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I. Introduction
Three basic approaches are used to address the problem of improving drug
absorption: the formulation approach, the pro-drug (reversible-derivative)
approach, and the analog (irreversible-derivative) approach. Each of these
approaches should be contemplated whenever there is a problem with drug
efficacy.

Since it involves no synthesis and only minimal investigational new drug
(IND) amending, the formulation approach is the quickest, easiest, and least
expensive of the three; it should, therefore, be considered first. By altering
the formulation, it is usually possible to increase or decrease a drug’s aqueous
solubility or dissolution rate. However, the formulation approach is of almost
no value for increasing membrane transport, and it cannot always be used
to alter drug stability. In general, the formulation approach, when applied to
drugs that are insoluble (or too soluble) or that are degraded in the stomach,
offers a high probability of success for a comparatively small investment.

Analogs are generally defined as molecular modifications consisting of
a skeletal transformation or a substituent group synthesis. These irreversible
derivatives are synthesized with the intent of altering or improving intrinsic
activity. Because they often interact differently with receptors, analogs fre-
quently have a different spectrum of activity and side effects than the parent
drug. For these reasons, the analog approach is not normally used to improve
absorption, although, in cases of metabolism-limited bioavailability, this
approach is worthy of consideration. While the formulation and analog
approaches have been classical strategies to increase drug efficacy, the devel-
opment of pro-drugs is of a more recent vintage.

II. Pro-drugs
The term pro-drug is employed for that class of drug derivatives that is
converted in vivo to the desired compound. The important distinction
between analogs and pro-drugs is that the former are biologically active,
whereas the latter require in vivo conversion in order to elicit biological
activity. The primary utility of analogs is to improve potency and to achieve
specificity of action, whereas the pro-drug is used to improve pharmaceutical
properties. Because it does not alter the primary structure of the parent drug,
pro-drug synthesis is usually much less difficult than analog synthesis, and
the probability of a pro-drug being active may be greater than for an analog.

In the case of the most common pro-drugs (i.e., simple esters and amides)
it might be possible to accelerate the development and registration process
by using an abbreviated preclinical testing program. One of the important
applications of pro-drugs is in improving oral absorption. The unique feature
of the pro-drug is that the physicochemical properties of the resulting deriv-
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ative can be carefully tailored by means of structural modification of the
pro-moiety. The intrinsic activity of the parent drug is assured through in
vivo cleavage of the pro-drug.

The pro-drug approach has been successfully applied to a wide variety
of drugs. It is most effective when an undesirable characteristic of the parent
drug needs to be eliminated, especially if that characteristic can be related to
a physicochemical property, such as melting point, boiling point, solubility, or
partition coefficient. In these instances, the characteristic to be altered is related
as much as possible to a physicochemical property (see Figures 8.1 and 8.2).

The economics of synthesizing a pro-drug should be such that the cost
is not significantly higher than that of the parent drug. Single-step pro-drug
synthesis using inexpensive pro-moieties is preferred. The pro-moiety
selected should yield a fragment, upon cleavage of the pro-drug, that is free
of toxicity or side effects and preferably free of biological activity. The choice
of the pro-moiety is also dependent upon the nature of the parent drug. For
example, the pro-moiety chosen for a parent drug with an effective dose of
1 mg may not be acceptable with another parent drug given at a high dosage
(e.g., 500 mg) because of either the unacceptably high weight of an equivalent
dose of the pro-drug or the toxicity or other side effects of the pro-moiety
at this high dosage level.

The pro-moiety should be rapidly cleaved once the pro-drug is absorbed
in order to elicit a pharmacokinetic profile similar to that of the parent drug.
A pro-drug with both improved absorption and prolonged action through
sustained release requires that the pro-moiety be carefully tailored with
respect to lability. Finally, the intact drug should not produce drug distribi-
tion patterns that could lead to unfavorable tissue distribution.

The rational design of pro-drugs having oral activity can be divided into
three basic steps: the determination of physical properties required for max-

Figure 8.1 Perspective in drug design. (Copyright 1977 by the American Pharmaceu-
tical Association, Design of Biopharmaceutical Properties through Pro-Drugs and Analogs.
Reprinted with permission of the American Pharmaceutical Association.)
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imum efficacy, the selection of a chemical linkage between the parent drug
and the pro-moiety that will be cleaved in the desired biological compart-
ment, and the design and synthesis of pro-drugs that have the proper phys-
iochemical properties as well as the proper chemical lability. The selection
of optimum physicochemical parameters is accomplished through the aid
of in vitro and in vivo experimentation and modeling. If the biological system
is clearly understood, it is usually possible to devise models that give reliable
estimates of what physicochemical parameters are important and of their
optimal values.1

For a drug, most often an organic chemical, to elicit a pharmacologic
response, it must reach a “site of action.” The term “site of action” refers to
the fact that a chemical must reach and interact with a receptor in some host
target site in order elicit an effect. There are barriers that can limit the ability
of a drug to reach its site of action. Two examples are: a barrier may be as
simple as low aqueous solubility, such that when a drug is administered to
an animal for evaluation of a particular pharmacologic effect, it may be
absorbed very poorly or not at all; and even though the agent may interact
strongly with a receptor, in an in vitro test, it may not reach the receptor site
in the in vivo test, due to its impermeability to the outer membrane of the
cells containing the particular receptor.

The term “pro-drug,” or “pro-agent,” was first used to describe com-
pounds that undergo biotransformation prior to eliciting a pharmacologic
effect. It was suggested that this approach could be used to alter the prop-

Figure 8.2 Drug in different phases. (From Stella, V.J. et al. in Drug Delivery Systems,
Juliano, R.L., Ed., Oxford University Press, NY, 1980, 115. With permission.)
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erties of certain drugs, in a temporary manner, to increase their usefulness
or to alter or decrease their toxicity.2

Local drug delivery involves the administration of a drug contained in
a dosage form to a local surface or tissue of the body. The therapeutic success
achieved is a matter of the efficiency of the release of the drug from the
dosage form and the absorption or transport of the drug across the biological
membranes to which the delivery system is applied. The efficiency is a net
result of drug-dosage form and drug-biological interactions. These interac-
tions are a function of the physicochemical properties of the drug, dos-
age-form factors, and biological structures and characteristics.

Approaches other than the pro-drug approach in local drug delivery
manipulate the drug-dosage form by maximizing or optimizing thermody-
namic activity of the drug at the absorbing membrane surface. Since the flux
of a drug across a membrane is a function of the product of the permeability
of the membrane and the concentration of the drug at the absorbing interface,
such approaches can optimize the flux or absorption of a drug to a certain
extent. However, the absorption of the drug and, consequently, the thera-
peutic success obtained by the delivery method can be unacceptably poor
because of intrinsically poor permeability of the limiting membrane to the
drug. Since the permeability of a membrane is a function of drug properties,
in addition to the properties of the membrane, the pro-drug approach offers
possible solutions to problems in absorption and drug transport across bio-
logical membranes.

The chemical structural changes made in the pro-drug approach, which
are changes made by design to be either chemically or enzymatically revers-
ible, result in changes in drug properties, such as solubility and partition
coefficient. By design, the result is improved membrane permeability. The
pro-drug approach in this regard represents an alteration in drug-membrane
interactions such that membrane permeability is enhanced.

The structural features of a therapeutic agent that make it selective for
various target tissues or cells has been an area of scientific interest and
research for a number of years. In the case of pharmacologically important
alkaloids and other natural products, the important structural features have
been incorporated into the drug by nature. Others are fortitous accidents of
drug synthesis. Some synthetic modifications in the early years, however,
were actually products of design intended to improve or otherwise change
a biological property.3

A strategy may be divided into three general areas wherein chemical
modification can be employed to alter pharmacokinetics. These are the input
function, which includes both rate and amount; elimination by excretion
metabolism; and distribution to active and inactive binding sites. The input
function is the most commonly altered pharmacokinetic property. The two
most common goals in controlling drug input are to increase bioavailability
or to program the drug time course. The bioavailability of orally adminis-
tered drugs has been successfully increased by increasing gastric stability,
decreasing binding to foods, optimizing the partition coefficient, increasing
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solubility, and decreasing intestinal metabolism or first-pass effect. The most
common goal in attempting to improve drug input is to increase duration
of action. The control of drug input may also be used to decrease toxicity.

Elimination may limit the success of a drug if it results in a short
duration. Molecular modification could be designed to reduce excretion or
metabolism in order to increase duration. Reduced metabolism may also be
necessitated to avoid formation of a toxic metabolite. Conversely, a specific
metabolic route may be enhanced if an active metabolite is formed. Distri-
bution is probably the least understood of the three areas. Few generalities
can be made with confidence regarding structural effects on distribution.
Isolated examples of success can be found, but these do not provide suffi-
cient basis for prediction. The goals, if less attainable, are perhaps more
significant. Specificity is undoubtedly the single most important desirable
trait. Thus, increased distribution to a specific site is considered a prime
goal in effecting specificity and decreasing toxicity. Increasing tissue distri-
bution can also be a means of increasing duration. This would be achieved
by increasing the deposition of drugs in sites that are not available to either
metabolism or excretion.4

There are many examples of widely used drugs that have a well-recog-
nized pharmacokinetic limitation. Such agents are candidates for irreversible
derivatives (analogs) or bioreversible derivatives (pro-drugs). In both cases,
optimization of the pharmacokinetic profile is aimed at the specific limitation
of the original drug. Thus, derivatization has been employed to increase oral
absorption, control drug delivery rate, decrease metabolism (or first-pass
effect), increase duration, increase site specificity, or reduce side effects. All
of the improvements result from an alteration of the physical chemistry of
the molecule. It is unlikely that such an alteration would affect only one
aspect of the pharmacokinetic profile since these kinetic processes are influ-
enced by the physicochemical properties of the agent. The exception to this
is a rapidly reversible pro-drug designed to increase absorption. Although
the rationale for developing analogs and pro-drugs is often identical, their
pharmacokinetic evaluation and optimization presents dissimilar problems.
This is due to the fact that the active drug remains the same in the case of
a pro-drug, whereas an analog is, in fact, a new drug. Plasma time course
for a pro-drug may be compared directly to that obtained by administration
of the original drug product. Conversely, the pharmacokinetics of an analog
must be completely defined, and its plasma data cannot be directly compared
to the original drug. Pro-drugs pose an additional kinetic problem in that
the site for bioreversal influences the results. The ideal site for bioreversal
depends upon the goal. This, in turn, determines the relative desirability of
circulating pro-drug. Thus, a lack of assay specificity may sometimes result
in misinterpretation of pharmacokinetic profiles.

Antibiotics represent the compounds most widely modified for pharma-
cokinetic reasons. Improved oral absorption is the most frequent goal. The
modification of penicillins, tetracyclines, lincomycin, erythromycin, and
cephalosporins are typical examples. Structural effects on the kinetics of

© 2004 by CRC Press LLC 



first-pass metabolism are not presently well defined. Pro-drugs, which sur-
vive first-pass reversal, may also lack the required rate of bioreversal. The
prediction of structural effects on pharmacokinetic behavior has not yet been
adequately developed, and satisfactory interpretation of kinetic data has not
always been achieved. Both of these areas represent significant areas for
future research.

A physical-model approach to drug design to improve intestinal absorp-
tion is a quantitative and mechanistic approach that utilizes the basic prin-
ciples of thermodynamics and mass transport. The mathematics are rigor-
ously applied to describe the processes in terms of physically and chemically
meaningful thermodynamic and kinetic parameters. Within the framework
of these parameters, one has access to the relevant physicochemical descrip-
tors of the drug molecule itself (such as pKa, molecular size, solubility,
diffusivity in water, etc.) and of the drug-biomembrane relationship (such
as membrane-water partition coefficient, diffusivity in the membrane,
molecular size relative to the effective pore size, etc.). The physical model
predicts a sigmoidal relationship between the absorption-rate constant and
lipophilicity.

The physical-model approach has been applied to evaluating different
formulation systems (suspensions and carrier-mediated systems). Formula-
tion factors influence absorption by affecting thermodynamic drug activity
in the intestinal lumen, and this is clearly delineated from the optimal pen-
etrability of the biomembrane by the molecularly modified drug. By increas-
ing the permeability of the membrane for the drug molecule, the total rate
of intestinal absorption is enhanced. One of the important avenues for future
research is the detailed investigation of the structure-absorptivity correla-
tions with the rat intestinal system for the various drugs not yet investigated
by the physical-model approach. Intestinal absorption of antibiotics in man
has always appeared to have been a problem from the drug-design stand-
point. The present approach should allow the determination of metabolism
(both cavital and gut wall) and absorption factors on a quantitative basis for
the penicillins and the tetracyclines. Nucleosides and nucleotides are gener-
ally highly polar compounds and represent another class of drugs with
bioavailability problems because they often permeate the lipoidal barriers
with only great difficulty.

The effective design of pro-drugs through the consideration of
enzyme-substrate specificities requires considerable knowledge of the par-
ticular enzyme or enzyme systems. In addition to the enzyme’s specificity
(both kinetic and binding), the type of reaction catalyzed, the enzyme dis-
tribution and level, and the functional role of the enzyme in cellular bio-
chemistry should be known. The advantages of designing drugs based on
this knowledge of cellular biochemistry are clearly recognized. A review of
the specificities of several enzymes in the hydrolase class suggests potential
use as general sites for pro-drug reconversion.5

Metabolic studies are an integral part of the testing procedures applied
to evaluate the safety and efficacy of all new drugs, as well as other envi-
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ronmental chemicals, such as food additives, pesticides, and industrial chem-
icals. Such studies generally lead to a better understanding of a drug’s mode
of action, toxicity, interactions with other drugs and chemicals, and possibly
provide some insight into the biochemical reaction mechanisms involved in
its biotransformation. Hopefully, this insight can be used to increase the
efficacy of the drug. In general terms, this can be brought about by decreasing
undesirable toxic reactions of the drug, increasing its potency, selectivity, or
duration of action, or a suitable combination of any of these.

Needless to say, modifying any one physicochemical or biological prop-
erty of a drug to improve its efficacy may inherently increase an undesirable
feature and thereby alter the overall pharmacodynamic situation in vivo.
Several biotransformation pathways have been explored in an attempt to
show the major metabolic reactions that drugs undergo. These include oxi-
dation, reduction, hydrolysis, acylation, glucuronidation, sulfation, and mer-
capturic acid formation. Specific examples have been explored in each cat-
egory to illustrate the basic structural requirements for a particular reaction
and how modifying the structure can alter metabolism. The judicial use of
deuterium and fluorine to “switch” pathways of metabolism has been par-
ticularly emphasized.6

The utility of pro-drugs has been illustrated in numerous review articles,
and a number of pro-drugs are currently marketed with superior patient
acceptance or effectiveness over the parent drug. Two approaches are used
in pro-drug synthesis: random synthesis followed by screening to identify
the pro-drug with the preferred properties, or prediction of the physiochem-
ical properties required to produce the desired biopharmaceutical properties
and translation of this into structural requirements. The latter approach is
more appealing due to the numerous relationships established between
structural and biopharmaceutical properties. In practice, however, the care-
fully designed pro-drug often does not yield a biologically active compound.
It has been shown that the use of activated substituents in the pro-moiety is
a means of ensuring in vivo activity of a pro-drug, and it has also become
evident that a pro-drug may be inactive even though quantitatively con-
verted to the parent drug in vivo, and activation of pro-moieties through
substituent effects can often lead to a biologically active pro-drug7 (see Fig-
ures 8.3 and 8.4).

The data presented on the influence of substituent effects on the pro-
moiety shows that the biological activity of the pro-drug is often dictated
by charge and steric effects. Pro-drugs that are biologically inactive may be
improved through the incorporation of activating substituents in the
pro-moiety. Control of the rate of pro-drug cleavage is necessary for special
applications, such as improved absorption, prolonged action, decreased
metabolism, and altered tissue distribution. The chemical modification
employed to improve potency and specificity of drugs is analog, whereas
modification to improve biopharmaceutical properties can consist of deriv-
ative pro-drugs, analog pro-drugs, or derivatives of the non-in vivo reversible
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type. The transition between pro-drug and derivative is not clear-cut, since
it is a matter of rate.

The use of pro-drug derivatives for improvement of taste properties of
astringent, bitter, and tart drugs has been successful. Elimination of unde-
sirable taste is usually accomplished by decreasing drug solubility below
taste-threshold values. The most common derivative utilized is the ester
since virtually all offensive-tasting drugs contain hydroxyl or carboxyl
groups. Care must be taken to choose esters that decrease solubility below

Figure 8.3 Drug undergoing biotransformation. (Copyright 1977 by the American
Pharmaceutical Association, Design of Biopharmaceutical Properties through Pro-Drugs
and Analogs. Reprinted with permission of the American Pharmaceutical Association.)

Figure 8.4 Several sustained-release forms for contraception: (A) injectable, (B) sub-
dermal implants, (C) steroid pellets, (D) vaginal ring, (E) steroid-releasing IUD, (F)
copper-releasing IUD. (From Langer, R.S. and Wise, D.L., Eds., Medical Applications
of Controlled Release, Vol. 2, CRC Press, Boca Raton, FL, 1991. With permission.)
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the taste-perception threshold in the formulated state. Tasting a drug ester
as a powder is often misleading due to the inability of the drug to establish
solubility equilibrium in saliva. Furthermore, limited solubility in the fin-
ished formulation is important since it is in this system that the drug will
be administered, usually as a suspension. If the suspension is tasteless, the
ester derivative meets taste-threshold criterion: resistance to hydrolysis in
the oral cavity. 

Saliva contains an abundance of hydrolytic enzymes capable of displac-
ing a variety of ester groups from the pro-drug derivative. Once the deriva-
tive is swallowed, hydrolysis should occur within the gastrointestinal (GI)
tract or systemic circulation. Most pro-drugs are bioinactive. Therefore,
hydrolysis is mandatory. Amide pro-drug derivatives are not often used as
taste modifiers due to their resistance to hydrolysis after absorption. Pro-drug
covalent derivatives containing saccharin or cyclamate or other synthetic
sweeteners may also be employed to counteract the objectionable taste of the
parent drug. In some cases, absolute tastelessness will be an impossibility.
The dosage formulation specialist can often physically mask a small amount
of objectionable taste with a variety of flavoring agents. The chemist, for his
part, should be cognizant of the physicochemical properties that result from
his best modification efforts. Oils or gums are difficult to formulate as accept-
able drug delivery systems, and polymorphs can have a profound effect on
the taste qualities of a drug molecule. Caution must therefore be used in the
final crystallization procedures of the taste substrates.

Following is a partial list of examples of therapeutic agents that have
been structurally modified to yield pro-drugs.8,9

Antiviral/anticancer agents: Alkylaminocarboxyl derivatives of 5-fluo-
rouracil, ancitabine, ftorafur, 5-fluorpdeoxyuridine, acyclovir (Zovi-
rax), valacyclovir, cyclaradine, trifluorothymidine, methotrexate,
diethylstilbestrol, psoralen, propranolol (nitrogen mustard), mitomy-
cin-C, hydroxy-CCNU, ara-C, adriamycin, butyric acid derivatives,
N-phosphoryl derivatives of bisantrene, gamma-L-glutaminyl-4-hy-
droxy-3-iodobenzene, doxorubicin, and melphalan

Central Nervous System (CNS) agents: Lopiazepate, oxazepam,
lorazepam, nipecotic acid, L-Dopa, phenytoin, carbamate esters of
dopaminergic drugs, and benzoylphenylureas

Ophthalmic drugs: Pilocarpine, adrenalone, and propranolol (Ke-
toxime)

Anti-infectives: Mecillinam, cycloserine, alfonsfalin, mebendazole,
polyoxins, ara-A, and Spectrobid (becampicillin)

Cardiovascular agents: Pivopril, captopril, pindolol, and amino acid
derivatives of prazosin

Anti-inflammatory agents: Salicylamide, aspirin, niflumic acid, loxopro-
fen, diclofenac, sulindac, N-alkyllactame esters of indomethacin, and
piroxicam

Antiallergy agents: Terbutaline, bambuterol, and albuterol
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Miscellaneous agents: Aryloxy acetic acid diuretics, amiloride, l-cysteine
nitorsourea, tornalate (bitolterol mesylate), trigonelline, epinephrine,
azidothymidine (AZT), peptides, isothiazolone biocides, benzyl car-
bonate esters of dextran, 2,three-dimensionalidexyinosine (DDI), des-
mopressin (dDAVP),  acycl ic  nucleoside phosphonates ,
2,6-disubstituted 4-(2-arylethenyl)phenol (5-lipoxygenase inhibitor),
benzimidazole-7-carboxylic acids (nonpeptide angiotensin II receptor
antagonist), leucovorin, procysteine, phosphonoformate, 2,three-di-
mensionalideoxythymidine (ddT), 2-acylderivatives of BVAraU
(uracil derivative), furosemide, phosphate pro-drug of peptidomi-
metic HIV protease inhibitors, isoniazide, anti-HIV(D4T 5-mono-
phosphate 3,5-dioctanoyl-5-bromodeoxyuridine (BrdU-C8),
phosphate ester of orally active platelet-activating factor (PAF),
pro-drug NM441 (antibacterial NM394, a quinolone derivative),
N-acetyl-L-gamma-glutamyl pro-drugs, cytotoxins (HPDCs), test-
osteronyl-4-dimethylaminobutyrate HCl, C-3 cyclic ether of cepha-
losporins, deoxyguanine analogs (antiviral), 9-beta-D-arabinofuran-
osyladenine, and antiarthritic, 3-carboxy-5-methyl-N-[(4-trifluo-
romethoxy)phenyl)]-4-isoxazolecarboxamide

III. Infusion devices
Controlled-release drug infusion systems allow regulated flow of drug solu-
tions into the circulation over long periods of time. Therapeutic benefits of
many intravenous drugs can be increased and side effects effectively reduced
by controlled-release infusions. In addition, controlled-release infusions are
definitely preferred over intermittent hypodermic injections for drugs with
short half-lives or drugs that irritate the skin at injection sites.

A. Pumps

Mechanical pumps: A number of controlled-release pharmaceutical
applications use mechanical pumps. For example, most patients who
receive continuous intravenous infusion of drugs are connected by
means of a cumbersome system of catheters to an infusing drip
bottle. Several companies have devised miniaturized pumps that
can be strapped to the patient with a harness, allowing the patient
to be ambulatory. In addition, the patient or the physician controls
the delivery rate of many devices. The simplest of these pumps has
clockwork or battery motor-driven syringe or peristaltic pumps.
Portable infusion pumps can be divided into several groups, de-
pending on their functions: closed- or open-loop systems, program-
mable or manually controlled systems, and implantable or external
systems. In addition, they may be categorized by their mechanical
systems.
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Closed- and open-loop systems: A closed-loop system senses the need
for the drug, and then delivers the exact dose needed at the correct
time. An example would be a device that monitors blood glucose
levels, and then delivers the correct amount of insulin. To date, there
are no truly closed-loop systems due to our inability to develop
accurate and stable sensors. One system under investigation uses
the drug lisuride, a dopamine agonist, in an infusion pump for
patients with Parkinson’s disease. The sensor in this system detects
electrical signals (tremors) rather than a chemical. Currently, most
infusion systems are open-loop systems, which need additional
monitoring outside the system to determine the correct dosage of
drug.

Programmable and manual systems: Infusion systems may be complete-
ly programmable, and the patient need not be involved with the
functioning of the pump at all. Some pumps have been designed so
that the rate of infusion may be changed with a computer terminal
and a telephone modem. More commonly used are systems that
deliver a continuous basal rate of infusion and allow the patients to
deliver boli when necessary. For example, a patient with terminal
cancer would use this system to deliver morphine for pain control.
Alternatively, systems that deliver only bolus drugs are also available.

Implantable and external systems: Infusion pumps are available as
either implantable devices or externally worn systems. Implantable
pumps are placed subcutanelously, with a catheter entering a vein
or the peritoneal cavity. Advantages of these devices include conve-
nience and sterility. External pumps are more commonly used and
are small enough to be worn on a belt or under clothing. Their
advantages over implantable pumps are their larger volume of infu-
sate and ease of refilling. Several external and implantable infusion
pumps are available commercially.

Syringe pumps: This pump consists of a syringe with the plunger driven
by a slowly advancing electromotor screw. The drug is usually de-
livered in pulses created by the motor turning on and off or by
increasing the motor speed at periodic intervals. These pumps are
normally designed for subcutaneous delivery only, as the change in
hydrostatic pressure within the syringe can allow venous blood to
backflow into the catheter. Syringe infusion pumps are quite accurate.
However, one of the drawbacks of this type of device is that the
volume of drug solution is limited by the size of the syringe.

Piston pumps: The protype in this category is an electromagnetically
operated, double-acting piston pump. The system uses an electrical
activator that runs off a battery. When the first piston is activated,
it creates a magnetic field, driving the drug out of the system. Si-
multaneously, the second cylinder is recharged. In this cycle, the
drug is infused. This system’s unique design allows for a truly
miniaturized pump.
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Peristaltic pumps: These pumps deliver drug solutions by pushing
them through the system with either rollers or a series of stepping
motors. These pumps are popular in outpatient drug delivery and
can deliver drugs intravenously, intraperitoneally, intramuscularly,
and subcutaneously.

Balloon pumps: This system consists of a small cylindrical tube con-
taining a balloon reservoir that is injected with a drug solution. As
the balloon deflates, medication is delivered through an orifice,
which regulates the rate of infusion. Changes in the time and rate of
administration are achieved by changing the concentration and vol-
ume of the drug solution. This pump system is also available with
a patient-control module (designed like a wristwatch) that allows
the patient to deliver boli. This system is particularly designed for
patient-controlled analgesia with drugs such as morphine and
hydromorphone.

Gas-pressure pumps: In this system, the vapor pressure provided by a
fluorocarbon vapor–liquid mixture forces against a collapsible bel-
lows containing the infusate. The infusate is then moved through
flow-regulating tubing and delivered into the body. The system is
refilled by percutaneous injection. The pressure of the injection si-
multaneously refills the drug chamber and condenses the volatile
vapor power source, effectively refilling and recharging the pump in
one operation.

Portable infusion pumps: These pumps are miniaturized so that they
are not too heavy to be worn by patients externally. Primary appli-
cation of this type of pump is insulin delivery. Autosyringe brand
(Baxter) portable pump provides insulin at a constant rate by driving
the syringe barrel at a constant velocity; the rate is adjusted to the
patient’s need by adjusting the insulin concentration or barrel veloc-
ity. These methods of delivery enhancement are simple, reliable, and
easily learned by patients. Another similar portable pump is Mill Hill
Infuser pump. An advanced version of this type of pump is cardiac
pacemaker’s syringe pump. It has a more sophisticated control mech-
anism and microcomputer, which allows for programming in insulin
units and includes the means to determine dose level and time. It
also has alarms to indicate when the syringe is empty and if the
motor has failed. Other portable insulin pumps are made by Cormed,
Pacesetter Systems, and Brad. In recent years, similar pumps have
been developed for chemotherapy and heparin.10 Ferring Laborato-
ries has recently introduced a portable, pulsatile delivery device
called Pulsamat for dispensing luteinizing hormone-releasing hor-
mone (LHRH). Pulsatile delivery of LHRH has helped in inducing
ovulation in infertile women. The Pulsamat unit is a lightweight unit
(3.7 oz) and can be worn by the patient with complete freedom of
movement. The primary limitation of portable pumps is patient ac-
ceptance. Some of the commercially available pumps are still bulky
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and uncomfortable to wear. Another limitation is the problem of
bacterial infiltration and infection associated with this type of drug
delivery by the patient. In some cases, development of kinking in the
pump or the catheter controllers falling out has caused problems.

Controllers: Unlike pumps, controllers regulate the rate of drug solution
delivery under the force of gravity. In controllers, unlike the pumps,
if inflitration occurs, an alarm is set off and the nurse can be alerted.
While current controllers are primarily used for intravenous (IV) fluids,
like electronic pumps, they can be used to deliver various drug solu-
tions, such as nitroprusside, dopamine, lidocaine, and epinephrine.

B. Other external infusion systems

There are many external infusion systems currently on the market, or are in
advanced development stages, which do not fit either in pump or controller
categories. One such system is Abbott’s ADD-Vantage System. This system
has two parts: a plastic IV bag filled with solution and a separate glass vial
of powdered or liquid drug (e.g., antibiotic). A nurse locks the vial holding
the prescribed dose of drug into a chamber at the top of the plastic bag and
mixes the drug and the solution by removing the vial’s stopper. This recon-
stituted drug can be infused using either pumps or controllers.

Another external system of considerable potential is a computerized
feedback control system. Ideally, this type of system will measure the blood
level of drug in the body and regulate the infusion rate to achieve desirable
blood concentration. Pharmacontrol Co. is currently developing a feedback
system called SAFCAD. This system dispenses an anesthetic agent according
to the individual patient’s need as shown by the patient’s electroencephalo-
gram (EEG) reading.

Finally, other research and development projects include several new
delivery systems for injectable drugs based on osmotic technology. One of
these, IVOS, utilizes a solid osmotic dosage form of a drug for controlled
release into an infusion system. Another, Infuset, is a small, disposable,
portable controlled-release system for drug infusion worn by the patient. The
Baxter-Travenol Flor-Gard family of volumetric infusion pumps are good
examples of peristaltic pumps that are controlled by microprocessors. Pfizer’s
Valley Lab also has its line of volumetric infusion pumps called Infutrol.

1. Percutaneous catheters
A variety of devices and methods to allow simple, safe, and effective infu-
sion-site access are either in current use or under development. These include
the commonly used hypodermic needle, acute peripheral venous catheters,
percutaneous central venous catheters, cerebrospinal fluid (CSF) percutane-
ous catheters, implantable access ports and catheters, and implantable
pumps and reservoirs. A choice of systems usually can be made from the
various alternatives based on infusion-site location, anticipated duration of
use, patient mobility needs, and infusion protocol requirements.
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The simplest and least costly infusion site-access system is the hypoder-
mic needle. This method is preferred for many indications because it offers
direct access to subcutaneous infusion sites with low risk and little discomfort
to the patient. The percutaneous injection wound heals quickly and allows
safe periodic reaccess. Likewise, the peripheral venous catheter is a frequently
used alternative as a low-cost, acute access system for systemic vascular
infusion. Typically, the system is a short, small-bore catheter that can be easily
placed in the small peripheral blood vessels for a few hours or a few days.
However, when access to the infusion site is frequent or prolonged or lies
deep within the body, other methods of access must be considered.

Percutaneous central venous catheters were developed in an effort to
target the infusion site more precisely and to reduce peripheral vessel dam-
age by the drug or catheter. Central venous catheters usually are fabricated
from a small-bore radio-opaque silicone tube, open at the infusion site and
equipped with a luer-lock fitting at the external end. When used with modern
imaging techniques to confirm catheter tip position, the catheter can be
maneuvered from outside the body to place its tip at a predetermined infu-
sion site deep inside the body. For systemic infusion, the catheter frequently
is placed through the cephalic vein or, in some cases, the jugular vein to
maneuver the catheter tip into the superior vena cava. Central venous cath-
eters usually are externalized on the chest wall and require continuous
protection by an external bandage.

To avoid blood clotting around the catheter or in the catheter lumen,
percutaneous catheters terminating in the bloodstream must be flushed care-
fully after each use and left filled with a heparinized saline solution. To
maintain patency when not in use, the catheter must be flushed daily with
heparinized saline. The catheter exit site is a common source of wound
infection. Externalized central venous catheters have been left in place suc-
cessfully for more than a year, but generally, they are considered to be most
useful for patients requiring access for a few days to a few months.

Percutaneous catheters also are utilized frequently for targeted-site drug
delivery outside the blood system. The Tenckhoff catheter has long been
used for direct access to the peritoneal cavity for peritoneal dialysis of
patients suffering from chronic renal failure. The large-diameter Tenckhoff
catheter accommodates the rapid exchange of large volumes of fluids
required for peritoneal dialysis. Percutaneous fine-bore epidural or intrath-
ecal catheters have been used for many years for targeted drug delivery to
the CSF for acute or chronic pain control. These percutaneous catheters
enable the targered infusion of very small doses of opiates and other anal-
gesics into the CSF for direct action with pain receptors. This technique offers
good control of pain without some of the physical or emotional side effects
of intravascular or intramuscular injections of analgesics.

2. Totally implantable pump and reservoir systems
Chronic percutaneous access to an infusion site — such as the venous blood
supply for nutritional support or chemotherapy, the peritoneal cavity for
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dialysis or chemotherapy, the hepatic artery supply for direct liver tumor
infusions, or the CSF for analgesia — demonstrates the feasibility of
long-term infusion-site access. With the therapeutic success of percutaneous
catheters, further research and development was begun on totally implant-
able systems with features designed to overcome significant limitations,
such as exit-site infection, catheter damage, restriction of patient activities
and mobility, and patient resistance to the image of the exposed tubes and
dressings. Some of the earliest implantable infusion systems were totally
implantable infusion pumps. These devices are capable of storing the drug
to be delivered in an implanted, refillable reservoir while continually deliv-
ering the drug from the reservoir to the infusion site through a flexible
delivery catheter.

First developed in the mid-1970s, these systems soon were utilized for
a variety of infusion protocols, such as the delivery of heparin for chronic
anticoagulation, cytostatic drug infusion for cancer chemotherapy, morphine
delivery for pain control, insulin infusion for diabetes, and numerous other
special-purpose infusion protocols. Although these early systems demon-
strated great potential for chronic or long-term intermittent-infusion therapy,
they were too expensive for large-scale use and were limited in their capacity
to accommodate changing drug delivery protocols or drug types. They did,
however, improve patients’ quality of life by making possible relatively safe,
long-term, outpatient infusion therapy and by overcoming many of the risks
and complications associated with chronic percutaneous catheter systems.

3. Totally implantable portal and catheter systems
After several years of using totally implantable pumps and long-term per-
cutaneous indwelling catheters, it became clear that a need existed for a
system that incorporated the best features of each while achieving a low
patient cost for the system and its maintenance. A totally implantable access
system consisting of a subcutaneous access portal attached to a subcutaneous
catheter was developed to meet this need. This device is rapidly becoming
the system of choice for long-term (more than a few weeks), frequent, or
chronic access to an infusion site.11

The subcutaneous portal is a small, hollow, plastic or metal cylinder, the
top of which contains a self-sealing elastomeric septum designed to with-
stand several thousand needle punctures without external leakage. One end
of a catheter is attached to an outlet tube on the side of the portal; the outlet
end of the catheter is located at the target infusion site. The implanted system
is used as follows: A low-coring hypodermic needle is passed through the
skin and the self-sealing portal septum into the portal reservoir; the drug is
discharged into the reservoir and through the delivery catheter to the infu-
sion site.

The infusion may last from a few minutes to more than a week, depend-
ing on the drug therapy protocol. When the infusion is complete, the system
is flushed and the percutaneous needle extracted. After the needle puncture
site in the skin heals, no further dressings are required during the dormant
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period. During this period, blood-contacting systems usually are flushed on
a monthly basis with a heparinized saline solution. Many totally implantable
portal systems also are designed to allow aspiration of body fluids for blood
sampling, peritoneal fluid withdrawal, and CSF sampling, as well as infu-
sion therapy.

The demonstrated feasibility of safety and economically achieving and
maintaining long-term access to deep-body, targeted infusion sites for drug
therapy creates immediate and growing opportunities for services and prod-
ucts. Indications for long-term drug therapy that might be accommodated
by a totally implantable port and catheter, or the implantable pump and
reservoir, include the following: hematologic disorders, glycemia control in
diabetes, cancer chemotherapy, hypertension control, intractable pain con-
trol, drug and alcohol antagonist delivery, chronic hormone supplement, and
anti-arrhythmia control, to name a few. In the past, chemotherapeutic drugs
requiring long-term infusion were administered in the hospital using
pole-mounted infusion pumps delivering the drug through an acute periph-
eral venous catheter. It is now clear that, if the preferred delivery plan for
an anticancer drug involves protracted, low-dose infusion or repeated bolus
dosing, these catheters offer clear advantages.12

IV. Insulin delivery
With the discovery and isolation of insulin in 1921, the diabetic was offerred
a new lifesaving therapy through subcutaneous insulin injections. Following
that important development, it was observed that, although life span might
be extended, long-term complications of diabetes, such as blindness, kidney
failure, and neuropathy, became apparent. In an effort to reduce or eliminate
these complications, many theories have been offered and tested. Central to
these ideas is the need to control the blood glucose levels of the diabetic so
that it closely simulates that observed in the nondiabetic.

The use of oral hypoglycemic drugs to stimulate endogenous insulin
release is utilized in noninsulin-dependent diabetics, who require small
increases in amounts of available insulin to maintain control. Those patients
with little or no insulin production capacity resort to one or more subcuta-
neous insulin injections per day. However, even with frequent subcutaneous
injections, the insulin-dependent diabetic finds it difficult, if not impossible,
to maintain long-term glycemic control equivalent to that of the nondiabetic.
Research in animals and man suggests that controlled intravenous insulin
infusion may be a more appropriate method for normalizing blood glucose
levels for the insulin-dependent diabetic.

The goal of therapy in insulin-dependent diabetes is to normalize blood
glucose. This can be accomplished with intensive therapy consisting of either
multiple injections of insulin or the continual subcutaneous infusion of insu-
lin by pump. Although few data are available on the long-term use of either
method, findings to date suggest that pump therapy results in better
long-term compliance and long-term control of diabetes than conventional
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insulin therapy. The acute complications of pump therapy — infection at the
infusion site, hypoglycemia, and diabetic acidosis — can be minimized by
strict adherence to proper procedures. Thus, insulin pump treatment is a
safe and effective method for achieving tight long-term control of Type I
diabetes (insulin-dependent).13

Insulin infusion pumps, therefore, are one of several methods now avail-
able to normalize blood glucose levels to prevent the long-term complica-
tions of diabetes. These pumps permit the patient to mimic the response that
a nondiabetic patient has to glucose-level loads. Open-loop infusion pumps
provide a basal level of insulin throughout the day and a bolus of insulin
before meals. Insulin infusion pumps have proven to be safe, effective, and
convenient, and to improve the lifestyle of patients. A partial list of insulin
infusion pumps on the market includes Model 2000 (Becton-Dickinson),
Betatron II (Cardiac Pacemakers, Inc.), Eugly (Travenol/Autosyringe), and
MiniMed504 (Pacesetters, Inc.). Surprisingly, the advantages of pump ther-
apy, in terms of increasing the lifestyle flexibility of the patient, have not
been promoted adequately. It is also surprising that with the advantage of
pump therapy, so few insulin-dependent patients are using this method of
treatment. It appears that in those patients who are highly motivated, prop-
erly educated, and desire to normalize blood glucose levels, the advantages
of insulin pump therapy greatly outweigh the disadvantages.14

The concept of developing a totally artificial pancreas as a therapeutic
alternative for diabetics became popular in the 1970s. In its simplest form,
actually more appropriately called an artificial b-cell, it consists of a glucose
sensor, computer, insulin reservoir, and pump (see Chapter 4). The device
can respond to increases in the recipient’s plasma glucose by administering
appropriate quantities of insulin, thereby maintaining the subject’s plasma
glucose in the normal range.15

Pioneers in the development of the enzyme electrode glucose sensor
were Clark and Lyons.16 Their sensor used a glucose oxidase solution sand-
wiched between semipermeable polymeric membranes to catalyze the reac-
tion between glucose and oxygen. Updike and Hicks17 decreased the
response time in a similar sensor of their own design by binding the glucose
oxidase to a thin acrylamide gel layer. Their sensor used a polarographic
rather than a potentiometric oxygen electrode, thus measuring electrical
current instead of voltage differences.

In an attempt to refine the enzyme electrode design to make it suitable
for use in an implantable artificial beta cell, Bessman and Schultz18 modified
the original design by immobilizing and stabilizing the glucose oxidase by
intra- and intermolecular cross-linkages in a cloth matrix. The most advanced
version of enzyme electrode glucose sensor is that developed by Miles Lab-
oratories for their Biostator Glucose Controlled Insulin Infusion System.

One way to avoid the problem of rapid degradation of enzyme electrodes
is to design a sensor that can operate without enzymes. Noble metals, such
as platinum can be substituted for glucose oxidase to catalyze the oxidation
of glucose. Several modes of operation are possible using this approach,
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including fuel cell, polarographic, potentiometric, and potentiodynamic sys-
tems. Both the enzyme electrode and electrochemical sensors have yet to
solve the problem of how to prevent the sensor from encapsulation once it
is implanted. This buildup of fibrotic connective tissue eventually prevents
access of the reactants to the sensor.

As an alternative to these sensors, March et al.19 designed an optical
glucose sensor which they envision as incorporated into a contact lens. Their
sensor would consist of a miniature laser light source, detector, power sup-
ply, and telemetry transmitter, designed to measure the optical rotation of
the polarized light beam produced by the glucose in the aqueous humor of
the eye. This method assumes equilibrium between glucose concentration
in the aqueous humor and the blood. While it cannot be connected directly
with an implanted artificial b-cell, the developers believe that a telemetric
connection can be maintained, or the signal can be transmitted to an extra-
corpreal receiver/display, allowing the patient or physician to manipulate
the implanted unit appropriately.

One of the earliest attempts to achieve and maintain normoglycemia by
means of an artificial insulin infusion device was described by Kadish.20 His
device used a Technicon Autoanalyzer to monitor glucose concentrations of
blood continuously through a double-lumen catheter. Significant advances
in this technique were made by Pfeiffer et al.21 and Albisser et al.22 More
sophisticated minicomputers and control algorithms permitted adjustment
of insulin infusion rates according to rates of change in glycemia, as well as
static plasma glucose levels.

Clemens et al.23 have developed an artificial endocrine pancreas. This
device, called Biostator Glucose Controlled Insulin Infusion System (GCIIS),
has a new glucose oxidase sensor. Bechard et al.24 have used porous
poly(e-caprolactone) matrices to release insulin when implanted subcutane-
ously in rats. Heller et al.25 used bioerodible polymers in a self-regulating
insulin delivery system. These systems are based on an enzyme-substrate
reaction that leads to a pH change and a pH-sensitive polymer that changes
erosion rate and concomitant insulin release in response to that change.

Iontophoresis, or ion-transfer, is a process that enhances the transport of
ions across the skin with a flux of electric current. Research done in this area
has recently demonstrated that it is possible to control blood glucose levels
in hairless rats by transdermal, iontophoretic delivery of insulin.26 Watler and
Sefton27 have developed a piezoelectric micropump for insulin delivery.

A novel and mechanically simple implantable controlled-release system
(Piezoelectric Controlled Release Micropump) capable of delivering insulin
at a constant basal rate and at variable augmented rates has been developed
and tested in vitro by Sefton et al.28 They found that the intrinsic safety and
weight of the device could be expected to make the peizoelectric micropump
a desirable alternative for the treatment of insulin-dependent diabetes.

Viable mammalian cells have been encapsulated in two different
water-insoluble polyacrylates: a commercially available cationic polymer
(EUDRAGIT RL) and a potentially biocompatible HEMA/MMA copolymer.
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Studies by Sefton et al.28 have shown that the cells can withstand the rigors
of encapsulation.

In a study by Choay and Choay,29 water-soluble macromolecules were
successfully employed in the manufacture of parenteral depot preparations,
such as polyvinylpyrrolidone (PVP) for insulin. Langer and his colleagues
at Massachusetts Institute of Technology, as well as Siegel et al., have done
extensive work on the controlled release of insulin and other macromole-
cules. They used magnetically modulated systems and sintered polymers in
their studies, respectively.30, 31

A design for a self-regulating insulin delivery system based upon the
competitive binding nature of blood glucose and glycosylated insulin to
lectin has been proposed. The glycosylated insulin-bound lectin is encapsu-
lated using biodegradable or nondegradable polymers. The polymer mem-
branes control glucose influx and insulin efflux, which depends upon the
glucose concentration present: a natural biofeedback.

The chemical approach reported by Kim et al.32 was to design a self-reg-
ulating insulin delivery system based on a combination of biological mod-
ulation and controlled release. The design of this delivery system utilized
the concept of the competitive and complementary binding behavior of
Concanavalin A (Con A) with glucose and glycosylated insulin. The deriva-
tized insulin is bound to Con A, which in turn is complementary to glucose.
The glycosylated insulin is then displaced from the Con A by glucose, and
insulin is released in response to, and proportional to, the amount of glucose
present in the blood.

The release rate of insulin also depends upon the binding affinity of a
derivative to the Con A and can be influenced by the choice of the saccharide
group in glycosylated insulin. By encapsulating the glycosylated insu-
lin-bound Con A with a suitable polymer that is permeable to both glucose
and insulin, the glucose influx and the insulin efflux would be controlled by
the encapsulation membrane. Proper choice of the membrane criteria would
provide optimal insulin release rates necessary for the maintenance of nor-
mal blood glucose levels.

A bioresponsive membrane that changes its size and ethylene glycol
permeability in response to changes in glucose concentration has been
reported by Horbett et al.33 The usefulness of this system for glucose detec-
tion or controlled delivery of insulin depends on the stability of the poly-
meric system and the entrapped enzyme activity, the biocompatibility of
the system, the response time to rapid changes in glucose concentration,
the effect of physiological buffering, and the permeability of the membranes
to insulin.

Related to the development of insulin infusion systems is the controversy
over where the insulin should be delivered. From a priori physiological
considerations, infusion into the portal vein is the infusion site of choice
since that is where the native pancreas delivers it. Goriya et al.34 has reported
that hyperinsulinemia accompanies glycemic normalization with peripheral,
but not portal, infusion. This phenomenon may be related to hepatic insulin
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extraction, which is reported to be 50% at first pass. Nevertheless, the poten-
tial risks of initiating portal thrombosis due to inadequate blood compati-
bility of cannulas have, to date, prevented the use of the portal site in the
absence of documentation of adverse side effects from hyperinsulinemia.

The peritoneal cavity has been proposed as a less risky alternative to
portal cannulation. While entry of the insulin may depend to some extent
upon cannula tip location, this method simplifies cannula placement and,
intuitively, seems to offer more safety. For the implantable pump, the intra-
venous, intraportal, or intraperitoneal routes can be used with little diffi-
culty. The subcutaneous route, however, offers substantially less difficulty
for portable pump infusion than does any other approach. It seems clear
that good control of glycemia can be achieved by using any of the preceding
infusion routes.

At the present time, there is no compelling evidence for choosing one
route of administration over another, aside from appropriateness to the
device and convenience to the patient and physician. Insulin infusion devel-
opment is a burgeoning industrial and academic research activity still in its
infancy. The dominant devices in the field at this time are portable syringe
pumps and extracorporeal feedback-control devices. It seems likely that
dominance will shift to implantable devices and perhaps to feedback-control
devices should the glucose sensor problems be resolved. Such a device could
then truly be called an artificial b-cell.35

V. Parenteral prolonged-action dosage forms
Parenteral dosage forms with prolonged action are of medical and economic
importance. On the medical side, the physician is interested in maintaining
therapeutic concentrations over a longer period of time and reducing the
number of injections for a patient. Economically, only well-trained personnel
can administer injections, and if frequency of administration is reduced, the
costs of therapy are decreased and time is saved.

In principle, there are three ways to approach prolongation of parenteral
administration, namely, by pharmacological, chemical, and physical meth-
ods. Pharmacological methods include intramuscular or subcutaneous
administration instead of intravenous; the simultaneous administration of
vasoconstrictors (adrenalin in local anesthetics; ephedrine in heparin solu-
tions); and blocking the elimination of drugs through the kidneys by simul-
taneous administration of a blocking agent, such as probenecid with peni-
cillin or p-aminosalicylic acid. Chemical methods include the use of salts,
esters, and complexes of the active ingredient with low solubility. Physical
methods include the selection of the proper vehicle, thereby giving pro-
longed release (use of oleaginous solutions instead of aqueous solutions);
the addition of macromolecules that increase viscosity (CMC, NaCMC, PVP,
tragacanth, etc.); the use of swelling materials to increase viscosity in oleag-
inous solutions (aluminum monostearate); the additions of adsorbents; the
use of solutions from which, upon administration, the drug is precipitated
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when it contacts body fluids; the use of aqueous and oleaginous suspensions;
and the use of implants..36

Complex formation and addition of macromolecules: Vaccines by
depot expose the body to the antigen for a longer period of time and result
in an increased formation of antibodies. Depot vaccines can be prepared by
adsorption of the antigen, such as diphtheria toxoid or tetanus toxoid on the
surface of aluminum hydroxide or aluminum phosphate. Another example
is the complex formation between insulin and protein or metals, such as
protamine insulin or zinc insulin. For vitamin B12 a zinc-tannate complex
has been prescribed, yielding prolonged action. Water-soluble macromole-
cules are successfully employed in the manufacture of parenteral depot
preparations, such as chorionic-gonadotropin, gelatin, or corticotropin
(ACTH). In the latter case, the macromolecule does not exhibit retardant
effect due to an increase of viscosity, but, rather, by inhibition of decompo-
sition of ACTH by proteolytic enzymes in the tissue. In other cases, macro-
molecules form complexes. Carboxymethylcellulose is used to retard prep-
arations of heparin, for example.

Salts of low solubility and slowly hydrolyzable esters: Drugs of high
solubility can be converted to those with prolonged action by formation of
salts or esters of low solubility, which are slowly hydrolyzed. The highly
soluble penicillin-G forms salts of low solubility with several bases, such as
procaine, dibenzylethylenediamine, and hydrabamine. Ester formation is
used to prolong the action of steroid hormones by esterification of their
hydroxyl groups with organic acids. In contact with body fluids of the tissue,
the esters slowly hydrolyze, under the influence of esterases, to pharmaco-
logically active steroids. By forming different esters with different rates of
hydrolysis and combining these different esters into one drug product, high
initial blood levels with prolonged action can be obtained upon intramus-
cular (IM) administration.

Aqueous suspensions: The use of aqueous suspensions results in
parenteral drug products with prolonged action. The manufacture of sterile
suspension products is one of the most difficult areas in pharmaceutical
technology. Many methods for obtaining suitable hormone crystals and anti-
biotics have been described. Drug action is prolonged by increasing the
crystal size (up to 100 mm) of the particle, as has been shown with testoster-
one isobutyrate.36

Oleaginous suspensions and emulsions: Dissolution of suspended
crystals is further prolonged by using oleaginous bases rather than aqueous
ones. In oleaginous suspensions, the tissue is first concerned with the oily
vehicle and then with suspended particles. In order to increase viscosity,
many oleaginous bases contain suspending agents with increasing viscosity,
such as aluminum, calcium or magnesium stearate, or aluminum salts of
alkylene or aralkyl phosphoric acids whose alkyl or aralkyl groups contain
6–18 carbon atoms. Most of the research on parenteral oleaginous suspen-
sions has been done with penicillins. Oleaginous suspensions of procaine
penicillin-G give longer duration of blood levels than aqueous suspensions.
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Upon addition of aluminum stearate, the depot action can be further
enhanced. For heparin, prolonged action has been obtained using emulsions
for IM administration.

Precipitation of drug in tissue: Drug products from which the active
ingredient precipitates upon IM administration are prepared using aque-
ous-organic solutions. The precipitation occurs either on change of pH from
the environment of the tissue or by dilution of the aqueous-organic solvent.
This principle has been employed for local anesthetics, but is not now in use
because organic solvents may lead to irritation and inflammation of tissue.

Implants: Implants are a sterile solid drug product manufactured by
compression of the drug alone or of the drug with a vehicle or by melting
or sintering processes. Implants are administered by surgical methods using
a large needle, through which the long solid-dosage form is instilled subcu-
taneously. Such solid-dosage forms may act for several months due to their
low solubility and small surface area. In all cases of extravascular parenteral
administration, the drug in the form of a drug product is administered into
a relatively small, localized region, where it forms a type of depot from which
the drug must leave by penetration and permeation to reach the blood or
lymphatic system.

The absorption of solid drug particles from prolonged-action parenteral
dosage forms depends primarily on the physical and chemical properties of
the solid drug and the properties of the solution immediately surrounding
it. As these solid particles are of very low solubility, absorption is therefore
rate-limited by the rate of solution of the solid drug in the biological fluid
in the tissue surrounding it. The site of implantation, as well as body move-
ment, is probably of some influence on the rate of absorption, since different
body regions differ in vascularity. From theoretical considerations, dissolu-
tion rate increases by increasing agitation or by body movement, which
increases the blood supply to the area. Absorption rate is certainly influenced
by the thickness of the diffusion layer surrounding the implanted drug. The
diffusion layer itself can be influenced by body movement or differences in
blood flow in different regions.

A fibrous tissue capsule is formed around the deposited solid in most
cases following administration of solid particles IM or subcutaneous (SC),
whether in the form of crystals, granules, pellets, or implants. Usually, this
capsule formation starts somewhere between 72 hours and one week after
application. Temperature has an influence on the diffusion coefficient, the
solubility, and the diffusion-layer thickness of an implanted substance.
Since the diffusion coefficient is inversely proportional to the viscosity of
a fluid medium, viscosity increases when the temperature is reduced, which
results in a decrease of diffusion coefficient. Solubility is reduced by low-
ering the temperature, resulting in a decrease of absorption rate. The dif-
fusion layer around the implanted solid is influenced by temperature, since
viscosity increases.37

SC drug delivery systems: SC tissue is one of the most favorable sites for
the long-term administration of drugs via controlled-release drug delivery
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systems. This popularity in application is due to several reasons: better patient
compliance without interruption of treatment for nonmedical reasons, easy
access of blood circulation by bypassing the impermeable stratum corneum
layers, and convenience and simplicity of the process involved in subcutane-
ous implantation. The potential biomedical application of SC drug delivery
systems is exemplified by the development of the SyncroMate-B estrud syn-
chronizer, a subdermal implant for herd-breeding management. Syn-
cro-Mate-B (Searle, Chicago) is a veterinary estrus-synchronization treatment
which consists of a norgestomet-releasing subdermal implant of hydrophilic
polyethylene glycomethacrylate, implanted between the skin and the conchal
cartilage on the dorsal surface of one ear. The implant is left in place for 9 full
days and is supplemented by an intramuscular injection of 3 mg norgestomet
and 5 or 6 mg estradiol valerate in 2 ml sesame oil at the time of implantation.

The concept of SC controlled drug administration, as illustrated by the
Syncro-Mate-B treatment, can be extended to other biomedical applications.
For example, an animal model for chronic hypertension can be created by
the controlled release of desoxycorticosterone acetate from subdermal sili-
cone implants; a once-a-year implantation of a contraceptive in women can
be achieved by the controlled release of a progestin, such as megestrol
acetate, from subdermal silicone capsules; and long-acting antinarcotic for-
mulations for addiction treatment can be developed by the controlled release
of narcotic antagonists, such as naltrexone, from biodegradable homopoly-
mers or copolymers of lactic acid and glycolic acid.

A. Intravenous delivery

Beginning in the early 1960s, concern over medication errors and the prolif-
eration of drugs delivered intravenously led to the growth of parenteral or
IV admixture systems. At that time, hospital pharmacists assumed respon-
sibility for preparing IV doses, as well as dispensing unit doses of oral and
IM medication. Since that time, burette-type systems have given way to glass
partial-fill piggyback containers with medication added or admixed in the
pharmacy. These systems, in turn, led to several versions of plastic partial-fill
containers that served as reservoirs for medication.38

As time passed, features of more desirable drug delivery systems began
to emerge. Pharmacists demanded less expensive systems, minimization of
supplies and labor, and the ability to standardize on a single system. This
led drug manufacturers to market their drugs in containers that allowed
administration to patients after reconstitution — the so-called drug manu-
facturer’s piggyback. Premixed medication systems, with the drug in solu-
tion and ready for administration, were designed to reduce preparation labor
to practically nil. They fell short of the ideal, however, because a large
number of drugs lose potency within 24 hours of mixing and therefore cannot
be premixed. Recently, drugs have been put in solution and frozen by the
manufacturer to circumvent the stability question. But this is a costly pro-
cedure, and again, not all drugs are stable in this form.
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The medical staffs of most hospitals recognize the problems associated
with IV drug administration and impose limitations on nursing personnel
regarding the administration of drugs by IV push. This limitation has led to
hospital-wide use of various types of intermittent infusion devices, such as
volume-control units, minibags, and minibottles, for the administration of
scheduled IV medications. This satisfies the requirement that medications be
diluted for IV administration, thus allowing nurses to give IV medications.
It also requires the nurse and the pharmacist to make decisions about which
medications can be given effectively with these intermittent infusion devices.

Volume control units: With the advent of antibiotics, particularly ceph-
alothin, volume-control units gained wide use in hospitals in the 1960s and
1970s as a method for intermittent drug administration. Duma et al.39 and
Henry and Harrison40 noted problems associated with these devices. These
include increased potential for microbial contamination and drug-compati-
bility problems. After the introduction of minibottle (piggyback) containers
in the early 1970s, Turco41 devised a combined volume-control set-piggyback
system for intermittent IV therapy. This system is safe, effective, and less
costly than the minicontainer systems alone. Minicontainer systems, includ-
ing minibottle and minibag containers, introduced in the early 1970s, supply
diluent of 5% dextrose in water and normal saline in 50- or 100-ml containers.
These containers allow the drug to be diluted and prepared by pharmacists,
which is just one of minicontainer diluents many advantages.

In the 1970s and early 1980s, methods other than volume-control units
for intermittent IV drug administration were explored. Partial-fill diluent
piggyback containers were accepted and became widely used. More than
100 million piggyback containers are used annually in the U.S. alone. The
introduction of powered DMPB and bulk containers in the early 1970s expe-
dited the use of IV piggyback administration. Premixed LVPs (large volume
parenterals) are now used widely containing KCl, lidocaine, heparin, theo-
phylline, and dopamine. Premixed drug solutions and containers offer sig-
nificant advantages to hospitals: they are convenient, save time, and reduce
the potential for error and contamination.

Ready-to-use plastic containers: Another innovation in prefilled IV
piggyback containers is the ready-to-use plastic container that requires no
manipulation or dilution and is ready for direct IV infusion. Searle markets
metronidazole (Flagyl) in Travenol’s ready-to-use Viafles plastic IV contain-
ers, as well as in 500-mg lyophilized vials, which require reconstitution and
buffering in 100-ml, ready-to-use glass containers.

Frozen premixes: Travenol delivers frozen drug products packaged in
polyvinylchloride containers to hospitals. These frozen products are stored
in a hospital pharmacy freezer and are thawed and used as needed. The
following drugs are available in premixed frozen form: Ancef, cephalothin,
Mefoxin, Cefizox, Claforan, penicillin-G, nafcillin, pipracillin, Tagamet, For-
taz, Zinacef, gentamicin, and others.

Reconstitution systems: Lilly supplies a non-PVC plastic piggyback
container — Faspak — which contains the dry powdered form of a drug
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(Keflin, Kefzol, Mandol, or ampicillin). When reconstituted with the appro-
priate dilutent, the diluted drug can be administered directly. The Faspak
serves as the final delivery container. This avoids the transferring step that
usually takes place when a powdered drug is reconstituted. A specialized
dilution pump, the ADDS-100 system, is supplied to help in the reconstitu-
tion step.

Electronic equipment: A few years ago, electronic equipment for auto-
mated administration of intermittent secondary piggyback medications was
introduced. These systems allow infusion programming, so that when the
secondary infusion is completed, the system reverts automatically to the
desired primary fluid flow rate. They save time, offer convenience, and
reduce the number of IV sites lost as a result of dry secondary bottles when
no check valve set normally is used or, if a check valve set normally is used,
they reduce the possibility of the primary solution infusing at the secondary
rate. These systems can reduce the need for multiple electronic equipment
infusions, increase the precision of drug administration, and allow more
optimal interpretation of serum drug level concentrations. One system can
also limit the volume infused from the secondary container, introducing the
possibility of cost savings through placing more than one dose in the sec-
ondary container.42, 43

B. Buccal-controlled delivery

In order to deliver macromolecules, such as peptides, through mucosal tis-
sues for systemic activity, it may be necessary to improve tissue permeability,
inhibit protease activity, or decrease immunogenic responses. Ideally, this
should only be accomplished in a well-circumscribed area. The mouth,
because of its accessibility, will permit localization of controlled drug deliv-
ery systems to achieve this task. Given anatomical and physiological differ-
ences between oral mucosal tissue, the location of the drug delivery system
should be carefully chosen.

First, because of the functions of the mouth (mastication, swallowing)
and of salivary secretion, some areas have to be avoided. Secondly, there are
different patterns of cell differentiation in keratinized and non-keratinized
oral epithelia, which effects permeability. The ranking of these epithelial
locations, in terms of permeability, is drug-dependent. Therefore, a con-
trolled drug delivery system should be located where the mucosal tissue is
permeable enough to allow the drug delivery system to be rate-limiting.
Therefore, in vivo and in vitro methodologies are needed to compare perme-
abilities of different sites for a given drug. The work by Veillard et al.44

describes a new methodology to compare permeabilities of different oral
mucosal sites of the dog’s mouth for a drug.

The analgesic effect of buccal morphine has been compared with that of
intramuscular morphine in a prospective, double-blind study of 40 patients
who experienced pain after undergoing elective orthopedic surgery. Twenty
patients were randomly assigned to receive the buccal preparation and a
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placebo IM injection, and 20 patients, the intramuscular preparation and a
placebo buccal tablet. The IM preparation achieved slightly higher
peak-plasma morphine levels than the buccal preparation. However, plasma
morphine levels declined more slowly after buccal administration. The
drug’s bioavailability was 46% greater after buccal administration. This route
of administration may be of particular value in chronic pain due to malignant
disease, in which muscle wasting and cachexia may limit the use of
parenteral analgesics.

Forest Laboratories, Inc. has been at work on buccal formulations of
morphine, scopolamine, and insulin. Forest is also researching use of the
same technology in oral tablets to achieve a long-acting form of ibuprofen
and Mellaril, a tranquilizer.

Zetachron also has a buccal delivery system. It provides zero-order
release by a mechanism of polymer-surface erosion. Marion Merrell-Dow’s
Susadrin tablets are buccal tablets that use Forest Laboratories’ Synchron
system to release nitroglycerine in a controlled manner over a period of 6
hours. Buccal tablets are not swallowed, but are put in the buccal pouch
between the cheeks and the gum. Several advantages of buccal delivery
include reliable absorption, lack of first-pass metabolism, and slow and
predictable release.45–48

C. Magnetically modulated systems

The feasibility of magnetic control of intravascular materials was experimen-
tally demostrated in the early 1960s.49–52 This was followed by preliminary
clinical trials with therapeutic vascular occlusion of an intracerebral aneu-
rysm using carbonyl iron suspended in albumin solution and of a renal cell
carcinoma using carbonyl iron mixed with liquid silicone.53 Intravascular
carbonyl iron confined in the kidney and intraperitoneal zinc ferrite were
shown to produce no systemic toxic reaction. On the other hand, the putative
biological effects of high-intensity magnetic fields were reported to induce
transformation of cultured cells. However, no significant toxicity was expe-
rienced in patients exposed to transient magnetic fields.

Despite the optimism for the magnetic control of drug carriers, there are
significant practical problems with this system.54,55 First, this approach
requires an electromagnet that generates magnetic fields sufficient for extra-
corporeal control of the carriers in deep organs. Second, the magnet is
expected to permit simultaneous fluoroscopic monitoring for arterial cathe-
terization. However, frequent or continuous generation of strong magnetic
fields may interfere with fine fluoroscopic monitoring and produce severe
problems in the x-ray generator. Further studies of strong magnetic-field
toxicity are needed.

The loading device reported by Langer et al.56 for controlled release of
macromolecules is rectangular-shaped and consists of two glass plates. When
the plates are shifted with respect to each other such that the upper and
lower holes are offset, the magnetic beads remain in the holes. The plates
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with the beads are positioned over the polymer slab in the mold. When the
plates are shifted back, so that all the holes are aligned, the magnetic steel
beads drop onto the polymer slab in a uniform array. The device used for
“triggering” a release acts by creating an oscillating magnetic field. As the
magnet-mounted plate turns, the stationary polymer matrices are exposed
to an oscillating magnetic field. A motorized speed regulator allows for
variation of the field frequency.

Several sets of experiments using variable frequencies have been con-
ducted. It was found that frequency strongly affected release rates. For
example, after 180 hours of release, exposure of the slabs to frequencies of
155, 200, 290, and 325 rotations per minute resulted in increases over baseline
of 133%, 150%, 450%, and 733%, respectively, when the oscillating field was
turned on. Tests were also conducted to examine the effect of magnetic-field
strength on release rates. In studies where increases in modulation upon
exposure to the magnetic field were tested as a function of the strength of
that field, a steep curve was obtained. By using the appropriate frequency
and field strengths, increases in release rates due to the magnetic field could
be as much as 30-fold over baseline.

Microscopic studies have been carried out on the mechanism of release.
In these studies, it was observed that the area immediately surrounding the
bead in the matrix is the first to be depleted of a drug. This observation,
coupled with earlier findings that these matrices are highly porous, and that
drugs are released through these pores, suggests that the beads may have
an effect on the pores during exposure to the oscillating field. A suggested
mechanism is that pores leading to the surface of the system are alternately
dilated and constricted, thereby “milking” out the drug. Alternatively, new
portals of exit and communication could form within the matrix due to
internal effects on the matrix during magnetic exposure.

In another study, Morris et al.57 reported that magnetically responsive
albumin microspheres bearing doxorubicin and magnetite could be selec-
tively localized in vivo, resulting in release of significant concentrations of
drug in a defined area. By using appropriate magnetic parameters, 50 to 80%
of the injected carrier could be targeted, thus eliminating systemic distribu-
tion and subsequent toxicity of the entrapped agent. In addition, it has been
reported that a remission rate of 75% (based upon histological examination)
was achieved in Yoshida sarcoma-bearing rats when adriamycin-containing
magnetic microspheres were targeted to the tumor.

Morris et al.57 have also studied magnetic albumin microspheres con-
taining vindesine sulphate. They showed that a single dose of vindesine, if
administered encapsulated in magnetic microspheres and targeted to the
tumor site, can achieve 85% remission of the tumor. No evidence of
metastases was found in animals treated with targeted vindesine at necropsy.
The dramatic response to targeted vindesine is in contrast to control animals
receiving either the free drug or drug encapsulated into microspheres but
without magnetic localization. It is interesting to note that all animals receiv-
ing free vindesine died from the drug, however, animals receiving the same
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dose administered intraarterially, but encapsulated in microspheres, suffered
no acute toxicologic problems. Nontargeted treatment of the tumor, however,
even with this dosage, was ineffective. By sequestering the drug to a tumor
via magnetic localization, one may use a much lower concentration of drug
than is needed if the drug is given systemically.

It is anticipated that this mode of therapy will prove clinically useful in
the treatment of localized primary lesions with well-defined blood supplies.
Since has been demonstrated that microspheres slowly release drug into the
tumor environment over time, multiple agents may, in theory, be delivered
concomittantly or sequentially to achieve maximum tumoricidal effects. In
this way, maximum chemotherapeutic effects may be achieved before drug
resistance occurs as microspheres are readily phagocytosed by tumor cells.
Finally, sustained release of entrapped drugs within the tumor may enhance
the cytotoxic effect of the drugs, as they will be able to affect tumor cells at
critical times when the cells pass through various phases of the cell cycle.

In a study by Ito et al.,58 ultrafine magnetic ferrite granules were used
as drug carriers in treating esophageal cancer. The 5-mg granules contained
a mixture of hydroxypropyl cellulose and Carbopol 934. When the granules
were flushed into an agar-gel tube, 90% were held in the region of the applied
magnetic field. When the granules were administered to rabbits through a
catheter, all the granules remained in the region of the magnetic field for 2 h
after magnetic guidance for the first 2 min.

Magnetic delivery has also been used with antibiotics in patients with
bacterial and fungal abscesses and other sequestered infections, such as
prostatitis and osteomyelitis. Another potential use is for the delivery of
fibrinolytic agents in the treatment of deep-vein thrombosis (DVT) and pul-
monary embolism and to deliver urokinase and neutrophil-attracting pep-
tides, such as FMLP, for example.59,60

D. Intravaginal delivery

Some systemically active drugs, such as steroid hormones, may be effectively
absorbed through the vaginal mucosa. The effectiveness of vaginal absorp-
tion has been demonstrated by the intravaginal administration of progest-
erone via a drug-impregnated suppository formulation. Using the vagina as
the route of administration for contraceptive drugs has several advantages.
Among these, the most practical one is that a drug-releasing vaginal device,
such as a medicated, resilient vaginal ring, could permit self-insertion and
removal and provide continuous administration of an effective dose level,
thus ensuring better patient compliance. Additionally, this continuous “infu-
sion” of drug through the vaginal epithelium may contribute to reducing
systemic toxicity or inefficient biological activity resulting from the varying
plasma drug levels that occur with the intermittent use of oral contraceptive
pills. Also, a rather steady plasma plateau can be obtained within two or
three days after insertion of the vaginal ring and may be attained throughout
treatment with minimal fluctuation until removal of the ring.61,62
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Hepatic “first-pass effects” and GI incompatibility can be bypassed when
drugs are administered intravaginally. The perineum venous plexus, which
drains the vaginal tissue and rectum, flows into the pudentum vein and
ultimately into the vena cava, thus initially bypassing the portal circulation.
This is in marked contrast to GI blood, as mentioned previously, which drains
into the portal vein and passes directly through the liver before reaching the
general circulation and the target tissues. Thus, the vaginal route may be of
great value with drugs like progesterone and estradiol, which have poor
bioavailability when taken orally because they are extensively inactivated
by hepatic metabolism. In addition, the intravaginal route of administration
can also be beneficial for drugs such as prostaglandins, which cause adverse
GI irritation.

Intravaginal absorption of a therapeutic agent from a controlled-release
drug delivery system, such as a medicated vaginal ring, can be visualized
as having several consecutive steps. For the drug-dispersing vaginal ring,
the steps consist of the dissolution of the finely ground, well-dispersed drug
particles into the surrounding polymer structure, diffusion through the poly-
mer matrix to the device surface, partition into and then diffusion across the
vaginal fluid (which is sandwiched between the vaginal ring and vaginal
walls), uptake by and then penetration through the vaginal wall, and trans-
port and distribution of the drug molecules by circulating blood or lymph
to a target tissue. The important features of this theoretical model are: the
receding interface of the drug-dispersion zone/drug-depletion zone in the
polymer matrix as the drug is released with time; an aqueous hydrodynamic
diffusion layer (the vaginal fluid) sandwiched between the vaginal drug
delivery device and the vaginal wall; and the vaginal wall composed of a
lipid continuum with interspersed “pores” or an aqueous shunt pathway.
The rate-controlling step in this whole course of intravaginal absorption of
drug is dependent on the duration of vaginal residence of the medicated ring.

It is assumed that the finely ground particles are homogeneously dis-
persed throughout the polymer matrix structure, such that dissolution of
drug in the polymer phase is not a rate-limiting step, and that a sharp
interface is maintained between the drug-dispersion zone and the
drug-depletion zone; the interface recedes continuously into the core of the
device with time. It is also assumed that the total drug content per unit
volume, including the undissolved particles, is much greater than the drug
solubility in the polymer. The drug molecules are visualized as reaching the
device surface by diffusion through the polymer matrix structure, with a
negligible end diffusion, for simplicity of mathematical treatment. Under
these conditions, a drug-concentration gradient is established that extends
from the receding interface of the drug-depletion zone/drug-dispersion zone
to the outer reaches of the vaginal tissue.

In medical practice, vaginal administration of drugs is limited almost
exclusively to the treatment of local disorders, such as fluor albus and other
infections. Thus, amoebicides, sulfonamides, antibiotics, and disinfectants
are frequently prescribed or sometimes combined with local anesthetics and
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astringents. Estrogens are also given to restore the vaginal mucosa. In con-
traception, spermicidal compounds have been applied. In 1980, prostaglan-
dins as abortion-inducing compounds have also been administered by this
or the rectal route. However, with the exception of steroids, it remains doubt-
ful that there is much use for this route with respect to drugs that act
systemically.61

An important aspect in the choice of a drug for vaginal aadministration
is that it can remain there long enough to be effective. This will require
sufficient solubility and dissolution rates, whereas no absorption should
occur. The vaginal membrane transport obeys first-order kinetics for com-
pounds such as aliphatic alcohols and alkanoic acids, and the membrane
behaves as an aqueous diffusion layer in series with two parallel routes (i.e.,
lipoidal pathway and an aqueous pore pathway). Drugs that are to remain
unabsorbed should perhaps be ones that remain ionized at vaginal pH, such
as quaternary ammonium compounds. The pH at the surface of the absorb-
ing membrane follows the luminal pH quite closely, and negligible amounts
of the titratable species can be secreted. At times, the buffer species them-
selves influence the rate of membrane transport, either promoting (citrate
and tromethamine) or decreasing it (borax). Other buffers are without effect
(phosphate and phthalate). As these results refer to rabits, more data will be
required on other species to permit extrapolation to the human situation.

The contraceptive vaginal ring provides a method of delivering steroids
via the vagina. Because the ring may be left for 3 weeks or longer at a time,
it provides a more convenient alternative to the pill for many users. The
constant release, thus avoiding peaks and valleys of steroid concentration,
and the mode of delivery means that, for equal doses, a lesser concentration
reaches the liver than by oral delivery.

As with implants, the contraceptive rings that have been most explored
have been made of Silastic. They are of toroid shape, with an overall diameter
of 50 to 60 mm and a cross-sectional diameter of 7 to 9.5 mm. The dispersion
of steroid within the ring depends upon the steroid and the desired dose. A
homogeneous dispersion results in a decreasing release rate as the material
near the surface is exhausted and the diffusion distance becomes greater. In
the case of steroids of high solubility in Silastic, or in case only low doses
are to be delivered, the steroid is confined to the center of the ring.

Further reduction in the amount delivered can be attained by making
the core loading discontinuous. If the amount of steroid to be delivered is
so large that the desired rate can be attained only if the diffusion distance
is kept short, then constancy of rate of delivery can be approached by placing
all of the steroid in a thin layer. This is the design that has been termed a
“shell” ring.62 By far, the most experience has been attained with rings
delivering levonorgestrel (290 mg) and estradiol (180 mg) each day. The rings
are designed for at least six cycles of use before replacement. These rings,
like the usual combination pill, block ovulation in nearly all cycles.

The greater frequency of vaginal discharge among ring users contributes
significantly to its discontinuation rate. Vaginitis leukorrhea, or vaginal dis-
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charge, was observed in 23% of ring users and 14% of pill users. Cervicitis,
or cervical erosion, was not significantly elevated among ring users.63–69

Investigations of rings delivering other steroids have been discontinued
for a variety of reasons. Norethindrone rings have not reliably inhibited
ovulation even at high doses, and doses of 200 mg/day were associated with
unsatisfactory bleeding patterns. Progesterone at 2.2 mg/day inhibited ovu-
lation in only about half of the cycles. The addition of estradiol to the rings
did not improve the pattern.70,71

Medroxyprogesterone acetate at dosages of 0.65 to 1.5 mg/day inhibits
ovulation and gives good bleeding control. However, its evaluation was
discontinued because of the difficulties in designing a ring that would deliver
this dose of steroid over a several-month period and because of the questions
regarding the safety of medroxyprogesterone acetate that followed the find-
ing of mammary tumors in beagle bitches administered high chronic doses.
The contraceptive vaginal ring appears to have assumed a place in fertility
control. The magnitude of that role may depend on user perceptions of the
convenience it offers as compared with alternative methods. Changes that
enhance the convenience of use may also enhance its role72–74 (see Figures
8.7 and 8.8).

Fildes and Hutchinson75 have described a sustained-release delivery
device containing a hydrophilic linear block, polyoxyalkylene-polyurethane
copolymer, and, optionally, a buffer. A drug delivery device for releasing a
drug at a continuous and controlled rate for a prolonged period of time has
been reported by Higuchi and Hussain.76 It is composed of polymeric material
containing a drug and is permeable to passage by diffusion. The polymeric
material is an ethylene-vinyl acetate copolymer having a vinyl acetate content
of 4 to 80% by weight. In addition to ease of fabrication, this drug delivery
device offers other important advantages. One of these is that diffusion of
drugs, such as progesterone, through ethylene-vinyl acetate copolymers pro-
ceeds at a lower rate than through silicone rubber. This is important because
it ensures that the rate of drug administration is controlled by diffusion
through the polymer rather than by clearance from the surface of the device.77,78

Williams79 has described an improved method of delivering drugs to the
vagina wherein a water-soluble polymeric material, shaped in the form of a
cartridge or sheath, is impregnated with a drug and inserted into the vagina.
The drug is released as the polymer disintegrates in the vaginal fluid. In a
modification of this invention, a tampon is inserted into the cartridge prior
to insertion into the vagina. As the tampon expands to fill the vaginal cavity,
it brings the polymer/drug system into close contact with the vaginal wall
surface. The tampon serves to maintain the surface area and to absorb dis-
charges that may result from certain infections.

Magoon et al.80 have described a positive-pressure drug-releasing device.
The positive-pressure mechanism includes a compression spring that exerts
a constant force to reduce the size of a variable-volume chamber containing
a drug solution capable of passing through a diffusion membrane and of
being absorbed by the vaginal or uterine epithelium. One wall of the chamber
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includes a supported diffusion membrane; a second wall of the chamber, or
a compartment of that chamber, takes the form of a plunger driven by the
compression spring. Where the cavity constitutes the vagina, the device is
additionally provided with flexible retaining elements that project radially
outward from the end of the casing opposite from the end in which the
diffusion membrane is supported. The result is a dependable and relatively
simple drug delivery device that utilizes a positive-pressure mechanism and
is not dependent upon osmotic pressure.

Roseman et al.81 have described a vaginal contraceptive suppository
having both a rapid release of active ingredient and prolonged duration of
effectiveness. The suppository comprises a mixture of sodium starch glyco-
late, a thicknening agent, and a vegetable oil base combined with a spermi-
cide. The invention reported by Drobish and Gougeon82 encompases devices
used in the vagina to deliver spermicidal surfactants. By virtue of their
unique construction and shape, the devices are foldable for easy insertion.
Once in position at or near the cervical os, the devices open to cap or block
the os and remain in position, so that access of the spermicidal surfactant to
the cervical os is not interrupted.

Hughes83 has described nonobstructive U-shaped devices for such pur-
poses as supporting the uterus or for releasing spermicidal and other con-
traceptive agents or deodorants. More specifically, this invention provides
devices having U-shaped geometries which, when properly oriented, will
not obstruct the portion of the vagina anterior to the cervix uteri so that the
device does not produce interference or discomfort.

An intravaginal therapeutic system for the preprogrammed, unattended
delivery of a drug is described by Wong.84 The system is composed of a drug,
a delivery module containing a reservoir for storing the drug, and a rate
controller that maintains delivery throughout the life of the system. It also
has an energy source for transferring drug from the reservoir to the vagina;
a portal for releasing the drug from the module to the vagina; a platform
that integrates the module into a unit size, shaped and adapted for insertion
and retention in a vagina; and a therapeutic program that provides for the
controlled release of drug to produce a beneficial effect over a prolonged
period of time.

Laughlin85 has reported that solutions of micelle-forming surfactant
compounds can be enclosed in a container comprising a microporous mem-
brane for release. Devices prepared in this manner are stable and do not
suffer osmotic rupture when placed in body cavities in contact with body
fluids. Rather, they provide controlled release of the surfactants. Proper
selection of a surfactant provides a means for achieving various biological
effects (e.g., antimicrobial or spermicidal activity).86–90

The efficacy and performance of a steroidal contraceptive preparation is
influenced by the ratio of the progestogenic and estrogenic components. For
oral contraceptives, the optimum ratio can easily be obtained by making
tablets containing the required amounts of progestogen and estrogen. How-
ever, for long-acting membrane-controlled delivery systems, this simple
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approach is less feasible, especially when the steroids have to be released in
a ratio of 5–10 to 1. To achieve controlled release of 3-keto-desogestrel and
ethinyl estradiol for at least 30 days from a vaginal delivery system in a 5–10
to 1 ratio, de Nijs et al.91 developed a multicompartment intravaginal ring
system. The system consists of two or more silicone rubber tubes — the
shorter one containing both steroids, the longer one containing just the
3-keto-steroid — that are connected to form a ring by glass stoppers of a
special shape. The shape and consistency of the glass stoppers prevent dif-
fusion of ethinyl estradiol from the short compartment, thus preventing too
large an effect. Administration of keto-desogestrel via the vaginal route
showed a 1.5 times improved bioavailability than via the oral route.

E. Intrauterine delivery

Development of intrauterine contraceptive devices (IUDs) began in the
1920s, with the first generation of IUDs constructed from silkworm gut and
flexible metal wire. These early types of IUDs soon fell into disrepute because
of the difficulty of insertion, the need for frequent removal as a result of pain
and bleeding, and other serious complications. Subsequently, plastic IUDs
of varying shapes and sizes were made available. Various inert, biocompat-
ible, polymeric materials — such as polyethylene, ethylene/vinyl acetate
copolymer, and silicone elastomer — were widely used to construct IUDs.
The effectiveness of the nonmedicated plastic IUDs was found to be in
proportion to the surface area of the device in direct contact with the
endometrium; that is, large IUDs are more effective in preventing pregnancy
than small ones. Unfortunately, the large devices also cause more endome-
trial compression and myometrial distension, leading to increased incidence
of uterine cramps, bleeding, and expulsion of the IUDs.

Investigators have developed numerous IUDs in the last 20 years with
the aim of eliminating these side effects. Unfortunately, variations in the
shape or the size of IUDs have failed to minimize the side effects and,
concurrently, to improve the contraceptive efficacy as much as was hoped.
Therefore, efforts have been shifted to the improvement of intrauterine con-
traception via the inclusion of drugs in the IUDs. The controlled release of
antifertility agents from IUDs was developed, and contraceptive metals, such
as copper, were added to the IUD frame, and a progestin-releasing IUD was
developed. The objectives were to add either antifertility agents to the more
easily tolerated, smaller devices, such as the T-shaped device, to enhance
their contraceptive effectiveness; or antifibrinolytic agents, such as e-ami-
nocaproic acid and tranexamic acid, to the larger, more effective IUDs to
minimize the incidence of bleeding and pain.

IUDs have played a significant role in contraceptive practice since the
mid-1960s. They do not necessarily depend upon drug delivery for their
action, and devices consisting only of inert plastic, such as polyethylene, are
still widely used. The mechanism of action of inert devices is not thoroughly
understood, but a prominent theory is that they cause enough local inflam-
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mation to cause leukocytes to enter the uterus in large numbers, and the
enzymes released interfere with implantation. There is also evidence that
they interfere with sperm survival. The possibility of enhancing effectiveness
while at the same time reducing the incidence of bleeding and pain has
prompted the investigation of medicated IUDs. A reduction in bleeding and
pain was expected because smaller devices could be used when effectiveness
was attained with drug release. Two types of medicated devices have been
introduced — those releasing copper and those releasing progestins.92,93

The copper devices consist of a plastic support wound with copper wire
or fitted with copper collars. The metallic copper slowly undergoes oxidation
and releases copper ions. It therefore constitutes a sustained-release dosage
form. Devices in common use release about 20 mg of copper per day, although
the amount released in the first few months of use may be as great as 100
mg/day, diminishing to 10 mg/day or less after periods of 1 or 2 years.94 The
amount of copper used is such that the copper will not be exhausted until
15 to 40 years of use, although with some wire-wound models, uneven
corrosion may cause loss of discrete segments of the wire and thus greatly
shorten the life of the device. Copper-bearing IUDs were introduced into
distribution in the early 1970s and are widely used. The most effective
copper-bearing devices have given annual pregnancy rates of one or less per
100 users.95 This represents a significant improvement over the pregnancy
rates experienced with inert devices.

IUDs delivering progestins may be expected to have progestational
effects on the endometrium and to cause thickening of the cervical mucus,
in addition to the effects on leukocyte infiltration characteristic of any foreign
body placed in the uterus. The effects on cervical mucus may add signifi-
cantly to antifertility effectiveness by inhibiting sperm access. A ste-
roid-releasing IUD, Progestasert, was marketed by Alza Corporation in the
mid-1970s.96 Physically, the device consists of a T-shaped polyethylene sup-
port whose vertical arm is fitted with a sleeve containing the steroid. The
sleeve consists of an inner reservoir of steroid, a silicone polymer, and an
outer rate-regulating layer of polyethylene-vinyl acetate. Since the steroid is
more soluble in the silicone polymer in the interior of the device than in its
outer membrane of polyethylene vinyl acetate, the outer membrane is con-
stantly exposed to a saturated solution of steroid in silicone.

The steroid thus has at all times a constant diffusion distance to the
exterior of the device. In vivo results have shown a decline in release rate of
about 25% in 1 year. A principal disadvantage of Progestasert in its present
form is the required frequency of replacement (replacement is recommended
after 1 year of use). An additional area of concern with the Progestasert
device is the incidence of extrauterine pregnancies.97

A second steroid-releasing IUD uses levonorgestrel as the active agent.
A particular advantage lies in the high potency of this steroid, coupled with
its low solubility in Silastic, so that devices can readily be designed that will
deliver contraceptive doses for many years. Both the devices used by Nilsson
et al.98 and El-Mahgoub99 incorporate the steroid in a core in which it is

© 2004 by CRC Press LLC 



mixed homogeneously with Silastic, with the release rate being modulated
by a Silastic tube fitted over the core.

The levonorgestrel IUDs depress the endometrium, and the effectiveness
of the devices undoubtedly depends on this effect and on the thickening of
the cervical mucus. The doses used are not sufficient to block ovulation in
most cycles. Although the plasma levels are low, as compared with those of
pill, ring, and implant users, results in a comparative trial with copper IUDs
indicated that levels were high enough to result in some systemic steroid
effects. Increases in headaches, nervousness, depression, and acne were
reported by about twice as many levonorgestrel IUD users as by users of
the Nova T Copper IUD that was included in the same trials.100

A variant of the intrauterine IUD is an intracervical device. Intracervical
devices have generally been received cautiously because they might serve
to keep the cervix more open than IUDs and thus a better pathway for
infection, and because of the high rates of expulsion experienced with intrac-
ervical devices in earlier trials. If these problems can be overcome, the devices
are of interest because less skill is required for placement and because ste-
roid-releasing intracervical devices might have differential effects, with more
effect on cervical mucus and less on the endometrium than corresponding
intrauterine devices (see Figures 8.7 and 8.8).

Cameron101 has described a preparation for the purposes of a prolapsed
uterus. The composition of this preparation (ointment) is alum, glycerol, and
a soft solid carrier. It may also contain Epsom salts and a local anesthetic,
such as procaine hydrochloride. The glycerol acts as a solvent for the alum
and the Epsom salts. The ointment is preferably coated on a gauze pad and
applied by placing it on the sore area of the uterus. The gauze pad may have
a string attached to it for convenient removal.

An intrauterine device described by Lerner et al.102 is composed of a
plastic matrix having particulate material dispersed within it. This device
has a contour that conforms to the midrange of the uterine cavity and has
a number of lateral fins, which promote retention and permit accommoda-
tion to uterine contractions and variations in uterine shape extending out-
wardly from a central membrane portion.

Preferably, the intrauterine device is a composite formed of a plastic
material, such as a copolymer of ethylene and vinyl acetate, polyethylene,
polypropylene, polyvinyl chloride, nylon, or silicone rubber.103,104 Most pref-
erably, the plastic material is a copolymer of ethylene and vinyl acetate, such
as UE 632 (U.S. Industrial Chemical Corp.), which contains 13 to 15% by
weight vinyl acetate. In addition, the plastic matrix contains dispersed par-
ticulate material. The particulate material includes a metal and a metal salt,
but may contain either alone. By way of example, metals that are satisfactory
for contraception are copper, zinc, silver, platinum, or cadmium.102

A bioerodible intrauterine device that enables improved administration
of pregnancy-interrupting drugs has been developed by Ramwell.105 This
drug delivery device, in its broadest aspects, comprises a body of polymer
having drug dispersed through it, and is capable of bioeroding in the uterus
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over a prolonged period of time. The device is of a shape and size adapted
for insertion and retention in the uterus or cervix uteri. As the body of
polymer gradually erodes, it releases the dispersed drug at a controlled rate.
Exemplary bioerodible materials include both natural and synthetic materi-
als, such as structural proteins and hydrocolloids of animal origin, polysac-
charides and other hydrocolloids of plant origin, and synthetic polymers.
Such devices are useful for delivering all types of drugs to the uterus. How-
ever, these devices deliver with special efficiency progestational and estro-
genic substances that have antifertility properties.

A polymeric device for the controlled release of progestational agents
has been developed by Zaffaroni.106 A local, contraceptively active steroid
metabolite of progesterone is confined within the polymer. The polymeric
material continuously meters the flow of an effective amount of the steroid
to the uterus at a controlled rate. The material can be of suitable shape known
to promote insertion and retention in the uterine cavity over short to pro-
longed periods of time. Alternatively, the polymeric release-rate-controlling
material can be attached to an intrauterine device or intrauterine platform,
which is effective for short- to long-term retention in the uterine cavity. In
general, suitable devices can be obtained by distributing the steroid in a solid
or gel matrix of the polymeric rate-controlling material, microencapsulating
the agent, and then distributing the microcapsules in the polymeric rate-con-
trolling material or confining the agent in a hollow container within the
polymeric rate-controlling material.

Since this device is designed to control fertility for an extended period
of time, such as 1 h to 3 or more years, there is no critical upper limit on the
amount of steroid incorporated into the device, as it meters a regulated
amount. Generally, the devices will contain from 250 mg to 5 g or more of
agent.

A tubular device for suppression of fertility by the slow release of a
progestin within the uterus has been described by Schommegna.107 Test
results have shown that ovulation and the menstrual cycle are not sup-
pressed and that slow release of a progestin within the uterus produces
superficial endometrial suppression. It is believed that this effect interferes
with the reproductive process by making the endometrial surface unrecep-
tive to the implantation of the fertilized ovum.

The progestin-containing capsule is maintained within the uterine cavity
by an intrauterine device, to which it may be attached or of which it may
be an integral part, the latter being preferred. This device comprises three
capsules arranged in a triangular configuration and joined together by
rounded juncture pieces. Each of the capsules comprises a short length (about
3 cm) of silicone elastomer tubing containing about 30 mg of a progestin,
such as norgestrel. The juncture pieces are made of resilient polyethylene.

When fully assembled into the rounded triangular shape, the intrauter-
ine device has sufficient rigidity to maintain its shape when not subjected
to outside forces, but still is easily flexed as required for insertion into the
uterine cavity. Once the device is in place within the uterine cavity, the
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capsules slowly release the progestin at a rate that varies with the length
of the capsules, the thickness of the capsule walls, and the nature of the
progestin. It has been found in clinical tests with progesterone-containing
intrauterine T-shaped devices of this type that pregnancies are reduced to
a substantially greater extent than would be expected from the mechanical
action of the device. There were no pregnancies in patients in whom the
device remained in position, and the capsule did not become depleted of
progesterone.108,109

A method for treating hypermenorrhea by administering a progesta-
tional steroid to the uterine endometrium in low dosage over an extended
duration of time has been described by Pharriss et al.110 The system used
administers 50 to 70 mg per day to the uterus over a prolonged period of
one year. The system is made of ethylene-vinyl acetate copolymer, and the
reservoir contains progesterone in silicone oil (see Figures 8.5 through 8.8).

F. Rectal delivery

In the 18th century, a French pharmacist, Baumé, introduced cocoa butter as
a vehicle for the preparation of suppositories, and this made further progress
possible for the use of the rectal route for the administration of drugs. A
great variety of fatty vehicles have been developed, both during and after
World War II. Also, nonfatty vehicles have become available, and other
dosage forms, such as ointments, microenemas, and soft-shell gelatin cap-
sules, are in use for rectal administration.

The rectal route of administration can be utilized for both local and
systemic effects. Suppositories and ointments for local effect are almost
exclusively used for the relief of pain and itching due to hemorrhoids, with
such common constituents as astringents, antiseptics, antipruritics, vasocon-
strictors, and local anesthetics. However, suppositories can melt or soften in
the ampulla-recti and spread through the rectum and will thus have at least
partly passed the target (i.e., the anus).

For laxative purposes, retention enemas or suppositories of glycerine
gelled by soap can be given, in addition to drugs. For the same purpose,
suppositories releasing carbon dioxide after insertion, thereby stimulating
defecation, have been usd. Retention enemas can also be used for local
treatment, as in colitis; corticosteroids, either with or without antibiotics, are
then dissolved or suspended in a moderately viscous aqueous medium. Two
recent developments are microenemas and soft-shell gelatin capsules.
Microenemas are supplied in a plastic container (Rectiole) with an applica-
tion tube. After insertion of the tube, the container is emptied by compres-
sion. This permits the use of either aqueous or oily solutions for systemic
application of drugs. Capsules used to achieve a systemic effect are filled
with oil or paraffin. Of all the forms, fatty suppositories containing a sus-
pended drug substance are the most widely used. Commonly used are
suspensions of water-soluble substances in cocoa butter or in one of the
many semisynthetic vehicles. These are prepared by hydrogenation of veg-
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Figure 8.5 Classification of drug modification. (Copyright 1977 by the American
Pharmaceutical Association, Design of Biopharmaceutical Properties through Pro-Drugs
and Analogs. Reprinted with permission of the American Pharmaceutical Association.)
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Figure 8.6 OSMET rectal system.

Figure 8.7 Tampon impregnated with contraceptives. (From Johnson, J.C., Ed., Sus-
tained Release Medications, Chemical Technology Review No. 177, 1980, 275. With
permission.)

Figure 8.8 IUD with a replenishing drug reservoir. (From Johnson, J.C., Ed., Sustained
Release Medicatins, Chemical Technology Review No. 177, 1980, 286. With permission.)
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etable oils (e.g., coconut oil) or by esterification of glycerine with saturated
fatty acids isolated from hydrolyzed vegetable fats.

Differences between vehicles thus occur (e.g., in hydroxyl number). The
actual importance of this is not yet fully understood, but it seems essential
that switching from one vehicle to another be avoided in order to prevent
batch-to-batch variations. The same holds for bases containing extra emul-
sifying agents. The aqueous glycerinated gelatin vehicles are an exception
and are only used for topical treatments. The macrogels are sometimes used
for drugs that are fat-soluble or (e.g., for chloralhydrate).

Drug uptake from the rectum is not essentially different from that in
other parts of the GI tract. Differences that do occur can be attributed to
anatomy and physiology, rather than to specific membrane properties. Pas-
sive diffusion is still regarded as the main governing absorption mechanism.
Therefore, solubility and partitioning parameters of the drug substance are
of paramount importance. The lower rectum is surrounded by veins draining
directly into the general circulation, whereas the upper and middle rectal
veins lead to the vena porta. Because of many anastomoses between the two
regions, a sharp separation cannot be assumed. The absorption step itself
seems to follow the pH partition theory, at least in a quantitative sense. For
drug design, the question is still open as to whether one has to adhere strictly,
in this case, to molecules that are mainly un-ionized in the physiological pH
range of 7.5 to 8.0. Currently, it still seems a good choice, although more
evidence is becoming available that drugs that are completely ionized, like
quaternary ammonium compounds, are also absorbed to a limited extent
after rectal administration (i.e., <10%)

Depending on the nature of the vehicle and of the drug substance,
different release mechanisms are involved. In water-soluble vehicles, mostly
used for drugs like indomethacin that are poorly soluble in water and that
have an appreciable solubility in fat, the drug will be present as a solution
in PEG. In that case, the drug substance will be released as soon as contact
has been made between vehicle and rectal fluid. Absorption will then be
limited, either by membrane transport or by the diffusion rate in the aqueous
contents of the rectum and the partitioning behavior between membranes
and contents of the rectum. For drugs, such as indomethacin, it has been
reported that in vitro release, and to a somewhat lesser extent in vivo absorp-
tion, is more rapid from a water-soluble than from a fatty vehicle. In cases
where the drug substance is suspended in an aqueous vehicle, the particle
size will be an additional parameter that may be rate-determining.

Many drug substances are liable to be bound by polyethylene glycols.
The same considerations hold for microenemas, which contain the drug in
PEG-containing solutions. But again, these types of delivery forms are only
rarely used, and most emphasis has been placed on fatty vehicles, in partic-
ular, suspensions of relatively highly water-soluble drug substances. Princi-
pally, two different release mechanisms are possible: the suspended drug
dissolves in the vehicle and is released through diffusion; and the suspended
drug comes into contact with the aqueous rectal fluid and dissolves in it.
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A model has been developed for suspension ointments, and in some
instances, this model has been applied to suspension suppositories. Since
suppositories melt fairly rapidly after insertion, a rather thin layer of a
medium-viscosity suspension is formed. Assuming that the particles spread
homogeneously with the vehicle, not all conditions under which the model
operates are met. The particles will not remain distributed homogenously
throughout the vehicle, but will reach an equilibrium position in the vehicle/
rectal fluid interface. This is because the viscosity of the melted suppository
permits particles to settle. This is reflected in the observed rate of release
from suppositories, which is far more rapid than predicted. Therefore, a
release mechanism composed of three steps may be inferred. These steps
are: approach of the suspended drug particles toward the interface between
the melted vehicle and the aqueous rectal fluid, transport through that inter-
face, and dissolution in the aqueous rectal fluid.

This transport process (the first step) may take place through two differ-
ent driving forces. First, sedimentation is possible as soon as the viscosity is
lowered during the melting process. This will be all the more important as
the spreading area is smaller, and therefore the layer thickness of the melted
mass remains larger. Second, the pressure waves occurring in the rectum
may induce particle motion in the melted mass and thus collision with the
interface, in which the particles will reach an equilibrium. Both processes
would predict an influence of viscosity of the melted mass and also of the
particle size of the drug. This latter observation is in contrast with the Higuchi
ointment treatment, where no such influence is predicted. Also, particle con-
centration could be a factor, as it influences the viscosity of a melted mass.
Particles will cross the interface (the second step), depending on their surface
properties, in relation to the same properties of both liquid phases.

The dissolution process (the third step) is clearly an intrinsic property
of the drug substance and can be derived by using the appropriate equations.
There is one factor, however, that has to be considered (i.e., the surface
exposed to the dissolving rectal fluid). The situation at the interface is not
comparable to the one in which a particle dissolves in a stirred medium. The
flow of liquid is negligible, and the particle continuously adjusts its position
to maintain its equilibrium position as dictated by the surface forces. It is
also relevant to know if one of the steps is rate-limiting and, if so, which
one. Experiments have been performed in a model system consisting of
different substances suspended in paraffin, as the fatty vehicle substitute,
and water. For a highly soluble substance, the second and third steps are
rapid and the release rate is limited by the first step, at least in the thickness
layer used (1 cm).

The rectal route of administration has been reviewed by de Boer111 and
co-workers. The rectal route has received considerable attention as an alter-
native to oral administration, and is employed relatively frequently in phar-
maceutical usage for either local or systemic effects. The successful enhance-
ment of rectal absorption by the use of adjuvants has been extensively
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reported by Nishihata and co-workers,112 who have discovered a number of
potential adjuvants that facilitate transport across the rectal mucosa.

Modozeniec et al.l13 examined both rectal and oral delivery devices in
rats, beagle dogs, and humans by noninvasive methods to determine in vivo
release characteristics of experimental devices. The noninvasive procedures
were minor modifications of the techniques performed by Beihn and Dige-
nis.114 The preliminary biopharmaceutical considerations for the rectal dos-
age forms described in this work showed that the data base exhibited con-
siderable biovariability. Attempts to identify the formulation variables and
the working mechanisms for rectal absorption required a more rigid expla-
nation of the fate of the dosage form under in vivo release.

For these reasons, qualitative and quantitative information was obtained
on the disposition of Witepsol H15 suppositories labeled with 99Tc-HDP
using external scintigraphic techniques in combination with lower GI radio-
graphs. A variation in one of the subjects demonstrated that the insertion of
the suppository blunt-end first or pointed-end first apparently made no
difference in suppository movement or spreading behavior. The suppository
generally stayed within 5 to 7 cm of the anal canal in the rectum. All subjects
showed a negative biphasic slope of count activity from the original insertion
site and a positive slope of activity from the area surrounding the original
dosage form after an initial plateau. This plateau was interpreted as due to
liquefaction and collapse of the suppository.

The major reasons for the biovariability experienced with the several
rectal dosage forms studied appear to be the rate of liquefaction and the rate
of spreading of the liquefied mass. As a major route of drug administration,
rectal administration is relatively unaffected by food and diet and GI motility
and is controlled only by defecation.

Hayakawa et al.115 have determined the relative effectiveness of several
penetration-enhancers on the rectal absorption of insulin across the isolated
rectal membrane of the albino rabbit. These were DTA, polyoxyethylene
9-lauryl ether (POE), Na glycocholate (GC), Na taurocholate (TC), and Na
deoxycholate (DC). Of the enhancers, 1% POE was as effective as 1% DC
and 2.5 to 3% GC and much more effective than 0.01% EDTA. Increasing the
EDTA concentration to 0.1% did not improve its effectiveness. However, it
augmented the effectiveness of 1% GC approximately tenfold. To explain
these results, it has been speculated that the main effect of GC was deaggre-
gation of insulin, whereas that of EDTA was disruption of membrane integ-
rity. Alternatively, it is possible that the membrane-disruptive effect of EDTA
may occur only in an already damaged membrane.

Byrne and Aylott116 have developed a slow-release suppository consist-
ing of a linear polymer, water, and drug. The water is present in excess of
more than 35 parts by weight. In general, the mechanical properties of
suppositories containing between 35 and 40 parts by weight of water are
not as good as the mechanical properties of suppositories containing approx-
imately 50 parts by weight of water. A pharmaceutical vehicle for suppos-
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itories capable of releasing the effective ingredient over approximately 24
hours has been desired.

A pharmaceutical vehicle described by Aoda et al.117 is characterized in
that, in Ringer’s solution, the vehicle is gradually swollen, cracks, disinte-
grates, and uniformly releases drug over a period of several to 24 hours. The
vehicle is composed of a fatty acid glyceride having a melting point higher
than 37∞C; a water-soluble, low-viscous, and nonirritating organic substance
having a particle size smaller than 28 mesh and a viscosity lower than 300
cps, as measured with respect to a 2% aqueous solution; an organic polymeric
substance having a particle size smaller than 28 mesh that is capable of
swelling upon contact with water; and a water-soluble, surface-active agent.

The industrial manufacture of suppositories normally involves a moul-
ding process in which a molten mixture of suppository base and active agent
is poured into molds. This procedure has certain disadvantages, in particular,
the exposure of the active agent to elevated temperatures at which it may
not be stable, the possibility of sedimentaion of active agent during the
molding process, and the fact that high quantities of active agent may result
in a mixture too viscous to pour. To overcome such problems, a simple
compression process has been proposed, which may be effected on conven-
tional tableting equipment, employing a mixture or granulate comprising
the suppository base, active agent, and a binding agent, such as polyvi-
nylpyrrolidone or sodium carboxymethylcellulose, in a solvent. This process
may, however, result in suppositories of unsatisfactory biopharmaceutical
or physical properties (e.g., low bioavailability of active agent, cracks, and
other faults due to air entrapment, etc.).

de Buman et al.118 have developed a compression process for the pro-
duction of suppositories at a temperature of 10∞C or below in the absence
of an added binding agent. The suppositories made according to the de
Buman procedure may contain any pharmacologically active agent that may
be administered by the rectal, vaginal, or urethral routes. The amount of
active agent pressed will naturally depend on its effective dose, the rate of
absorption, and the suppository mass. In general, a suppository made
according to the invention may contain up to 450 mg of active agent per
gram suppository total weight.

Takagishi et al.119 have developed a novel means for the administration
of a drug in the form of a capsule that minimizes variation in absorbability.
It has been observed that, when the drug is contained in the capsule in the
form of a liquid, the osmotic pressure of the liquid plays an essential role in
the absorption of the drug through the rectum, and the variation in absorb-
ability of the drug among individuals can be minimized when the osmotic
pressure of the liquid is substantially higher than the osmotic pressure of
the rectal fluid. The hard-capsule shells used for rectal application are pref-
erably composed of a mixed ester of cellulose.

Despite the advantages obtained with capsules for rectal applications,
the developers have become aware of variable effectiveness of administra-
tion. That is, when a capsule containing either an aqueous or oleic prepration
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is rectally applied to a test animal, the disintegration of the capsule in the
rectum and the absorbability of the drug through the rectum differ widely
from animal to animal. As a result of the problem of nonuniformity of
absorption, it has been concluded that the value of the osmotic pressure of
the aqeuous liquid contained in the capsule plays an important role in the
disintegration of a rectally applied capsule.

Takagishi et al.120 have also developed a novel and efficient means for
the administration of a drug by rectal application. The drug capsule is formed
of a hard-capsule shell made of a mixed ester of a cellulose ether (e.g.,
alkyl-hydroxyalkyl and hydroxyalkyl alkylcelluloses) esterified with ali-
phatic monoacyl groups and acidic succinyl groups. When the capsule is
inserted into the rectum, the capsule shell disintegrates, and the drug is
released into the rectum and absorbed as efficiently as with conventional
suppositories.

The pharmaceutical composition for rectal administration in accordance
with the invention by Kitao and Nishimura,121 is generally used as a rectal
suppository for a preparation prepared by dispersing a drug, an adjuvant,
and other ingredients in a liquid oleaginous base to prepare a suspension
or ointment and by filling the suspension or ointment in soft gelatin capsules
or tubes. In preparing a pharmacological composition using the base for
rectal preparation of this invention, the active substance is added to the base,
followed by an antioxidant.

The development by Higuchi et al.122 generally comprises the steps of
preparing a drug form capable of being rectally administered, wherein the
drug comprises an effective dosage amount absorbed into the bloodstream.
A preferred form of suppository comprises a soft, elastic gelatin capsule
having an outer shell that encloses the drug and the adjuvant in a suitable
vehicle that will not attack the walls of the capsule. The shell encapsulates
a preselected drug form and the adjuvant. The gelatin capsule shell may be
formulated in accordance with conventional techniques for making filled,
seamless, soft elastic gelatin capsules containing therapeutically effective unit
dosage amounts of the drug. The present method and suppository permit
the rapid clearance of the released drug into the bloodstream by way of the
lower hemorrhoidal vein, instead of moving upward into the lower gut.

Roseman et al.123 have described a medicated device adapted for a single,
acute, and rate-controlled rectal or vaginal administration of a lipophilic
prostaglandin. The device accomplishes drug administration at an essen-
tially time-independent rate of dosage. Furthermore, the device results in
depletion of the prostaglandin from the device at the conclusion of the single,
acute use. The device comprises three elements: an inert, resilient support
means contoured for easy vaginal or rectal insertion; an initial flexible, poly-
mer film layer affixed to the support and containing the prostaglandin dis-
persed therein (this film is not rate-limiting); and a second polymer film,
laminated onto the and providing a release rate, which is rate-limiting.

Michaels124 has developed a dispenser for delivering a fluid or an agent
to an environment of use. The dispenser comprises a wall formed of a
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laminate comprising a layer of a cross-linked hydrophilic polymer grafted
to a layer of a non-cross-linked hydrophilic polymer. The wall-laminate
surrounds an inner collapsible container made of an elastomeric material,
which houses a fluid or a useful agent composition. In operation, the dis-
penser releases fluid or agent in response to the wall-laminate absorbing
fluid from the environment and expanding, thereby exerting pressure on
the container, which collapses and ejects fluid or agent from the dispenser.
The dispenser can be sized, shaped, and adapted for dispensing drugs to
the body cavities, body openings, for oral administration, for use as intra-
muscular implants, and for intrauterine, vaginal, cervical, nasal, ear, ocular,
and dermal applications.

Recently, Alza developed OSMET, which is a rectal delivery system.
Similar to the OROS system, this system consists of a semipermeable mem-
brane, an osmotic energy source, and a drug reservoir. The unit is designed
so that the collapsible reservoir that contains a solution of the drug for
delivery is surrounded by an osmotic driving agent encapsulated in a semi-
permeable membrane. Alza’s OSMET system has been used to provide con-
trolled delivery of theophylline.

G. Microspheres

Nonideal pharmaceutical, pharmacokinetic, and therapeutic properties often
combine to reduce the effectiveness of cytotoxic compounds. For the vector-
ing of such compounds to target areas, liposomes, nanoparticles, and micro-
spheres have been suggested. Since organ distribution of the latter is depen-
dent upon their size and shape, it is reasonable to attempt second-order
targeting of microspheres on this basis. At the time of clinical diagnosis, two
general conditions apply to most tumor-bearing patients. The first concerns
the various biological activities and surface properties of malignant cells,
which interfere with their recognition and elimination — which, in turn,
leads to a progressive biochemical imbalance between tumors and their
hosts. Second, biochemical differences between tumor and host cells are
almost always minimal and frequently quantitative rather than qualitative.
The aim of targeted chemotherapy is to reduce the tumor/host imbalance
by altering the distribution, uptake, or effects of drugs such that the tumor
cells are damaged substantially more than normal cells.125

Albumin microspheres of various sizes and composition have been used
extensively for lung scans and circulatory studies. The first-order distribu-
tion of microspheres is determined almost entirely by their size. For example,
following the intravenous delivery of microspheres, more than 90% of those
smaller than 1 to 1.4 microns in diameter are removed by the spleen and
liver, whereas those larger than 10 microns are almost totally entrapped in
the lungs by arteriolar and capillary blockade.

Following intra-arterial injection, small microspheres are again cleared
by the reticuloendothelial system, but large microspheres are sequestered in
the first capillary bed that the spheres encounter, with a negligible immediate
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spillover into secondary capillary systems. The use of albumin microspheres
as carriers for antitumor compounds was first suggested by Kramer,126 and
they have been subsequently studied experimentally for doxorubicin HCl,
daunorubicin HCl, 5-fluorouracil, and 6-mercaptopurine, among others.

Using models, it has been found that for polar organic molecules, their
release from chemically cross-linked albumin microspheres is biphasic, with
a large initial burst effect taking place — which can constitute between 60
and 90% of the initially incorporated drug. The burst effect has also been
reported for heat-stabilized microspheres. To determine drug release from
albumin microspheres, an online stream system has been developed. This
enables release to be monitored under differing conditions.

The method uses a stainless-steel column filled with inert glass beads.
Prior to study, some beads are removed from the column and replaced by
the microsphere system under study. An eluent of fixed composition is then
passed through the column using a high-performance, pulse-free pump.
Eluate is then passed through the cell of a spectrophotometer. It is intended
that the stream system should simulate the hydrodynamics of the microcir-
culation of tumors.

It has been clearly demonstrated that the release of alizarin, for example,
can be manipulated simply by altering the contact of the microspheres with
the cross-linker. Results to date indicate that judicious choice of cross-linking
conditions can lead to reasonable release of polar and ionic drugs from
albumin microspheres for periods ranging from minutes to days. Mass-bal-
ance studies have shown that the burst effect leaves between 10 and 40% of
the incorporated drug still available for sustained release.127–129

Lipid microspheres are usually prepared from glycerides and lecithins,
and are considered to be a convenient carrier for lipophilic drugs. Coating
the surface of the lipid microspheres with a suitable polysaccharide shifts
the negative surface charge slightly to a neutral value, effectively depressing
Ca2+-induced aggregation and fusion of the lipid microspheres and decreas-
ing the fluidity of the surface.130

Prostaglandin E1 (PGE1) is a strong vasodilator and antiplatelet-aggre-
gating agent and has been applied clinically to treat severe peripheral vas-
cular disorders. Lipid microsphered (LM)PGE1 is a novel, improved, inject-
able preparation. It is seven times more potent in vasodilating activity than
the conventional PGE1 preparation in diabetic rats.131

The incorporation of enzymes into bovine serum albumin microspheres
and their subsequent release has been studied as a model system for the
controlled release of labile protein drugs. Microspheres containing a-chy-
motrypsin, trypsin, or acetylated trypsin have been prepared by emulsify-
ing an aqueous solution of albumin/enzyme in cottonseed oil or a 30%
solution of Pluronic F88 in chloroform. Spheres were hardened with glut-
araldehyde and resuspended in aqueous buffer solutions. The release of
the enzymes into the suspending medium was assessed by measuring the
hydrolytic activity of both suspension and supernatant towards synthetic
substrates. Thus, these enzymes can be successfully loaded into micro-
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spheres while retaining their functional activity, both in the microsphere
and after release.132

In one study, authors administered a gelling bioadhesive microsphere
delivery system containing gentamicin using the nasal route. Lysolecithin
was incorporated into the delivery system as an absorption enhancer, and
the bioavailability of gentamicin was increased by a factor of 50%, compared
with an increase of less than 1% for a simple nasal gentamicin solution.133

The solvent-evaporation process has been used to prepare a variety of
drug-loaded microspheres. In this process, a drug and polymer are codis-
solved or codispersed in a volatile solvent, usually methylene chloride. The
resulting mixture is emulsified in water, and the solvent is removed by
evaporation to produce solid microspheres. When the drug and polymer are
initially codissolved in a common solvent, a variety of physicochemical
interactions can occur between them as solvent evaporation progresses.
These interactions affect microsphere morphology, which, in turn, affects
microsphere properties, such as release rate and stability. Some insight into
the morphology of poly(d,l-lactide) microspheres and a series of ibupro-
fen-loaded ethylcellulose microspheres has been reported.134

Using a water-soluble substance with an unlimited solubility and a
hydrophobic polymer (poly-caprolactone) with a molecular weight of
approximately 30,000 dalton, microspheres (size 1 mm) were produced of the
pure substance, which subsequently were coated with the poly-caprolactone
using a spray-drying technique. Upon suspending the product, 50% of the
entrapped substance was released after one hour. Radiolabeled bovine serum
albumin has been entrapped in microderivatized starch (MW 28,000), which
had been reacted with di-cyclohexyl-carbodiimide and coupled to the matrix,
and in vitro release was determined radiometrically.135

Mathiowitz et al.136 and Langer and Folkman137 have described a method
for the preparation of a bioerodible polyanhydride microspheres. The prep-
aration occurs at room temperature in organic solvents, an important advan-
tage for hydrolytically labile polymers, such as polyanhydrides. Previously,
with polyanhydride microspheres, these authors employed a hot-melt tech-
nique to incorporate molecules into the polymers. While that approach has
certain advantages, many drugs lose biological activity at high temperature.
Therefore, the hot-melt technique can only be used with low-melting-point
polymers. The new method permits the preparation of microspheres from
polymers with high melting points and polyanhydride microspheres for
several new polymers (e.g., copolymers of bis 1,3-(carboxy phenoxy pro-
pane)) copolymerized with sebacic acid or dodecanoic acid.

A sustained-release formulation of theophylline is desirable for main-
taining plasma levels between 5 mg/ml and 20 mg/ml. Poly(methylmethacry-
late) microspheres have been prepared using the solvent-evaporation
method. Polyethylene glycol (PEG)400 was used to improve the rate of
release of the drug from the microspheres. The ratio between theophylline
and the polymer remained constant regardless of the size of the micro-
spheres. The release of the drug from the microspheres was influenced by
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the drug-to-polymer ratio, the amount of PEG, and the diameter of the
spheres. The release profile of the drug was altered by mixing differing ratios
of microspheres of various formulations.138

A rapid decrease in plasma glucose has been observed after starch micro-
spheres and insulin were administered intranasally as a dry powder. The
degree of cross-linking affects the level of water uptake and swelling, and
thus, release of insulin from spheres when tested in vitro. The ability to
reduce plasma glucose levels was the same after the administration of either
insoluble starch (MW 25,000) or starch microspheres. Water-soluble starch
powder (MW 11,000) did not affect the plasma glucose level. The authors
concluded that degradable epichlorohydrin cross-linked starch microspheres
and starch powders promote the absorption of insulin in rats if the system
is insoluble in water when administered intranasally.139

Bangs Laboratories (Carmel, IN) manufactures over 900 latex particles,
microspheres made of polystyrene, and other polymers, copolymers, and
terpolymers. Most popular and used commercially are their 1-mm superpara-
magnetic particles containing 12, 20, 40, or 60%, magnetite. They are truly
superparamagnetic in that they respond to a magnet, but have no residual
magnetism themselves They can be used for direct simple adsorption of
proteins, and they have COOH or NH surface groups, which permit covalent
attachment of ligands. Their surface activators can be used in ELISA tests,
as these are designed for converting plates and tubes with hydrophobic
surfaces (such as polystyrene, polyethylene, and polypropylene) to hydro-
philic surfaces with carboxylic acid or amide functional groups for covalent
attachment to proteins. These coatings permit thorough washing for “zero
background” readings. The microspheres, beads, or particles have several
applications, such as cell separation, cell tags, chemiluminescent assays,
contrast agents, density calibrators, DNA probes, dyed markers for regional
myocardial flow, flow cytometry standards, fluidized beds, magnetic reso-
nance imaging, propping agents, and void sources for ceramics, to name a
few. While companies like Bangs Laboratories and Rhone-Poulenc are
involved in manufacturing these particles, Pharmacia is working on the use
of microspheres in delivering anticancer drugs.

H. Hydrogels

Hydrogels are usually considered to be cross-linked, water-swollen poly-
mers having a water content ranging from 30 to 90%, depending on the
polymer used. Because of their highly swollen nature, hydrogel membranes
are usually quite permeable to hydrophilic or high-molecular-weight agents.
This property, together with good biocompatibility, has led to the widespread
use of hydrogels as rate-controlling membranes in devices for delivering
proteins, such as insulin, aprotinin, tumor antigenesis factor, and leuteinizing
hormone. Low-molecular-weight, water-soluble drugs often permeate
hydrogels at too high a rate to be useful, but hydrogel membranes have
found an application as rate-controlling barriers for water-insoluble drugs,

© 2004 by CRC Press LLC 



such as steroids. Almost all hydrogel controlled-release devices have been
monolithic systems, releasing the active agent following t-1/2, or first-order,
kinetics. Many hydrogels are made by free-radical polymerization of hydro-
philic vinyl monomers. The initiation step is the formation of a free radical,
usually by the addition of azo-type initiators, such as 2,2-azobis(2-methyl-
propanenitrile), or peroxide initiators, such as benzoyl peroxide. Ultraviolet
light or gamma radiation can also initiate the reaction. Propagation takes
place by free-radical reaction with the vinyl monomer groups. Normally, a
portion of the reaction mixture consists of difunctional vinyl compounds
that provide a degree of cross-linking. The hydrophilicity of the gel is usually
controlled by copolymerizing a hydrophilic and hydrophobic vinyl mono-
mer into the gel. The permeability of a hydrogel is determined by the extent
of cross-linking, the degree of hydration of the gel, the nature of the per-
meant, and the device design.

The quantity and type of solvent used in the polymerization mix can
substantially affect the quality of the gel produced. For example,
poly(hydro-xyethyl methacrylate), or poly(HEMA), only absorbs 35 to 40%
of water, and therefore poly(HEMA) devices prepared from polymeriza-
tion-reaction mixtures containing a greater amount of water contain
water-filled voids and are translucent or opaque in appearance. Cross-link-
ing usually reduces the water absorption of the polymer. Hydrogels may
also be prepared in the absence of water and subsequently equilibriated with
water or with a concentrated aqueous solution of the active agent. Other
parameters to be controlled in the preparation of hydrogels are the temper-
ature of polymerization and concentration of the initiator.

It has been proposed that water exists in two forms in gels: bound water
closely associated with the polymer matrix (water of solvation) and bulk
water lying between the polymer chains. Hydrophilic permeants of small
molecular size have diffusion coefficients directly dependent on the water
content of the hydrogel and independent of the chemistry of the polymer.
There is a good correlation between the diffusion coefficient of sodium
chloride and the reciprocal of the water content of the hydrogel over a variety
of gels containing 10 to 70 wt% water. Diffusion coefficients in hydrogels
decrease with increasing permeant size and with the degree of cross-linking,
particularly as the size of the permeant approaches the size of the openings
between the cross-links. Refojo and Leong140 have determined the size of
these openings by measuring the lowest molecular weight of the permeant
that does not diffuse through the hydrogel. However, due to the nature of
the system, hydrogels still have a relatively high permeability for all
water-soluble agents, up to a fairly large molecular size.

The simplest form of controlled-release hydrogel is obtained by equilib-
riating the polymer, in either the dry or hydrated state, with a concentrated
solution of the active material. This technique is useful for experimental
studies, but commercial device preparation more often involves incorpora-
tion of the active compound into the polymerization mixture. Taking this
approach for a biomedical device requires consideration of whether residual
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unremoved monomer would pose a problem. Hydrogels have been used to
prepare reservoir devices, usually by coating a high-permeability monolithic
core containing dispersed or dissolved active material with a less-permeable
coating. For example, Lewis et al.141 have used this technique to prepare a
fluoride delivery system.

Hydrogels have been proposed as controlled-delivery systems for a vari-
ety of bioactive agents, such as contraceptives, ophthalmics, antibacteria
agents, drug antagonists, antiarrhymics, anticancer drugs, anticoagulants,
enzymes, and antibodies. They can be applied as inserts or implants or can
be administered subcutaneously, intramuscularly, or perorally. In the devel-
opment of controlled-release systems for opthalmological applications,
hydrogels have been used as ocular insert devices, delivering the drugs
directly to the eye. Soft contact lenses manufactured from poly(HEMA) have
been found to prolong the action of pilocarpine and polymixin B when added
in eyedrop form to human or animal eyes. Soft contact lenses presoaked
with pilocarpine or phenylephrine give a more profound and prolonged
ocular response than conventional eyedrop administration of the drugs.

Hydrogels prepared from polyethylene glycoldiacrylates, polyethylene
dimethyl-acrylates, and copolymers with 2-acrylamidoglucose, 6-methacry-
lylgalactose, and methylene bisacrylamide have been studied as cervical
dilator delivery systems for prostaglandins. Prostaglandins such as PGE2

and PGF2 have been shown to be effective for the induction of therapeutic
abortion. However, systemic circulation of the prostaglandins causes con-
comitant side effects. Therefore, it would be desirable to apply the drugs in
a controlled manner at the target organ. By utilizing the hydrogel devices,
successful dilatation was achieved at low dosage rates with less chance for
systemic side effects and clinical syndromes.142

Chien and Lau143 prepared norgestomet-releasing hydrogels and studied
in vitro and in vivo release behavior. In vivo studies were conducted by sub-
cutaneous implanting of rods of hydrogels containing 5% norgestomet in
the ears of cows.

The permeabilities of hydrogels for steroids has been extensively studied
by Song et al.144 Progesterones containing hydrogels were made from HEMA
and mixtures of HEMA with methoxyethyl methacrylate (MEMA) and meth-
oxyethoxyethyl methacrylate (MEEMA). Varying amounts of ethyleneglycol
dimethacrylate (EGDMA) and tetraethyleneglycol dimethacrylate (TEGDMA)
were used as cross-linking agents. Trilaminate hydrogel devices for continuous
controlled release of fluoride to teeth have been fabricated by Coswar and
Dunn145 and sucessfully tested in vivo. The devices are composed of a core of
a fluoride salt dispersed in a hydrogel. Copolymers of 2-hydroxyethyl meth-
acrylate and methylmethacrylate were used as rate-controlling membranes.
The zero-order-release dosage regimen could be varied by changing the com-
position of the polymer. Hydrogel devices have also been elaborated that
provide zero-order release of narcotic antagonists and antibiotics.

Ionogenic hydrogels can be prepared by adding anionic or cationic
monomers to the polymerization mixture. They also can be formed by mod-
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ification of existing hydrogels (e.g., by partial hydrolysis of ester units). The
effect of the incorporation of small quantities of ionogenic groups on bio-
compatibility has been investigated, and the results have been briefly
reviewed by Ratner and Hoffman.146 The importance of charged groups on
various aspects of biocompatibility is not clear. However, there are indica-
tions that charge density and the morphology of the device surface may be
of greater importance than the total charge.

Gregonis et al.147 have investigated the effect of small quantities of meth-
acrylic acid (MAA) and dimethylaminoethyl methacrylate (DMAEMA) units
on the swelling of hydrogels. It was reported that MAA units in their car-
boxylate salt form gave a dramatic increase in the equilibrium water content
of the gel, whereas the effect of the DMAEMA groups was less pronounced.
According to Wichterle,148 the presence of either acidic or basic groups in
hydrogels causes a lower permeability for sodium chloride, whereas
ampholyte structures increase its permeability. Abrahams and Rovel149 have
reported that the release of cyclazocine from tablets coated with a hydrogel
membrane is more rapid, with increasing amounts of methacrylic acid units
in the hydrogel. Consequently, the introduction of ionogenic groups may
affect the rate of release of drugs from hydrogels.

Increasing the content of acidic or basic groups in the hydrogel matrix
will lead to a material that can be described as an ion-exchange resin. Prin-
cipally, ion-exchange resins, having the ability to swell in aqueous media,
can be categorized as a special type of hydrogel material. Cationic and
anionic ion exchangers have been used in the past to prolong the effect of
drugs. Their use was based on the principle that acidic or basic pharmaceu-
ticals, combined with appropriate resins, yield insoluble polysalt resinates.
Biological evaluations of the coarse resinates performed on chickens, dogs,
and sheep infected with various nematodes demonstrated the resinate to be
more efficient than the pure drug. In most cases, the resinate exhibited 100%
effectiveness. The practical and economical advantages of formulations that
can kill all nematodes in one single treatment are obvious.150,151

The full-term, newborn infant has well-developed skin, which possesses
excellent barrier properties. In contrast, the prematurely born infant has a
poorly developed stratum corneum, resulting in higher skin permeability.
This incomplete skin barrier may provide a convenient route of administra-
tion for drugs intended for systemic therapy. Theophylline, which has been
widely used in the treatment of apnea in premature infants, was chosen for
the study. Theophylline hydrogel loading and difusivity and its in vitro trans-
dermal permeation characteristics using a fetal pig skin model were initially
investigated. Subsequent clinical studies demonstrated that theophylline
loaded into a hydrogel system can permeate through the premature infant
skin into the systemic circulation.152

Hydrogels normally consist of hydrophilic polymers that are covalently
cross-linked to prevent their dissolution. Hydrogels prepared from
“alloys”of hydrophobic and hydrophilic polymers have been investigated.
These alloys are held together by ionic, dipole–dipole, and hydrophobic

© 2004 by CRC Press LLC 



interactions, as well as hydrogen bonds. Water-absorption rate, water-sorp-
tion capacity, biocompatibility, biodegradation, and thermoplasticity can be
controlled by selection of the proper composition and activation steps. The
water-sorption capacities are pH-dependent, as are the swelling volumes.
The fact that pH-induced changes are reversible indicates that these hydro-
gels can be useful for biological sensors and drug delivery systems. Pellets
fabricated from these alloys and drugs, such as tetracycline, have demon-
strated sustained release by an erosion mechanism in vitro. The alloys used
in these studies were homogeneous mixtures of water-soluble poly(maleic
anhydride) (PVA).153

Long-term oral drug delivery through the use of an enzyme-digestible
“balloon” hydrogel can be achieved. Protein cross-linked hydrogels swell in
the gastric environment to such an extent that gastric emptying is inhibited
until they are enzymatically digested. The nonspecific enzymatic digestion
ensures complete dissolution of the balloon hydrogels in the GI tract. The
ability to control the extent of swelling and gel-disruption time of the balloon
hydrogels presents an opportunity to achieve once-a-day or long-term oral
controlled drug delivery.154

Water-soluble hydrogels of alkali metal alginate and glycerine have been
found to be excellent wound dressings. The gels dry to an adherent, nontoxic,
pliable protective film, which can be removed by water-washing when desired.
The gels are also compatible with drugs, and hence can serve as vehicles or
carriers for medication application to wounds, as well as a protective cover.

In general, the amount of medication in the composition ranges from
approximately 0.01 to 10% by weight. The gel compositions are easily manip-
ulated jelly materials and can be applied to a body surface. The applied gel
coating has been found to dry on exposure to air at ambient temperature
and form a nontoxic, transparent, flexible, and stretchable film that is tightly
adherent to the body surface. Dried film-coatings of the compositions can
be removed when desired by a simple water wash. In addition, reapplication
of the composition over a previously applied area can be made without
removing underlying layers of the composition. The transparency of this
composition enables one to observe the wound underneath and closely
follow the healing progress. Furthermore, its ability to stretch and bend
without tearing or disturbing adherence to the wound enables it to be used
over joints.155

Novel hydrogel compositions of diester cross-linked polyglucan and a
process for their preparation has been described by Manning and Stark.156

Amylose, dextran, and pullulan succinates and glutarates, when cross-linked,
were found to have use as general fluid sorbants, have exceptional hemostatic
activity, and have adherence to a wound and bioabsorption without causing
undue irritation of the tissue or toxic effects. Reticulated hydrogel sponges
made of the cross-linked diesters, which are particularly useful as general
fluid sorbants, and those of amylose glutarate are good bioabsorbable hemo-
static agents. The sponges are made by lyophilizing water-soluble salts of
the mono- or half-esters, under process conditions of this invention in the
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presence of a reticulating agent. The resulting reticulated, porous, open-celled
sponge is then cross-linked by heating the sponge under the dehydrating
conditions to form diester cross-links. The sponge is highly porous, is mod-
erately strong, and has the ability to retain up to 40 times its weight of isotonic
saline. When neutralized with physiologically acceptable salts, the sponge
has exceptional hemostatic activity, adherence to bleeding tissue, and bioab-
sorption without causing toxic effects.

Mueller and Good157 have described an insoluble polymeric hydrogel
that is suitable for oral, bucal, subcutaneous, or IM implant delivery. These
implants can be used as artificial veins, devices for insertion into urethra,
vagina, or anal cavity, or through the skin. Incorporation of the drug into
the hydrogel may be accomplished either by dissolution or dispersion in
the macromer or monomer solution prior to addition of the free-radical
catalyst. Any of the drugs used to treat the body, both topical and systemic,
can be incorporated as the active agent in the copolymeric carrier of this
system.

I. Microcapsules and microencapsulation

Microencapsulation is defined as a process whereby small solid particles or
small liquid droplets are discretely surrounded or enclosed by an intact, thin
shell of inert polymeric materials, such as ethylcellulose, cellulose acetate
phthalate, ethylene vinyl acetate, poly(ethylene oxide), poly(vinyl alcohol),
or gelatin.158 The particle size may range from 5 to 500 mm in diameter, but
microcapsules can be made less than 1 mm and up to 1000 mm in diameter.
Microcapsules can be prepared by various methods and combinations of
techniques. They are generally classified into the categories of coacervation
or phase separation, interfacial polymerization, and mechanical methods,
such as spray coating and polymer dispersion. The rationale for selecting
ethylcellulose for the shell material is that this substance is commonly used
as an additive in foods and drugs because of its high inertness and forms a
stable, semipermeable, capsular membrane.

Ampicillin anhydrate microcapsules are fabricated by an organic
phase-separation process. Microcapsules of the desired size (45 to 106 mm)
are isolated from each batch by wet-sieving them with hexane using stan-
dard-mesh, stainless-steel sieves and a camel-hair brush. The microcapsules
are then dried for at least 24 h in a vacuum chamber maintained at room
temperature. All batches of microcapsules and ampicillin anhydrate evalu-
ated in animals were sterilized with a 2.0- or 2.5-Mrad dose of gamma
radiation at dry-ice temperature.159

Investigations have been conducted of proper dosage forms using micro-
capsules for anticancer drugs. Two types of core substances have been used:
medicinal carbon with 5-fluorouracil adsorbed before and after capsuliza-
tion. This was found to be a useful technique for slow release.160

With the goal of using short-acting sulfonamides with dihydrofolate
reductase inhibitors in malaria, drug delivery systems have been fabricated
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for better pharmacokinetic and therapeutic profiles. Polymer and copolymer
systems have been used to fabricate the multiunit dosage forms: microcap-
sules and micropellets. Comparative bioavailability studies were conducted
for fasting and fed animals. With significant in vitro and in vivo correlation,
drug release was prolonged compared to the uncapsulated drug.161

Microcapsules of pesticides have various advantages compared to con-
ventional formulations, that is, longer residual efficacy, decrease in mamma-
lian toxicity, decrease in phytotoxicity, decrease in fish toxicity, etc. However,
in order to obtain these characteristics, particle design is important. In the
case of the interfacial polymerization method, wall thickness, wall structure,
capsule diameter, core materials, and additives cause change of capsule
properties, that is, release mechanism, release rate, capsule strength, etc. The
studies were conducted using fenitrothion, fenvalerate, and fenpropathrin
microcapsules for agricultural use.162

Controlled-release bioadhesive microcapsules containing varying
amounts of polyacrylic acid, hydroxypropylmethyl cellulose, and carboxym-
ethyl cellulose have been developed. The microcapsules are loaded with
radio-opaque barium sulfate. The microcapsules are mixed with bioadhesive
agents, packed into standard capsules, and fed with water to fasting rabbits.
The measurements for gastric emptying time and the time to reach the colon
were conducted by repeated x-ray photography at regular intervals. Marked
delay in gastric emptying time was observed compared to the control non-
bioadhesive dosage form of barium sulfate. Intestinal transit time was con-
sistant with the control, suggesting no interaction of the bioadhesive polymer
with the intestinal mucosa.163

Studies have been carried out to elucidate some of the factors affecting
release of a peptide, D-Trp-LHRH (luteinizing hormone releasing hormone)
analog. Release rates of D-Trp-LHRH, which had been microencapsulated
as the acetate salt, were measured in phosphate buffer. During these mea-
surements, samples of microcapsules were taken for analysis by gel-perme-
ation chromatography to obtain polymer molecular weight distributions, by
nuclear magnetic resonance to determine ratios of acetate and terminal poly-
mer carboxylate groups to D-Trp-LHRH and lactoyl to glycoyl ratios, and
by scanning electron microscopy to monitor changes in the appearance of
the microcapsules. This study suggests that release of D-Trp-LHRH from
poly(glycolide-co-dl-lactide) microcapsules involves not only diffusion of
the peptide through a porous structure created by degradation and dissolu-
tion of the polymer matrix, but also binding of the basic peptide to terminal
polymer carboxylate groups. Thus, the polymer matrix appears to behave
as a weak acid ion-exchange resin during the second phase of peptide release.
Subsequent degradation of the polymer matrix in the third phase permits
resumption of peptide release.164

Synthetic double-stranded RNA can be a potent inducer of interferon,
which is a nonspecific inhibitor of viral replication. Poly(I.C), therefore, has
potential for use in the prevention of viral infections. One of the major
disadvantages, however, of using poly(I.C) therapeutically is its poor bio-
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availability due to rapid clearance from the body. In an attempt to enhance
its bioavailability, an injectable, biodegradable microcapsule formulation has
been developed which is designed to release poly(I.C) at a preprogrammed
rate and duration. Several prototype batches of poly(I.C) microcapsules have
been prepared using a phase-separation microencapsulation process.165

Microencapsulation technology has potential in the development of new
mammalian cell-culture techniques, membrane bioreactors, and as new
forms of treatment for a number of metabolic diseases of various organs.
Goosen and McKnight166 studied chemical modification of deacetylated
chitin for the microencapsulation of mammalian cells. The molecular weight
of the chitosan was a key factor in membrane formation with alginate. The
type of terminating (reactive) group or distance of the group from the main
polymerization did not appear to be a major factor in membrane synthesis.

Microencapsulation of living tissue in a biocompatible, semipermeable
membrane has great clinical potential in the treatment of hormone-deficient
diseases, such as diabetes. The success of such treatment is highly dependent
on the physical properties of the microcapsules if the problems of immune
rejection are to be overcome. Maleki et al.167 studied the effects of the chemical
composition and solution viscosity of alginate, and also of poly-l-lysine
molecular weight on microcapsule shape and permeability. These authors
report that highly spherical alg-lysine-alg microcapsules with an ultra
smooth surface can be formed by the correct choice of the alginate sample,
and that the permeability of the membranes may be controlled by the molec-
ular weight of poly-lysine used in the encapsulation procedure.

Retinoids are experimental vitamin A-like compounds under investiga-
tion because of their potential to prevent chemical carcinogenesis without
the toxicity of vitamin A. Inclusion of these unstable materials in the diets
of test animals requires that the compounds be protected from oxidation,
light, moisture, and decomposition induced by bacteria and by elevated
temperatures. Swynnerton et al.168 have prepared stabilized, encapsulated
forms of certain synthetic retinoids.

Although a number of encapsulated formulations and enteric-coated
tablets containing ethiofos gave excellent results in in vitro screening tests,
oral administration in beagle dogs and rhesus monkeys provided only low
plasma concentrations of unchanged drug and the unbound form of the
metabolite. Subsequent experiments with radiolabeled ethiofos indicated
that the drug was rapidly metabolized in the GI tract following its release.
Thus, the objective of developing formulations of ethiofos that were stable
under acidic conditions, yet would give release near neutral pH, was
accomplished.169

Several methods are available for preparing reservoir microcapsules.
Most can be classified under one of three categories: coacervation, coagula-
tion, or fluidized bed coating. Reservoir microcapsules are characterized by
a drug core surrounded by a polymer wall. Drug release from reservoir
microcapsules is zero-order and follows Flick’s first law, as long as the drug
is present as an excess solid in equilibrium with a saturated solution. These
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microcapsules typically contain 80% drug. Solvent evaporation has recently
become popular for preparing microspheres, especially in combination with
biodegradable polyester polymers. This technique, however, produces
monolithic microspheres in which the drug is dissolved or suspended in the
polymer. Drug release from microspheres is first-order and decreases with
time nonlinearly. Typically, drug loading is about 20%. The use of fluidized
bed processes for the preparation of injectable microcapsules from biode-
gradable and other polymers was first described in 1976. This highly versatile
technique has been used to prepare microcapsules from several drugs, such
as progesterone, lidocaine, norethindrone, levonorgestrel, testosterone,
methadone, and estradiol. The microcapsules prepared ranged from a few
to 1000 microns in diameter. Most of the biodegradable polyesters have been
used for preparing microcapsules by this process. These include polylactide,
polyglycolide, and caprolactone-co-lactide. Other polymers used have been
ethylcellulose, polyvinyl alcohol, and cellulose acetate phthalate.170

Chattaraj et al.171 have investigated the development of a viable microen-
capsulated controlled-release drug delivery system. Microcapsules contain-
ing ranitidine hydrochloride, which was selected as the core material, were
prepared by phase-separation coacervation of ethylcellulose in nonaqueous
solvents. The effects of different concentrations of the coacervation-inducing
agent polyisobutylene on drug release were studied.

While microencapsulation is used in the formulation of several drug
products, two recent successful products include A.H. Robin’s Micro-K and
Parke Davis’ ERYC. Micro-K extencap is a hard gelatin capsule containing
small crystalline particles of potassium chloride. Each particle of potassium
chloride is microencapsulated by a patended process of the Eurand Com-
pany with a polymeric coating, which allows for controlled release of potas-
sium and chloride ions over an 8- to 10-h period. The microencapsulation
process avoids the likelihood of highly localized concentrations of potassium
chloride and potential mucosal ulceration in the GI tract.

Damon Biotech has developed a unique living-cell encapsulation tech-
nique called Encapcel, which can be utilized to deliver drugs. This technique
is especially suitable for new pharmaceutical products emerging from the
biotechnology industry that need to be administered on a repeated basis,
but can be damaged by conventional drug delivery methods. In the
Encapcel technique, a particular drug is encapsulated using very small
pores in the surrounding capsule membrane. Through diffusion, the drug
flows out of the pores until each capsule is emptied. After emptying, the
capsule dissolves.

J. Microparticles — nannoparticles

Cultivation of anchored cells in vitro requires adhesion to a substrate. Cells
do not attach directly, but rather, attach and spread on an extracellular matrix
that is deposited on the substrate. Collagen is a component of the extracel-
lular matrix and has proven in the past to be an effective promoter of cell
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attachment and growth in monolayer cultures. SoloHill collagen microcar-
riers use denatured collagen (gelatin) coated on a copolymer plastic sphere.
Most cell lines attach and grow rapidly on SoloHill collagen microcarriers.
The microcarriers are solid spheres, so there are no requirements for hydra-
tion and no problems with absorption of toxic materials during long-term
use or breakdown of the bead during freeze-thaw cell harvesting. This has
practical advantages in large-scale applications in two ways. First, the
amount of media spent in hydration of competitive microcarriers increases
the effective cost, and second, the resulting increase in handling steps
increases the chance of contamination.

The microcarriers are solid so that toxic materials are not absorbed and
harvesting by way of freeze-thaw or ultrasonication is not difficult. Pro-
teolytic enzyme harvesting is gentle and rapid, with viable cell recovery of
better than 95%. Furthermore, harvested cells have been successfully
replated on monolayer cultures, as well as plastic, glass, and collagen sub-
strates. The ease with which anchorage-dependent cells can be harvested
and replated suggests that glass microcarriers may be used in intermediate
stages of scale-up applications. Whatever viable infected cells are required,
the use of SoloHill glass microcarriers has met with success.

Under development at SoloHill are industrial processes in which partic-
ulate material, such as microcarriers, is held in liquid suspension, often
requiring filters to separate the particles from the liquid (harvested cells and
spent media). The commonly used woven-wire screen is actually
three-dimensional in nature and in a short time clogs (known as “blinding”).
SoloHill has developed a two-dimensional biofilter, which all but eliminates
blinding. Using spirally wound triangular-shaped wire to form a cylinder,
with the apex pointing inward, the media and harvested cells are drawn
through the slots and carried up the center of the biofilter. The microcarriers
remain in the bioreactor to be reused or discarded.

SoloHill macroporous and collagen-coated macroporous microcarriers
may be used where anchorage-dependent cells will be damaged, even in
gentle stirring. Made from a polystyrene-like material, the porosity is greater
than 90% by volume. Pore diameter can be controlled from 20 to 150 microns,
with high uniformity of pore size per bead. All pores are interconnected,
with uniform channels ranging from 0.5 to 25 microns. The microcarriers
appear to be highly permeable to fluids, therefore nutrients, as well as
excreted products or biowaste, may be freely exchanged. Micrometer sizes
are available in the 250-micron range, but these can be modified. Materials
are nontoxic, and collagen coating is expected to aid in rapid attachment
and spreading172 (see Figures 8.9 through 8.13).

SoloHill has also developed an advanced technology that has been
used to modify surface collagen microcarriers to greatly enhance cell
attachment. The FACT (fast attachment collagen treated) microcarriers are
available in the same sizes and specific gravities as their standard col-
lagen-coated counterparts. Attachment is much quicker due to the propri-
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etary surface modification. Spreading is rapid due to the presence of the
collagen extracellular matrix.

Biodegradable microparticles of cross-linked starch (maltodextrin) have
been designed by Artursson et al.173 as carriers of proteins and low molecular
weight drugs in vivo. Macromolecules are immobilized in the microparticles
in high yields (i.e., up to 40% of the dry weight of the immobilized protein).
The optimal conditions of immobilization were investigated by varying the
concentration of starch and acryloyl groups and the amount of additional
cross-linking agent. Exclusion of the cross-linking agent gave maximum
immobilization of the micromolecules. Microparticles based on starch with
small amounts of acryloyl groups were completely degraded after incubation
with amyloglucosidase.

Figure 8.9 Macroporous microcarriers. (From SoloHill Engineering, Inc., Ann Arbor,
MI, brochure. With permission.)

Figure 8.10 Biofilter. (From SoloHill Engineering, Inc., Ann Arbor, MI, brochure. With
permission.)
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Figure 8.11 The change in shape represented by OPCS (one plane critical stability)
values during successful spheronization. (From Capsugel, Capsule Update, division
of Warner-Lambert, Greenwood, SC. With permission.)

Figure 8.12 Device to spin the fibers. (From DiLuccio, R.C. et al., Proc. 14th Symp.
Controlled Release of Bioactive Materials, Aug. 2–5, 1987, Controlled Release Society,
Inc., Lincolnshire, IL. With permission.)
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Natural macromolecules, such as proteins or celluloses, appeared to offer
the most promise as degradable bases for nanoparticles. For example, the
general production method has successfully yielded nanoparticles of human
serum albumin, bovine serum albumin, ethylcellulose, casein, and gelatin
from a group of suitable macromolecules. Gelatin was selected as a model
macromolecule because of its ready availability, low antigenicity, and previ-
ous use in parenteral formulations.174 Human serum albumin was selected
because of its ability to bind drugs and its potential use in medicine. The
process by which nanoparticles can be made was derived from the coacer-
vation method of microencapsulation.

Colloidal preparations are widely used in nuclear medicine as carriers
of radioisotopes for study of the morphology, blood flow, and functions of
various organs in the body. One of the most common preparations for visu-
alizing the liver is 99mTC-sulfur colloid, which has an average particle size
of 1 mm.175 Human serum albumin (HSA) microspheres of similar size and
labeled with technetium have been proposed for the assessment of reticu-
loendothelial function, since they have a more uniform particle size than the
sulfur colloid.176

Gelatin, and to a lesser extent albumin, contain large amounts of lysine.
Fluorescein isothiocyanate (FITC) is known to conjugate to amino groups,
particularly in lysine. If FITC can be conjugated to the surface of gelatin or
to albumin nanoparticles, it would show that such surface amino groups are
not totally consumed in the glutaraldehyde cross-linking process. These
amino acid surface sites may be utilized to bind drug molecules, and then
the nanoparticle system may be used to deliver the drug to its desired site
of action. The results of experimentation with FITC-labeled nanoparticles
have two important ramifications. First, it seems that free amino groups are
available on the surface of nanoparticles; these surface sites might be suitable
for drug or pro-drug binding. Second, since some tumor lines appear to be
able to take up nanoparticles, and since it seems possible to incorporate

Figure 8.13 Spinnert diagram. (From DiLuccio, R.C. et al., Proc. 14th Int. Symp. Con-
trolled Release of Bioactive Materials, Aug. 2–5, 1987, Controlled Release Society, Inc.,
Lincolnshire, IL. With permission.)
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cytotoxic agents into nanoparticles, a new delivery system for cancer therapy
may be devised.177

K. Colloids

Colloidal dosage forms, such as emulsions, liposomes, suspensions, and
microspheres, represent important ways of delivering drugs, both orally
and parenterally. The recent interest in liposomes, as discussed previously,
has stimulated the use of other colloids for the targeting of drugs and
therapeutic agents to specific organs and sites in the body. Emulsion sys-
tems, both in simple and multiple varieties, have been of considerable use
in cancer chemotherapy.178

Yamahira and colleagues179 have studied the effect of lipid formulations
on drug absorption and gastric emptying. They have found that the absorp-
tion of a highly lipid-soluble model drug depends upon the volume of lipid
administered as well as the lipid’s viscosity. They also reported on absorption
and the digestibility of oily vehicles and compared a digestible medium-chain
triglyceride to poorly digestible N-a-methylbenzyl-linoleamide. They con-
cluded that the digestibility of the lipid vehicle was the major factor promot-
ing the absorption of a model drug with high lipid solubility, no doubt
through an effect on GI mobility and transit time.

Noguchi et al.180 have studied the lymphatic transport of lipid-soluble
compounds, such as Sudan Blue and vitamin A, concluding that both bile
salts and phosphatidylcholine were needed for efficient lymphatic transport.
Nakamoto and associates181 investigated the enhancement of lymphatic
transport of orally active agents by both oil-in-water (o/w) and water-in-oil
(w/o) emulsions. Somewhat surprisingly, they found that the w/o emulsions
gave the best effect. Ogata and associates182 reported enhanced absorption
of methyl orange from an o/w emulsion system when it was compared to
an aqueous system; they proposed that the adsorption of methyl orange at
the surface of the emulsion droplets accounted for the effect.

Parenterally administered emulsions can serve a number of different
purposes. Parenterals can help administer a poorly water-soluble drug
achieve a sustained-release effect or obtain site-specific delivery. Dardel
and colleagues183 described an emulsion system based upon a commercial
soybean-oil emulsion for intravenous administration of diazepam. Diaz-
epam has poor water solubility, and its intravenous administration in a
formulated solution can produce side effects, such as pain and throm-
bophlebitis. The emulsion system considerably reduces these side effects,
but does not alter the bioavailability of the drug. Jeppson and Ljunberg184

have described the parenteral administration of a variety of drugs using
modified vegetable-oil emulsions. In the case of intravenously administered
barbiturates, they reported that the emulsion system offered a prolonged
period of action.185 Similar types of enhancement have been investigated
for w/o emulsion systems used for the administration of medicinal agents
by intramuscular or subcutaneous routes.
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Useful information can be obtained from studies on other types of
parenteral emulsions, for example, emulsions used as diagnostic agents
(iodinated systems), as parenteral nutrition (fat emulsions), or as synthetic
blood substitutes (fluorocarbon emulsions). Various oils of vegetable origin
(soybean, cottonseed, and safflower) are regarded as nontoxic and biode-
gradable. In contrast, mineral oils (such as liquid paraffin and squalene) are
not biodegradable. Such properties can affect the clearance of emulsion
systems and, consequently, the fate of a drug contained therein.

A variety of fluorocarbon liquids have also been evaluated in animals
and, more recently, in man as constituting a readily available substitute for
red blood cells. The route of administration and the intended use for the
emulsion will dictate particle size. With intravenous emulsions, for example,
there are rigid requirements regarding globule size. Large globules can pro-
duce emboli in certain blood vessels. Toxicity, in general, is also related to
particle size and particle-size distribution of colloidal systems, including
emulsions.186,187

Other colloidal systems are also under active investigation for parenteral
administration of drugs. The use of magnetic microspheres for site direction
of drug substances has been described. These microspheres are based upon
albumin and are biodegradable, but what differentiates them from other
microspheres is their iron oxide content. Drugs can be incorporated into
these microspheres, and it is possible to increase significantly the concentra-
tion of anticancer agents at certain targets by using a powerful magnetic
field. Another approach involves development of small particles in the 50
to 500 mm range by the polymerization of micellar systems. These particles
have been termed nanocapsules and can be made from biodegradable mate-
rials, such as polycyanacrylates (see Figure 8.14).188,189

L. Microemulsions

An interesting characteristic of microemulsions is that when even a small
amount of a mixture of surfactant and cosurfactant is added to a biphasic
water–oil system, a theromodynamically stable, optically transparent, iso-

Figure 8.14 Schematic representation of VLDL-resembling phospholipids submicron
emulsion-containing cholesterol-based drug, BCH. (With permission of John Wiley  &

Sci., 91, 6, 1405, 2002, © 2002 Wiley-Liss, a Wiley company.
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tropic mixture is formed spontaneously.190 The diameter of the droplets in a
microemulsion is in the range of 100 to 1000 Å, whereas the diameter of
droplets in a kinetically stable macroemulsion is 5000 Å. Because the droplets
are small, a microemulsion offers advantages as a carrier for drugs that are
poorly soluble in water.

Microemulsions can also make oil-soluble drugs easier to administer by
making water an external phase. Microemulsions were first introduced by
Hoar and Schulman in 1943.191 They obtained a microemulsion by first
preparing a normal emulsion of soap, water, and hydrocarbon and then
adding a medium-chain alcohol, such as pentanol. A transparent “solution”
resulted when a certain concentration of alcohol was added to the emulsion.
The hydrophilic–lipophilic balance (HLB) system has been used for the
selection of surfactants for microemulsions. Using this system, w/o micro-
emulsions are formed using emulsifiers within the HLB range of 3 to 6,
while o/w microemulsions are formed within the range of 8 to 18. The choice
of emulsifiers is determined by the average HLB requirement of the pro-
posed microemulsion.192,193

Several physiological applications of microemulsions have been
reported in the literature.194,195 Artificial blood composed of fluorocarbon oil
in water is a unique example of a system in which microemulsions have an
important role. Certain fluorocarbon oils are able to store oxygen and release
it in the presence of carbon dioxide; however, to be practical, such an oil
must be made miscible with blood. Microemulsions with a dispersed phase
of less than 1000 Å are practical because they can pass through the capillaries.
Microemulsions can also be used to prepare oral liquid dosage forms of
hydrophobic drugs. These dosage forms are easy to administer to children
and people who have difficulty swallowing solid dosage forms.

There are several other advantages of formulating drugs in microemul-
sions. For example, a drug administered in microemulsion will be immedi-
ately available for absorption and, in most cases, is more rapidly and more
efficiently absorbed than the same amount of drug administered in a tablet
or capsule. Microemulsions are excellent delivery forms for certain hor-
mones, diuretics, and antibiotics. Furthermore, for the absorption of a hydro-
phobic drug, such as indomethacin, which has very low aqueous solubility,
a microemulsion would be an ideal delivery system.

Halbert and co-workers,196 have experimented with the incorporation of
lipid-soluble antineoplastic agents into a microemulsion. They mixed
lipid-soluble cytotoxic agents with low-density lipoproteins (LDLs) and
incorporated them into a microemulsion. LDLs have aroused interest as
novel drug carriers for cytotoxic agents. They have targeting potential
because rapidly dividing cells require large quantities of cholesterol for
cell-membrane synthesis. When cytotoxic agents are incorporated into a
system with LDLs, it is thought that the system will preferentially deliver
the drugs to cancer cells, providing a more specific drug delivery system.

Jayakrishan and colleagues197 have demonstrated how commercial sur-
factants solubilize hydrocortisone. Their study provides a guideline for the
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formulation of cosmetic and pharmaceutical emulsions. In other research,
microemulsions have been used to study the clinical potency of analgesics,
such as methyl salicylate,198 and tetracycline hydrochloride formulations.199

Medical-grade silicone elastomers, commonly referred to as polydime-
thyl-siloxanes (PDMS), are biocompatible polymers useful as matrices for
transdermal drug delivery systems (TDDS). Until recently, delivery of drugs
from hydrophobic PDMS were limited to lipophilic and nonionic drugs, such
as steroids. More recently, it has been demonstrated that enhanced release
of hydrophilic and ionic drug species, such as morphine sulfate, sodium
salicylate, sulfanilamide, and indomethacin, can be achieved from silicone
matrices when coformulated with the appropriate hydrophilic excipients.

Aguadisch et al.200 immobilized drugs in hydrophilic and hydrophobic
microemulsions in silicone matrices and characterized the release kinetics of
progesterone, propranolol, and indomethacien from these microemulsion
reservoir-type elastomer matrices (see Figures 8.15 through 8.17).

M. Hollow fibers

Certain characteristics of fibers make them attractive as possible candidates
as drug delivery systems.201 Their inherent high surface/volume ratio and
high-loading capacity make them particularly useful devices to deliver
drugs at specified rates. These systems can be formulated by proper selec-
tion of materials that would allow them to be hydrophilic, bioadhesive,
pH-sensitive, and biodegradable. Fibers have been considered for drug
delivery by a number of investigators. Dunn and Lewis202 have proposed
the use of “melt spinning” technology to develop delivery systems that are
capable of prolonging delivery of contraceptive steroids. Eenink et al.203

have found that poly-L-lactic acid can be spun by wet spinning to produce
a biodegradable fiber delivery system that can be loaded after they are
formed. These fibers have been reported to be potential candidates for
subdermal delivery of medications.

Figure 8.15 Illustration of the system used for the in vitro release of protein from
microspheres. (With permission, Kluwer Publ., Pharm. Res. 19, 7, 1046, 2002.)
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The work by DiLuccio et al.204 describes the method of preparation of
loaded hollow fibers by use of a phase-inversion spinning process. In this
process, a solution of the sheath polymer and the drug suspended or dis-
solved in the lumen fluid are pumped simultaneously through a coaxial
spinning die and quenched in a coagulant, causing formation of the fibers.
After being formed, the fibers can be cut into uniform lengths and utilized
for oral delivery of drugs (see Figures 8.12 and 8.13).

Figure 8.16 Schematic representation of a possible adsorption mechanism of chlor-
hexidine base-loaded PCL nanocapsules onto stratum corneum-associated bacteria
membrane. (With permission, Elsevier, J. Control Rel., 82, 319–334, 2002.)

Figure 8.17 Microemulsion-based gels: (a) schematic representation of the formation
of lecithin gels upon addition of water to small phosphatidyl choline reverse micelles
in apolar solvents; (b) localization of solubilized guest molecules within lecithin gels
(Reprinted courtesy of Elsevier Science. With permission, Advanstar, Elsevier, Pharm.
Tech., March 2002, 150.)
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The release properties of salicylic acid and chlorpheniramine maleate
from two hollow fiber fabrics have been investigated by Britton et al.205 The
two fabrics that were studied included a hollow nonwoven rayon fabric and
a nonwoven polyester fabric. Scanning electron microscopy verified the pres-
ence of both drugs in the hollow fibers. The dissolution studies indicated
that after a short burst effect, a slow release of drug over a 3- to 4-h time
period could be achieved.

N. Ultrasonically controlled

Controlled-release systems using polymers as rate-controlling membranes
were first introduced in the 1960s. However, one problem central to this field
is that all the systems so far developed display release rates that are either
constant or decay with time. However, there are a number of situations in
which augmented delivery could be beneficial, such as insulin for diabetic
patients, gastric acid inhibitors for ulcer control, antianginals, and others.
Examples of various control techniques include pumps that can be activated
by pH stimuli, nonerodible polymers containing enzymes that cause the poly-
mer to swell and regulate delivery in response to external stimuli, pH-sensi-
tive erodible polymers containing enzymes in hydrogels that degrade more
rapidly in response to external stimuli, lectin drug systems that release addi-
tional drug due to affinity of an external molecule for the lectin, and temper-
ature-sensitive polymers and polymer drug-magnetic systems that release
additional drug in response to an oscillating external magnetic field.206

Kost et al.207 have introduced the use of ultrasound to externally regulate
the release of drug from polymeric matrices. The bioerodible polymers were
composed of polyanhydrides and copolymers of poly(bis-carboxyphenoxy)
propane with sebacic acid anhydride. The mechanism by which ultrasound
enhances drug release from subcutaneously implanted bioerodible poly-
meric material is currently under investigation. One possible explanation is
that ultrasound enhances the penetration of water into the polymer, exposing
more linkages for hydrolysis and therefore higher degradation and release
rates (see Figure 8.18).

O. Liquid-crystalline phases

Lyotropic liquid-crystalline phases have been investigated in vitro for use as
sustained-release systems. It has been shown that the isotropic, cubic phase
of a lipid/water mixture in water in these applications serves as a thermo-
dynamically and kinetically stable matrix.208 The formation of lyotropic
liquid-crystalline (LC) phases in ternary and quaternary polar lipid/water/
peptide systems has also been investigated. Released peptide was deter-
mined by immunoreactivity of the peptide in plasma. It was found that the
peptide was released from the LC phase and systematically absorbed in
pseudo-zero-order during the observation period. The authors proposed that
lyotropic LC phases may act as a parenteral depot for peptides and that the
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peptide can be protected against biological degradation when incorporated
in the LC phase.209

P. Time-controlled “explosion systems”

A new type of controlled-release system named time-controlled “explosion
systems” (TES) is a mass of spheres containing metoprolol tartrate as a model
drug and a swelling agent (low-substituted hydroxypropylcellulose, L-HPC).
The spheres are coated with ethylcellulose (EC) for the purpose of releasing
the drug after a certain period of time. The lag time produced was found to
be proportional to the thickness of the membrane. The transit and behavior
of the TES has been studied by recovering the particles from the GI tracts of
beagle dogs following oral administration. These studies demonstrated that
TES can act as a controlled-release system by combining the particles with
different lag times.210

Q. Mammalian cells

The use of mammalian cells as potential vehicles for the delivery of plant
toxins to specific sites in vivo has been investigated. Ricin is a potent plant

Figure 8.18 Diagram of test cell for rhythmic pulsatile delivery of GnRH. Both Cells
I and II are 80 ml and are charged with 75-ml solutions, which are stirred vigorously
using magnetic stir bars (SB) and maintained at 37∞C by circulation from a waterbath
through water jackets. Cell I is fed at 1.36 to 1.38 ml/min by 50 mM saline containing
and 50 mM glucose and 0.01 wt.% bronopol (antibacterial), is drained at equal rate,
and in pH stated at 7.0. Cell II initially contains glucose-free saline solution, a 12.5-g
piece of marble, and small particles of polyacrylamide gel containing enzymes. Small
dots refer to f-GnRH molecules, initially introduced at 1 mg/ml into Cell II. pH in
Cell II is monitored by a pH meter, and appearance of f-GnRH in Cell I is recorded
by a spectrofluorimter, with both instruments sending data to a personal computer.
(With permission, Elsevier, J. Control Rel., 81, 1–6, 2002.)
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toxin isolated from the beans of the castor oil plant Ricinus communis. It is
composed of two polypeptide chains (A and B) linked by a disulphide bond.
The B chain of the toxin binds to cell-surface receptors containing terminal
galactose residues. This toxin is internalized by the cell, and the A chain is
liberated into the cytoplasm. The action of the A chain is enzymic. Once in
the cytoplasm, it rapidly inhibits protein synthesis by inactivating 60S ribo-
somal subunits. The natural capacity of cells to internalize such a toxin by
receptor-mediated endocytosis, and to later release some of their contained
toxin to the extracellular space, has been described.211 In 1978, Sandvig et
al.,212 reported the release of radiolabeled TCA-precipitable material from
cells that had been treated with 125I-ricin. This result suggested that some of
the toxin internalized by cells could evade degradation by the lysosomal
system and cycle back to the cell surface in an intact form.

R. Sutures

Antimicrobial sutures developed by Stephenson213 are characterized by a
multifilament structure impregnated with an antimicrobial agent and sur-
face-coated with a covering of polyurethane polymer. The concentration of
antimicrobial agent within the suture is preferably from 0.5 to 2%, although
concentrations outside these ranges can be used with good results. The
suture may be impregnated with antimicrobial solution by any convenient
method, such as dipping, spraying, or soaking. The impregnated suture may
be dried over hot rolls, in a warm-air oven, by a continous stream of warm
air, or by any other convenient method. Drying temperatures and times are
selected to avoid degradation of the suture or antimicrobial compositions.
In general, temperatures of 80 to 100∞C give rapid drying with no adverse
effect on either the suture or the antimicrobial compound.

The report by Gilbert214 has described iodine-polyvinylpyrrolidone prod-
ucts in which the iodine is bound within solid polyvinylpyrrolidone, with
solidified cinnamic alcohol adherently distributed throughout. The novel
solid iodine-containing emulsion applied with an applicator stick or swab
enables iodine to be activated when the emulsion comes in contact with the
moisture or temperature of the skin, blood, or blood serum, which liquifies
the cinnamic alcohol at about 37 or 38∞C.

According to Leveen and Joyce,215 prolonged germicidal properties can
be obtained with elemental iodine, a polymer of 2-pyrrolidone, and a poly-
meric poly-basic acid, which is isotonic to the skin and has a molecular
configuration sufficient to slowly release carboxyl groups and stay free of
absorption by the body. A polymeric acid (molecular weight 250,000) is
preferred as the third component. The amount of acidic activity extender
incorporated into the new “iodofor”composition may range from 5 to about
50 parts by weight of the total pyrrolidone-iodine composition, but is pref-
erably within a range of about 10 to 20. It has been found that such a level
is adequate to maintain the entire composition sufficiently acidic to maintain
its bactericidal activity.
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An alternative mode of this system is the formation of a new biocidal
suture material. In this case, a polymer of 2-pyrrolidone is melt-spun into a
continuous fiber. This fiber is then dipped into a hot solution of an aqueous
alcoholic tincture of iodine at a temperature of 110∞F, for 30 seconds to one
minute. Approximately 15% of the total weight of elemental iodine is taken
up. While the suture is still warm, it is dipped into a warm solution of
polyacrylic acid (M.W. 250KD) until 10% by weight of the poly-pyrroli-
done-iodine complex is impregnated. This product is then dried at room
temperature to form a biocidal suture having long-term activity, as well as
excellent tensile strength and knotting ability. Since the suture is biocidal, it
may be woven into a polyfilament.

S. Microsealed drug delivery

The microsealed drug delivery (MDD) system is so named on the basis of
the fact that a drug reservoir (a suspension of solid drug in a water-miscible
hydrophilic polymer) is dispersed homogeneously, as numerous microscopic
spheres, in a cross-linked polymer matrix. The sizes of the microscopic,
drug-containing, liquid-compartment spheres show a normal, bell-shaped
distribution, which ranges from 5 to 50 microns. This microscopic dispersion
of drug reservoir is achieved by high-energy shearing agitation during the
cross-linking of the polymer matrix. Typical examples of the MDD system
are testosterone-releasing transdermal therapeutic devices; contraceptive ste-
roids, such as norethindrone-releasing vaginal ring-type delivery devices;
cylinder-shaped drug delivery devices for he long-term intrauterine delivery
of estradiol, and norgestomet released in a subdermal implant for the sub-
cutaneous controlled administration to achieve estrus synchronization in
livestock (see Figure 8.19).216

VI. Recent advances
The buccal delivery system reported by 3M Company (Cydot) consists of a
flexible mucoadhesive matrix composed of a blend of poly(acrylic acid)
(Carbopol 934 P) and polyisobutylene (Vistanex). The patch device is unidi-
rectional with a polyurethane backing layer. The patch is intended for appli-
cation to the upper gum. A transmucosal therapeutic system was also
reported for the buccal delivery of LHRH, with results indicating the feasi-
bility of controlled-release transmucosal delivery of the peptide drug. The
review by Shojael et al.221 discusses and lists several novel buccal delivery
systems containing a variety of therapeutic agents and lists components used
as oral mucosal-permeation enhancers.

Baur224 has reviewed material trends in colonic drug delivery. An exam-
ple of a simple-matrix dosage form for colon targeting is gum tablets with
embedded dexamethasone.

In this delivery system, methacrylic acid copolymers, cellulose acetate
phthalate (CAP), or hydroxypropyl methylcellulose phthalate are used as
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conventional enteric-coating materials. A few pro-drugs, such as olsalazine,
balsalazine, ipsalazine, and glycoside pro-drugs, such as beta-D glucosides
of dexamethasone, prednisolone, naloxone, and nalmefene, could be better
targeted for colon delivery.263,264,269,270 Another pro-drug group is composed
of drug-dextran-conjugates. Microbially controlled drug delivery systems to
the colon are also reported and also studied when coating the matrix and
hydrogel formulations with cross-linked chondroitin, pectins, oectates, and
cross-linked guar with several drugs. Calciumpectinate has shown promis-
ing results in the colon targeting of insulin. A unique idea was the use of a
pressure-controlled capsule in colonic targeting. The inner surface of this
capsule is coated with an ethylcellulose. The capsule prepared in this way
does not disintegrate in the stomach or in the small intestine, but it disinte-
grates in the colon due to the colonic peristalsis and releases its drug (see
Figures 8.20 and 8.21).224,225

Nokhodchi and Farid222 discuss microencapsulation of paracetamol by
various emulsion techniques using cellulose acetate phthalate. These authors
microencapsulated paracetamol using the emulsion solvent evaporation
(ESE), modified emulsion solvent evaporation (MESE), and emulsion non-
solvent addition (ENSA) methods. All three methods were reproducible in
terms of the drug content, microcapsule size, and release rate of the drug

Figure 8.19 Formulation process of lipidic nanocapsules. Step I corresponds to the
determination of the cooling-dilution temperature (Tcd) after applying three temper-
ature cycles to the system. Step II leads to the formation of nanocapsules by the fast
addition of cold water. (With permission, Kluwer Publ., Pharm. Res., 19, 6, 875, 2002.)
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from the microcapsules. However, significant differences resulted among the
three methods in terms of the time necessary for microcapsule formation,
drug content, microcapsule size, and drug-release rate. These were not due
to batch-to-batch variation.

Acetazolamide has been a highly effective drug for the treatment of
glaucoma. However, its use has been limited because of its low solubility
and poor permeability characteristics, which cause it to be unsuitable for
topical administration. Its current use as an oral dosage form has been
associated with a large number of side effects. Singla et al.223 discuss novel
approaches for the topical delivery of this agent. They discuss use of viscos-
ity-imparting agents, gels, liposomes, and cyclodextrins.

Pro-drugs have been used to overcome poor solubility, insufficient sta-
bility, incomplete absorption across biological membranes, and premature
metabolism to active species. Therefore, various novel attempts were made
using pro-drugs as delivery systems, for example, topical delivery of 5-flu-
orouracil (5-FU) 1,3-bisalkylcarbonyl-5-FU pro-drugs, O-butyryl ester of til-
isolol for ophthalmic insert, stabilized dipeptides D-Glu-Ala and D-Asp-Ala

Figure 8.20 Schematic diagram of the ATTEMPS approach. (With permission, Else-
vier, J. Control. Rel., 78, 67–79, 2002.)
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as pro-moieties for benzyl alcohol (oligopeptide transporter), 5’-O-ester
pro-drugd of 3’-azido-2’,3’-dideoxythymidine (AZT) for HIV infection, poly-
ethylene glycol conjugated drugs and pro-drugs, pro-drug of phyllohydro-
quinone, liposomes containing water-soluble pro-drugs of paclitaxel for the
treatment of ovarian and breast cancer, diacyl glyceryl ester pro-drugs of
naproxen for slow skin releaase in the skin,272–275,277,278 Leuenkephalin ana-
logue and ester pro-drugs thereof, cathepsin B-sensitive dipeptide pro-drugs
of paclitaxel (Taxol), mitomycin C and doxorubicin, the use of esters of
pro-drugs for oral delivery of beta-lactam antibiotics, pro-drugs of
gestodene for matrix-type transdermal delivery, immunoliposomes contain-
ing 5-fluorouridine pro-drugs, beta-glucuronyl carbamate-based pro-drugs
of paclitaxel, and thymidylate synthase inhibitors as potential candidates
for ADEPT (antibody-directed enzyme pro-drug therapy). Pro-drugs of
Ara-C, for their apoptotic activity, biphenyl acetic acid-beta-cyclodextrin
conjugates as colon-targeting pro-drugs, vitamin K pro-drugs, and O-cyclo-
propane carboxylic acid ester pro-drugs of various beta-blocking agents
were investigated.282,284,286

Figure 8.21 Strategy in device directed therapeutic drug delivery system. (With per-
mission from J. Control Rel., 78, 125–131, 2002.)
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Microparticles have an important place in drug delivery. For example,
recently, the following studies297–300 were undertaken for their use: biode-
gradable poly(DL-lactide glycolide) as a vehicle for allergen-specific vac-
cines; cationic microparticles for immune stimulatory cpG DNA delivery;
inhalable microparticles for the treatment of pulmonary tuberculosis; micro-
particles entrapping p-DNA-poly(amino acids) complexes for vaccine deliv-
ery; microparticles for intranasal immunization; lipid microparticles for
parenteral controlled-release device for peptides; fabrication of porous
poly(epsilon-caprolactone) microparticles for protein release; preparation of
collagen-modified hyaluronan microparticles as antibiotics carriers; porous
biodegradable microparticles for delivery of pentamidine;302–310 microparti-
cles for delivering therapeutic peptides and proteins to the lumen of the
small intestine (e.g., elatin microparticles as a protein micronization adju-
vant); microparticles for lectin-mediated mucosal delivery, controlled release
of transforming growth factor-beta 1 (TGF-beta 1), containing biodegradable
polymer microparticles to a bone defect; glucose oxidase-containing micro-
particles of poly(ethylene glycol)-grafted cationic hydrogels; preparation of
magnetic iron–carbon composite microparticles for delivery of anticancer
agents;311–320 production of Eudragit microparticles; formulations of
poly(D,L-lactic-co-glycolic acid) microparticles for rapid plasmid DNA
delivery; microparticles in MF59; a potent adjuvant combination for a recom-
binant protein vaccine against HIV-1; PLG microparticles of oral vaccine
delivery; antibiotic release from biodegradable PHBV microparticles; devel-
opment of chitosan-cellulose multicore microparticles for controlled drug
delivery; biodegradable microparticles as a delivery system for measles virus
cytotoxic T-cell epitopes; and biodegradable microparticles containing colch-
icine or a colchicine analogue.321–332

Gel-microemulsions were used as vaginal spermicides and intravaginal
drug delivery vehicles to improve bioavailability through the vaginal/rectal
mucosa of microbiocidal drug substances against sexually transmitted dis-
eases. Microemulsions were used also for peridontal anesthesia, indometha-
cin, phopholipid-based flurbiprofen, and testosterone. Aspirin-tableted
microcapsules and preparations of microemulsions using polyglycol fatty
acid esters as surfactants for the delivery of protein drugs were also evalu-
ated (see Figures 8.22 and 8.23).334–346

Polyphasphazone-based microspheres for insulin delivery were pre-
pared following different procedures: suspension-solvent evaporation, dou-
ble emulsion-solvent evaporation, and suspension/double emulsion-solvent
evaporation. All preparations stimulated anti-insulin antibody production
that constantly increased over a period of 8 weeks. Chronic intraperitoneal
insulin delivery was achieved using a mechanical pump.

Tozaki et al.271 reported on the enhanced absorption of insulin and
Asu(1,7)eel-calcitonin using novel azopolymer-coated pellets for colon-spe-
cific drug delivery, and lipid emulsions as vehicles for enhanced nasal
delivery of insulin was investigated. Insulin was delivered using a trans-
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dermal system containing flexible lecithin vesicles and continuous subcu-
taneous infusion.

Zinc insulin was successfully encapsulated in various polyester and
polyanhydride nanosphere formulations using Phase Inversion Nanoencap-
sulation (PIN). A number of properties of this formulation, including size,
release kinetics, bioadhesiveness, and ability to traverse the GI epithelium,
are likely to contribute to its oralefficacy. Renard et al.242 reported on insulin
delivery with plasmid DNA. Simple-to-use tools, such as pen devices, were

Figure 8.22 Schematic of spray-drying system. (With permission, Elsevier, J. Control
Rel., 82, 429–440, 2002.)

Figure 8.23 PEG-coated micelles with different PEG configurations: (a) PEG anchored
to one end, (b) PEG anchored to both ends. (With permission of John Wiley & Sons, 

91, 6, 1463, 2002, © 2002 Wiley-Liss, a Wiley company)
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also introduced for insulin delivery. Kawashima277 reported on the pulmo-
nary delivery of insulin with nebulized DL-lactide/glycolide copolymer
(PLGA) nanospheres to prolong hypoglycemic effect. Insulin has been deliv-
ered by transdermal iontophoretic and by surface-coated liposomes. Chetty
and Chien280 and Trehan and Ali281 have described recent novel approaches
for insulin delivery. Katre et al.282 discuss multivesicular liposome (Depo-
Foam) technology for the sustained delivery of insulin-like growth factor-I
(IGF-I). Ando et al.283 reported on nasal insulin delivery in rabbits using
soybean-derived sterylglucoside and sterol mixtures as novel enhancers in
suspension dosage forms. Takenaga et al.284 reported on microparticle resins
as a potential nasal drug delivery system for insulin. Insulin has also been
delivered via an enhancer-free ocular device. Kagatani et al.286 reported on
electroresponsive pulsatile depot delivery of insulin from poly(dimethylami-
nopropylacrylamide) gel in rats. Saudek287 discuss novel forms, alternate
delivery systems, and formulations of insulin. Edelman et al.288 reported on
insulin release from an implantable, polymer-based system with simulta-
neous release of somatostatin. Kubota et al.289 found that portal insulin deliv-
ery is superior to peripheral delivery in the handling of portally delivered
glucose. Taylor et al.290 reported on the delivery of insulin from aqueous and
nonaqueous reservoirs that is governed by a glucose-sensitive gel mem-
brane. Kim and Park291 discuss modulated insulin delivery from glucose-sen-
sitive, hydrogel dosage forms, and Bremseth and Pass292 reported on their
observations on the delivery of insulin by jet injection. Li et al.293 discuss
gellan film as an implant for insulin delivery. Gellan gum is an anionic
polysaccharide produced by the aerobic fermentation of Pseudomonas elodea
in batch culture. Lee and McAuliffe294 discuss photomechanical transdermal
delivery of insulin in vivo, and Mitra and Perzon295 reported on the enhanced
pulmonary insulin delivery by lung lavage fluid and phospholipids. Kisel
et al.296 reported on the liposomes, with phosphatidylethanol as a carrier for
the oral delivery of insulin in rats, and Venugopalan et al.297 discuss prepa-
ration and characterization of pelleted, bioadhesive, polymeric nanoparticles
for the buccal delivery of insulin.

Charrueau et al.253 have discussed poloxamer 407 as a thermogelling and
adhesive polymer for rectal administration of short-chain fatty acids. Szni-
towski et al.254 investigated diazepam lipospheres based on Witepsol and lec-
ithin intended for oral or rectal267 delivery. Burstein et al.255 reported on the
absorption of phenytoin from rectal suppositories formulated with a polyeth-
ylene glycol base. It appeared that absorption of phenytoin from polyethylene
glycol rectal suppositories in healthy subjects was highly variable and unpre-
dictable; therefore, this formulation could not be recommended. Kim and
Ku256 reported on the enhanced absorption of indomethacin after oral or rectal
administration of a self-emulsifying system containing this agent to rats. Dash
et al.257 reported on the development of a rectal nicotine-delivery system for
the treatment of ulcerative colitis. Barichello et al.258 found enhanced rectal
absorption of insulin-loaded Pluronic F-127 gel containing unsaturated fatty
acids. Miyazaki et al.259 observed that thermally reversible xyloglucan gels can
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be used for rectal drug delivery; indomethacin was used in this study. Accord-
ing to Cook et al.,260 cisapride was administered rectally in horses. However,
they found that this method is not clinically useful. Sallai et al.261 found that
trimethoprim was suitable for further clinical pharmacological investigation.
Watanabe et al.262 reported on pharmacodynamics of recombinant human
granulocyte colony-stimulating factor (rhG-CSF) after administration of a rec-
tal dosage vehicle; it was found to be a promising drug delivery system.
According to Van Os et al.,263 azathioprine delivered to the colon by
delayed-release oral and rectal foam formulations considerably reduced sys-
temic 6-mercaptopurine bioavailability. 

The therapeutic potential of these colonic delivery methods, which can
potentially limit toxicity by local delivery of high doses of azothioprine,
should be investigated in patients with inflammatory bowel disease. Phar-
macokinetics of temazepam, apomorphine, and propylene glycol were stud-
ied.268 The data presented by Kondo et al.266 suggested that alpha-cyclodex-
trin in combination with xanthan gum is particularly effective in improving
the rectal bioavailability of morphine from hollow-type suppositories.
Miyazaki et al.267 suggested that thermally gelling poloxamine Synperonic
T908 solution can be used as a vehicle for rectal drug delivery. Antimalarials
have also been used in rectal suppositories. The data presented by Noach
et al.269 indicate that although verapamil is able to enhance the absorption
of hydrophilic compounds in vivo, practical application of this agent for this
purpose did not seem feasible. Diwan and Park252 found that pegylation
enhances protein stability during encapsulation in PLGA microspheres.

Wildemeersch and Schacht247 reported on a pilot study on the treatment
of menorrhagia with a novel “frameless,” intrauterine, levonorgestrel-releas-
ing drug delivery system. The FibroPlant levonorgestrel IUSD is effective in
significantly reducing the amount of menstrual blood loss in women with
menorrhagia. Strong endometrial suppression is the principal mechanism
explaining both the effect on menstrual blood loss and the contraceptive
performance. The low daily release rate of levonorgestrel from the FibroPlant
levonorgestrel results in a low incidence of hormonal side effects and reduces
the likelihood of amenorrhagia.249 According to Lahteenmaki et al.,248 the use
of the levonorgestrel intrauterine system (see Figure 8.24) is a good conser-
vative alternative to hysterectomy in the treatment of menorrhagia and
should be considered before hysterectomy or other invasive treatments.

According to Sohonen et al.,249 local progestin delivery via a levonorg-
estrel-releasing intrauterine system was effective in suppressing the
endometrium and in eliminating bleeding in women receiving estrogen
replacement therapy. Varila et al.250 reported that intrauterine levonorgestrel
effectively protects against endometrial hyperplasia. In most women, it
induces amenorrhagia, which is only temporarily affected by replacement
of the LNG IUS. Maruo et al.251 reported that LNG IUS resulted in a decrease
in endometrial proliferation and an increase in apoptosis in endometrial
glands and stroma. The increase in apoptosis associated with increased Fas
antigen expression and decreased Bcl-2 protein expression in the endo-
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metrium may be one of the underlying molecular mechanisms by which
LNG IUS insertion causes the atrophic change of the endometrium. A mul-
tiload Cu25 intrauterine contraceptive device releasing 1.5 micrograms of
3-keto-desogestrel daily is able to reduce menstrual blood loss to a very low
level and to replete body-iron stores in women with or without menor-
rhagia.247 Higher doses had no superior effect.

D’Cruz and Uckun244 reported on gel-emulsions as vaginal spermicides
and intravaginal drug delivery vehicles. These emulsions have unprece-
dented potential as dual-function microbicidal contraceptives to improve
vaginal bioavailability of poorly soluble antimicrobial agents without caus-
ing significant vaginal damage. Woolfson et al.,245 in their review, discuss a
range of drug delivery platforms suitable for intravaginal administration,
including hydrogels, vaginal tablets, pessaries/suppositories, particulate
systems, and intravaginal rings. Lamb et al.246 reported on the inclusion of
an intravaginal progesterone insert plus GnRH and prostaglandin F2alpha
for ovulation control in postpartum-suckled beef cows. An improved intra-
vaginal controlled-release prostaglandin E2 insert for cervical ripening term
has been reported.248 In this study, 65% of PGE2-group patients had a suc-
cessful outcome versus 44% of control patients (P = 0.001).

Janes et al.238 described polysaccharide colloidal particles as delivery
systems for macromolecules, such as DNA molecules. To date, the in vivo
efficacy of the chitosan-based colloidal carriers has been reported for two
different applications, while DNA-chitosan hybrid nanospheres were found
to be acceptable transfection carriers; ionically cross-linked chitosan nano-
particles appeared to be efficient vehicles for the transport of peptides across
the nasal mucosa, and according to Jones et al.,239 polymer chemical structure
is a key determinant of physicochemical and colloidal properties of poly-

Figure 8.24 Role of b-G.P. in hydrogel formation with chitosan and HEC (left: fully
charged and highly stretched chitosan repel each other to cause an intermolecular
distance too large for HEC bridging; and right: partially neutralized with b-G.P. and
highly flexible chitosan with a small intermolecular distance that allows bridging by
HEC for hydrogel formation). Chain entanglement is also considered. (With permis-
sion of John Wiley &  Sons, J. Pharm. Sci., 91, 7, 1669, © 2002 2002 Wiley-Liss, a Wiley
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mer-DNA complexes for gene delivery. Lambert et al.240 described polybu-
tylcyanoacrylate nanocapsules containing an aqueous core as a novel colloi-
dal carrier for the delivery of oligonucleotides (see Figures 8.25 and 8.26).

Orienti et al.229 reported on hydrogels formed by cross-linked poly(vinyl
alcohol) as colon-specific, sustained-release drug delivery systems.Vancomy-
cin HCl was used in this study. The degree of cross-linking of ethylene glycol
diglycidyl ether and the extent of substitution with oleoyl chloride were
found to influence the drug release. Elvira et al.227 reported on starch-based
biodegradable hydrogels with potential biomedical applications as drug
delivery systems. The design and preparation of novel biodegradable hydro-
gels developed by the free-radical polymerization of acrylamide and acrylic
acid, and some formulations with bis-acrylamide, in the presence of a corn-
starch/ethylene-co-vinyl alcohol copolymer blend (SEVA-C), is reported.
The mechanical properties of the xerogels were characterized by tensile and
compressive tests, as well as by dynamo-mechanical analysis (DMA). 

A new family of nanoscale materials on the basis of dispersed networks
of cross-linked ionic and nonionic hydrophilic polymers was reported by
Vinogradov et al.228 One example is the nanosized cationic network of
cross-linked poly(ethylene oxide) and polyethyleneimine nanogel. Efficient
cellular uptake and intracellular release of oligonucleotides immobilized in
this nanogel have been demonstrated. Antisense activity of an oligonucle-
otide in a cell model was elevated as a result of the formulation of oligonu-
cleotide with the nanogel. This delivery system has a potential of enhancing
oral and brain bioavailability of oligonucleotides, as demonstrated using
polarized epithelial and brain microvessel endothelial cell monolayers.
Blanco et al.230 reported on in vivo drug delivery of 5-fluorouracil using
poly(2-hydroxyethyl methacrylate-co-acrylamide) hydrogels. Han et al.231

described lactitol-based poly(ether polyol) hydrogels for controlled-release
chemical and drug delivery systems, while Shantha and Harding232 reported
on the preparation and in vitro evaluation of poly(N-vinyl-2-pyrroli-
done-polyethylene glycol diacrylate)-chitosan interpolymeric, pH-respon-
sive hydrogels for oral drug delivery. Peppas et al.233 described poly(ethylene
glycol)-containing hydrogels for drug delivery, and Chiu et al.234 reported
on the synthesis and characterization of pH-sensitive dextran hydrogels as
a potential colon-specific drug delivery system. Cytarabine trapping in
poly(2-hydroxyethyl methacrylate) hydrogels in drug delivery systems was
reported by Teijon et al.,235 and according to Zhang et al.,236 hydrogels can
also be used in transdermal drug delivery. Azo polymeric hydrogels con-
taining 5-fluorouracil for colon-targeted drug delivery was reported by Shan-
tha and Harding.237

Finally, insulin can be effectively delivered using external and implant-
able pumps. Selam,241 in a review, described management of diabetes with
glucose sensors and implantable insulin pumps from 1960s to the period of
the 1990s. Tenjarla334 reported on the evolution toward the development of
totally implantable rotary blood pumps and Bakshi and North243 described
implantable pumps for drug delivery to the brain.
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Figure 8.25 Schematic representation of particle configurations for tastemasking. (With permission, Russell Publ., Am. Pharm. Rev., 3, 3, 8,
2002.)
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VII. Summary
Demand for sustained-release and accurate delivery of pharmaceuticals has
created a vast market for alternative drug delivery systems. The industry
now includes transdermal patches and matrices, nasal delivery systems,
ambulatory infusion pumps, oral osmotics, and liposomes. These technolo-
gies administer lower dosages at specific sites and reduce the adverse side
effects commonly caused by conventional therapies for cancer, diabetes, and
other chronic conditions.217,218

Despite impressive growth rates in recent times, the market for pro-
grammable drug delivery systems is still in its infancy. In 1989, therapeutic

Figure 8.26 Schematic diagram of (a) polyacetal and aluminum disks positioned on
the collection plate of the Andersen cascade impactor, and (b) centrifugal cell assem-
bly. (With permission, Kluwer Publ., Pharm. Res., 3, 322, 2002.)
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agents with various programmed drug delivery systems approached $1.6
billion in sales. Uncorrected for inflation, that market exceeded to $4.5 billion
by 1995. Some of the significant factors contributing to this dynamic growth
include bioerodible materials finding increased utilization for a number of
therapeutic areas, monoclonal antibodies and liposome delivery systems
becoming more commonplace, microspheres seeing a marked increase in
utilization; and the use of narcotic analgesics and drug-behavior modifica-
tion systems dramatically expanding the market associated with central
nervous system agents.
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