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. Introduction

The usefulness of polymers in drug delivery systems is well established.
Continued improvement and accelerating research and development in
polymeric materials has played a vital role in the progress of most con-
trolled-release technologies. In the past 25 years, there has been a consider-
able increase in interest in this technology, as is shown by the increasing
number of publications and patents in the area of controlled drug-release
systems using synthetic as well as naturally occurring polymeric materials.!

II.  Currently available polymers

Currently available polymers for controlled release can be classified into
four major categories: (1) diffusion-controlled systems, (2) solvent-activated
systems, (3) chemically controlled systems, and (4) magnetically controlled
systems.

A. Diffusion-controlled systems

Diffusion-controlled systems involve two types: reservoir and matrix. A
reservoir is generally spherical, cylindrical, or disc-like in shape and consists
of a drug core in powdered or liquid form. A layer of nonbiodegradable
polymeric material, through which the drug slowly diffuses, surrounds the
core. The properties of the drug and the polymer govern the diffusion rate
of the drug and its release rate into the bloodstream. In order to maintain
uniformity of drug delivery, the thickness of the polymer must be consistent.
One of the problems with the reservoir system is that such a system must
be removed from the body after the drug is depleted because the polymer
remains intact. Another potential problem is that if the reservoir membrane
accidentally ruptures, a large amount of drug may be suddenly released into
the bloodstream (known as “drug dumping”).

In the matrix type of diffusion-control system, the drug is uniformly
distributed throughout the polymer matrix and is released from the matrix
at a uniform rate as drug particles dislodge from the polymer network. In
such a system, unlike the reservoir, there is no danger of drug dumping in
case of an accidental rupture of the membrane.

B. Solvent-activated systems

Solvent-activated systems are also of two types: osmotically controlled systems
and swelling-controlled systems. In the osmotically controlled system, an
external fluid containing a low concentration of a drug moves across a semi-
permeable membrane to a region inside the device, where the drug is in high
concentration. Osmotic pressure tends to decrease the concentration gradient
between one side of the membrane and the other. The inward movement of
fluid forces the dissolved drug out of the device through a small orifice.
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In the swelling-controlled systems, the polymer holds a large quantity
of water without dissolving. The system consists of hydrophilic macromol-
ecules cross-linked to form a three-dimensional network. A characteristic of
such systems is their permeability, for low molecular weight solutes, at a
controlled rate as the polymer swells.

C. Chemically controlled systems

Chemically controlled systems also have two classes: the “pendant-chain”
system and the bioerodible, or biodegradable, system. A “pendant chain
system” is one in which the drug molecule is chemically linked to the
backbone of the polymer. In the body, in the presence of enzymes and
biological fluids, chemical hydrolysis, or enzymatic cleavage, occurs with
concomitant release of the drug at a controlled rate. The drug may be linked
directly to the polymer or via a “spacer group.”

In the bioerodible system, the controlled release of the drug involves
polymers that gradually decompose. The drug is dispersed uniformly
throughout the polymer and is slowly released as the polymer disintegrates.
Two major advantages of erodible systems are (1) polymers do not have to
be removed from the body after the drug supply is exhausted, and (2) the
drug does not have to be water-soluble. In fact, because of these factors,
future use of bioerodible polymers is likely to increase more than any other
type of polymer in the future.

D.  Magnetically controlled systems

Selective targeting of antitumor agents, while minimizing toxic effects, has
been a major goal in cancer chemotherapy. Conventionally used systemic
antineoplastic agents are unable to achieve ideal tumor specificity. Magnet-
ically responsive drug carrier systems, composed of albumin and magnetic
microspheres, have been developed for use in cancer chemotherapy. Because
of their magnetic characteristics, these microspheres are theoretically capable
of enhanced area-specific localization. This carrier system is capable of
accommodating a wide variety of drugs. Two major advantages of the mag-
netically responsive carrier system over other drug delivery systems are its
high efficiency for in vivo targeting and its controllable release of a drug at
the microvascular level.

Due to rapid advances in recent years, the application of polymers to
drug delivery has grown considerably. In order to provide a better under-
standing of the relationships and factors affecting various polymers, we have
divided research and development into the following areas:

1. Soluble polymers

2. Biodegradable or bioerodible polymers
3. Mucoadhesive polymers
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III.  Soluble polymers as drug carriers
A. Pinocytosis

Soluble synthetic polymers are emerging as drug delivery vehicles of great
promise. They appear to be more versatile than microparticulate carriers
because of a greater number of potential target sites in the body.®

Biological membranes are effective barriers to macromolecules. The
plasma membrane of the cell prevents the loss of enzymes from the cytoplasm,
while intracellular membranes delineate functionally distinct subcellular com-
partments. Mechanisms for translocation of macromolecules across mem-
branes exist, but these are often specific and sophisticated (e.g., pinocytosis).

Ideal characteristics for a macromolecular drug carrier include adequate
drug-loading capacity; retention of water solubility when drug-loaded; molec-
ular weight high enough to permit glomerular filtration, but low enough to
reach all cell types; unmodified carrier not captured by adsorptive pinocytosis;
a stable carrier-drug linkage in body fluids, but degradable in lysosomes; a
slowly biodegradable carrier in the extracellular compartment or degraded
in lysosomes; nontoxic; nonimmunogenic; and generally biocompatible.

During pinocytosis, the cell membrane invaginates to form a mem-
brane-bound vesicle that contains extracellular fluid, solutes, and sometimes
substances adhering to the cell surface. After “pinching off” from the plasma
membrane, the pinocytotic vesicle migrates into the cytoplasm, fusing with
other incoming vesicles and ultimately fusing with lysosomes to form what
is known as a secondary lysosome. Normally, all macromolecules entering
the secondary lysosome are susceptible to the organelles’ degradative activ-
ity. The monomeric constituents liberated during hydrolysis can usually pass
through the lysosomal membrane for reutilization in anabolic metabolism
or, alternatively, are lost from the cell.

Large macromolecule-drug conjugates normally do not pass through cell
membranes, but usually enter by pinocytosis. Drug conjugates that accumu-
late in lysosomes are termed “lysosomotropic.” Coupling to a macromole-
cule automatically alters drug distribution. If the conjugate is passively cap-
tured solely as a solute, body distribution will depend on the rate of
pinocytosis of individual cell types, as well as accessibility of the conjugate
to each cell type. However, in those instances in which the conjugate has
affinity for cell-surface receptors, and is therefore captured by adsorptive
pinocytosis, the rate of uptake is dependent upon binding capacity. It is the
latter carrier-mediated uptake that holds promise for targeting drug-carriers.
To date, a number of cell-specific, receptor-mediated uptake processes have
been identified. Many of these depend upon the interaction of specific car-
bohydrate moieties of a polymer with unique membrane receptors. If this
type of approach, or other possible targeting systems (e.g., cell-specific anti-
bodies), can be incorporated as a homing device into the carrier vehicle,
there is a real possibility of achieving selective targeting (see Figure 3.1).

Although pinocytosis of polymers is somewhat affected by the molecular
weight of the polymer-conjugate, its rate of penetration into a cell may be
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Figure 3.1 Intracellular fate of macromolecular drug conjugates. (From Anderson,
J.M. and Kim, S.W., Eds., Recent Advances in Drug Delivery Systems, Plenum Publ.
Corp., NY, 1984, 10. With permission.)

increased to some extent by the incorporation of hydrophobic units, (e.g.,
binding tyramine or tyrosinamide to water-soluble polymers). Both
approaches, however, lack specificity. The targeting of polymers requires
either binding of specific antibodies or binding of saccharide units able to
interact with receptors on the surface of certain cells. The binding of saccha-
ride units on synthetic polymers is based on the fact that a small change in
the structure of glycoproteins leads to changes in the fate of modified gly-
coproteins in the organism. It is possible to facilitate the transport of both
natural and synthetic polymers into liver hepatocytes, Kupffer cells, fibro-
blasts, or macrophages.

B. Ideal soluble polymers

According to Duncan and Lloyd,* the ideal drug carrier should possess the
following features: polymer-drug linkages that display controlled biode-
gradability, a suitable molecular weight range, possibility for incorporation
of residues that will facilitate direction to and efficient pinocytotic capture
by the target cells, absence of any deleterious toxic effects, and nonpersis-
tence in the body.

With the exception of biodegradability, synthetic polymers have advan-
tages over their natural counterparts. Perhaps the most exciting feature of
synthetic polymers is the wide choice that is available. In addition to
homo-polymers, which consist of chains of identical repeating units, there are
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many types of copolymers. Two or three different monomers may be copoly-
merized in a defined ratio. The resultant copolymer may have its component
monomers arranged randomly or as regularly repeating dimers or trimers.
Block copolymers consist of pieces of two homopolymers joined end-to-end.
There is also the possibility of attaching several polymer chains together by
cross-links, although this process frequently leads to loss of water solubility.

A useful polymer is one that adheres specifically to cells. Many authors
have reported that polymers with a high density of positive charges, such
as polylysine and polyornithine, bind tightly to cell membranes. Even a small
change in charge density has profound effects. For example, a copolymer
composed of 93% vinylpyrrolidone units and 7% (cationic) vinylamine
adheres to mammalian cell surfaces, whereas the homopolymer polyvi-
nylpyrrolidone does not. Conversely, a synthetic polyanion, pyran copoly-
mer, has been found to adsorb to rat peritoneal macrophages and to enter
these cells by pinocytosis 100 times more rapidly than polyvinylpyrrolidone.”
Polyhydroxypropylmethacrylamide (polyHPMA) does not adsorb to cell
membranes, but its rate of pinocytosis increases dramatically if 10 to 20% of
the monomer residues are substituted with a phenolic residue.?® Similarly,
the incorporation of 10 to 20% phenolic side-chains greatly increases the
cell-binding of another polymer, polyhydroxyethyl-aspartamide.!

Polymers that bind to cell surfaces are also likely to bind to plasma
proteins. This fact will inevitably alter their interactions with cells and, in
vivo, may lead to intravascular aggregate formation. A block copolymer
composed of a hydrophilic portion, polyethyleneoxide, and a hydrophobic
polylysine, whose €-amino group was substituted to 50% with palmitoyl
residues, has been synthesized.!! Its rate of pinocytosis by rat peritoneal
macrophages is similar to that of the homopolymer polyethyleneoxide, indi-
cating that the major hydrophobic domain was without significant effect.
This appears to be due to the fact that in an aqueous environment the
copolymer forms a unimolecular micelle, and that the cell sees only its
hydrophilic portion.

Thus far, the best molecules that have been developed are polyvinylpyr-
rolidone and polyHPMA, with the latter preferred because of the ease of
adding substituent groups. Derivatization of polyHPMA with low percent-
ages of oligopeptides or phenolic residues is possible without causing adher-
ence to cells.!? Both polymers are water-soluble, even at high degrees of
polymerization, but nonspecific cell adherence is seen with both at high
molecular weights, thereby offering an advantage.!*'* Another advantage of
these two polymers is their biocompatibility. Both homopolymers polyVP
and polyHPMA may be potential plasma expanders.

Using polyHPMA, investigators have been able to demonstrate both
targeting and intracellular drug delivery. Targeting has been accomplished
by derivatizing polyHPMA with glycylglycylgalactosamine.’>!¢ This moiety
appears to be recognized by the asialoglycoprotein receptor on hepatocytes.
The polymer, when injected into the rat bloodstream, is efficiently removed
by the liver’s parenchymal cells and taken into their lysosomes.
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It has been reported that an enzyme mix from rat liver lysosomes can,
under appropriate circumstances, cleave p-nitroaniline from polyHPMA
conjugates. The crucial factor is the size and nature of the spacer moiety
linking the ligand to the polymer. p-Nitroaniline conjugated directly by
an amide-linkage to methacryloyl moieties is not released, while interpo-
sition of a suitable oligopeptide renders the distal amide-linkage suscep-
tible to cleavage.l”%

Oligopeptides can also be used as lysosomally digestible components of
cross-links between polymer chains. Short lengths of polyHPMA can be
linked by di(oligopeptidyl)diamines to yield a larger macromolecule. If such
cross-linked molecules were used for targeted delivery of a cytotoxic drug,
intralysosomal processing would not only release the drug, but also degrade
the cross-links. The polymer fragments released from the target cell, upon
its demise, would be small enough to enter the glomerular filtrate, thus
preventing the accumulation of nondegradable polymer within the body.
Degradation of oligopeptide-containing cross-links by lysosomal enzymes
has been demonstrated.!#? A drug carrier must not release its drug prema-
turely. This means that the drug-spacer linkage must not be susceptible to
degradation in body fluids. Although amidases are active in the bloodstream,
itis possible to design oligopeptide spacers that retain the drug during transit
through the bloodstream, but release it under the influence of the lysosomal
enzymes.?!

IV.  Biodegradable or bioerodible polymers

Pioneering studies in the field of controlled subdermal drug delivery began
in the 1960s and used biostable commercial polymers, such as polyethylene
and silicon rubber.?>2* The rate of release of the drug from the polymeric
matrix, or reservoir device, was determined solely by diffusion. Biodegra-
dation of the polymer was thought to represent a less well-defined and
unnecessary experimental variable. Subsequently, interest in biodegradable
polymers developed for two reasons. First, as the field expanded from
research to application, it was recognized that surgical removal of a
drug-depleted delivery system was difficult, leaving nondegradable foreign
materials in the body for an indefinite time period, which constituted an
undesirable toxicological hazard. Second, while diffusion-controlled release
is an excellent means of achieving predefined rates of drug delivery, it is
limited by polymer permeability and the characteristics of the drug.?>%

The development of polymers containing hydrolytically or enzymati-
cally labile bonds has been an ongoing process, principally in connection
with the search for improved absorbable sutures. Although absorbable
sutures were originally derived almost exclusively from various forms of
collagen, and evolved to the modern-day catgut, there has also been an
increasing emphasis on developing synthetic materials that would hydrolyze
to yield natural metabolites. As a result of these efforts, two materials have
emerged: poly(lactic acid) and poly(glycolic acid).
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Figure 3.2 Different approaches to drug delivery systems based on biodegradable
polymers (X is a bio-labile linkage; D is a drug molecule). (From Bruck, S.D., Ed.,
Controlled Drug Delivery, Vol. 1, CRC Press, Boca Raton, FL, 1983, 56.)

The first disclosure of the use of a synthetic biodegradable polymer for
the systemic delivery of a therapeutic agent was made in 1970 by Yolles and
Sartori.*® Since that time, a substantial body of literature on drug release
from bioerodible polymers has been generated as attention turned to cus-
tom-synthesized biodegradable polymers. Three basic approaches have
evolved:®% (1) erosion of the polymer surface with concomitant release of
physically entrapped drug; (2) cleavage of covalent bonds between the poly-
mer and drug, occurring in the polymer bulk or at the surface, followed by
drug diffusion; and (3) diffusion-controlled release of the physically
entrapped drug, with bioabsorption of the polymer delayed until after drug
depletion. The third approach avoids any irreproducibility of the bioerosion
rate and the difficulty of trying to synchronize the diffusion and bioerosion
processes to achieve a specified delivery rate (see Figure 3.2).

A polymer that is to be used in a biodegradable delivery system must
be tailored to meet a number of requirements, the most important of which
are permeability, biodegradability, biocompatibility, and tensile strength.
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These properties are interdependent to some degree, and modification of a
polymer to optimize one property will have an effect on the other three.
Commercial polymers rarely meet all desired specifications, and custom
synthesis is therefore advantageous.

A number of potentially biodegradable polymer systems are used based
on the known susceptibility of their monomer analogues to undergo cleav-
age under mild hydrolytic conditions. These include activated carbon-car-
bon polymers; polyamides and polyurethanes; polyesters and polycarbon-
ates; polyacetals, polyketals, and polyorthoesters; and inorganic polymers.
To this list can be added natural polymers subject to enzymatic attack,
examples of which are polypeptides and polysaccharides. Until recently,
there have been no proven examples of synthetic polymers that undergo
enzymatic degradation.

The preceding chemical classes cannot be ranked in order of suscepti-
bility to hydrolytic or enzymatic attack because, in practice, the degree of
substitution of the polymer morphology and the physical form (e.g., sur-
face-to-volume ratio) of the implanted polymer all contribute to the observed
degradation rate.

Specific physical properties that contribute to the rate of polymer deg-
radation are as follows:

1. Water permeability and water solubility, a reflection of the free vol-
ume of the polymer and its hydrophilicity, will determine the rate of
hydrolysis and whether bulk or surface hydrolytic degradation oc-
curs. Autocatalysis of the degradation process is possible if acidic or
basic groups are produced by the polymer breakdown, as in the case
of polyesters and ortho-esters.

2. Crystallinity of the polymer; only the amorphous phase of the polymer
is accessible to permeants (i.e., water, drug) and to enzymatic attack.

3. Glass-transition temperature; the glassy or rubbery nature of the poly-
mer will be reflected in its permeability and molecular chain mobility.
The chain mobility appears to be an important factor in determining
the susceptibility to enzymatic attack. In addition, the inability of
cleaved fragments to diffuse out of a glassy polymer will magnify an
autocatalytic hydrolytic process. This may contribute to the rate of
degradation of polymers such as polylactic and polyglycolic acid.

4. Physical dimensions (e.g., size and surface-to-volume ratio); these
appear to become significant in the advanced stages of biodegrada-
tion, when phagocytosis may come into play.

Biodegradable polymers can be defined as polymers that are degradable
in vivo, either enzymatically or nonenzymatically, to produce biocompatible
or nontoxic by-products. These polymers can be metabolized and excreted
via normal physiological pathways. They are classified into three groups,
namely natural, semisynthetic, and synthetic, based on their sources. Exam-
ples of commonly used natural biodegradable polymers are gelatin, alginate,
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Table 3.1 Biodegradable in situ solid-forming delivery systems

Delivery system

Common problems

Common components

Thermoplastic pastes

In situ cross-linked
systems; thermosets

Photo-cross-linked gels

Ion-mediated gelatin

In situ polymer
precipitation; solvent
removal

Precipitation

Thermally induced sol-gel
transition

Organogels

High temperature at the
time of injection

Unacceptable level of heat
released during reaction

Burst in drug release

Toxicity of unreacted
monomers

Shrinkage and brittleness
of the polymer due to
high degree of
cross-linking

Low shelf life

Burst in drug release

Long degradation time

Burst in drug release

Burst in drug release

Application of organic
solvents

Stability of oils and purity
of waxes

Lack of toxicity data
Phase separation

PLA, PLGA, PCL;
alcohols as initiator

Stannous octoate as
catalyst; oligomers of
PLA, PDLLA, PCL,
polyols as initiator and
peroxides as curing agent

PGA, PLA, PEG, initiators
such as eosin dye, light
source (e.g., UV or laser)

Alginate with Ca?" as
gelling agent

PDLLA, PCL, PLA,
solvents such as DMSO
or NMP

NIPAAM, PEG, PLA,
PLGA, chitosan,
pluronics

Qils, such as peanut oil
and labrafil, waxes (e.g.,

beeswax and pericerol)

Source: From Elsevier, J. Control Rel., 80, 9-28, 2002. With permission.

albumin, collagen, starch, dextran, chitosan, and chitin, whereas examples of
synthetic biodegradable polymers are polylactic acid, polyglycoloc acid,
poly(lactide-co-glycolide), poly(orthoester), polyhydroxybutyrate, polyhy-
droxyvalerate, and polyanhydride. Modifications can be made to naturally
occurring biodegradable polymers, such as chitosan, alginate, and hyaluronic
acid, to produce semisynthetic biodegradable polymers. These modifications
can result in altered physicochemical properties, such as thermogelling prop-
erties, mechanical strength, and degradation rates. Synthetic polymers are
composed of repeating monomeric units, which are linked together by cova-
lent bonds in the main chain backbone. Polymerization can be achieved by
addition and condensation reactions, and these contain monomeric units.
Synthetic biodegradable polymers are preferable to the natural biodegrad-
able polymers because they are presumed to be free of immunogenicity and
their physicochemical properties are more predictable and reproducible.
Polydioxanone, polyphosphazone, pseudopoly(amino acids), water-soluble
SELPs protein polymers (based on silk-like and elastin-like amino acid
blocks), diblock polymers, and multiblock copolymers are examples of syn-
thetic biodegradable polymers. These have been prepared to afford a multi-
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Table 3.2 Hydrogel material

Based on natural materials

Collagen
Starch
Chitosans
Gelatin
Alginates
Dextrans
Based on synthetic polymers
N-vinylpyrrolidone
Poly(vinyl alcohol)
Polyphosphazenes
Poly(ethylene oxide-b-poly(propylene oxide)
Copolymers

PL(G)A/PEO/PL(G)A copolymers
PVA-g-PLGA graft-polymers
PEGT-PBT copolymers (PolyActive)
MA-oligolactide-PEO-oligolactide-MA

Responsive polymers
Methacrylates (pH-dependent swelling)
Poly(N-isopropylacrylamide) (LCST)
PEO-PPO-PEO (Pluronics)
PEO-PPO-PAA graft-copolymer (LCST)
PLGA-PEO-PLGA (LCST)

Source: From Advanstar, Pharm. Tech., March 2002, 144. With permission.

Table 3.3 Commercially available biodegradable drug delivery systems

Biodegradable
Name of product Dosage form Active ingredient polymera*

Lupron Depot Microspheres Leuprolide PLGA
Sandostatin LAR Microspheres Octreotide PLGA
Neutropin Depot Microspheres Somatropin PLGA
Trelstar Depot Microspheres Triptorelin PLGA
Gliadel Waffer Cumustin Polyanhydride
Zoladex Rod Goserelin PLGA
Atridox Gel Doxycycline PLGA

2 PLGA: poly(lactic-co-glycolic acid)
b Polyanhydride: poly[bis(p-carboxyphenoxy) propane: sebacic acid] in a 20:80 molar ratio
Source: From Russell Publ., Am. Pharm. Rev., 4, 4, 25, 2001. With permission.

tude of polymers with diverse properties, such as degradation rates, mechan-
ical strength, porosity, diffusivity, and inherent viscosity.

According to Sun and Watts,!” the factors that affect the degradation
rate of the polymer involve chemical properties such as structure of mono-
mers, which can affect the lability of the cleavable bonds and composition
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Figure 3.3 Ringsdorf’s model of polymeric pro-drugs. (From Ringsdorf, H., in Poly-
meric Delivery Systems, Kostelnik, R.J., Ed., Gordon & Breach Publishers, New York,
1978, 197. With permission.)

of the monomers; physical properties, such as hydrophilicity and crystallin-
ity, which are controlled by the chemical composition of the monomers and
process conditions; molecular weight of the polymers; geometric factors of
the polymer devices, such as size, shape, and surface area; and additives
and environmental factors, such as pH and ionic strength. Biodegradation
of polymer devices or drug delivery systems usually undergoes four steps:
hydration, mechanical strength loss, integrity loss, and mass loss. The hydra-
tion step is critical and is determined by the hydrophilicity /hydrophobicity
or crystallinity of the polymer.”?1% Natural biodegradable polymers (see
Figures 3.4 and 3.5), such as human serum albumin and collagen, are hydro-
philic and undergo degradation by hydrolysis, whereas most of the synthetic
biodegradable polymers are hydrophobic. Polymers are never 100% crystal-
line, and amorphous regions separate crystalline domains. The degradation
of biodegradable polymers is sensitive to the pH of the environment (e.g.,
poly(lactide-co-glycolide) degrades faster in a highly alkaline buffer than in

PEG
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of Dex and PEG separation
Stirring | * '.'.'. :
e o. * +* o e
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o le . Nl

Water-in-water
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Figure 3.4 Schematic representation of the microsphere preparation process. (With
permission, Advanstar, Pharm. Tech., Oct. 2001, 110.)
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Figure 3.5 Schematic representation of the morphology of PEGT-PBT copolymers.
The PBT segments form hydrophobic domains in the hydrophilic PEG matrix, thereby
creating a physically cross-linked network. (With permission, Advanstar, Pharm. Tech.,
Oct. 2001, 110.)

acidic and physiological buffers, polyanhydrides degrade faster in basic
conditions, and hydrolysis of poly(orthoester) is catalyzed by acid).'®! Bio-
degradable polymers (see Figure 3.6) that are hydrophobic can undergo
surface degradation (i.e., degradation occurs on the outer layer exposed to
the aqueous body fluid). Environmentally catalyzed biodegradation nor-
mally involves naturally occurring biodegradable polymers, such as polysac-
charides, proteins, and poly(beta-hydroxy acids). For synthetic biodegrad-
able polymers, degradation involves enzymes only at certain stages of
physical conditions. Insignificant enzyme involvement is expected in the
early stages for polymers in the glassy state. However, as erosion or frag-
mentation occurs, enzymes can play an important role in the degradation of
polymer (see Figures 3.7-3.9).182-184
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Figure 3.6 Schematic of electrospinning system. (With permission, Elsevier, ]. Control
Rel., 81, 57-64, 2002.)
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Figure 3.7 Process of drug incorporation to polymeric micelles. Preformed micelles

have no ability to incorporate ADR. (With permission, Elsevier, ]. Control Rel., 78,
155-163, 2002.)

Cytoplasm

Nucleus

Figure 3.8 Proposed cellular import mechanism of Ce6-loligomer. Loligomers are
represented as branched structures, and chlorine e, groups are represented as gray
ovals. Ceb6-loligomers bind to cell surfaces via their cationic CTS sequences (step 1).
This triggers membrane invagination (step 2), followed by the internalization of the
Cet-loligomer molecules into vesicular compartments (step 3) in a process referred
to as absorptive endocytosis. A fraction of the Ce6-loligomers escape from these
vesicles (step 4), and their NLS sequences are recognized by cytosolic carrier proteins
(small open ovals in the diagram) (step 5), enabling import into the nucleus (step 6).
A light burst from outside the cell (hv), results in activation of the Ce6 molecules
and production of singlet oxygen species (1O,) in the nucleus, leading to efficient
DNA damage (step 7). This damage eventually results in apoptosis and cell death.
(With permission, Elsevier, J. Control Rel., 78, 115-123, 2002.)
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Figure 3.9 Proposed mechanism of drug transport in brain’s microvessel endothelial
cells with Pluronic® block copolymers: (A) inhibition of Pgp results in increased flux
of drug from blood to brain, (B) solubilization of drugs in micelles decelerates drug
transport across BBB, micelles undergo fluid phase endocytosis, and (C) conjugation
of micelles with insulin vector enhances drug transport through adsorptive endocy-
tosis. (With permission, Elsevier, ]. Control Rel., 82, 189-212, 2002.)

A. Drug release by matrix solubilization

Materials in this category include currently used enteric coatings, which can
generally be classified as polyacids.® In their un-ionized form, they are
water-insoluble, but upon ionization of their carboxylic acid groups, they
become more water-soluble. Some of the most widely studied systems are
partially esterified copolymers of methyl vinyl ether and maleic anhydride
or partially esterified copolymers of ethylene and maleic anhydride.?= In
a constant pH environment, esterified polymers undergo a controlled disso-
lution process and are, therefore, useful materials for the controlled release
of therapeutic agents dispersed within them.

B. Erodible diffusional systems

Erodible diffusional systems combine the attributes of a rate-controlling
polymer membrane, which provides a constant rate of drug release from a
reservoir-type device, with erodibility, which results in bioerosion and makes
surgical removal of the drug-depleted device unnecessary. Because consis-
tency of drug release requires that the bioerodible polymer membrane
remain essentially unchanged during the delivery regimen, significant bio-
erosion must not occur until after drug delivery has been completed. Major
emphasis for the development of erodible diffusional systems has centered
on devices that release contraceptive steroids or narcotic antagonists. The
polymer systems most extensively investigated in the form of subdermal
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capsules for the release of levonorgestrel are various aliphatic polysters, in
particular, poly(e-caprolactone).%

C. Monolithic systems

In monolithic systems, the drug is physically incorporated into a polymer
matrix and is released to the surrounding environment as the polymer
bioerodes. In describing drug release from such systems, it is necessary to
consider both polymer erosion and drug diffusion. If mobility of the drug
in the matrix is such that rapid diffusional release is possible, its release
kinetics will be first order. Zero-order release requires that the erosion
process be confined to the surface of the solid device and that the drug be
highly immobilized in the matrix. Although surface erosion is difficult to
achieve, such systems have several significant advantages. Among these
are the ability to control drug delivery rate by simply varying drug loading
within the matrix, controlling lifetime of the device, varying the physical
dimension of the device, and the ability of one matrix to deliver a variety
of therapeutic agents.

Narcotic antagonists have been incorporated into poly(L (+) lactic acid)
in the form of films implanted in rats.#!*® The release of narcotic antagonists
from composites in particle form has also been investigated in vitro and in
vivo. For cyclazocine and naltrexone, in vitro release rates were faster than
in vivo release rates, whereas for naloxone, both the rates were similar.#*
The large difference in the in vitro release rates was ascribed to the excess of
extractant present.

Poly(L+-lactic acid) has also been used for the controlled release of
progesterone, B-estradiol, and dexamethasone. Devices have been fabricated
by dissolving the drug and the polymer in dichloromethane. The solvent is
evaporated under reduced pressure and the solid residue melt-pressed.**46
The release of d-norgestrel from cylindrical implants fabricated from various
homopolymers and copolymer of L(+) lactic acid, DL-lactic acid, and glycolic
acid has also been studied. Because poly(L+ lactic acid) is highly crystalline,
chain segments have restricted mobility and release of d-norgestrel is low.
However, the introduction of either DL-lactic acid or glycolic acid into a
poly(L+ lactic acid) chain disrupts the crystalline nature of the polymer, and
chain mobility is increased.** Because crystalline regions are highly hydro-
phobic and prevent access of water to the labile ester linkages, a decrease of
crystallinity will also result in increased rates of matrix hydrolysis.

The release of cyclophosphamide, doxorubicin, and cis-dichloro diamine
platinum from poly(L+ lactic acid) has been evaluated.®® Although in vitro
and in vivo release of these agents has been poorly characterized, this meth-
odology may offer advantages in lowering drug toxicity while increasing
the number of “cures” relative to single-dose administration. Poly(L+ lactic
acid) or copolymers of lactic and glycolic acids have also been evaluated as
injectable controlled-release systems for the antimalarial drugs quinazoline
derivative (WR-158122) and sulfadiazine. Using WR-158122 and a copolymer
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prepared from 25 wt% DL-lactic acid and 75 wt% glycolic acid, sustained
release through 14 weeks was demonstrated by means of radioactivity mea-
surements of excreted urine.’! Using the rodent malaria Plasmodium berghei,
no parasitemia was detected for several weeks, and some animals survived
through 14 weeks. Copolymers of gluconic acid and (y-ethyl-L-glutamate
have also been used in the development of bioerodible monolithic devices.
Unlike poly(lactic acid) and poly(glycolic acid), which were originally devel-
oped as biodegradable surgical sutures and were not intended to be used as
bioerodible monolithic devices for controlled drug release, poly(orthoesters)
were specifically designed as monolithic matrixes capable of undergoing a
surface-erosion process.

In recent years, there have been major advances in genetic engineering
and, consequently, the production of many interesting and pharmacologi-
cally active polypeptides.>? There have also been concurrent improvements
in procedures for total chemical synthesis of lower molecular weight pep-
tides, such as Zoladex (ICI-118630), which is a highly potent, synthetic analog
of luteinizing hormone-releasing hormone (LHRH). However, the therapeu-
tic and commercial potential of this and other polypeptide drugs will only
be fully realized if these advances are accompanied by improvements in the
design of dosage forms, leading to practical and effective formulations.

Polypeptides are ineffective by the oral route since they are rapidly
degraded and deactivated by the acidic pH and proteolytic enzymes in the
alimentary tract. Even if stable to enzymatic digestion, their relatively high
molecular weights prevent facile translocation through the intestinal wall.
Other routes of administration, including intranasal, buccal, intravaginal,
and rectal, have been used, but these are associated with low and variable
bioavailability, and none of these rates offers a general solution applicable
to all polypeptides. Consequently, polypeptides and proteins are best admin-
istered parenterally. Since these drugs have short elimination half-lives, fre-
quent injections are required to produce an effective therapy.

For polypeptide hormones, in which the pharmacology of the agent is
compatible with sustained release, the most appropriate dosage form is one
that is capable of releasing a drug continuously at a controlled rate over a
period of weeks or even months. If such release is from a polymer, then it
is preferred that the polymer be biodegradable. Experience with homo- and
copolymers of lactic and glycolic acids has shown that these materials are
inert and biocompatible in the physiological environment of the body and
degrade to toxicologically acceptable products. Consequently, these poly-
mers are invariably the materials of choice in the initial design of parenteral
sustained-delivery systems using a biodegradable carrier, particularly when
release over many weeks is required.>>

V. Mucoadhesive polymers

Bioadhesive polymers have been employed in both surgery and dentistry
for many years.®® Such polymers include the well-documented “super
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glues,” the esters of cyanoacrylates, which have found applications ranging
from repair of osteochondral fractures to capping extraction wounds in
dentistry. Other synthetic bone-glue candidates have included polyure-
thanes, epoxy resins, acrylate, and polystyrene. Often, the mechanism of
bonding for these bioadhesive polymers involves the formation of covalent
bonds with the target tissue in order to provide a permanent or semiperma-
nent linkage.®62

In the development of oral controlled-release dosage forms, considerable
benefits may ensue from the use of bioadhesive polymers providing rela-
tively short-term adhesion between the drug delivery system and the mucus
or epithelial cell surface of the gastrointestinal tract.®*%* Binding will therefore
involve secondary forces, such as hydrogen bonds or van der Waals forces.
Mucoadhesives may, therefore, be regarded as a specific class of bioadhe-
sives. Polymer candidates need to be nontoxic and nonabsorbable, adhere
rapidly to wet tissues, and release the incorporated drug in a controlled
manner.

The ability to localize a drug delivery system in a selected region of the
GI tract could conceivably lead to improved bioavailability, especially for
drugs exhibiting narrow windows of absorption or instability in certain
sectors of the tract. Intimate contact with the target absorption membrane
should lead to optimization of both the extent and rate of drug absorption.
Alternative mechanisms for the control of GI transit of the dosage form, for
example, through manipulation of particle size and density, together with
the use of fibrous materials, have not, in general, been successful.®®

A material may adhere to a mucosal surface in two ways: by binding to
the tissue itself or by associating with the mucus coat that is ultimately
associated with the tissue surface. The gastric mucosa is the primary target
in the development of a mucoadhesive-based sustained release action since
gastric retention will be the main mechanism in delaying the rapid absorp-
tion that occurs once the formulation reaches the specialized absorptive areas
of the small intestine.®5”

Throughout the GI tract, the mucosal surface is comprised of columnar
epithelial cells, the morphology of which changes as the tract is descended.
In the stomach, specific mucus-secreting glands are in the cardiac and pyloric
region, which serve to coat incoming food boli and hence reduce possible
abrasive action. Mucus-secreting cells are also found in the necks and depths
of the acid-secreting gastric pits, where they form a protective buffer zone
around the stream of acid. The surface columnar epithelial cells maintain
the mucus coating over the rest of the stomach surface, and secretion is
stimulated by mechanical and chemical irritation. The mucus layer also
serves to protect the gastric epithelium from the action of secreted acid and
proteolytic enzymes. The layer is usually continuous, but can be disrupted
under the action of certain irritant substances, and an ineffective mucus layer
is usually associated with conditions of gastric ulceration.®¢

Particles that are small enough to be buried in the surface of the mucus
will be securely held due to the relatively high storage capacity of the gel.
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However, as mucus is continually secreted, such particles will be pushed
farther from the mucosal surface to a point where they are sheared away,
either under the weight of the gel itself, or due to mechanical abrasion of the
luminal contents. Larger particles, for which there is a favorable interface
interaction with the mucus gel, may, nevertheless, be pulled from the mucosal
surface due to their weight or because they are more easily dislodged by the
peristaltic action of the stomach. One method of prolonging mucosal associ-
ation can be to use a hydrophilic polymer in a dry powder or granule, from
which, after embedding in the mucus, will slowly hydrate and take up water
at the expense of the mucus gel. This will compensate for the continued gel
secretion by increasing the elasticity or storage capacity of the gel, thereby
enabling a more substantial erosion of the polymer surface.”-7

Although the mucus gel presents only a limited barrier to small mole-
cules, due to the low microviscosity of the interstices, the diffusion of mac-
romolecules is more severely restricted because of physical obstruction.”
Thus, molecularly dispersed polymers can interact with the mucus gel at the
surface via a combination of secondary bonds. Diffusional resistance of the
mucus gel can prevent a total mixing of mucin and polymer on the mucosa
and lead to a stiffening of the mucus gel, such as that observed under selected
in vitro conditions. However, a limited degree of chain presence at the adhe-
sive-mucus interface will be essential for effective mucoadhesion.

The most effective mucoadhesives are linear or lightly cross-linked poly-
mers, which differ considerably in structure to mucus glycoproteins. Con-
sequently, it is unlikely that they adhere to the gel through interactions
similar to the mucin-mucin interaction that is so important to inherent gel
structure. Interestingly, one common factor in effective mucoadhesives is the
presence of carboxylate groups that have no significant role in the purely
mucin-mucin interaction. Likely points of interaction for these polymers are
the oligosaccharide side-chains on the mucin that are aligned normal to the
linear axis of the protein backbone of the glucosylated subunit. If penetration
of this glycosylated coat is a prerequisite to the formation of a viable inter-
action, then the “free ends” of the interacting polymers need be no more
than several monomer units long. However, as there seems to be a relation
between the molecular weight of a polymer and its supposed mucoadhesive
properties, it could be that interdigitation between the whole mucin subunits
is of greater relevance in the polymer—-mucin interaction. The polymers con-
sidered to date lack characteristics that promote an interaction with hydro-
phobic regions of the glycoprotein, such as the globular protein unit or the
numerous esterified fatty acid residues.”®-

The development of mucoadhesive polymers may be traced back as far
as 1947, when gum tragacanth and dental adhesive powders were combined
to form a vehicle for applying penicillin to the oral mucosa. An improvement
in this system resulted when carboxymethyl cellulose and petrolatum were
combined to form the vehicle. The development of Orahesive® followed,
leading to trials of Orabase® in 1959. Orahesive is a mixture of finely ground
sodium carboxymethyl cellulose (SCMC), pectin, and gelatin, while Orabase
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is a blend of these in a polymethylene/mineral oil base. After several trials,
it was found that dry polymer powders would form better mucoadhesive
agents since such formulations would be capable of absorbing a greater
amount of water and, hence, adhere more strongly to the tissue substrate
than when blended with the polymer carrier. A further development was
the blending of SCMC with poly(isobutylene) (PIB) and laminating this
mixture onto a polyethylene sheet. This system benefited from both wet-sur-
face and dry-surface adhesion, with the added bonus of being protected
from physical interference (e.g., from the tongue, by the polyethylene-sheet
backing).82-3

An extensive range of such systems, whereby a water-soluble polymer
and PIB are blended together and laminated with a polyethylene film, was
tested by Chen and Cyr.% The polymers identified as exhibiting the best
adhesion were sodium alginate, SCMC, guar gum, hydroxyethylcellulose
(HEC), Karya gum, methylcellulose (MeC), polyethylene glycol, Retene, and
Tragacanth. Acrylic polymers were soon recognized as useful mucoadhesive
materials, and the early 1980s saw a plethora of patents in which hydrox-
ypropylcellulose, or MeC and poly(acrylic acid), were blended together to
form mucoadhesive preparations. By far the most-studied mucoadhesive
polymers through the 1980s have been poly(acrylic acid), hydroxypropyl-
cellulose, and SCMC. Some polymers used have been standard pharmaceu-
tical materials, such as MeC, HEC, and sodium alginate, and others have
been specifically synthesized to achieve optimal results, such as 2-ethyl hexyl
acrylate-lauryl methacrylate-vinyl stearate copolymer and isooctyl acry-
late-methoxy poly (ethylene oxide) acrylate-acrylic acid polymer.

The work of Chen and Cyr,® together with Park® and Smart et al. %
involved the investigation of a range of polymers of varying molecular
character. These studies appeared to arrive at similar conclusions as to the
molecular characteristics required for mucoadhesion. The properties exhib-
ited by such a molecule, described by Peppas and Buri,” may be summarized
as follows: (1) strong H-bonding groups (-- OH; -- COOH); (2) strong anionic
charges; (3) sufficient flexibility to penetrate the mucus network or tissue
crevices; (4) surface tension characteristics suitable for wetting mucus/
mucosal tissue surfaces; and (5) high molecular weight.

In accordance with the theory that secondary bond formation is the
principal source of mucoadhesion, those polymers with carboxyl groups
present are, without exception, all mucoadhesive. The carboxyl group in its
un-ionized form is capable of strong H-bond formation and in its ionized
form can interact electrostatically. However, the functional groups on the
polymer backbone should not be in such proximity that they interfere with
each other (e.g., by intramolecular H-bonding). As the carboxyl concentra-
tion along a polymer chain decreases, for example, in moving from sodium
alginate to Karya gum to gelatin, the mucoadhesive strength also decreases.

The effect of other secondary bond-forming groups (e.g., hydroxyl,
ether, oxygen, amine) on the mucoadhesive properties of the polymers pre-
viously mentioned is not as clearly defined as that for the carboxyl group.
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The cellulosic polymers have an abundance of hydroxyl and ether groups
along their length, yet their mucoadhesion exhibits little relationship to this
characteristic.

Another important feature of a mucoadhesive molecule is believed to
be the ability to form physical bonds, principally by entanglement with the
substrate molecules. This is illustrated by polyethylene oxide (PEO), a linear,
flexible molecule with minimal secondary bond-forming capacity. At high
molecular weights, this molecule exhibits a mucoadhesive strength compa-
rable to MeC and sodium alginate, whose secondary bond-formation is far
greater. This may be due to the fact that the segmental mobility of PEO is
extremely high since ether linkages make for a flexible backbone and, hence,
penetration into substrate networks is deep and relatively rapid. The effec-
tive depth is, however, affected by molecular chain length (i.e., molecular
weight) since a short-chain molecule can form fewer entanglements and
penetrate to a lesser degree than a larger molecule. The interaction between
the polymer adhesive and mucus or mucosal tissue is primarily a surface-ten-
sion phenomenon. Therefore, the lower the contact angle between the adhe-
sive and the mucus/mucosa, the better the chances of interaction.

The ideal mucoadhesive polymer is composed of a combination of var-
ious carefully balanced properties. It must be a polymer of high molecular
weight to maximize adhesion through entanglements and van der Waal’s
forces. The segmental mobility of the polymer chain should be high to
facilitate rapid and deep penetration into the substrate. The repeating unit
of the polymer should contain carboxyl groups and other secondary
bond-forming groups, principally primary hydroxyl groups and short-chain
ethers. This would ensure the potential for adhesion via as many modes as
possible. For further discussion of structural features of mucoadhesive poly-
mers, see Hunt et al.®®

V1. Polymers containing pendant bioactive substituents

A major approach to increasing the therapeutic efficiency of bioactive agents
while decreasing their toxicity has involved their bonding to synthetic or
naturally occurring macromolecules.® Thus, various agents have been
bound via degradable linkages to many different polymeric systems. The
original rationale behind this approach was that systems could be designed
that would undergo hydrolysis or enzyme-catalyzed cleavages when placed
in the body in order to release the agent at a predetermined rate. Since the
rate of excretion of high-molecular weight polymers is extremely slow, it
was felt that agent/polymer adducts could function as depots for extended
periods of time. Early work in this area led to the hope that perhaps poly-
meric systems could also be modified (e.g., by the attachment of a tumor-spe-
cific antibody) in order to display high specificity for target organisms, such
as tumors. In this case, the modified polymer was to carry the active agent
to a specific site of action and then release it. In effect, the systems were to
function as target-seeking guided missiles.8-%

© 2004 by CRC Press LLC



With the exception of some substituted polyethyleneglycols, large mac-
romolecules cannot readily enter the body via the GI tract or by cutaneous
absorption. In fact, a molecular weight of 5,000 to 10,000 is considered high
enough to prevent any appreciable absorption through skin or mucosal
tissues. Thus, adducts that are taken orally or administered topically can
only function as depots. However, such systems can still offer considerable
advantages for localized treatments of the GI tract or the eye, mouth, skin,
vagina, etc. In these cases, a high molecular weight, biostable polymeric
carrier is preferred. Since topically administered systems experience such
mild conditions, the agent should be attached to the polymer via a linkage
that is extremely susceptible to hydrolysis. For treatment of the GI tract, it
is likely that the system would have to be protected with an enteric coating
to prevent premature hydrolysis from occurring in the stomach.?0

A dextromethorphan-polymer complex (dextromethorphan is an anti-
tussive) can be coated with a semipermeable outer coating of varying thick-
ness. The drug is released only when ions in the GI tract cross the outer
coating and displace the active drug. Since ion concentration in the GI tract
is quite stable, drug release is precise, controlled, and unaffected by varia-
tions in pH, temperature, or volume of contents in the stomach or intestine.
The system releases its active agent at an effective level for 12 h.%

Since most synthetic polymers with molecular weights above 60,000 to
80,000 cannot be excreted via renal glomerular filtration, biodegradable sys-
tems are usually preferred for implantation of parenteral administration. It
has been claimed that the body can eliminate high-molecular weight, bio-
stable polymers via the liver and its biliary system into the intestine. How-
ever, the rate of excretion by this route is normally quite slow. The main
result of an uptake of a biostable polymer is lysosome and cellular overload-
ing, which can lead to toxic effects. Large macromolecules can cause eryth-
rocyte aggregation and changes in platelet or leukocyte distribution. Since
these high molecular weight species can be present in polymers with rela-
tively low average molecular weights, samples may require fractionation to
remove high molecular weight species. Unfortunately, physiological inter-
actions can even result in the complete retention of polymers with molecular
weights below the limit of glomerular filtration. Biostable polymers are, in
general, more likely to function as antigens than are biodegradable systems.
Olefin polymers have produced immunological responses in rabbits at levels
of 10 g per animal. A notable exception is a series of biostable, sulfoxide-con-
taining polymers with molecular weights as high as 172,000 that are claimed
to be nontoxic and excretable. Of course, if an injected polymeric adduct is
expected to reach a specific target via the bloodstream, it should be water-sol-
uble. Regardless of the method of administration, both the polymer and the
adduct must not produce any toxic or immunogenic response.’?%4

Trout has divided the potential sites of action of targeted systems into
three major areas:¥ extracellular, pericellular (i.e., cell surfaces), and intrac-
ellular. Active agents that might be directed toward extracellular targets
include antibiotics acting on extracellular bacteria or parasites; inhibitors
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that block the deleterious effects of enzymes released by inflammation,
shock, or rheumatoid arthritis; enzymes like asparginase and urease; and
anticoagulants. In the preceding cases, a form of targeting can be achieved
if the active agent is maintained in the extracellular space at a desired level
and for an extended period of time. Thus, a system might be targeted by
manipulating its molecular weight so that it is high enough to retard the
permeation of the adduct through membrane capillaries but low enough to
minimize its uptake by the endocytizing cells of the RES system. Cations
might also be distributed along the backbone to maximize the interaction of
the adduct with negatively charged blood proteins. The carrier could also
be designed to shield the bound agent in order to decrease its immunoge-
nicity and decrease its reactivity with free or cell-bound antibodies. However,
the primary function of the retained adduct polymer complex would be to
act as a drug depot.

The targeting of agents that have pericellular and intracellular receptor
sites is somewhat similar because, for an adduct to reach the latter, absorp-
tion must also occur on the cell surface. In the first case, it would be highly
desirable for the complex to release the drug upon contact with the cell
surface. This could be achieved if the drug-polymer linkage was susceptible
to hydrolysis induced by enzymes in the plasma membrane or by an enzyme
secreted by the target cell and having a short range of action. For example,
Trout¥ suggests that systems might be designed to release anti-inflammatory
or antirheumatoid agents upon contact with the neutral proteases or colla-
genases secreted by cells involved in the initiation and development of
inflammation (e.g., rheumatoid arthritis).

Agents released as previously described, could be directed against tar-
gets located inside the cell. As mentioned, intracellular sites can also be
reached via endocytosis of pinocytotic vesicles. Since endocytosis occurs at
different rates with different polymer types and different cells, adducts can
be prepared that will be preferentially taken up by certain cells. However,
attempts to prepare systems that are only endocytized by specific cells other
than those of the RES system are plagued by the high endocytic activity of
the latter. A side benefit of this approach is that some agents that are normally
unable to penetrate the plasma membrane may enter the cell via the
endocytic route.

Although a level of selectivity for intracellular sites is provided by the
fact that cells differ in their endocytic activity, a much higher degree of
selectivity can be attained, at least in vitro, by attaching “homing molecules”
to the adduct that interact with specific cell types. For example, considerable
work has been done with antibodies that interact with specific tumor-asso-
ciated antigens.”>*” Other targeting moieties that have been used to target
proteins to specific cell receptors include peptide hormones, viral compo-
nents, and carbohydrates, such as galactose, mannose, fucose, and N-acetyl-
glucosamine. Acetylation of the side chains of proteins can also dramatically
change their cellular-uptake patterns. For example, acetylation of low-den-
sity lipoprotein with acetic anhydride stops its uptake by fibroblasts while

© 2004 by CRC Press LLC



stimulating its uptake by peritoneal macrophages. Several polymers can
function as both the carrier and the homing molecule. Antibodies and abrin,
ricin, and diphtheria toxins have been investigated as inherent targeting
carriers. Lectin carriers, such as concanavalin A, also give evidence of
tumor-specific association.*s-10!

Although there have been many reports of successful agent targeting
in vitro, there have been few successes in vivo. Goldberg et al.1? have listed
the following problems that occur with antibody-targeting systems:

1. Circulatory antigen and antigen—antibody complexes

2. Metabolic/biochemical changes in adducts with loss of activity

3. Transport kinetics to tumor tissue versus competitive binding and
metabolism

4. Changing and cross-reactive antigenicity

5. Masking or interiorization of tumor-cell-specific antigens

Various approaches to overcoming these problems include:

—_

Complexing or removing

2. Use of (Fab’) portion of the immunoglobulin to avoid F-complement
binding and reduce molecular size

Therapy with intratumor and IV injections of antibody adducts

4. Surgical or radiation reduction of primary lesion tumor burden cou-
pled with systemic administration of the antibody adducts for elim-
ination of metastasis

W

Another approach to targeting agent polymer adducts involves the
direct injection and retention of soluble or insoluble systems into a specific
site, such as a tumor. Insoluble adducts will, of course, be retained by
physical immobilization. Various approaches to retaining soluble systems
include the use of targeting moieties, as discussed previously, and the intro-
duction of pendant functional groups along the polymer backbone that can
form covalent bonds with tissue carbonyl groups. Nonspecific electrostatic
bonding between negatively charged cells and cationic adducts has also
been used.1?

Rowland et al.!® have successfully attached a p-phenylene-diamine
mustard (PDM) and an immunoglobulin (I) from a rabbit antiserum against
mouse lymphoma cells (EL4) to polyglutamic acid (PGA). Goldberg and
coworkers have investigated the use of lectin adducts in intratumor immu-
nochemotherapy. For example, mitomycin C (MC) and adriamycin (AD)
have been attached to the lectin concanavalin A (Con A). Goldberg points
out that several processes may explain the favorable intratumor activity of
these adducts.!? These include cell-surface binding via lectin receptors,
antimetabolic and cytotoxic activity of intact adduct, capping of endocytic
receptors favoring cell uptake and lysosomal cleavage, and release of free
MC locally.
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VII. Matrix systems

Within the scope of this general term, there are a variety of controlled-release
devices.!™ Included among these are dissolved systems that are prepared
from a matrix containing a drug at or below the saturation solubility of the
drug in the polymer and dispersed systems that contain the drug within a
matrix at a concentration that greatly exceeds the saturation solubility of the
drug in the polymer. In this case, it is assumed that the drug is present as
discrete solid particles. This implies that upon leaching of the drug, macro-
scopic channels or pores within the polymer matrix do not exist. Other
controlled-release devices include reservoir-dispersed matrix systems, which
are analogous to the dispersed system except that a barrier layer is present
at the surface of the device that is of lower permeability to a drug than the
bulk polymer matrix, and porous matrix systems, which are prepared from
a dispersion of drug particles and preformed polymer. In porous matrix
systems, it is assumed that upon leaching of the drug, continuous macro-
scopic pores or channels arise from the displacement of drug by solvent.

One of the major advantages of matrix devices relative to other types of
controlled-release drug delivery systems (e.g., reservoir devices) is the ease
of manufacture. In general, matrix devices can be prepared by mixing the
drug as a finely divided powder with the prepolymer. This mixture is then
placed in an appropriate mold and allowed to cure. This technique is espe-
cially useful for dispersed-type matrix devices, provided that the initial drug
load is below the saturation solubility of the drug in the cured polymer. The
preparation of reservoir-matrix devices is more complicated due to the need
to incorporate the barrier layer onto the matrix.

Most often, dispersed-type matrix devices have been prepared from
polydimethyl siloxane. This polymer has a number of advantages for con-
trolled-release systems, including: (1) it is an elastomer with good mechan-
ical properties; (2) it is highly permeable to hydrophobic solutes; (3) it is
nontoxic; (4) it is molded into a wide variety of shapes and is polymerized
with simple techniques; and (5) its permeability is not affected via prolonged
contact with biological fluids. Its major disadvantages are (1) it is not per-
meable to highly water-soluble solutes, especially charged species; (2) it
evokes a moderate foreign-tissue response upon subdermal implantation;
and (3) the permeability of the polymer is not easily varied by alterations in
polymer composition.105-110

Because of the disadvantages associated with polydimethyl siloxane, a
number of investigators have utilized polymers prepared from various
derivatives of hydroxyalkyl methacrylates. These polymers offer a number
of advantages, including: (1) they are not toxic; (2) they evoke a minimal
foreign-tissue response; (3) they are highly permeable to both hydrophobic
and water-soluble solutes, including charged species; and (4) they are of
variable permeability to drugs, depending upon copolymer composition and
cross-link density. Copolymers of the hydroxyalkyl methacrylates and
methyl methacrylate have also been utilized. Such copolymers offer the
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advantage of increased mechanical strength and may offer some advantage
relative to blood and tissue compatibility. Other authors have utilized a
variety of polymers, including ethylene vinyl acetate, polyacrylamide, poly-
vinyl acetate, polyethylene, and polyether urethanes.!!-118

The release of drugs from matrix devices is governed by the diffusion
of solute within the matrix phase. The development of the appropriate form
of the release-rate equation is generated via Ficks’ first or second laws of
diffusion. In general, three limiting factors exist. First, when the initial drug
load is equal to or less than the saturation solubility of the drug, the rate of
release is dependent upon the diffusion coefficient of the drug in the polymer
and upon the initial drug load. The diffusion coefficient, in turn, is dependent
upon the properties of the drug and the polymer matrix. Such systems can
be described as a homogeneous matrix. Second, when the initial drug load
is greater than the saturation point, but small relative to the total volume of
the polymer (e.g., less than 10% w/w), drug-release rates will also be depen-
dent upon the diffusion coefficient of the drug within the polymer matrix
and the initial drug load. However, in such systems, an additional variable
becomes important, namely, the saturation solubility of the drug in the
polymer. Such systems should be described as a heterogeneous matrix.
Third, when the initial drug load is increased beyond 10% w/w, a point is
reached when the solid drug particles begin to form continuous pores or
channels within the matrix. Under these circumstances, the path of least
resistance for the drug is diffusion within channels formed where the drug
has previously leached from the matrix. In this case, the rate of release is
governed by diffusion within these channels, the diffusional characteristics
of which are governed by the elution medium. Such systems are termed
“porous” or “granular” matrices.

The previous classifications must be taken to represent general guide-
lines. It is apparent, for example, that as the initial drug load is increased,
the matrix will become more porous as drug is leached from the polymer.
In effect, the free volume for diffusion increases as a result of the voids
created by the leached drug. This increase in void volume will be reflected
by changes in the “effective” diffusion coefficient of drug in the matrix
phase.

In addition to effects arising from the initial drug load, the release char-
acteristics of a polymer matrix are also a function of the geometry of the
matrix. This fact arises due to variations in the nature of the concentration
gradient within the drug depletion zone of the matrix. For example, in a
heterogeneous polymer matrix containing dispersed drug, a zone of deple-
tion is formed as the drug is released from the matrix. For devices (e.g.,
cylinders or spheres) in which the area of the receding drug boundary
decreases with time, the flux of the drug will again follow a path that is
perpendicular to the receding boundary. However, the volume of the deple-
tion zone will increase radially from the surface, and the concentration
gradient is nonlinear within the zone of depletion. As a consequence,
release-rate equations are dependent upon the geometry of the device.119-12!
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VIII. Heparin-releasing polymers

The pioneering work in heparin-controlled release materials was acciden-
tally initiated by Gott et al.!?> At that time, these investigators were evaluat-
ing numerous materials for thromboresistance by venous implantation, and
colloidal graphite gave the best results. These investigators first thought the
thromboresistance was due to the extreme smoothness imparted to surfaces
following graphite coating and the chemically inert nature of the colloidal
graphite. These materials were sterilized by soaking in a benzalkonium-sul-
fate solution. Further studies showed that these graphite-benzalkonium-hep-
arin (GBH) surfaces retained significant quantities of heparin even after three
months of implantation in the venous system.!?

A major disadvantage of the GBH surfaces is that the graphite can only
be coated to rigid materials because any flexing would result in a disruption
in the integrity of the graphite coating with possible “flaking off” of the
GBH coating. To circumvent this problem, Leininger et al.™** chemically
modified numerous polymer surfaces by forming permanent surface-asso-
ciated quaternary ammonium groups, thus eliminating the need for prior
adsorption of a cationic surfactant onto a hydrophobic surface, such as
graphite. Depending upon the polymer, three surface treatments were used:
(1) chloromethylation of styrene followed by quaternization with dimethyl
aniline; (2) radiation grafting of vinyl pyridine to numerous polymers fol-
lowed by quaternization with methyl iodide or benzyl chloride; and (3)
incorporation of quaternizable monomers, such as vinyl pyridine, into
copolymer formulations.

After quaternization, the surfaces were placed in a heparin solution and
heparin was ionically bound to the ammonium groups. Following contact
with fibrinogen, y-globulin, and albumin solutions, Zeta potential measure-
ments indicated that the surfaces were progressively becoming less nega-
tively charged, which can be attributed to plasma protein adsorption. From
these studies, the authors attributed the nonthrombogenic nature of the
heparinized surfaces to alterations in the plasma protein adsorption prop-
erties of the heparinized materials relative to the starting materials, rather
than to heparin release.

In an attempt to provide heparinized cellulose membranes that could
be utilized in kidney dialysis applications, Merrill et al.!*® ionically bound
heparin to cellulose membranes via an ethyleneimine intermediate. Various
procedures were used to couple ethyleneimine to the hydroxyl groups on
cellulose. Of those procedures, pretreatment with ethylene oxide vapor to
convert secondary cellulose hydroxyl groups into primary hydroxyl groups
was followed by reacting ethyleneimine in toluene-produced aminated sur-
faces, which could then ionically bind heparin to the greatest extent. Plasma
exposed to these materials demonstrated prolonged clotting times.

Hufnagel et al.?¢ were first to incorporate heparin into either silicone
rubber or a combination of silicone rubber plus colloidal graphite. A novel
approach to the controlled release of heparin from polymer matrixes has
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been provided by Ebert et al.1?128 It is known that heparin can adversely
interact with platelets, thereby resulting in aggregation and potentiation of
aggregation and release reactions caused by exogenous agents. Prostaglan-
dins (e.g., PGE,, PGI,, PGD,), on the other hand, are agents known to prevent
platelet aggregation and degranulation by stimulating membrane-bound
adenylate cyclase, resulting in increased intracellular cAMP levels. By com-
bining both heparin and prostaglandin into controlled-release polymer
matrixes, both intrinsic coagulation and adverse platelet interactions may
be controlled.

A disadvantage of ionically bound and physically dispersed heparin/
polymer systems is that heparin is continually depleted with time, thereby
limiting the effective anticoagulant duration of such materials. Numerous
investigators have covalently bound heparin to polymer surfaces to provide
long-term heparinized materials. For example, a procedure for radia-
tion-grafting polystyrene to various polymeric materials has been described.
The resultant polystyrene surfaces are chloromethylated and subsequently
treated with an ammonia/alcohol solution to form benzylamine groups.
These polystyrene/benzyl-amine surfaces are then heparinized via a pera-
tin/cyanuric chloride adduct.

Salyer and Weesner!'? have blended heparin into epoxy resins. Although
these authors initially thought the nonthrombogenicity of these materials
was due to the slow leaching out of heparin into the blood, later studies
showed that when heparin was combined with epoxy resins and urethane
monomers, polymerization resulted in covalent incorporation of heparin into
the copolymer composition and heparin did not leach out. Epoxy and ure-
thane polymers with chemically incorporated heparin demonstrated vastly
increased whole-blood clotting times relative to control polymers. Merrill et
al.!» covalently coupled heparin to polyvinyl alcohol via glutaraldehyde
cross-linking in the presence of an acid catalyst through hydroxyl groups on
heparin and polyvinyl alcohol. Using S-labeled heparin covalently coupled
to polyvinyl alcohol, numerous clotting tests were conducted, including
thrombin time, partial thromboplastin time, activated partial thromboplastin
time, prothrombin time, and whole-blood clotting time.*

IX. Ionic polymers

Ionic polymers used as drug carriers include soluble as well as insoluble
(cross-linked) polymer systems.!*® However, of the different ionic macromol-
ecules, ion-exchange resins have been investigated most extensively.
Although constant rate (zero-order) kinetics is not necessarily achievable by
these systems, it is likely that future developments in this field may utilize
ionic polymers as drug carriers in controlled delivery.

The use of ion-exchange resins to prolong the effect of drugs is based
on the principle that positively or negatively charged drugs combined with
appropriate resins yield insoluble poly-salt resinates. The slow release of
drugs from ion-exchange resins was recognized early by Saunders and
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Srivastava as a suitable approach to the design of sustained-release prepa-
rations.’® A major route of administration of such resinate formulations is
via the oral route. Ion exchangers administered orally are likely to spend
approximately two hours in the stomach in contact with an acidic pH (1-2).
They will then pass to the intestine, where, for six hours or more, they will
be in contact with a fluid of slightly basic pH and an ion strength equivalent
to that of 0.1 N sodium chloride. The drug can then be slowly liberated by
exchange with ions such as sodium or chloride present in the GI fluid.

Drugs to be used in prolonged-action dosage forms, and particularly in
resinate formulations, must meet certain conditions. Obviously, only drugs
having acidic or basic groups in their chemical structure can be considered.
The biological half-life (t'/2) of drugs to be formulated should be 2 to 6 h.
There is probably no rational reason for preparing long-acting preparations
for oral use of drugs having a tY2 of 8 or more hours. Active ingredients
having a tY2 of 1 h or less are difficult to be formulated into this type of
dosage form if their usual single dose is high (e.g., more than 100 mg). It is
necessary to know whether the drug candidate is absorbed from all regions
of the GI tract. In the case of a limited absorption zone, the bioavailability
of such a drug will be insufficient. The drug should also be sufficiently stable
in the gastric juice; otherwise its therapeutic effectiveness will decrease
drastically.

Ion-exchange materials are basically insoluble ionic materials possessing
acidic or basic groups, covalently bound, and placed in repeating positions
on the resin chain. These charged groups are associated with other ions of
opposite charge. Depending on whether the mobile counter ion is a cation
or anion, it is possible to distinguish between cationic and anionic
ion-exchange resins. The matrix carries ionic groups, such as -SO,?, -COOQ®,
and —-PO;* (in cationic exchangers), and -NH,®, -NH,®, and -N-° (in anionic
exchangers). The resin matrix determines its physical properties, its behavior
toward biological substances, and, to a certain extent, its capacity. The matrix
may be based on inorganic compounds, polysaccharides, or organic synthetic
resins. The most important ion exchangers are the synthetic organic-ion
exchangers. Carboxylic acid-type exchangers are prepared mostly by poly-
merization of organic acids, such as acrylic or methacrylic acid in the pres-
ence of a cross-linking agent (e.g., a diacrylate or divinyl benzene [DVB] to
yield cross-linked networks).

Copolymers of styrene and maleic anhydride cross-linked with DVB, as
well as cross-linked methacrylate terpolymers, have been described for spe-
cific therapeutic purposes. The majority of cationic resins used for preparing
drug resinates are sulfonic acid exchangers. They are, in general, cross-linked
polystyrenes with sulfonic acid groups that have been introduced after poly-
merization by treatment with sulfuric acid or chlorosulfonic acid.

As a rule, DVB is used as a cross-linker.!*? Ion-exchange resins should
be insoluble and able to swell to a limited extent. Swelling is attained by the
substitution of ionic groups on the hydrophobic hydrocarbon chain. The
extent of swelling depends on the degree of cross-linking. By varying the
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DVB content, cross-linking and swelling can be adjusted. The DVB content
is used to indicate the degree of cross-linking. Commercial products usually
contain 40 to 55% DVB-isomers and 45 to 60% ethylstyrene.

The major anion-exchange resins are made from cross-linked polysty-
rene “pearl” polymers.!3313¢ The basic groups can be introduced by a number
of different procedures. Most anion exchangers are produced by chlorome-
thylation of polystyrene beads with subsequent treatment with ammonia, or
primary, secondary, or tertiary amines.

Ion exchangers based on polysaccharides (e.g., sephadex, sepharose, or
cellulose) have found only a limited use in therapeutic applications. The
capacity of an ion exchanger is a quantitative measure of its ability to take
up exchangeable counter-ions and is, therefore, of major importance. In
general, commercial exchangers specify the total capacity. The actual capac-
ity obtainable under specific experimental conditions depends on the acces-
sibility of the functional groups for the drug of interest. The so-called “avail-
able capacity” will be related to the drug properties and, as a rule, will be
inferior to the total capacity.!31%

Another fundamental property is the type of the charged groups which,
in turn, determines the type and the strength of the ion exchanger. The acid
or base strength of an exchanger is dependent on the various ionogenic
groups incorporated into the resin. Resins containing sulfonic, phosphoric,
or carboxylic acid-exchange groups have approximate pK, values of <1, 2-3,
and 4-6, respectively. Anion exchangers with quaternary, tertiary, or second-
ary ammonium groups have apparent pK, values of >13, 7-9, and 5-9,
respectively. The pK, value of the resin has a significant influence on the
rate at which the drug is released from the resinate in gastric fluids.

A number of chemical and physical properties of ion-exchange resins
can be varied by modifying particle size and cross-linkage. The rate of an
ion-exchange reaction will depend on the size of the particles. Decreasing
the size of a resin particle significantly decreases the time required for the
reaction to reach equilibrium with a surrounding solution.!3”138

Rates of ion-exchange reactions and the limiting size of ions that can
penetrate into a resin matrix depend strongly on its porosity. In the broadest
sense, porosity is defined as the ratio of the volume of interstices of the
material to the volume of its mass. Various physical methods have been
developed for measuring pore volume, pore diameter, and the internal sur-
face. With the older ion-exchange resins, one was dealing with homogeneous
single-phase gels. Later, macroporous resins were produced. They consist of
conglomerations of quasispherical particles with interconnecting cavities.
The active centers are located both on the surface of the microspherical
particles and within them. In contrast to small organic ions, penetration of
large organic ions in the resin phase is slow, and capacities are limited to
those sites exposed to the macroporous cavities. The diameter of the resin
pores through which a molecule must pass for exchange to take place mark-
edly affects the uptake and release of large molecules for which the resin
can exhibit a sieve effect. The porosity of an ion exchanger depends not only
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on the amount of cross-linking substance used in polymerization, but also
on the polymerization procedure.

The structural parameters discussed previously will significantly influ-
ence the swelling behavior of a resin and consequently have a marked effect
on the release characteristics of drug resinates. The interaction between
resins, solvents, solutes, and electrolytes has been discussed by Samsonov
and Pasechnik.’® Cation exchangers, in the salt form, brought in contact with
acid were reported to shrink. A reduction of pore diameter can lead to the
entrapment of large ions.

Since drug-resin combinations contain 60% or more of the resin, it is
necessary to establish the toxicity of the ion-exchange resins themselves.
Administration of large quantities of ion-exchange resin can disturb the ion
strength in body fluids and cause harmful side effects. McChesney et al.14
have found that administration of sulfonic and carboxylic acid anionic
exchangers results in a reduced potassium level in the blood. Macaulay and
Watson treated young children with Katonium®, a sulfonic acid exchanger.!4!
After prolonged use, symptoms of tetany were manifested as a result of
reduced calcium levels.

Synthetic as well as natural polysaccharide-based ion-exchange resins
have been used with good results for diagnostic determinations (e.g., gastric
acidity). They have also found applications as adsorbents of toxins, as ant-
acids, and as bile-acid binding agents. Among other therapeutic applications,
they have been successfully utilized for treatment of liver diseases, renal
insufficiency, urolithic disease, and occupational skin diseases. However,
with chronic use, the risk of disturbing the ionic strength in the GI fluids
should be considered.!*? Despite the numerous positive results reported in
the literature, the validity of drug resinates as prolonged-release dosage
forms has been questioned. Berg and Ostrup,'®3 for example, have made a
critical study of the use of resinate formulations.

It should also be recognized that the duration of action of a resinate admin-
istered orally may vary considerably from one patient to another. The transport
of a solid dosage form through the GI tract is not a standardized process. It
depends on many variables, including stomach-emptying time, composition
of the alimentary fluid, and peristaltic effects. The constituents of gastric and
intestinal secretions in diseased patients may also vary from that of healthy
persons. Furthermore, the acid content in the stomach differs with age.

Soluble polyelectrolytes, such as polyacrylic and methacrylic acids, sul-
fonated or phosphorylated poly(vinyl alcohol), or polysaccharides and poly-
uronic derivatives, are frequently used as additives in drug formulations
(e.g., as suspending agents or tablet disintegrants). Their viscosity-enhancing
effect, due to swelling in GI fluids, in addition to their ability to form poorly
soluble salts with appropriate drugs, has been utilized in novel drug delivery
systems to change the release profile of a drug.

According to Miller and Holland, different salts of the same drug rarely
differ pharmacologically.!** Variations are usually based on their physical
properties. Although the nature of the biological response may not differ

© 2004 by CRC Press LLC



appreciably, the intensities of the responses may differ markedly. The salt
form, in general, and the poly-salt, in particular, are known to influence a
number of physiochemical properties of the parent drug, including stability,
hygroscopy, solubility, and dissolution rate. These properties, in turn, affect
the bioavailability of the drug.

The release process of a drug from a polymeric salt after oral adminis-
tration can be divided in various stages: (1) penetration of the dissolving
medium in the dosage form with simultaneous liberation of a small quantity
of drug; (2) swelling of the polymer with formation of a gel barrier; (3) release
of the drug ion by exchange with penetrating ions and subsequent diffusion
through the gel matrix; and (4) eventual dissolution of the polymeric matrix
with liberation of the drug by an ion-exchange process between the poly-
meric salt and the surrounding medium. If a slow dissolution of the
drug-polymer system occurs in the gastric juice as well as in the intestinal
fluids, the final result will be a prolonged release. However, ionic polymers
having weak acid ionic groups are poorly soluble in gastric juice, and a major
release of the drug will occur in the intestine. Delivery systems of this type
act as delayed-action dosage forms.

The first long-acting preparations were based on the formation of mac-
romolecular salts. They were combinations of antibiotics with polyacids,
such as poly(acrylic acid), sulfonic or phosphorylated polysaccharides, car-
boxymethyl starch, and poly(uronic acids). Malek et al.!*> showed that
parenteral administration of these compounds produced low blood levels of
the antibiotics for long periods, while high concentration levels were attained
in lymph. In comparison, drug sulfates gave high blood levels but low levels
in lymph. The high uptake of the poly-salt in lymph, attributed to the high
affinity of the lymphatic system for macromolecules, caused a prolonged
passage through the body since the lymphatic circulation is quite slow.

Streptomycin alginates have been prepared by El-Shibini et al. and
shown to be effective in prolonged-release preparations.!*® Ozawa et al.
report that streptomycin dextran sulfate injected in rabbits gradually releases
the antibiotic over a period of approximately 48 h.'*” This prolonged effect
may, nevertheless, be due to storage of the poly-salt in the lymphatic system.
This phenomenon, first reported by Malek et al., demonstrates the ability of
poly-salts to alter the transport of drugs in the body and, hence, modify the
intensity and duration of the therapeutic response.!®

Cavallito and Jewell*8 prepared polygalacturonates of several therapeu-
tic amines in which the polygalacturonates served as agents for influencing
the rate of release of the amines. Dialysis experiments showed that
poly-galacturonates can reduce the rate of release of therapeutically effective
amines. This finding has applications for the preparation of oral repository
drug formulations. Poly(galacturonic acid) has also been used to prepare
poorly soluble quinidine salts, which have been reported to be four times
less toxic orally than the sulfate salts. This reduction in toxicity is attributed
to slow release of quinidine from the polygalacturonate.
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A remarkable example of a long-acting polymer-drug salt is pilocarpine
alginate. When dispersed in sterile water and dried to a solid gel, this
preparation was found to possess long duration of action for ophthalmic
application. While liquid preparations of alginate or hydrochloride salts had
a similar miotic activity, the solid pilocarpine alginate preparations were
found to significantly increase the duration of miosis. In contrast to eye
drops, which release pilocarpine immediately to the conjunctival fluid, the
solid dose of pilocarpine diffuses slowly through the gel matrix and is
available more uniformly.

Klaudianos has prepared long-acting preparations based on alginic acid
according to a simple and economical method.!* Sodium alginate was mixed
with calcium phosphate and a therapeutic amine and compounded into
tablets. Upon oral administration, GI fluids diffuse into the tablet, and the
soluble sodium alginate is transformed by cation exchange into an insoluble
but swellable calcium alginate. The resulting hydrogel acts as a depot from
which the drug slowly diffuses. In the approach of Klaudianos, it is not the
drug, but a polyvalent metal ion that causes cross-linking of the polyacid.
Salib et al.’*® used an analogous procedure to obtain long-acting chloram-
phenicol dosage forms based on carboxymethylcellulose to which aluminum
sulfate was added as the gel-forming agent.

It has been shown that on precipitation of polyacids by the addition of
cationic drugs, considerable amounts of drug are physically entrapped.
Goodman and Banker!*! developed a system of molecular-scale drug entrap-
ment by flocculation of highly concentrated colloidal dispersions of acrylic
copolymers in the presence of cationic drugs (e.g., methapyrilene). Studies
of effectiveness in rats indicated a significantly increased duration of action
and reduced acute toxicity of methapyrilene in the entrapped form.

Drug entrapment by polymeric flocculation as an approach to
slow-release dosage forms was further studied by Rhodes et al.!>? and Elg-
indy.!®® It was shown that polymer-drug interactions in flocculates are com-
plex processes that cannot be explained by ionic effects. Hydrogen bonding,
as well as hydrophobic drug-drug and drug—polymer interactions, may be
involved. This confirmed earlier reports of Kennon and Higuchi,' who
studied the interaction of cationic drugs with the sodium salt of anionic
polyelectrolytes and concluded that drug entrapment appeared to take place
by coacervation of oppositely charged ions, additional intermolecular force
phenomenon, or replacement of bound sodium by organic cations.

In summary, combining drugs with appropriate ionic polymers is a
relatively simple means of altering their physiochemical and biological char-
acteristics. Polymers can contribute to improved drug therapy, particularly
in reducing drug toxicity, and influencing the release profile of novel dosage
forms. Several sympathomimetics, antitussives, antihistamines, anticholin-
ergics, anthelmintics, antibacterials, and miscellaneous compounds, such as
morphine, gentisic acid, and salycylic acid, have been developed by utilizing
the drug-resin combination approach.
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X. Oligomers

The use of oligomeric instead of high molecular weight matrices to prepare
derivatives of drugs can lead to products with considerably prolonged phar-
macological activity.’ In the case of oral, and possibly intradermal admin-
istration, the oligomeric matrix is often able to transfer the active principles
across physiological barriers, thus facilitating absorption and increasing
bioavailability.

Broadly speaking, the preparation of oligomeric or polymeric derivatives
of drugs may be achieved in two ways: the preparation of a polymerizable
derivative of the drug and the preparation of oligomeric or polymeric matri-
ces carrying chemical functions able to react selectively with some constit-
uent present in the drug molecule. The latter is more convenient, as a rule,
since a single matrix can be used to prepare derivatives of a number of drugs.
Furthermore, in many cases, drug moieties contain chemical functions that
can interfere with the polymerization processes. An interesting variation to
these techniques is to use the drugs themselves, leading to polymeric or
oligomeric products that are degradable in body fluids reverting to the
parent monomers.!%15 Ferruti et al. have reported on the various possible
oligomers and polymers as drug carriers.!>

XI. Miscellaneous

The following polymers or polymeric materials have been investigated for
their use in sustained-release medications:

Ethylcellulose and methyl stearate mixtures

Hydrated hydroxyalkyl cellulose

Salts of polymeric carboxylates

Chelated hydrogels

Water-insoluble hydrophilic copolymers

Cellulose ether compositions

Partial esters of acrylate-unsaturated anhydride copolymer
Water-soluble coating resins

Polymers with oxacycloalkane units

10. Polymers and copolymers of arylene-substitutes orthoesters
11. Polymers with alkoxy or oxacycloalkane substituents

12. Polyglycolic acid polyester condensates

13. Partial esters of polycarboxylic acids

14. Ionene-modified polymeric beads

15. Ethylene-vinyl acetate copolymers

16. Silicone polymer matrix having microsealed compartments
17.  Gelatin nanoparticles

18. Serum albumin spherules

19. Phospholipid dispersion

20. Polyglycolic acid sutures and films
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21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

63.
64.

Polylactides

Dacron sutures

Caprolactone polymers and copolymers

Polysiloxane with N-vinylpyrrolidone

Hydrophilic acrylates or methacrylate polymers

Siloxane rubbers

Hydrocolloids

Amine-modified polyanhydrides

Polyelectrolytes or gelatin

Hydrophobic polycarboxylic acids

Metal cation cross-linked polyelectrolytes
Polymer—prostaglandin anticoagulant

Propranolol spheroids

Polymeric macrolides

Aspirin—polysiloxane-cellulose derivative matrix
Aspirin—pectin combinations

Iron compounds with natural resins

Polyacrylic alkali metal salts

Iron preparation with carboxylic polymers

Micronized insoluble cellulose

Furosemide—polystyrene

Glassy hydrophobic hydrogels

Beads containing acetaminophen

Acetaminophen using microcrystalline cellulose/wax formulations
Polyethylene glycol-derivatized superoxide dismutase
Poly(B-hydroxybutyrate), a copolymer with hydroxy valearate
Ibuprofen with acrylic polymers

Catecholamines using poly-(DL-Lactide-CO-glycolide)
Fenvalerate-poly-urea

Caffeine release using polyacrylate-methacrylate

Release of niclosamide and pituitary hormones using polymers
Theophylline and cimetidine using bioadhesive polymers
N-(2-hydroxypropyl) methacrylate copolymers

Alloys of hydrophilic-balanced coploymers

Collagen-poly hydroxyethylmethacrylate hydrogels

Ethylene vinyl acetate matrices

Hydroxyproline polyesters

Indomethacin in biodegradable polymers

Pluronic F-127, polaxamer

Pesticide chlordimeform in polymeric systems
Silicone—cellulose dispersions

Progesterone, testosterone, propranolol, and indomethacin from sil-
icone matrices

Biodegradable fibers and tetracycline

Polymeric-pellet delivery systems for aquatic herbicides (e.g., fluri-
done)
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65. Ethyl cellulose and ranitidine hydrochloride

66. Cyclodextrins for controlled release of insecticides, microbiocides,
fungicides, pesticides, and polyorthoesters

67. Cellulose acetate trimellitate and phthalate

68. Hydropropyl methyl cellulose phthalate

69. N-(2-hydroxypropyl) methacrylamide

70. Ethylene-CO vinyl acetate

71. Glucoside monomers

72. Maleic anhydride/mono-methoxyoligoethylene glycol vinyl ether
copolymers

73. Oligo(N-isopropylacrylamide)

74. N,N-dimethyl acrylamide

In veterinary products:

1. Enteric-coated swine vaccines

2. Rumen stable pellets (e.g., terpolymers of alkanolamine acrylates)
polyamides of piperizine derivatives, and imidazoline-modified sty-
rene-acrylonitrile copolymers

XII. Recent advances

Aqueous polymeric dispersions for controlled drug delivery have been pre-
pared by the Wurster process. Methods of producing sustained-release prod-
ucts from small-coated particles have been reported. The feasibility of obtaining
aqueous polymer-coated bead formulations using Aquacoat® and Surelease®
dispersions of propranolol as the model drug have been investigated.!51%°

A delivery system using “Medisorb” bioresorbable polymers has been
created by microencapsulating a drug in a polymer. These microcapsules are
usually about 50 microns in diameter, which is small enough to be injected
through a syringe. Microcapsules can be created in two configurations. As
the polymer of a monolithic delivery system breaks down, minute doses of
drug are continuously released into the body. The second form delivers a
burst of medication in the body. Combining the two capsule forms in one
injection creates a comprehensive treatment profile that is particularly useful
in the administration of antibiotics. The speed at which the polymer dissolves
is regulated by choosing lactide, glycolide, or a copolymer of the two. Copol-
ymer blends can be formulated in varying ratios to yield drug-release times
ranging from 7 days to 1 year.1®

Biodegradable and bioabsorbable polymers have been synthesized, which
may be used as a temporary scaffold for tissue regeneration, as a transient
barrier, or in controlled drug delivery systems. The copolymers consist of
polyester segments creating hard, crystalline blocks of the copolymer and
flexible polyether glycols forming the soft blocks of the segmented chains.!¢!

A biodegradable polymer has been developed by the Massachusetts
Institute of Technology. It is implanted at tumor sites in the brain following
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Table 3.4 Commercial preparation of drug—polymer combinations

Corporation Drug Polymer as a matrix
Scios Nova & MIT Gentamicin and BIODEL delivery system
carmustine (Polifeprosan)
DynaGen Vaccine, immunogens Sleeper system

KabiPharmacia & Berol Drugs for blood disorders  Bioadhesive thermogel
Nobel

Fidia Antibiotics, antiseptics, HYAFF series (modified
and anti-inflammatories hyaluronic acids)
TheraTech Systemic drug BHHA, biodegradable
administration hydrogel
Wide variety of drugs HIPN (heterogeneous
interpenetrating
polymer network)
Verex Propranolol POLiM (polymers liquid
hydrogel matrix)
Searle/Monsanto Misoprostol OLipHEX and pHEMS
Polymer delivery system
Advanced Polymer 5-FU Microsponge-based
Systems & Rhone-Poulenc 2,4, (1H,
Rorer 3H)-Pyrimidine-delivery
system dione-5-fluoro
Biosearch Piloplex, a derivative of Polymeric complex
pilocarpine
Allelix & Glaxo Corticosteroids ALX 25 corticosteroid
binding globulin (CBG)
(Alkermes)Enzytech Therapeutic proteins Polymer-based delivery
OraLease, ProLease system

surgery. Once in place, it slowly releases drug or antibodies, thereby enabling
delivery of drug doses hundreds of times greater than is normally possible.
Eventually, the polymer implant dissolves. Alza Laboratories manufactures
a “bioerodible” polymer called Alzamer that releases drugs at a controlled
rate. Possible applications include delivery of drugs or hormones to treat
chronic diseases, to provide contraception, or for topical therapy.!¢?

Proteins — such as antibodies and lipoproteins, liposomes, synthetic
polymers — and polysaccharides — such as dextran and insulin — are
various types of macromolecules used as drug delivery systems. Polymers
have been used extensively in these systems, including nanoparticles, micro-
capsules, laminates, matrices, and microporous powders. In all these deliv-
ery systems, the drug is merely dispersed or incorporated into the system
without the formation of a covalent bond between the drug and polymer.
Because the molecular weight of a polymeric drug delivery system is so
high, such systems are often referred to as macromolecular carrier systems.
Although the majority of polymer-drug conjugate systems have no biological
activity, all such systems release the conjugated drug in vivo. A schematic
diagram of Ringsdorf’s model is given in Figure 3.3.
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The system has a polymer backbone, which can be a homopolymer or
a heteropolymer, depending on the constituents of the carrier polymer. Dex-
tran and insulin are two polysaccharides that have been widely used. Sparer
et al.1®® propose using glycosaminoglycans as drug carriers. Cellulose and
polyarabogalactans have also been studied as possible drug carriers by these
investigators Grolleman et al.!®* prepared a polymer pro-drug of naproxen
with polyphosphazene, using a spacer molecule. Gros et al.!> have synthe-
sized a polymeric conjugate of poly(glutamic acid) and p-phenylenediamine,
using immunoglobulin as a homing device. The polymer’s immunogenicity,
hemolytic activity, pyrogenicity, osmotic properties, and its interaction with
plasma components must be studied before the polymer can be used in a
drug delivery system. For example, even endogenous polymers, such as
chondroitin sulfate, might show toxic effects after prolonged use at very high
doses. Until recently, a polymeric pro-drug system has been used only in
intravenous administration, but as in the case of phosphazene, such a system
can now be used as a bioerodible implant. Localized effects, as in the case
of gastrointestinal delivery, can be used effectively.1641%

Sustained-release tablets using an inert, compressed plastic matrix have
become increasingly used clinically since their introduction several years
ago. With these tablets, drug release is delayed because the dissolving drug
must diffuse through a network of channels between the compacted polymer
particles. The rate of release of a drug from a polymeric matrix can be
controlled by altering the porosity or surface area of the matrix, thereby
changing the solubility of the drug or its diffusion coefficient, or by adding
other compounds that speed up or delay the release of the drug.

Rhodes et al.'®? have demonstrated that tablet matrices containing mix-
tures of two or more substances might be superior to the individual matrices
currently available. The materials used in the study by Chang et al.l®’
included polycaprolactone and cellulose propionate.

Because of cost, stringent environmental regulations, and the safety haz-
ards associated with the use of organic solvents in coating processes, the
pharmaceutical industry has been moving away from the use of organic
solvent- based film-coating systems. Increasingly, the industry is relying on
water-based coating formulations. New aqueous polymeric dispersions have
also been developed, and intensive research is being conducted to maximize
the use of water-dispersible colloidal particles in formulations for coating.
Development of controlled-release dosage forms in which the mechanism of
release is diffusion through a polymeric membrane formed via film coating
requires the optimization of several processing and formulation variables to
ensure reproducibility of the release rate.

When polymeric-coating systems composed of a latex or pseudo-latex
are used to coat pellets or tablets, film deposition on the substrate must be
followed by a curing stage in which the spherical submicron polymeric
particles coalesce to form a continuous film. One procedure for curing
involves storing the coated material at high temperatures for various periods
of time, depending on the formulation. However, this procedure often leads
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to problems with product handling because the film softens, causing tacki-
ness. Although the tackiness eventually subsides after the temperature is
lowered, the possibility of the film rupturing is always present, and this
could have a detrimental effect on dissolution properties.!®’

Synthetic hydrogels are used in drug delivery systems primarily because
their permeability can be controlled for aqueous solutes and they exhibit
favorable swelling pressures and generally good biocompatibility. The
hydrogels currently in use are based on covalently cross-linked hydrophilic
polymers. This concept, which is more than 30 years old, has several inherent
limitations. Anew concept for hydrogels was developed over the past several
years based on the use of multiblock copolymers containing hydrophilic and
hydrophobic blocks. The hydrophobic blocks separate in the presence of
water, and the hydrophobic domains formed in this manner can replace
covalent cross-linking. The most advanced of these multiblock copolymers
are the hydrogels with polyacrylonitrile blocks, which form crystalline
domains of exceptional stability. This new concept allows processing by
conventional methods and provides high degrees of strength even at a high
level of water content.!”

A wide variety of polymeric materials have been used in the fabrication
and development of transdermal drug delivery systems. These materials
have taken the form of components for devices, as well as polymeric mate-
rials that are mixed with drugs to slow down or enhance delivery. In reser-
voir-type transdermal devices, polymers have been used within the contents
of the reservoir and in the rate-limiting membranes to regulate the passage
of drug across the skin. In matrix transdermal systems, polymers have been
used to form the device as well as to mediate drug absorption across the
skin. In adhesive-type systems, polymers have been used as adhesives and
have been mixed with the drug or used in the device.!”!

Amantadine has been modified by direct acylation with succinic and
glutaric anhydrides and a covalent bond formed with substituted asparta-
mide (PHEA). The amount of amantadine in the copolymers was evaluated
by hydrolysis of the conjugates. Binding of PHEA-succinylamantadine to
surfactant micelles appeared to be stronger than that shown by PHEA-glu-
tarylamantadine.!”?

A polymer carrier system has been developed to reduce the bitterness
of erythromycin and its 6-O-methyl derivative, clarithromycin, by absorption
to Carbopol.® The mechanism involves ionic bonding of the amine macrolide
to high molecular weight polyacrylic acid, thereby removing the drug from
the solution phase in an ion-free suspension. The macrolide-Carbopol com-
plexes were prepared by dissolving or slurring predetermined ratios of drug
and polymer in water or hydroalcoholic mixtures. Human bioavailability
studies demonstrated that the microencapsulated Carbopol absorbates of
erythromycin and clarithromycin give blood levels comparable to those from
conventional solid formulations.!”

Medical College of Ohio, Bowling Green State University, and Lilly have
developed an azo cross-linked polymer coating for use in the delivery of
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peptide drugs to the large intestine. The coating protects the peptides from
stomach acid and digestive enzymes in the small intestine until bacteria in
the large intestine break down the coating, releasing the peptides. Other
potential applications are to deliver drugs such as heparin, peptide contra-
ceptives, analgesics, anticancer, anti-inflammatory drugs, and the Sabin
polio vaccine.

Biocompatible polymers have been tested as potential delivery systems
for therapeutic antibodies and antibody fragments. The researchers incorpo-
rated antibodies and antibody fragments directed against a pregnancy hor-
mone; human chorionic gonadotropin; into poly(ethylene-CO-vinyl) acetate,
which is stable in biological environments; and a biodegradable polyanhy-
dride copolymer of stearic acid dimer and sebacic acid. Saltzman and
co-workers found that the antibodies released slowly from both polymers
during 30 days of continuous immersion in buffered saline and retained their
ability to bind antigens.!6

The authors examined enantioselective release of controlled-delivery
granules based on molecularly imprinted polymers (MIPs) for various race-
mic drugs (e.g., S-ibuprofen, S-ketoprofen, and R-propranolol). These were
prepared using a multistep swelling and thermal polymerization method.
The release profile of MIP granules exhibited differential release of enanti-
omers. The enantioselective release appeared to depend on polymer loading
and medium pH. The drug/polymer ratio of 1:25 showed the best enanti-
oselective release with initial enantiomeric excess of 100%.18

Polylactide-co-glycolide and polylactide polymer particles entrapping
immunoreactive tetanus toxoid (ITT) were prepared in order to study sin-
gle-shot controlled-release vaccine formulation.!8¢ The results indicated the
significance of protecting the immunoreactivity of TT during formation of
polymer particles for sustained and improved antibody response.

Polyisobutylcyanoacrylate nanocapsules (PIBCA-NC) of pilocarpine
were prepared by interfacial polymerization. Physicochemical characteriza-
tion of the colloidal dispersion of pilocarpine was performed by measuring
drug loading, particle-size analysis, and scanning electron microscopy.!®” It
was found that Pluronic F127 gel delivery system increases the contact time
of pilocarpine with the absorbing tissue in the eye, thereby improving ocular
bioavailability of such hydrophobic drugs. Spray-dried powders of poly(D-L
lactic acid) (PLA) or poly-epsilon-caprolactone (PepsilonC) from colloidal
suspensions containing indomethacin using benzyl benzoate in nanocap-
sules or micelles were prepared by nanoprecipitation. After one month, the
formulations with highest drug content (2.0mg/ml) showed a decline of total
quantity of indomethacin.

Saito et al. investigated biodegradable poly-D-L-lactic acid-polyethylene
glycol block copolymers as a bone morphogenetic protein (BMP) delivery
system for inducing bone formation. According to the authors, in combina-
tion with biomaterials, these proteins can be used in a clinical setting as
bone-graft substitutes to promote bone repair. Most recently, synthetic bio-
degradable polymers were tested as a delivery vehicle for osteoinductive
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agents. In their earlier studies, these authors noted that polylactic acid
homopolymers and poly-D-L-lactic acid polyethylene glycol block copoly-
mers could be used as BMP delivery systems. These polymers were
implanted into the dorsal muscle of mice to evaluate their capacity to elicit
new bone formation. 188

XI1I. Conclusion

Recently, it has been stated that,'” as in the past, when certain ages were
characterized by the discovery of major materials (e.g., the Stone Age or the
Bronze Age) the current period could be called the Polymer or Plastic Age.
Most notably in the area of pharmaceutical applications, the rapid expansion
of scientific work and intense interest in the development of new drug
delivery systems have provided strong motivation for the creation of poly-
mers and new polymeric materials.1®”

In state-of-the-art research and drug delivery system design, involving
these entities in particular, the following topics have undergone extensive
investigation: soluble synthetic polymers, oligomers, copolymers, bioerod-
ible and biodegradable polymers, polymer-coated liposomes, encapsulated
drugs for cancer, colloid carrier systems, albumin and gelatin microspheres,
magnetic microspheres and magnetically modulated systems, microsealed
drug delivery systems, matrix devices, swellable polymers and pseudo-latex
dispersions, polymer-bioactive agent (or pro-drug) complexes, hydrogels,
insulin delivery, and polymeric implants, liquid crystalline photoreactive,
and performance polymers.

Currently, continuing significant advances in drug delivery devices com-
posed of polymers and polymeric materials have occurred primarily with
osmotic pumps, implants, and dermal and oral drug delivery systems. Excit-
ing research in the area of polymers undoubtedly promises the development
of new drug delivery systems. These systems will be designed for specific
targeting and capable of providing precise and predictable systemic drug
release with greater efficacy and minimal side effects. In the near future, the
multidisciplinary efforts of leading researchers dealing with polymers will
certainly result in the development of novel delivery systems in this rapidly
expanding field.17>-177
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