeated dosing, concentrations rise and

fall according to the dose size, volume of distribution, clearance, and dosing interval.

This is illustrated in Fig. 1.10. The sawtooth pattern associated with the immediate-

release dosage form can be compared to the I.V. dose and the controlled-release

dosage form. Thus, controlled-release systems have both advantages of patient

compliance, namely, fewer doses and less fluctuation in plasma concentration.

1.13 How Old Age and Disease Interfere
with Drug Exposure

In general, we attempt to treat the sick and rarely intervene preventatively in the

healthy. The consequence of illness is that the safety and exposure of medicines

may be altered. For example, gastroenterologists report a higher probability of

slowed gastrointestinal transit in the hospitalized patient, in addition to malabsorp-

tion. Fat malabsorption is of special interest, since most drugs are lipophiles.

Fig. 1.10 Comparison of

immediate release (IR),

controlled release (CR), and

intravenous dose. Note how

the CR dose form allows

therapy to move from three to

two times per day
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Milovic and Stein recently reviewed gastrointestinal disease and dosage form

performance and identified functional changes in the lumenal and mucosal phases

of digestion and transport defects, which would be expected to alter fat handling

and thus present an altered milieu for drug absorption. Drug flux is also reduced by

diseases involving structural modification. For example, Crohn’s disease is

associated with bleeding, atrophy, and necrosis of the absorptive epithelia of the

intestinal tract leading to decreased absorption and changes in gastrointestinal

function [5].

The impact of failure of vascular systems on gut absorption is seen in the frail

elderly, where malnutrition resulting from cardiovascular disease (cachexia

associated with chronic congestive heart failure) is common, although the ageing

process per se does not appear to be associated directly with malnutrition.

Old age often results in decrease in colonic motility and aggressive self-treatment

with laxatives, which could markedly interfere with the effectiveness of controlled-

release dosage forms. Thus, the influence of agents or conditions that modify

motility must always be considered in the selection of the most appropriate oral

dosage form (Table 1.4).

Table 1.4 Physiological changes associated with ageing which impact on treatment

ALTERED ACCESS  Altered blood flow, for example following remodelling of vessels 
which occurs in some cancers. 

Mucosal accessibility, for example in cystic fibrosis. A thicker layer of 
more viscous mucus is secreted. 

PERMEABILITY Iatrogenic development of increased intestinal permeability, for 
example following long term treatment with NSAIDS.  

Changes in intestinal tissue fluid (edema associated with disease) 
lead to decreased permeability and  

Alteration in mucosal micro-climate (secretion of lactic acid into the 
lumen due to intestinal oedema) 

ALTERED SOLUBILITY  Decreased secretion of gastric acid described clinically as ,
    hypochlorhydria, leading to decreased solubility of basic drugs. 

ALTERED TRANSIT Changes in intestinal transit associated with drugs or altered neuro-
muscular connections. Slowed transit associated with coma, ageing, 
constipation,  

ALTERED  METABOLISM  Iatrogenic induction of hepatic metabolism transporter effects of 
AND CLEARANCE

ALTERED BODY MASS General poor nutrition leading to changes in distribution and Cmax 
in uncorrected therapy; obesity and or edema leading to altered 
Volumes of distribution 

ureic toxins on Class III drugs. 
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1.14 Conclusions

In this chapter, we review some fundamental principles of drug therapy from a

organismic systems point of view. The concept of homeostasis is introduced, as is

the notion of drugs as agonists or antagonists used to reestablish desired body states

that are perturbed as a result of disease, injury, and ageing. Control of a drug’s

effect in space and time requires proper consideration of the rate that drug is

introduced into plasma following administration using a chosen dosage form, the

rates of distribution of drug into target and nontarget tissues, the latter sometimes

being associated with toxic side effects, and the relationships between tissue

concentrations and drug effects. Understanding of a drug’s physicochemical

properties, such as its solubility, permeability through membranes, and its specific

interactions with receptors and transporter systems, is required in order to deter-

mine its suitability for treatment of specific disorders and to choose a proper means

for drug delivery.
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Chapter 2

Overview of Controlled Release Mechanisms

Ronald A. Siegel and Michael J. Rathbone

Abstract Controlled release systems have been developed to improve the temporal

and spatial presentation of drug in the body, to protect drug from physiological

degradation or elimination, to improve patient compliance, and to enhance quality

control in manufacturing of drug products. When designing controlled-release

systems, it is important to identify and understand particular mechanisms involved

in the release process. Often, more than one mechanism is involved at a given time

or different mechanisms may dominate at different stages of the drug delivery

process. This chapter begins with several vignettes, each highlighting a mode

of controlled drug delivery and identifying associated mechanisms. An introductory

description of several of the mechanisms follows. Details regarding these

mechanisms are provided in subsequent chapters.

2.1 Introduction

Controlled-release systems are designed to enhance drug therapy. There are several

motivations for developing controlled-release systems, whichmay depend on the drug

of interest. Controlled release systems have been devised to enable superior control of

drug exposure over time, to assist drug in crossing physiological barriers, to shield

drug from premature elimination, and to shepherd drug to the desired site of action

while minimizing drug exposure elsewhere in the body. Controlled release systems
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may also increase patient compliance by reducing frequency of administration,

and may add commercial value to marketed drugs by extending patent protection.

Finally, use of controlled release technologymay reduce variability of performance of

drug products. The latter aspect is increasingly important given the current emphasis

on “quality by design” by regulatory agencies such as FDA.

The mechanisms used to achieve these goals are diverse and complex, and

depend on the particular application. In fact, several mechanisms may operate

simultaneously or at different stages of a delivery process. An understanding of

these mechanisms is important when designing and manufacturing controlled-

release systems, and in identifying potential failure modes. Delineation of mecha-

nism is also important in intellectual property prosecution and quality assurance/

quality control.

This chapter starts with a series of vignettes illustrating mechanisms and

their interplay in particular controlled release systems. Essentials of individual

mechanisms are then outlined. More elaborate descriptions are deferred to later

chapters.

2.2 Vignettes

2.2.1 Zero Order Oral Delivery

Zero order, or constant rate release of drug is desirable in order to minimize swings

in drug concentration in the blood. Such excursions, which may lead to periods of

underexposure or overexposure, are particularly likely to occur for drugs that are

rapidly absorbed and rapidly eliminated. Figure 2.1 illustrates the plasma concen-

tration profile over time for such drugs when administered from rapid-release

dosage forms. A rapid increase in concentration is followed by a rapid decrease,

and little time is spent inside the so-called therapeutic range, which is bounded

below by a minimum effective concentration (MEC) and above by a minimum

toxic concentration (MTC) (see also Figs. 1.9 and 1.10). Frequent repetitive dosing

is required to maintain concentration within these limits, and compliance and

control are difficult.

Dosage forms that prolong release can maintain drug concentration within

the therapeutic range for extended periods and minimize episodes of underexposure

or toxicity. A well designed system displays a narrow, predictable residence time

distribution in the gastrointestinal (GI) tract, and releases drug by a controlled

mechanism. As shown in Fig. 2.1, zero order release leads, in principle, to the best

control of plasma concentration. Such control leads to constant drug effect, provided

the drug’s pharmacokinetic and pharmacodynamic properties, including absorption,

distribution, metabolism, and excretion (ADME), and its pharmacodynamic

properties relating plasma concentration to drug effect, are stationary. While this

proviso is believed to apply to most drugs, there are notable exceptions, as detailed

in Chap. 13.
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Zero order oral drug release can be achieved, in principle, by surrounding a core

tablet with a membrane that is permeable to both drug and water, as illustrated in

Fig. 2.2a. After swallowing, the core becomes hydrated, and drug dissolves until it

reaches its saturation concentration or solubility. The core serves as a saturated

reservoir of drug. Drug release proceeds by partitioning from the reservoir into the

membrane, followed by diffusion across the membrane into the gastrointestinal fluid.

So long as saturation ismaintained in the core, there will be a stationary concentration

gradient across the membrane, and release will proceed at constant rate. Eventually,

the dissolved drug’s concentration in the core falls below saturation, reducing the

concentration gradient and hence the release rate, which decays to zero.

If the membrane consists of a water-soluble polymer of high molecular weight,

then it will initially swell into a gel, through which drug diffuses. The thickness of

the gel layer initially increases with time due to swelling, but ultimately it decreases

due to disentanglement and dissolution of polymer chains. At intermediate times,

the gel layer may be of approximately constant thickness, and release occurs at a

relatively constant rate.

As an alternative to dissolution/partition/diffusion based devices, osmotic

pumps have been developed to provide zero order release. An elementary osmotic

pump, illustrated in Fig. 2.2b, is a tablet or capsule consisting of a core of drug

surrounded by a membrane that is permeable to water but not to the drug. A small

hole is drilled into the membrane. Upon ingestion, water is osmotically imbibed

into the core through the semipermeable membrane, dissolving the drug. A constant

osmotic pressure gradient is established between core and the external medium,

Time

MTC

MEC

Plasma 
Concentration

Fig. 2.1 Efficacious, nontoxic therapy requires that drug concentration in plasma lies within the

therapeutic range, which is bounded below by the minimum effective concentration (MEC) and

above by the minimum toxic concentration (MTC). For rapidly absorbed, rapidly eliminated drugs,

a single dose (solid arrow) leads to a rapid rise and fall in drug concentration (solid curve).
Multiple dosing at regular intervals (solid arrow followed by dotted arrows) leads to oscillating

drug concentrations (solid curve followed by dotted curve), which may fall outside the therapeutic

range for significant time periods. Zero order release (dot–dash curve) leads, after an initial rise,

to a constant concentration in plasma which, with proper dosing, lies between MEC and MTC
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setting the stage for water influx, which displaces drug through the hole at a

constant rate. Eventually, drug concentration falls below its solubility, and the

rate of osmotic pumping decays.

The efficiency of osmotic devices can be improved by enriching the core with

excipients such as water soluble polymers. For example, in push-pull osmotic

systems, depicted in Fig. 2.2c, the drug formulation is layered between the water-

soluble polymer and the exit orifice. As water crosses the semipermeable mem-

brane, drug is dissolved. Meanwhile, swelling of the polymer excipient, which is

also caused by osmosis, pushes drug through the orifice.

2.2.2 Oral Delivery Directed to the Gut and Colon

Numerous drugs are susceptible to hydrolysis in the acidic environment of the

stomach. Enteric coatings, which are pH-sensitive polymers that are insoluble in

acid but dissolve in the neutral or slightly alkaline environment of the gut,

Fig. 2.2 Schematics of devices designed for zero-order drug release. (a) Membrane diffusion-

controlled release. Drug in core (granulated pattern) dissolves to form saturated solution (dilute
dots). Drug then diffuses across membrane (thin tipped arrows). Zero order release persists as long

as there is sufficient drug in core to form saturated solution. (b) Elementary osmotic pump. Core is

surrounded by a semipermeable membrane, with a small, drilled orifice. Osmotic water flow ( full
tipped arrows) through membrane dissolves drug and displaces it through the orifice. Zero-order

release persists so long as a constant osmotic pressure gradient between core and external medium is

maintained. (c) Push–pull osmotic pump. Similar to elementary pump, except a soluble polymer

excipient layer (curlies) is added “below” the drug. Osmotic flow into drug layer primarily dissolves

drug while osmotic flow into polymer pushes dissolved drug through the orifice ( fat arrows)
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are designed to protect drug as it passes through the stomach. If the molecular

weight of the coating polymer is relatively low, then it will dissolve and drug will

be released rapidly. If the molecular weight of the polymer is high enough,

however, it will swell into a gel layer that controls drug release as above. Passage

of the dosage form through the stomach to the small intestine affects the time

required following ingestion to activate swelling and diffusion.

Certain drugs are more efficacious when released in the colon. The colon is rich

in bacterial azoreductases, which cleave polymers with azoaromatic crosslinks.

By encapsulating drug in such polymers, colon-specific drug delivery can be

achieved. Further encapsulation by a rapidly dissolving enteric coating would

permit colon-specific delivery of acid-labile drugs. The enteric coating is first

stripped off upon entering the gut, but drug is released only when the internal

polymer is degraded by the azoreductases in the colon.

2.2.3 Oral Delivery of Polypeptides

Polypeptides, including proteins, are extremely challenging to deliver orally.

Problems include acid lability, susceptibility to peptidases and proteases in the

stomach and gut, and limited absorption due to high molecular weight and charge.

Most protein bioavailabilities, measured as fraction absorbed into the systemic

circulation, hover around or below 1%. Reliable, efficient delivery of polypeptides,

if possible, will have enormous payoffs.

Let us assume that acid lability can be handled by an enteric coating layer and

that the polypeptide is incorporated into micro- or nanoparticles that are designed to

adhere to the gut wall. The particles release their payload into the wall or are taken

up by endocytosis into enterocytes. While encapsulated in the particles, the poly-

peptide molecules are protected from attack by enzymes. By these means, it is

postulated that bioavailability will be improved.

2.2.4 Delivery of Drugs Through the Skin

Numerous drugs are problematic for oral delivery due to their low solubility and

susceptibility to first pass metabolism in the liver. For such drugs, alternative ports

of entry are of interest, and practically every available body surface and orifice has

been considered. Since the skin is readily accessible and has a large surface area,

transdermal drug delivery has been the subject of much research and product

development.

The primary barrier layer of skin is the stratum corneum, a thin layer of dead

squamous cells that are packed in a kind of brick and mortar configuration, as

depicted in Fig. 2.3, with specialized lipids serving as the mortar. Lipophilic drugs

can readily dissolve in this layer and diffuse through it at a rate that depends

primarily on molecular size and lipophilicity. Very little drug enters the dead
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cells, and the lipid pathways for diffusion are marked by numerous detours. After

passing through the stratum corneum, drug encounters the more hydrophilic, viable

epidermis and dermis, before being absorbed in capillaries perfusing the dermis.

Drug that is absorbed through the skin is not susceptible to first pass metabolism by

gut and liver, although some metabolism may occur in the skin itself.

While ointments and creams are usually used for topical delivery to the skin,

patches have been developed for controlled systemic delivery. The simplest patch

consists of an adhesive layer containing drug in the dissolved or in a finely divided

solid form, and an impermeable backing layer, as illustrated in Fig. 2.4a. For such

patches, delivery rate is controlled primarily by the permeability of the stratum

corneum, which depends on the drug’s partition coefficient between the patch

material and the stratum corneum, the drug’s diffusivity in the stratum corneum,

and the thickness of the stratum corneum. Provided these parameters remain

constant during application of the patch, and if drug activity in the patch remains

constant by dissolution of solid drug into the adhesive, then zero order, constant rate

delivery can be achieved.

The simple adhesive patch design is best for drugs with a large therapeutic range,

since skin permeabilities may vary across patients and between sites of application

in an individual patient. When more precise control of drug concentration in blood

is desired, it is useful to insert a rate controlling membrane between the drug

reservoir and the adhesive layer, as shown in Fig. 2.4b. Themembrane’s permeability

must be less than that of the skin in order to provide effective rate control.

Since the skin naturally functions as an environmental barrier, only a few drugs

can penetrate it at an adequate rate by partitioning and diffusion. Generally, a drug

molecule should be sufficiently lipophilic that it partitions into the stratum corneum,

but sufficiently hydrophilic that it can also cross the viable layers. Its molecular

weight should be low to ensure adequate mobility in the stratum corneum.

Fig. 2.3 Simplified representation of the mortar and brick configuration of the stratum corneum

(s.c.) showing the paracellular pathways taken by lipophilic drugs around dead proteinaceous cells.

The zig-zagging arrow is one possible path taken by a drug molecule through s.c.
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