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. Introduction

A. Need for Controlled Release Systems

Controlled drug delivery technology represents one
of the most rapidly advancing areas of science in
which chemists and chemical engineers are contrib-
uting to human health care. Such delivery systems
offer numerous advantages compared to conventional
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dosage forms including improved efficacy, reduced
toxicity, and improved patient compliance and con-
venience. Such systems often use synthetic polymers
as carriers for the drugs. By so doing, treatments that
would not otherwise be possible are now in conven-
tional use. Although the introduction of the first
clinical controlled release systems occurred less than
25 years ago, 1997 sales of advanced drug delivery
systems in the United States alone were approxi-
mately $14 billion dollars.! In this paper, we examine
the breadth, the mechanisms, and rationale for
controlled drug delivery and then focus our attention
on some of the major families of synthetic polymers
being used in the field.

This review examines the chemical issues involved
in the design of synthetic polymers used in the
controlled release of drugs. Before considering the
variety and the evolution of these polymeric struc-
tures, it is necessary to examine the motivation for
achieving controlled release. This field of pharma-
ceutical technology has grown and diversified rapidly
in recent years. Understanding the derivation of the
methods of controlled release and the range of new
polymers can be a barrier to involvement from the
nonspecialist.

All controlled release systems aim to improve the
effectiveness of drug therapy.'? This improvement
can take the form of increasing therapeutic activity
compared to the intensity of side effects, reducing the
number of drug administrations required during
treatment, or eliminating the need for specialized
drug administration (e.g., repeated injections). Two
types of control over drug release can be achieved,
temporal and distribution control.

B. Methods of Controlled Release

In temporal control, drug delivery systems aim to
deliver the drug over an extended duration or at a
specific time during treatment. Controlled release
over an extended duration is highly beneficial for
drugs that are rapidly metabolized and eliminated
from the body after administration. An example of
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this benefit is shown schematically in Figure 1 in
which the concentration of drug at the site of activity
within the body is compared after immediate release
from 4 injections administered at 6 hourly intervals
and after extended release from a controlled release
system. Drug concentrations may fluctuate widely
during the 24 h period when the drug is administered
via bolus injection, and for only a portion of the
treatment period is the drug concentration in the
therapeutic window (i.e., the drug concentration that
produces beneficial effects without harmful side
effects). With the controlled release system, the rate
of drug release matches the rate of drug elimination
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and, therefore, the drug concentration is within the
therapeutic window for the vast majority of the 24 h
period. Clinically, temporal control can produce a
significant improvement in drug therapy. For ex-
ample, when an opioid pain killer is administered to
a patient with terminal cancer, any time that the
drug concentration is below therapeutic concentra-
tions the patient experiences pain. A temporally
controlled release system would ensure that the
maximum possible benefit is derived from the drug.

In distribution control, drug delivery systems aim
to target the release of the drug to the precise site of
activity within the body. The benefit of this type of
control is shown schematically in Figure 2 in which
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Figure 1. Drug concentrations at site of therapeutic action
after delivery as a conventional injection (thin line) and
as a temporal controlled release system (bold line).
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Figure 2. Drug delivery from an ideal distribution con-
trolled release system. Bold line: Drug concentrations at

site of therapeutic action. Thin line: Systemic levels at
which side effects occur.

drug concentrations at the site of activity and side-
effect production are compared. There are two prin-
ciple situations in which distribution control can be
beneficial. The first is when the natural distribution
causes drug molecules to encounter tissues and cause
major side effects that prohibit further treatment.
This situation is often the cause of chemotherapy
failure when bone marrow cell death prevents the
patient from undergoing a complete drug treatment.
The second situation is when the natural distribution
of the drug does not allow drug molecules to reach
their molecular site of action. For example, a drug
molecule that acts on a receptor in the brain will not
be active if it is distributed by the patient’s blood
system but cannot cross the blood—brain barrier.?
A large number of classes of drugs can benefit from
temporal or distribution controlled release. These
classes include chemotherapeutic drugs,*® immuno-
suppressants,® antiinflammatory agents,”~° antibiot-
ics,’® opioid antagonists,'' steroids,'> hormones,!3
anesthetics,'* and vaccines.'® Recently, the need to
develop new controlled release strategies has been
intensified by advances in the design of peptide drugs
and emergence of gene therapy. These biotechnology-
derived agents may dominate the next generation of
drug design. However, their clinical success may be
dependent on the design of controlled release devices
that ensure that the drugs reach their target cells
precisely at the required time. A discussion of the
pharmacological and clinical motivations for control-
ling the release of the specific drug classes referred
to above is beyond the limit of this article; however,
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a number of excellent reviews are available.1817 |n
addition, it should be noted that controlled release
technology is not confined to pharmaceutical applica-
tions but has also proven beneficial in agricultural®
and cosmetic industries.®

C. Scope of Polymer Systems

In this review, a number of polymer backbones that
are potentially degradable are detailed in the text.
This restriction certainly does not reduce the impact
and significance of C—C backbones for controlled
release applications but is simply a mechanism to
focus on an important subset of materials. To il-
lustrate the diverse range of functionalities available—
from nonbiodegradable systems based on C—C back-
bones to heteroatom-containing polymer backbones
that may confer biodegradability—Table 1 is provided
that overviews polymers used in controlled release
applications as a function of the composition of the
polymer backbone.

Il. Mechanisms of Controlled Drug Release Using
Polymers

A diverse range of mechanisms have been devel-
oped to achieve both temporal and distribution
controlled release of drugs using polymers. This
diversity is a necessary consequence of different
drugs imposing various restrictions on the type of
delivery system employed. For example, a drug that
is to be released over an extended period in a
patient’'s stomach where the pH is acidic and envi-
ronmental conditions fluctuate widely will require a
controlled release system very different from that of
a drug that is to be delivered in a pulsatile manner
within the blood system. An important consideration
in designing polymers for any controlled release
mechanism is the fate of the polymer after drug
release. Polymers that are naturally excreted from
the body are desirable for many controlled release
applications.?>2! These polymers may be excreted
directly via the kidneys or may be biodegraded into
smaller molecules that are then excreted. Nonde-
gradable polymers are acceptable in applications in
which the delivery system can be recovered after drug
release (e.g., removal of patch or insert) or for oral
applications in which the polymer passes through the
gastrointestinal tract.

From a polymer chemistry perspective, it is impor-
tant to appreciate that different mechanisms of
controlled release require polymers with a variety of
physicochemical properties. This requirement has
stimulated the evolution of the new polymers that
will be discussed in section 1V. Before consideration
of these polymers, the major mechanisms of con-
trolled release and polymeric characteristics that are
required to carry out these mechanisms will be briefly
described.

A. Temporal Controlled

Most drug molecules need to be dissolved in the
aqueous environment of the patient and freely diffuse
within that media before they can act on their target
receptors. Polymeric devices that achieve temporal
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Table 1. Summary of Polymer Structures Based on Backbone Composition

Backbone Examples Notes
Structure
C-C Poly(ethylene) [7ero-order temporal control achieved by
(PE) diffusion from matrices.12

)

n

Tetanus toxoid released by pulsatile
kinetics.!26
[Prolonged pseudo-first order release of

acetoarninophen in gastrointestinal tract. 1?7

Poly(propylene)
(PP)

Y,

Biocompatibility improved by albumin

grafting to surface. 128

Ophthalmic drug delivery applications.129

IAccurel® used to release agents active in

vapor state, 13

vinyl-based
C-C

Poly(vinyl chloride)
(PVC)

o

Cl

[Membrane devices formulated to release

volatile agents into air and non-volatile

agents into aqueous solutions. 131

Poly(vinyl alcohol)
(PVA)

1

OH

[Water-soluble copolymer of vinyl alcohol}
and vinyl acetate is formed by hydrolyzing|
poly(viny! acetate).

Surface stabilizer in microsphere

formulation. 132133

Bioadhesive hydrogels.”'4

vinyl-based,
C-C

Poly(ethylene-vinyl acetate)

p(EVAc)

£y,

o) O

CHg

[Employed as rate controlling membrane in
Ocuseri®,23

IDrug permeability tailored by ratio of viny!
acetate present.

Used in magnetically controlled temporal

135,136

release, ultrasound-stimulated

release, subcutaneous implant for cancer
pain relief,'>’
138

and chemotherapeutic

agents.

Poly(enol-ketone)
(PEK)

OH

b=

Produced by controlled oxidation of PVA.137
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Table 1 (Continued)
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methacrylamide)
p(HPMA)
CHa

n

-

Backbone Examples Notes
Structure
Poly(acrylic acid) [Bioadhesive polymer.134
(PAA) Hydrogels of PAA reversibly swell as
R function of pH.140
/ej/f;
(o] OH
R = H (acrylic)
= CHgs (methacrylic)
Poly(carbophil) [PA A-based hydrogel loosely cross-linked
with divinyl glycol. Mucoadhesive
OH properties allow temporal and distribution
Ho O (o} OH
HO control.14]
Ho" O 07 “on
vinyl-based, Poly(acrylamides) [Plasma expander used as polymer-drug
IC-C e.g., poly(N-(2-hydroxypropyl) conjugate for distribution control. 142

- [Enzyme cleavable side chains employed to

target release at colon.32 Hydrolytically
degradable hydrogels produced by cross-

linking with N,O-dimethacryloyl

hydroxylamine linker. 143

Component of photosensitive delivery

system, 4

Poly(N-isopropyl acrylamide)
e.g., p(NIPAAm)

3

=

Pronounced negative thermosensitivity.

Used in stimuli sensitive systems.l‘m’145

(o] NH
PN
Poly(acrylates) Employed as surgical adhesive due to
R polymerization in water at room
% temperature.
0~ "OR' Controlled drug release applications reported
R = H (acrylic) in polymer-drug conjugate146 and topical

= CHj3 (methacrylic)
= CN (cyanoacrylate)

applications. 147

Bone cements with hydrophilicity tailored to

facilitate protein release. 148
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Table 1 (Continued)

e.g., poly(sebacic anhydride)

o

{”\/\/\/\/\(O}n

[¢]

Backbone Examples Notes
Structure
IC-O Poly(ethylene glycol) Also termed poly(ethylene oxide) (PEO).
(PEG) [Used as diffusion-limited tablet
/6\/0% formulation,149 cross-linked hydroge:ls,150
n and polymer-drug conjugatcs.zg’ 151
Employed as a component of block
copolymer systems.
Section B.2.
C-0, Poly(glycolic acid) copolymer:
IC=0 (PGA) Poly(lactic acid-co-glycolic acid)
o] (PLGA)
‘Qk/ 0; 0 o]
0. 0.
(e] (o]
YY"
(o] o]
Poly(lactic acid)
PLA
(PLA) Biosynthetic poly(ester) often employed as
(o}
0; copolymer with hydroxyvalerate
n monomer. 52
Section B.1.
Poly(e—caprolactone)
(PCL)
o
M 0\)5
Poly(3-hydroxybutyrate)
M
T,
C-0, Poly(ortho esters) Section C.
C=0 e.g., 3,9-diethylidene 2,4,8,10-
tetraoxaspiro [5.5]Jundecane-based
polymers (DETOSU)
XXX
(o] O:><:O O0—R
n
Poly(anhydrides) Section D.
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Table 1 (Continued)
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Backbone Examples Notes
Structure
IC-N, Poly(amino acids) Poly(lactic acid-co-lysine)
C=0 Y (PLAL)
\6 w N\n)\}\
o le;
e.g., poly(lysine) A [o]
y
NH,
NH,
pseudo-poly(amino acids)
Section E.
XX
-( N Rwnw N R%—vw
H H n
IC-N, Poly(amide-enamines) Hydrolyzable polymer with hydrophilic and
IC=0 0 --H hydrophobic segments. Potential for
AY
R N
/( > u/u\—/ ); diffusion controlled drug release.!®
Poly(amido amines) IComplexes with DNA to form conjugates for
(PAMAM) dendrimers gene thempy.15 3,154
H.N NH,
¢
N,
HzNH N“' @"‘r - NH;
;
HZN‘J "‘NHQ
other Poly(urethanes) Hard and soft segment polymers containing
IC-N, 0 PEG for temporal controlled release.!>
C-O, '{ R N)I\ o)/ Azo-containing polymers used to control
H n
C=0 site of polymer-drug conjugate

degratdation.156 Anti-infectious

biomaterials containing antibiotics. 10

Azopolymer

poly(ether-ester)

Pt

[Azo bond degraded by bacteria in colon
thereby generating colon-specific delivery

of chemotherapeutic and other drugs.157'
159
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Table 1 (Continued)
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Backbone Examples Notes
Structure
silicon- Poly(dimethylsiloxane) [Temporal controlled release of rifampicin
based (]ZH 3 from shunt.!®® Bone infections treated
Si-O ‘fs,"oﬁ‘ with crosslinked matrix. 16!
CHg "
phosphorus Poly(phosphazenes) lAmino acid side chains generate flexible
Lbased FI( materials that degrade to amino acid,
P=N, _€N= Tt phosphate and ammonia poly[bis(glycine
P-O " ethyl ester)phosphazene]. 16 pEG.
modified nanoparticles for site-specific
drug delivery.118
Section F.

controlled release protect drug molecules from this
aqueous living environment for preprogrammed pe-
riods of time. This protection can involve delaying
the dissolution of drug molecules, inhibiting the
diffusion of the drug out of the device, or controlling
the flow of drug solutions.??> These mechanisms are
shown in Figure 3. Mathematical descriptions of
release mechanisms have been described previ-
ously.?®

Polymers employed to delay drug dissolution aim
to slow the rate at which drug molecules are exposed

Delayed Dissolution

Polymer dissolves or
degrades slowly

, Drug molecules retained until
"~ further polymer erosion

® «----- Released drug molecules
can dissolve

Molecules slowly diffuse
through voids in polymeric
device

g

g

@2,

<

=

, (@]
<
Sl E
g

z

)y =
]

[+3

=%
L ____ 4

Drug molecules unable to freely diffuse
due to insoluble polymer matrix

Drug Solution Flow Control l

\Hio

Drug solution flow
into environment

‘Water molecules cross semi-permeable

Drug molecules dissolve in water and
membrane due to high osmotic gradient

flow through pore at controlled rate

Figure 3. Examples of mechanisms of temporal controlled
release.

to water from the aqueous environment surrounding
the drug delivery system. This may be achieved by a
polymer coating or matrix that dissolves at a slower
rate than the drug.

In diffusion-controlled release, drug molecule dif-
fusion within an aqueous solution is inhibited by the
insoluble polymer matrix in which drug molecules
must travel through tortuous pathways to exit the
device. Polymer chains such as those in a cross-linked
hydrogel form the diffusion barrier. The barrier to
diffusion can be decreased by swelling of the hydro-
gel, for example, which creates voids in the gel
structure. Such hydrogels may also benefit from
bioadhesive characteristics which allow them to
reside within the gastrointestinal tract for extended
time periods. Polymers used for diffusion-controlled
release can be fabricated as either matrices in which
the drug is uniformly distributed or as a rate-limiting
membrane that protects the drug reservoir from the
living environment.

Devices that control the flow of drug solutions
sometimes utilize osmotic potential gradients across
semipermeable polymer barriers to generate pres-
surized chambers containing aqueous solutions of the
drug. This pressure is relieved by the flow of the
solution out of the delivery device. The rate of flow
is controlled because flow is restricted to fluid trans-
port through a micrometer scale to larger diameter
pore or pores.

Many temporal controlled release devices use the
above mechanisms to provide sustained release of
drug at a constant rate. Another form of temporal
controlled release is responsive drug delivery in
which drug is released in a pulsatile manner only
when required by the body.?* Much work in this area
has as its eventual goal the delivery of insulin to
diabetics. Insulin requirements fluctuate throughout
the day as patient food intake and activity change
blood glucose levels. Current insulin formulations
require repeated injections daily and careful control
of glucose intake. Responsive drug delivery hopes to
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revolutionize insulin therapy with the design of
systems that release insulin in response to increased
blood glucose levels. In general, responsive drug
delivery systems have two components: a sensor that
detects the environmental parameter that stimulates
drug release and a delivery device that releases drug.
For diabetes treatment, responsive drug delivery
systems have been proposed that use the enzyme
glucose oxidase as the sensor.?®> When blood sugar
levels rise, glucose oxidase converts glucose to glu-
conic acid resulting in lowered pH. This pH decrease
is then used as the signal for insulin release. Release
is achieved by pH-sensitive polymers that either
swell or degrade in acidic environments.?6

The concept of responsive drug delivery can be used
for any drug therapy in which a sensor and delivery
device can be coupled. Signals that have been em-
ployed to trigger drug release have been reviewed by
Langer?” and include the following: magnetic signals
in which magnetic beads are distributed within a
polymer matrix and cause a rearrangement of that
matrix when a magnetic field is applied; electrical
signals in which pore size, permeability, and other
factors are controlled by electrically stimulated poly-
mer swelling; ultrasonic signals in which the inten-
sity, frequency, and duration of ultrasound increase
release for both nondegradable and biodegradable
polymeric systems; pH systems in which ionizable
groups within polymer gels control polymer chain
interactions; and temperature systems in which ther-
mosensitive hydrogels swell and collapse in response
to temperature variations.

B. Distribution Controlled

The simplest method of achieving distribution
control is to implant the drug delivery system directly
at the site. This method has been successfully de-
scribed in the delivery of chemotherapeutic agents
to malignant gliomas using poly(anhydrides) by Brem
et al.* During treatment, polymer disks containing
carmustine are implanted in cavities created after
surgical removal of the tumor. This distribution
control is highly beneficial given that 90% of malig-
nant gliomas recur within 1 in. of the original tumor
site. In general, direct implantation is suitable for
distribution control only if the site of drug action is
accessible without risk to the patient and the drug
is unable to leave this site, e.g., the drug is unable
to pass through the blood—brain barrier.

For the majority of diseases that require distribu-
tion controlled release of drug, a targeting mecha-
nism must be employed that allows the delivery
system to find the desired target.'” Polymers are used
in two types of delivery systems for these applica-
tions, colloidal carriers and polymer—drug conju-
gates. In colloidal formulations, the polymer encap-
sulates drug within micro- or nanoparticles.?® In
polymer—drug conjugates, the drug is covalently
coupled to the polymer. In these forms of distribution
controlled release, the polymer acts as a carrier but
is not responsible for targeting the delivery device.?®
Biological molecules such as immunoglobulins and
carbohydrates are frequently utilized as targeting
moieties. However, there are several examples of
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targeting in which distribution control is an inherent
property of the polymeric carrier. Polymer surfac-
tants such as block copolymers of poly(ethylene
glycol) and poly(propylene oxide), also referred to as
pluronics, alter the distribution of colloidal carriers
around the body.?%3! The change in distribution
depends on the ability of the surfactant polymer to
change protein adsorption on the particle surfaces
(section 1V.B.2). In another case, the polymer drug—
conjugate contains a spacer molecule that is site-
specifically cleaved. One application of this targeting
approach is the delivery of drugs to the colon, and
site-specific cleavage is ensured by the presence of
linkages that are only degraded by bacteria present
in that section of the gastrointestinal tract.®?

lll. Polymers Used for Controlled Drug Release

A. Overview

Classification of polymers in controlled release
applications can be difficult due to the inherent
diversity of structures. However, it is beneficial to
attempt this classification because it can highlight
common properties within groups of polymers. In
broad terms, polymers may be classified as either
biodegradable or nonbiodegradable. Biodegradable
systems have garnered much of the recent attention
and development in drug delivery systems because
nonbiodegradable systems need retrieval or further
manipulation after introduction into the body.

In the realm of degradable polymers, there exists
another level of classification based upon the mech-
anism of erosion. The term “degradation” specifically
refers to bond cleavage, whereas “erosion” refers to
depletion of material. Degradation is a chemical
process; erosion is a physical phenomena reliant on
dissolution and diffusion processes. Two mechanisms
of polymer erosion can be identified, surface and bulk
erosion. In practical terms, these two mechanisms
represent extremes. For most biodegradable polymers
both mechanisms will occur, but the relative extent
of surface or bulk erosion varies radically with the
chemical structure of the polymer backbone.

Surface erosion occurs when the rate of erosion
exceeds the rate of water permeation into the bulk
of the polymer. This is often considered to be a
desirable mechanism of erosion in drug delivery
because the kinetics of erosion, and hence the rate
of drug release, are highly reproducible. Further-
more, the magnitude of erosion may be changed by
simply changing the surface area of the drug delivery
device. The slow rate of water permeation into
surface eroding devices has a further beneficial effect
of protecting water labile drugs up to the time of drug
release. Examples of surface eroding polymers dis-
cussed in this review are the poly(anhydrides) and
the poly(ortho esters). Both of these classes of bio-
degradable polymers possess highly labile groups
that ensure rapid hydrolysis of polymer chains
encountering water molecules. Water permeation is
retarded by designing the polymers with hydrophobic
monomer units. Alternatively, hydrophobic excipients
can be added to stabilize the polymer bulk. In ideal
surface erosion, the erosion rate is directly propor-
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tional to external surface area. Surface erosion can
lead to zero-order drug release provided that diffu-
sional release is limited and the overall shape
remains constant.

ldealized Surface Erosion

Bulk erosion occurs when water molecules are able
to permeate into the bulk of the polymer matrix at a
quicker rate than erosion. As a consequence, polymer
molecules in the bulk may be hydrolyzed and the
kinetics of polymer degradation/erosion are more
complex than for surface eroding polymers. The
majority of biodegradable polymers used in controlled
drug delivery undergo bulk erosion, including the
very important poly(ester) materials. While the more
limited predictability of erosion and the lack of
protection of drug molecules are inherent disadvan-
tages to bulk eroding devices, these properties do not
inhibit their successful employment as drug delivery
devices. In addition, many new applications in con-
trolled release use nano- or microparticle formula-
tions that possess massive surface areas resulting in
bulk and surface eroding materials possessing similar
erosion Kinetics.

Within the scope of biodegradable systems, natural
polymers, particularly those in the poly(saccharide)
family (e.g., starch, cellulose, and chitosan), are being
investigated.®® They are referred to as biopolymers,
and synthesis of this class of polymers is limited to
the manipulation of bulk material to enhance their
viability. Due to the physicochemical limitations of
natural materials, there is significant exploration of
synthetic materials which can be readily tailored to
offer properties for specific applications. For example,
degradation of synthetic polymer can be limited to 1
week or 1 month, depending on the desired range of
therapeutic effect. The ability to design biomaterials
with specified release, mechanical, and processing
properties has opened opportunities for synthetic
chemists in the controlled release arena.

Historically, homopolymers such as the poly(esters)
(section I11.B) were first in the discovery process for
synthetic biomaterials due to their availability. As
properties are defined and utilized from homopoly-
mer systems, copolymer systems emerge that com-
bine and merge desired function for more effective
systems. Biodegradable materials possess chemical
functionalities that are unstable within living envi-
ronments, e.g., anhydride, ester, or amide bonds. The
most common routes of biodegradation in vivo are
hydrolysis and enzymatic cleavage resulting in scis-
sion of the polymer backbone. However, for some
polymers, cleavage of a side chain results in a water-
soluble polymeric product that can be excreted.
Biodegradation is frequently a desirable property for
controlled release applications because metabolism
and excretion of the polymer results in complete
removal. In the presence of enzymes, rates of bio-
degradation are enhanced. The role of degradative
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enzymes is to both facilitate the mechanism as well
as increase the degradation rate.

Table 1 provides an overview of polymeric systems
used in controlled release as a function of chemical
makeup of the polymer backbone with corresponding
references. Table 1 includes a diverse range of func-
tionalities: from nonbiodegradable systems based on
C—C backbones to potentially degradable hetero-
atom-containing polymer backbones. In the remain-
der of this review, a number of polymer backbones
that may confer biodegradibility will be detailed in
the text. This restriction certainly does not reduce
the impact and significance of C—C backbones for
controlled release applications but is simply a mech-
anism to focus on an important subset of materials.

B. Poly(esters)

Poly(esters) are the best characterized and most
widely studied biodegradable system. The synthesis
of poly(esters) has received as much attention as the
degradation of these materials. A patent for the use
of poly(lactic acid) (PLA) as a resorbable suture
material was first filed in 1967.3 The mechanism of
degradation in poly(ester) materials is classified as
bulk degradation with random hydrolytic scission of
the polymer backbone.

Poly(esters) have been extensively employed in
drug delivery applications and comprehensively
reviewed.®*~38 The predominant synthetic pathway
for production of poly(esters) is from ring-opening
polymerization of the corresponding cyclic lactone
monomer. The more prominent poly(esters) and their
starting materials are shown in Figure 4.

Polymerization of the cyclic lactone alone is usually
too slow to produce high molecular weight material
(>20 000 amu). The rate of ring opening for the cyclic
lactone can be increased by activation of a Zn- or Sn-
based catalyst with the carbonyl ester. However, the
introduction of a catalyst invites concerns over traces
of potentially cytotoxic material. Thus, stannous
octoate Sn''(CO.CH("Bu)(Et)), is commonly used
because it has FDA approval as a food stabilizer.®®
Alternatively, resorbable Fe(ll) salts have been uti-
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Figure 4. Ring-opening polymerization of selected cyclic
lactones to give the following: (a) poly(e-caprolactone)
(PCL); (b) poly(glycolic acid) (PGA); (c) poly(L-lactic acid)
(PLA).
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lized as initiators for lactide polymerization above
150 °C.%° Zinc powder and CaH, have also been
evaluated as potential nontoxic catalysts for copoly-
mer formation of poly(lactic acid) (PLA) with poly-
(ethylene oxide) (PEG).*°

1. Poly(lactic acid), Poly(glycolic acid), and Their
Copolymers

Poly(esters) based on poly(lactic acid) (PLA), poly-
(glycolic acid) (PGA), and their copolymers, poly(lactic
acid-co-glycolic acid) (PLGA), are some of the best
defined biomaterials with regard to design and
performance. Lactic acid contains an asymmetric
a-carbon which is typically described as the p or L
form in classical stereochemical terms and sometimes
as the R and S form, respectively. For homopolymers,
the enantiomeric forms are poly(p-lactic acid) (PDLA)
and poly(L-lactic acid) (PLLA). The physicochemical
properties of optically active PDLA and PLLA are
nearly the same, whereas the racemic PLA has very
different characteristics.** For example, racemic PLA
and PLLA have Tgy's of 57 and 56 °C, respectively,
but PLLA is highly crystalline with a T, of 170 °C
and racemic PLA is completely amorphous.

The stereochemical dependence of PLA from p- and
L-lactide (bb and LL cyclic dimers of lactic acid
enantiomers) has also been studied as a function of
the catalyst.*>*3 Diad and tacticity concerns for the
polymerization with Sn- and Zn-based initiators have
shown a preference for pp/LL and LL/bD heterotactic
additions. Such stereoregular concerns are known to
affect the mechanical, thermal, and biological proper-
ties of PLA.#2

Because the naturally occurring lactic acid is L (or
S), PLLA is considered more biocompatible. The
polymers are derived from monomers that are natu-
ral metabolites of the body; thus degradation of these
materials yields the corresponding hydroxy acid,
making them safe for in vivo use. Biocompatibility
of the monomer is the foundation for biocompatibility
of degradable polymer systems. To this end, the
degradation products often define the biocompatibil-
ity of a polymer—not necessarily the polymer itself.
Even though PLGA is extensively used and repre-
sents the gold standard of degradable polymers,
increased local acidity due to the degradation can
lead to irritation at the site of the polymer employ-
ment. Introduction of basic salts has been investi-
gated as a technique to control the pH in local
environment of PLGA implants.**

From a physical level of understanding, poly(esters)
undergo bulk degradation. PLA homopolymers de-
grade slower than PGA homopolymers on the basis
of crystallinity as well as steric inhibition by the
pendent methyl group of PLA to hydrolytic attack.
However, the complexity of PLA, PGA, and PLGA
degradation has been demonstrated by Vert*> and
does not conform to a simple model. Vert and co-
workers have demonstrated that a size dependence
for hydrolytic degradation exists for PLA systems.
Other research efforts suggest that PLA-derived
microparticles will degrade faster than nanoparticles
derived from PLA. 4647 This is modeled on a diffusion—
reaction phenomena. An autocatalytic effect at the
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interior of larger devices is thought to contribute to
the initial heterogeneous degradation of larger de-
vices as acidic byproducts cannot readily diffuse out
from the interior as is the case for smaller constructs.
Extensive degradation studies have also been re-
ported for PLA, poly(caprolactone) (PCL), and their
copolymers both in vitro*® and in vivo.*®

Studies in hydrolytic degradation for poly(esters)
have focused on understanding the effects of changes
in polymer chain composition. A distinguishable
effect based on end group composition for poly(ester)
degradation demonstrated that terminal carboxyl
groups have a catalytic effect on hydrolysis for PGA.°
The ability to tailor rates of protein release from
PLGA microspheres was derived from the under-
standing of end-group effects.>® The commercial
developmental process for formulating poly(esters)
with selected drug candidates has been reviewed.5?
The aforementioned review highlights the develop-
ment of poly(ester) matrices containing human growth
hormone that sustained levels of a therapeutic pro-
tein in humans for 1 month from a single dose.'?

2. Poly(ethylene glycol) Block Copolymers

Poly(ethylene glycol) (PEG) is also referred to as
poly(ethylene oxide) (PEO) at high molecular weights.
Biocompatibility is one of the most noted advantages
of this material. Typically, PEG with molecular
weights of 4000 amu is 98% excreted in man.%®

One of the emerging uses for inclusion of PEG in a
controlled release system arises from its protein
resistivity.> The hydrophilic nature of PEG is such
that water hydrogen bonds tightly with the polymer
chain and thus excludes, or inhibits, protein adsorp-
tion. Many research groups are investigating attach-
ment of PEG chains to therapeutic proteins; PEG
chains at the surface allow for longer circulation of
the protein in the body by prolonging biological
events such as endocytosis, phagocytosis, liver uptake
and clearance, and other adsorptive processes.>5°

PLA—PEG copolymer systems (Figure 5) possess
surfactant properties because the PEG block is very
hydrophilic and the PLA block is hydrophobic. There-
fore, when PLA—PEG is employed in a fabrication
process that uses an aqueous external phase, e.g.,
particle fabrication by the double emulsion technique,
PEG enriches the surface. The inclusion of PEG in
copolymer systems imparts extremely beneficial sur-
face properties within the body because of the ability
to repel proteins within aqueous environments.>* This
repulsion inhibits the adsorption of proteins to the
polymer surface and, therefore, prevents many poly-
mer—cell interactions. For example, nanoparticles
made from diblock PLA—PEG copolymer have in-
creased blood circulation times (decreased clearance)
in vivo above that of particles made from PLA alone.®°
Further studies demonstrated that PLA—PEG nano-
particles were inert toward proteins of the coagula-
tion system.®! Cannizzaro et al. have demonstrated
that the PLA-PEG structure may act as the founda-
tion for more complex biodegradable materials. They
synthesized a PLA-PEG polymer to which a biotin
molecule was grafted to the free end of the PEG
chain. The new polymer was designed to simplify the
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Figure 5. Synthesis of PLA—PEG copolymers: (a) PLA/PEG; (b) PLA/PEG/PLA; (c) a multiblock copolymer of L-

and ethylene oxide.

engineering of the polymer surface via the use of
avidin—biotin interaction.5?

PEG can be made with a range of terminal func-
tionalities which lends to its easy incorporation into
copolymer systems. PEG is commonly terminated
with chain-end hydroxyl groups which provide a
ready handle for synthetic modification. Diblock PLA/
PEG and triblock PLA/PEG/PLA systems have been
synthesized and characterized with various PLA
contents.*063-66 The free hydroxyl groups of PEG are
ring-opening initiators for lactide in forming the
diblock or triblock materials (Figure 5a,b). Recently,
Chen et al. have synthesized PLA—PEG multiblock
copolymers from L-lactide and ethylene oxide, the
monomer precursors for PLA and PEG, respectively
(Figure 5c).%” This approach is different in two
respects: (i) use of bimetallic catalysts which proceed
by anionic mechanisms; (ii) multiblock polymers are
generated.

Han and Hubbell further demonstrated the syn-
thetic utility for PLA—PEG systems by introducing
acrylate moieties to form cross-linked systems.58
Similarly, Jeong et al. prepared thermosensitive
PLA—PEO hydrogels that exhibit temperature-de-
pendent gel—sol transition for use as injectable drug
delivery systems.®®

C. Poly(ortho esters)

The motivation for designing poly(ortho esters) for
drug delivery was the need to develop biodegradable
polymers that inhibited drug release by diffusion
mechanisms and allowed drug release only after the
hydrolysis of polymer chains at the surface of the
device.”™®

Most research on poly(ortho esters) has focused
on the synthesis of polymers by the addition of poly-
ols to diketene acetals. For example, Heller et al.
have described the synthesis and application of the
3,9-diethylidene-2,4,8,10-tetraoxaspiro[5.5]Jundecane
(DETOSU)-based poly(ortho esters).”* The basic struc-
ture is formed by the addition of the DETOSU
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Figure 6. Degradation of the 3,9-bis(ethylidene-2,4,8,10-
tetraoxaspiro[5.5]undecane) (DETOSU)-based poly(ortho
esters).

HO—R—OH

monomer to a diol to form the chemical structure
shown in Figure 6.

The DETOSU-based poly(ortho esters) contain acid
labile ortho ester linkages in their backbone struc-
ture. Within aqueous environments, the ortho ester
groups are hydrolyzed to form pentaerythritol dipro-
pionate and diol monomers as breakdown products
(Figure 6). The pentaerythritol dipropionate is fur-
ther hydrolyzed to pentaerythritol and acetic acid.

Acid-catalyzed hydrolysis of these polymers can be
controlled by introducing acidic or basic excipients
into matrixes. Rates of hydrolysis can be increased
by the addition of acidic excipients, such as suberic
acid, as demonstrated by the zero-order release of
5-fluorouracil over a 15 day period.”? Alternatively,
basic excipients stabilize the bulk of the matrix but
diffuse out of the surface region, thereby facilitating
surface-only erosion. This approach has been em-
ployed in the temporal controlled release of tetracy-
cline over a period of weeks in the treatment of
periodontal disease.”

Recently, a number of changes in diol structure
have been attempted to avoid the need for acidic
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Figure 7. Synthesis of a poly(ortho ester) containing glycolic acid dimer.

excipients. These new poly(ortho ester) structures
address the problem of acidic excipient diffusion from
matrices which leads to unpredictable degradation
kinetics. Ng et al. described the synthesis of self-
catalyzed poly(ortho esters) that contain glycolide
sequences that can be hydrolytically degraded with-
out excipient catalysis.”* Once degraded, these se-
guences then catalyze ortho ester bond breakage,
hence forming a self-catalyzing system. The synthesis
of these polymers is shown in Figure 7.

A useful feature of the DETOSU systems is the
ability to control the mechanical properties by chang-
ing the diol monomer ratios within the final poly-
meric structure. For example, Heller et al. have
shown that the glass transition temperature of
polymers containing a rigid diol monomer (trans-
cyclohexanedimethanol) and a flexible monomer (1,6-
hexanediol) could be varied between 20 and 105° by
increasing the proportion of the rigid diol.”® This
control can also be achieved with the glycolide-
containing polymers.™

A number of applications have been described for
cross-linked poly(ortho esters) formed by the substi-
tution of 1,2,6-hexanetriol for 1,2-hexanediol, for
example. The triol monomer allows cross-linked
materials to be formed that are semisolid materials.”
It has been envisaged that these materials could be
injected into the patient as a viscous liquid at slightly
elevated temperatures that form nondeformable de-
pot implants upon cooling.

A further modification of diol structure has been
introduced to allow acid-catalyzed hydrolysis to be
highly pH sensitive for applications requiring re-
sponse. This modification involves the formation of
a tertiary amine-containing polymer by incorporating
N-methyldiethanolamine.”® This polymer has been
proposed as a material for the pulsatile delivery of
insulin in which the drug delivery system includes
the enzyme glucose oxidase. High glucose levels
decrease environmental pH due to the activity of

glucose oxidase. In turn, lowered pH increases the
rate of poly(ortho ester) hydrolysis thereby increasing
insulin release and creating a negative feedback
mechanism.

D. Poly(anhydrides)

To obtain a device that erodes heterogeneously, the
polymer should be hydrophobic yet contain water-
sensitive linkages. One type of polymer system that
meets this requirement is the poly(anhydrides). Poly-
(anhydrides) undergo hydrolytic bond cleavage to
form water-soluble degradation products that can
dissolve in an aqueous environment, thus resulting
in polymer erosion. Poly(anhydrides) are believed to
undergo predominantly surface erosion due to the
high water lability of the anhydride bonds on the
surface and the hydrophobicity which prevents water
penetration into the bulk.”” This process is similar
to the slow disappearance of a bar of soap over time.
The decrease in the device thickness throughout the
erosion process, maintenance of the structural integ-
rity, and the nearly zero-order degradation kinetics
suggest that heterogeneous surface erosion predomi-
nates.

The majority of poly(anhydrides) are prepared by
melt-condensation polymerization. Starting with a
dicarboxylic acid monomer, a prepolymer of a mixed
anhydride is formed with acetic anhydride. The final
polymer is obtained by heating the prepolymer under
vacuum to remove the acetic anhydride byproduct.
The most widely studied poly(anhydrides) are based
on sebacic acid (SA), p-(carboxyphenoxy)propane
(CPP), and p-(carboxyphenoxy)hexane (CPH) (Figure
8).

Degradation rates of these polymers can be con-
trolled by variations in polymer composition. The
more hydrophobic the monomer, the more stable the
anhydride bond is to hydrolysis. Aliphatic poly-
(anhydrides) (e.g., SA) degrade within days whereas
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Figure 8. Structures of widely used aromatic poly-
(anhydrides) based on monomers of p-(carboxyphenoxy)-
propane (CPP) and p-(carboxyphenoxy)hexane (CPH) and
aliphatic poly(anhydrides) based on sebacic acid (SA).
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Figure 9. Poly(fatty acid dimer—sebacic acids) synthesized
from hydrophobic dimers of erucic acid and sebacic acid.

aromatic poly(anhydrides) (e.g., CPH) degrade over
several years.””

Poly(anhydrides) are best formed into drug-loaded
devices by compression-molding or microencapsula-
tion because of their high melting temperatures. A
wide variety of drug and proteins, such as insulin,
enzymes, and growth factors, have been incorporated
into poly(anhydride) matrixes and their in vitro and
in vivo release characteristics evaluated.”®"® Leong
et al. demonstrated®® that reaction of the poly-
(anhydrides) with drug molecules containing nucleo-
philic groups did not occur during fabrication using
solvent-casting techniques or when low temperatures
are maintained during compression molding.

The biocompatibility of copolymers of SA and CPP
has been well established. Evaluation of the toxicity
of poly(anhydrides) show that they possess excellent
in vivo biocompatibility.8* Recent clinical trials have
demonstrated that an intracranial device of SA/CPP
copolymers improves the therapeutic efficacy of an
antitumor agent, bischloronitrosourea, for patients
suffering from a lethal type of brain cancer.®?

Another type of poly(anhydride) is poly(fatty acid
dimer—sebacic acid). These are synthesized from
hydrophobic dimers of erucic acid and sebacic acid
(Figure 9). They undergo surface erosion as indicated
by the presence of an erosion zone, independence of
erosion rate on device thickness, and low water
contact in the polymer interior during erosion.® In
vitro and in vivo elimination of the polymers is
dependent upon monomer solubility. For example,
the elimination time for polymers based on water-
soluble monomers (shorter side chains) was 7—14
days, whereas for polymers based on monomers with
low water-solubility (longer alkyl side chains) elimi-
nation took nearly 8 weeks.848

As the polymers degrade, most of the fatty acid
dimers deposit on the surface of the polymer matrixes
to effectively act as a diffusion barrier for the release
of low molecular weight compounds (e.g., drugs or
monomers) from polymer devices.8®

1. Poly(anhydride—imides)

Poly(anhydrides) have been modified by inclusion
of amino acids such as glycine and alanine into the
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Figure 10. Poly(anhydrides) monomers that yield poly-
(anhydride—imides) include amino acids.

polymer backbone (Figure 10) to increase the me-
chanical properties (e.g., Young’'s modulus and com-
pressive strength) of the poly(anhydrides).

The amino acids are incorporated by imide bonds
at the amino terminus, leaving the terminal carbox-
ylic acids available for activation by acetic anhy-
dride.®” The amino acid-containing units can then be
copolymerized with activated monomers such as SA
and/or CPH.

The poly(anhydride—imides) appear to undergo
predominantly surface erosion similar to the poly-
(anhydrides).888 IR and NMR spectral data verify
the visual evidence that degradation of the poly-
(anhydride—imides) happens in several stages. Water
is first absorbed into the matrix, with hydrolysis of
the anhydride bonds occurring at the forefront of the
inner erosion zone. Hydrolysis of the polymer back-
bone continues until the monomer units are solubi-
lized in water. Finally, monomer units were removed
by diffusion through the polymer matrix.”

2. Poly(anhydride—esters)

Other modifications of poly(anhydrides) include
poly(anhydride—esters), which include two different
types of hydrolytically cleavable bonds in the polymer
backbone. In one example, low molecular weight
carboxylic acid-terminated prepolymers of poly(e-
caprolactone) were coupled via anhydride linkages.®*
The intent of this research was to design polymers
that displayed two-stage degradation profiles: an-
hydride bonds rapidly hydrolyzed to the poly(ester)
prepolymers which degraded much more slowly.

In another example, carboxylic acid-terminated
monomers that contain ester bonds are activated and
then polymerized using the same chemistry described
for the poly(anhydrides). A unique aspect of these
poly(anhydride—esters) is that hydrolytic degradation
of the polymer backbone yields a therapeutically
useful compound, salicylic acid (Figure 11).%2

As stated previously (section 111.B.1), biocompat-
ibility of polymers’ degradation products typically
define the biocompatibility of the polymers them-
selves. This work is the first example where the
polymer’s degradation products are potentially ben-
eficial.

E. Poly(amides)

The most interesting class of poly(amides) for
controlled release are the poly(amino acids). The
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Figure 11. Poly(anhydride—esters) that degrade into
salicylic acid, an antiinflammatory agent.

synthetic ability to manipulate amino acid sequences
has seen its maturity over the last two decades with
new techniques and strategies continually being
introduced. An excellent review of the history of
amino acid-derived polymers is given by Nathan and
Kohn.% Poly(amino acids) have been used predomi-
nantly to deliver low molecular weight drugs, are
usually tolerated when implanted in animals,** and
are metabolized to relatively nontoxic products.®®
These results suggest good biocompatibility, but their
mildly antigenic nature makes their widespread use
uncertain. Another concern with poly(amino acids)
is the intrinsic hydrolytic stability of the amide bond
which must rely upon enzymes for bond cleavage. The
dependence on enzymes generally results in poor
controlled release in vivo.

The expense and difficulty in production of elabo-
rate polypeptide sequences has limited the composi-
tion to homopolymers, predominantly poly(glutamic
acid) and poly(aspartic acid). Poly(amino acids) are
generally hydrophilic with degradation rates depend-
ent upon hydrophilicity of the amino acids.®5°” Amino
acids are attractive due to the functionality they can
provide a polymer. For example, poly(lactic acid-co-
lysine) (PLAL) was synthesized using a stannous
octoate catalyst from lactide and a lysine-containing
monomer analogous to lactide (Figure 12). Inclusion
of the amino acid lysine provides an amino group that
allows for further modification of the PLAL system.%
Recently, peptide sequences that promote cell adhe-
sion have been attached to PLAL.%

The use of N-carboxyanhydride-activated amino
acids was the first efficient method for production of
amino acid homopolymers. Hrkach et al. have re-
cently exploited the PLAL system by reaction with
lysine N-carboxyanhydride derivatives to increase the
systems functionality with a poly(lysine) graft.1%°
PLAL has been formulated into microspheres that
exhibit deep lung delivery from porous particles.'0!

Poly(amino acids) can be modified to enhance
release or bioavailability of drug by attaching the
drug molecule to the polymer via carboxylate bonds.
An example is the attachment of the chloroformate
derivative of norethindrone (a steroid) to poly[N-(3-
hydroxypropyl)-L-glutamine].'°> The polymer conju-
gates were designed as insoluble particles for pro-
longed drug release and act by penetrating cells and
then releasing drug by the action of lysosomal
enzymes.'%® Enzymatic degradation of synthetic

Chemical Reviews, 1999, Vol. 99, No. 11 3195

1. Ring opening
co-polymerization

j;tii \/ﬁ\NH 2. Deprotection
+ 0\")\/\/\
[o] o N/ﬁ\ C

ﬁ%ﬁjﬂ;ﬁ

Poly(lactic acid-co-lysine)

lactic acid : OH
OH NH,

H%/\/\
lysine :
lysine 1

Figure 12. Poly(lactic acid-co-amino acid) (PLAL) polymer
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polypeptides and poly(amino acids) along with an
evaluation of their utility as drug delivery systems
has been reviewed.'%

1. Poly(iminocarbonates)

Poly(amino acids) are highly insoluble, nonproces-
sible, and antigenic when the polymers contain three
or more amino acids.'® To circumvent these prob-
lems, “pseudo”-poly(amino acids) synthesized from
tyrosine dipeptide were investigated.'®® These de-
gradable polymers are derived from the polymeriza-
tion of desaminotyrosyl tyrosine alkyl esters. The
general structure of these polymers is shown in
Figure 13.

Tyrosine-derived poly(carbonates) are readily pro-
cessible polymers that support the growth and at-
tachment of cells and have also shown a high degree
of tissue compatibility.1°” Tyrosine-derived poly(car-
bonates) are characterized by their relatively high
strength and stiffness exceeding poly(esters) such as
poly(ortho esters) but not poly(lactic acid) or poly-
(glycolic acid).108.109

The postulated mechanism of in vitro degradation
involves hydrolysis of the pendent ester bonds and
the imino—carbonate bonds of the backbone.'° Deg-
radation rates are comparable to the degradation rate
of poly(L-lactic acid), occurring over a period of
months. Poly(iminocarbonates) are currently being
investigated for use in small bone fixation devices as
bone screws and pins.ttt

_ACH2)nCH3

ey

Figure 13. Degradable polymers derived from the polym-
erization of desaminotyrosyl tyrosine alkyl esters.
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F. Phosphorus-Containing Polymers

1. Poly(phosphazenes)

Poly(phosphazenes) provide an interesting contrast
to the development of poly(ester), poly(ortho ester),
and poly(anhydride) systems because properties and
biodegradation kinetics are generated by structural
changes in the side-chain structure rather than the
polymer backbone.'*? Biomedical poly(phosphazenes)
are synthesized by molecular substitution of poly-
(dichlorophosphazene) as shown in Figure 14.

Generally, it is difficult to perform substitution
reactions on polymers because of the lowered reactiv-
ity of the side groups. Yet due to the high reactivity
of uncrosslinked poly(dichlorophosphazenes) side
groups, these polymers can readily undergoes halo-
gen replacement. Poly(phosphazenes) are of particu-
lar interest because of their unique inorganic phos-
phorus—nitrogen backbone and remarkable synthetic
versatility. Comprehensive reviews for these poly-
mers have recently been published by Scopelianos
and Allcock.*'2113 The poly(phosphazenes) provide
covalent and coordinate drug binding sites and
breakdown into nontoxic products such as phosphate,
ammonia, amino acids, and ethanol.

Biodegradable poly(phosphazenes) that are in-
soluble in water prior to hydrolysis have been em-
ployed in the temporal controlled release of many
drug classes including nonsteroidal antiinflammatory
agents and peptides.8114-116 For these types of ap-
plications, poly(organophosphazenes) have been syn-
thesized that possess amino acid side groups. When
these polymers degrade, they form amino acid, etha-
nol, phosphate, and ammonium salts. The mechan-
ical properties and rates of degradation have been
controlled by appropriate selection of amino acid side-
chain structures.'*” The versatility of these polymers
has been demonstrated by the formation of 200 nm
diameter poly(organophosphazene) nanoparticles that
present covalently coupled poly(ethylene glycol) (PEG)
at their surfaces.''® In a development that parallels
the synthesis of the self-catalyzed poly(ortho esters)
(section 111.C), Schacht et al. incorporated hydrolysis-
sensitive ester groups that generate pendant car-
boxylic acid groups which can catalyze the degrada-
tion of the inorganic backbone.!4

A number of approaches have been proposed to
generate cross-linked poly(phosphazene) for temporal
controlled release. Poly[bis(carboxylatophenoxy)-
phosphazene] was cross-linked in the presence of
Ca?" ions!'®120 to produce an ionically stabilized
system. This polymer allowed drug molecules to be
encapsulated into poly(phosphazene) microspheres
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Figure 14. Formation of poly(phosphazenes) and ex-
amples of backbone modification.
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Figure 15. Structures of (a) poly[bis(carboxylatophenoxy)-
phosphazene] and (b) a poly(phosphazene) with oxyben-
zoate and methoxyethoxyethoxy side groups.
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Figure 16. Formation of poly(phosphoester—urethanes).

under mild environmental conditions. pH-sensitive
hydrogels have been synthesized by the formation of
poly(phosphazenes) with oxybenzoate and methoxy-
ethoxyethoxy side groups (Figure 15). Swelling at
different pH values was controlled by varying the
ratios of the two side groups.*?*

2. Poly(phosphoesters)

Leong et al. have incorporated phosphoester groups
into poly(urethanes).’?? For years, poly(urethanes)
have been used as blood-contacting biomaterials
because of range of physical properties that can be
obtained—from hard and brittle to soft and tacky.
Poly(urethanes) were designed to be inert biomate-
rials, but for some applications controlled biodegra-
dation is desirable. Leong introduced a phosphoester
linkage into the poly(urethanes) to provide biode-
gradable materials that maintain the mechanical
properties inherent in the poly(urethanes). Poly-
(phosphoester—urethanes) are obtained by reaction
of diisocyanates and polyols (e.g., PEG) with phos-
phites added as chain extenders (Figure 16).

Hydrolysis of the poly(phosphoester—urethanes)
yields phosphates, amines, alcohols, and carbon
dioxide. Phosphoester bonds are readily cleaved
under physiological conditions.

In addition, the pentavalency of the phosphorus
provides a site for future functionalization. For
example, Leong et al. observed that the release
kinetics of poly(phosphoester—urethanes) were in-
fluenced by the side chains attached via the phos-
phoester of the polymer backbone.'?® The release
mechanism was found to be a combination of diffu-
sion, swelling, and degradation.

IV. Conclusions

This review has focused on some of the more widely
studied synthetic biodegradable polymers considered
or used for controlled release applications. Yet many
of the future challenges we face, such as gene therapy
delivery, may require degradable polymer systems
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modeled with unique requirements for specific ap-
plications. At present, there remains a scarcity of
materials that can be evaluated for biomaterial
applications even though there are many research
groups actively designing new materials. One unique
approach to polymer design is the use of combinato-
rial methods to design arrays of new polymeric
materials. For example, Kohn et al. created a per-
mutationally designed library of over 100 copoly-
mers.*?* For nonchemists needing polymers for bio-
medical applications, combinatorial methods provide
a large selection of materials to evaluate for their
required applications.

The ability to impart bioadhesivity, cell specificity,
active transport, or other specific characteristics into
a biocompatible polymer represents an important
synthetic challenge. Biodegradable polymers have
had a remarkable impact on the science of controlled
drug delivery and promise to have an even greater
impact in human health care.
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