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Abstract : The recent development of biodegradable polymers for drug delivery system (DDS) has
been investigated. The biodegradable polymers for DDS are mainly discussed in two categories: one cat-
egory is natural biodegradable polymers such as polysaccharides, modified celluloses, poly{x-amino
acid)s, modified proteins, and microbial biodegradable polymers; the other is synthetic biodegradable
polymers such as poly{ester)s, poly(ortho ester)s, poly(phosphazene)s, poly(anhydride)s, poly(alkyl
cyanoacrylate)s, and multiblock copolymers. The bioconjugate polymeric drug delivery systems have
been also proposed for the design of biocompatible polymeric controlied drug delivery.

Introduction

The controlled drug delivery utilizes some of
proper polymeric systems to provide the desired
drug release profiles. Biodegradable polymers
have been recently used to develop the advanced

drug delivery systems.® The drug delivery sys-

tems have been extensively examined to over-

* e-mail: yksung@dgu.edu

come the disadvantages of conventional drug
therapy. In order to improve the conventional
methods, the drug delivery systems have been
introduced in the following ways’: One is the
release system of drugs in a sustained method,
keeping the plasma drug concentration between
minimum effective level and minimum toxic level
for the desired duration of time. The others are
the controlled drug delivery systems, providing for
the drug release at a controlled rate over the spec-
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ified period of time. A variety of advanced drug
delivery systems have been recently made in several
ways, using transdermal systems, self-regulating
systemns, drug targeting systems, stimuli-responsive
modulating systems, and so forth.”® Those have
been led to investigate the new polymeric sys-
tems for the drug delivery. There has been simul-
taneously a growing interest in biodegradable
polymers for medical and pharmaceutical appli-
cations.”*™® A number of biodegradable polymers
have been developed for the purpose of drug
delivery systems. Those important biodegradable
polymers are natural and synthetic nontoxic
polymers, including polysaccharides, celluloses,
proteins, poly(a-amino acid)s, poly(ester)s, poly
(ortho ester)s, poly(phosphazene)s, poly(anhy-
dride)s, poly(alkyl cyanoacrylate)s, and so on.
The useful biodegradable polymers can be biode-
graded into nontoxic intermediate monomers in
the living body. The rate of biodegradation is one
of the most important criteria for the useful
applications of the biodegradable polymers. The
degradation process of the biodegradable poly-
mers should be examined either in vivo or in
vitro tests. The in vivo biodegradation tests are
usually carried out by introducing the biodegra-
dable polymers into the particular site of the ani-
mals such as subdermal muscle peritoneal cavity,
subcutaneous tissue, and blood stream* The in
vitro biodegradation tests were carried out in
pseudo extra cellular fluid, plasma solution,
enzymes and buffer solutions.® The researches on
the polymeric drug delivery systems were also
developed by using the water-insoluble polymers
such as poly(glycolic acid) or poly(lactic acid) for
the controlled delivery of a LHRH analogue from
biodegradable injectable microspheres®’ Poly-
mer-based drug delivery to the brain has been
recently examined using biodegradable polymers
of chemotherapy for recurrent gliomas®*" The
biodegradable polymeric system of paclitaxel
such as a novel antimicrotubule agent has been
recently demonstrated that its significant activity
shows in the clinical trials for a wide variety of
tumors, including breast, non-small cell lung can-
cer, and AIDS-related Kaposis sacoma” Biode-
gradable polymer-based cytokine gene delivery has
been also recently developed for cancer treatment®’
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Biodegradable Polymers for Drug Deli-
very Systems

The biodegradable polymers for drug delivery
systems are mainly classified into the following
two categories: one category is the natural and
modified biodegradable polymers, and the other
is the synthetic biodegradable polymers. The nat-
ural and modified biodegradable polymers will be
discussed first in this section.

Natural and Modified Biodegradable Poly-
mers. There are many useful natural biodegrad-
able polymers such as polysaccharides, modified
celluloses, poly{c-amino acid)s and modified pro-
teins. However, the natural products are not able to
apply directly themselves without purification or
modification into drug delivery systems. Some
examples developed for drug delivery systems will
be described briefly in the followings:

Polysaccharides: The polysaccharides are
naturally consisted of long chains having many
monosaccharides. The monosaccharide consists
of a single polyhydroxyketone or polyhydroxyal-
dehyde units. Oligosaccharides consist of several
short chains of monosaccharide units joined by
glycosidic linkage together. The polysaccharides
can be divided into several groups based on their
sources: microbial, algae, seaweeds, bacteria,
fungi, plants, and animals? The grafting of natu-
ral polysaccharide has been of considerable inter-
est in drug delivery. The enzymes hydrolyze either
O-glycosyl, N-glycosyl or S-glycosyl bonds in the
drug delivery systems. The enzymes hydrolyzing
polysaccharides are mainly glycosidases in a
polysaccharide chains.*® Modified starch systems
have been widely used as drug delivery systems?*
Using glycidylacrylate, starch has been usually
derivatized to introduce acrylol groups that are
necessary for polymerization into microspheres. If
the contents of derivatization are low, the modi-
fied starch microspheres are readily biodegrad-
able in biological fluids®* The potentiality of
injectable modified starch microsphere has been
investigated for drug targeting to the reticulo-
endotherial systems.*® Chemically modified
polysaccharides for enzymatically controlled oral
drug delivery had been examined for the release
of low and high molecular weight drugs from the
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calcium crosslinked starch matrix in stimulated
gastric and intestinal solutions containing c-amy-
lose.™

The modified dextrans have been also widely
used as drug carrier or as prodrug. The deriva-
tized dextrans are mainly investigated for their
biodegradation by dextranases, which exist in the
colon, intestinal mucosa, kidney, liver, and
spleen.** The natural chitin and chitosan often
exist a coplymer of glycosamine and acetylated
glycosamines. The degrees of actylation and
deacetylation are those of the most important
structural parameters in chitin and chitosan. The
application of partially deacetylated chitin had
been made in self-requlated drug delivery sys-
tems.®® It has been obtained that the release of
high concentration cis-platinum under an implan-
tation to mouse muscle during more than eight
weeks. The additional studies were aimed at the
development of drug delivery systems using chitin
and chitosan derivatives.”*® N-Acetylation in chi-
tosan and the rate of its enzymatic hydrolysis by
lysozyme and chitinase were mainly investi-
gated.”

Modified Celluloses: Modified celluloses have
been widely used in a variety of formulations
including microcapsulation and drug delivery
matrix systems.* The oxidations of celluloses pro-
duce several kind of absorbable biomaterials. The
oxidized cellulose materials can be used in medi-
cal applications such as absorbable hemostatic
agents and absorbable adhesion barriers. Cellu-
lose is rendered bioaborbable using an oxidizing
process. The oxidized celluloses can be also used
as a vehicle for drug delivery system* Due to the
bioavailability of many carboxyl groups, the oxi-
dized celluloses have a low pH condition in aque-
ous solution. The oxidized regenerated celluloses
produce antibacterial activities against a broad
range of pathogens.?* The partially substituted
oxidized celluloses by sodium salts are less acidic.
They show their biocompatibility with acid sensi-
tive biologics such as thrombin. Considering the
drug delivery system, it has been focused on the
chemical moiety that can be easily bound to the
oxidized celluloses. The chemical moieties have
been studied for the applications of adhesion pre-
vention by heparin® and tissue plasminogen acti-
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vator.* The binding with the moieties may be
occurred through adsorption, absorption, ionic
bond, and intermolecular interactions. Modified
cellulose derivatives used in drug delivery systems
are hydroxyethylmethylcellulose(HEMC), hydroxy-
propylmethylcellulose(HPMC), ethylhydroxyethyl-
cellulose(EHEC), hydroxyethylcellulose(HEC),
hydroxypropylcellulose(HPC), and methylcellu-
lose(MC). Their physical properties of modified
cellulose derivatives are depended upon the
amounts of the substituent groups on the cellu-
lose.”* The influences of surfactants on drug
release from the hydroxylpropyl methylcellulose
(HPMC) matrices were also mainly investigated *

Poly(a-amino acid)s: Poly(a-amino acid) has
been used as a model compound to study the
physicochemical properties of natural high mole-
cular-weight polymer such as protein. The poly
(a-amino acid) is composed of o-amino acids as
natural molecules which exist in the living organ-
ism. Poly(c-amino acid) linked by peptide bonds
had been synthesized by a ring-opening polymer-
ization of N-carboxy-a-amino acid anhydrides ini-
tiated with a base.® The characterized poly(c-
amino acid) has been recently used as a drug car-
rier.’ The water soluble poly(a-amino acid) has
been applied as a carrier for drug delivery system.
This idea has been extended to the drug delivery
systems such as norethindrone, naltrexone, and
antihypertensive drugs coupled to the poly(o-
amino acid) backbones>*

Several series of the polymers have been syn-
thesized and investigated: poly{N-acyl hydroxy-
proline ester)s, poly(L-lysine ester)s, poly(gluta-
mylalanine anhydride)s, and poly(iminocarbo-
nate)s with tyrosine dipeptides’”* The copolymers
of a-amino acids and o-hydroxy carboxylic acids
have been prepared to produce the polydep-
sipeptides. The copolymers contain both ester
and amide linkages on the backbones®® The
degradation of polydepsipeptide has been inves-
tigated in vivo as well as in vitro.** The biodegra-
dation of polydepsipeptide was also revealved
that both proteases and resterases were responsible
to degrade the polymers®

Modified Proteims: Protein biopolymers are
sequential polypeptides with complex structural
repeat units. Gelatin is also a protein obtained by
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partial hydrolysis of collagen. The collagen is a
main component of skin, bones, hides, and con
nective tissues. Collagen proteins have been
identified at least nineteen different molecular
forms.**®® The biopolymers can be also produced
using gene template directed synthesis. The
development of new protein biopolymer involves
the polymerization of a gene template that
encodes the amino acid sequence of the desired
protein.”” Albumin microspheres have been widely
used as carriers for studying active as well as pas-
sive drug targeting systems.””” The influencing
factors on the release of drugs from the micro-
spheres have been investigated precisely”*” Gel-
atin has been known to be a natural, nontoxic,
biodegradable polymer with low antigenecity. The
modified gelatin microspheres have been usually
prepared with a crosslinker such as glutaralde-
hyde or formaldehyde.”” The preparation and
evaluation of modified gelatin microspheres and
beadlets for drug delivery systems have been
deeply investigated for controlled sustained
release, anti-angiogenic agent TNP-470, strepto-
mycin sulphate, mitoxantrone, targeting interferon,
sulfonamides, phenytoin sodium microspheres.7 &8l
Collagenous proteins form the structural frame-
work of all mammalian extracellular matrices.
Collagen has been applied as a biodegradable
polymeric system for release of drugs such as 5-
fluorouracil, antibiotics, insulin, hormone, dexam-
ethasone, cyclosporine, and bone morphogenetic
pro‘(ein.gz"37

Microbial Biodegradable Polymers: The site-
specific drug delivery to colon can be achieved by
exploiting the microbial enzymes predominantly
present in the colon. The oral drug deliveries are
unstable in the upper gastrointestinal tract due to
the activities of proteolytic enzymes. That might
be delivered to produce the local therapeutic
effects in the colon. Among these drug delivery
systems, the low and high molecular weights drug
bioconjugates containing bonds susceptible to
biodegradation by glycosidase or others have
been recently examined®® Insulin and vaso-
pressin deliveries to the colon had been examined
by using pellets coated with poly(hydroxyethyl
methacrylate-co-styrene) containing azoaromatic
crosslinks.”
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Synthetic Biodegradable Polymers. There are
lots of applicable synthetic biodegradable polymers

. such as poly(ester)s, poly(ortho ester)s, poly(phos-

phazene)s, poly(anhydride)s, poly(alkyl cyanoacry-
late)s, and multiblock copolymers. Some excellent
samples developed recently for drug delivery sys-
tems will be described in the followings:

Poly(ester)s: Synthetic poly{ester)s are the
most examined biodegradable polymers for bio-
medical applications, including suture, tissue
engineering and drug delivery systems”® The
biodegradable poly(ester)s such as poly(glycolide)
and poly(lactide) are typically made by ring-
opening polymerization of their respective cyclic
diester dimmers, glycolide and lactide, respec-
tively. However, high molecular weight poly
(ester)s of glycolic and lactic acids are difficult to
prepare by direct condensation of the related car-
boxylic acids. The synthesis and characterization
of high molecular-weight poly(D, L-lactic acid)s
prepared by direct thermal condensation were
carried out.® The copolymers (PLGA) of lactic
and glycolic acids were also synthesized by a ring-
opening polymerization of cyclic dimmers, lactide
and glycolide, with a catalyst such as stannous
octoate or stannic chloride dihydrate. Solid-state
polymerization has been useful in forming high
molecular weight polymers. The synthesis and
degradation of star-shaped poly(lactide)s were
also investigated.” PLGA microsphere systems
have been designed for injectable delivery of leu-
proorelin acetate, a potent LHRH agonist.® PLGA
microspheres were also prepared for the drug
delivery systems of TRH.” These systems had
contained a hydrophobic barrier of PLA in PLGA
core microspheres loaded with peptide drugs.
PLGA microspheres for vaccine delivery have
been recently used as complex antigens of viral
and bacterial origins to examine both mucosal
and systemnic immune responses.98

Poly(ortho ester)s: The reaction of diols with
diketene acetals and the reaction of transesterifi-
cation can be produced to poly(orthc ester)s.
Four distinct families of such polymers have been
now prepared.” These may be designated as
poly(ortho ester) I, poly(ortho ester) II, poly(ortho
ester) III, and poly(ortho ester) IV. The first exam-
ple of a poly(ortho ester) was described in a series
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of patents."®'™ When this poly(ortho ester) is
placed in an aqueous solution, an initial hydroly-
sis takes place to a diol and hydroxybutyric acid.
The polymers have been used for the release of
indomethacin in the prevention of reossification,
the release of naltrexone, and the release of 5-flu-
orouracyl and a LHRH analogue®™'* Poly(ortho
ester) Il can also be prepared by the reaction
between a ketene acetal and an alcohol!” The
polymers are easily prepared by the addition of a
diol to the diketene acetal'® These polymers
have been extensively applied in short-term deliv-
ery."® long-term delivery,"""? and insulin self-
regulated delivery systems."

Poly(ortho ester) Ill can be prepared by reacting
a triol with two vicinal hydroxyl groups.** The ini-
tial hydrolysis of the polymer is followed by a
much slower hydrolysis of the monoesters to pro-
duce a carboxylic acid and a triol. The potential
applications are the treatments of periodontal dis-
eases."*"® The poly(ortho ester) IV can be also
prepared using a triol, 1,1,4-cyclohexanetrimeth-
anol and trimethyl orthoacetate in the general
synthetic procedures.’” The polymer is the only
example of a crystalline poly(ortho ester}). The
monomer, 1,1,4-cyclohexanetrimethanol can be
readily prepared in small quantities, but scale-up
has not yet been successful”

Poly(phosphazene)s: Poly(phosphazene)s con-
sist of alternating phosphorous and nitrogen atoms
linked by alternating single and double bonds
with two side groups attached to phosphorous
atoms. The two side R groups can be an alkoxy,
alkyl, amino, aryloxy, heterocyclic ring or an inor-
ganic unit. The poly(phosphazene)s have been
extensively synthesized.'*'” The water-soluble
poly(phosphazene)s have attracted much attention
due to their potential applications in drug delivery
systems.'***# Hydrogels based on alkylether-sub-
stituted poly(organophosphazene)s can be also
prepared by the displacement of chlorine in
poly(dichlorophosphazene)s.”'** Biodegradable
poly(organophosphazene)s can be used as drug
delivery systems.'”'?® The rate of degradation can
be controlled by a proper choice of the chemical
composition. The poly(phosphazene)s can be
degraded by undergoing nonenzymatic hydrolysis
in the body, resulting with the products of ammonia,
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phosphate, water, and side chain substituents'*’ If
the side chain substituents are nontoxic, excret-
able or metabolite, the poly(phosphazene)s are
useful for drug delivery systems without any toxic
response. The release rates of bovine serum albu-
min and B galactosidase were examined for the
microspheres coated with poly(L-lysine). The
poly{phosphazene) microspheres were prepared
by using droplet-forming method in calcium solu-
tion of ionically cross-linked matrix.’*®
Poly(anhydride)s: Poly(anhydride)s are one
of the useful bioabsorbable materials for con-
trolled drug delivery system. The backbone of this
polymer is composed of either aliphatic or aro-
matic groups connected by a highly labile anhy-
dride linkage. They are hydrolyzed in aqueous
solution to produce monomers such as dicarboxy-
lic acids. The. degradation products of the
poly(anhydride)s are the respective diacids. The
rate of degradation can be varied by changing the
length of alkyl chains in poly(anhydride)s such as
poly(bis(p-carboxyphenoxy)alkane anhydride)s.
By incorporating hydrophilic sebacic acid into the
copolymer such as poly(bis(p-carboxyphenoxy)
propane anhydride), the rate of degradation can
be increased.” The syntheses of poly(anhydride)s
have been carried out by melt polycondensation
of activated diacids, dehydrochlorination, and de-
hydrative coupling.”**** The branched poly(anhy-
dride)s are synthesized from branched poly(sebacic
anhydride) and 1,3,5-bezenetricarboxylic acid or
poly(acrylic acid) to decrease the crystallinity and
alter physicochemical properties of aliphatic
poly(anhydride)s.”** The synthesis of poly(anhy-
dride adipic acid) from cyclic adipic anhydride
(oxepane-2, 7-dione) has been carried out* Bio-
degradable poly(anhydride)s for antibiotic drug
delivery systems were examined™ and polymeric
drug carrier systems in the brain were also
reported.””’” Some other applications of poly(anhy-
dride)s have been also discussed in detail }****
Poly(alkyl cyanoacrylate)s: Poly(alkyl cyano-
acrylate) can be synthesized by both anionic or
zwitterionic and free radical mechanisms***
The alkyl cyanoacrylate monomer presents differ
ent lateral alkyl chain of lenth ranging from methyl
to decyl. The synthetic methods of poly (alkyl 2-
cyanoacrylate)s were previously described® The
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biodegradation of poly(alkylcyanoacrylate) was
found to be degraded as an random scission of
the polymer backbone.* The backbones were
broken down by the initiation of hydroxyl ion
interaction, resulting in formaldehyde and alkyl
cyanoacetate products. The rate of degradation
was decreased with an increase in the alkyl group
chain lengths in vitro and in vivo studies.'*'*
Poly(alkyl cyanoacrylate)s have been recently
interested in the application of drug delivery sys-
tem. Because its adhesive properties are remark-
ably good, the strong reactivity of the corres-
ponding monomers are also able to polymerize
easily in various aqueous media. The poly(alkyl
cyanoacrylate)s have been started to be used
extensively as surgical glue and particular drug
carriers for biomedical applications. Their nano-
particles are now as a most promising polymeric
colloidal drug delivery system. The clinical trial
test in phase I for the nanoparticles loaded with
doxorubicin was carried out- successfully in
twenty-one patients with refractory solid tumors
The nanoparticles of poly(alkyl 2-cyanoacrylate)s
were also used as drug carriers to deliver antican-
cer agents and peptides.!*®**

Diblock and Triblock Copolymers: The con-
trolled drug delivery has been recently investigated
to overcome many problems of conventional dos-
age forms such as adjustable drug concentration
in blood, targeting the drugs to specific sites, and
patient compliances. The drug loaded polymeric
devices are used as the supported materials in the
drug delivery systems. The degradable products
in the polymeric devices should be nontoxic in the
body. After their functions are completed, the
polymers in the systems should be removed from
the living body. The biodegradable implantable
drug delivery are recently used by fabricating
from polylactide(PL), poly (ethylene glycol{PEG),
poly(lactic acid)(PLA), and poly{glycolic acid)
(PGA).”""* The final products of degradation
such as lactic acid, glycolic acid, and poly(ethyl-
ene glycol) are biocompatible and nontoxic*'*
The dendrimer-based biodegradable hydrogels
were developed to use as drug carriers for long-
term parenteral delivery’® The synthsis of a bio-
degradable, thermosensitive hydrogels consisting
of blocks of poly(L-lactic acid) and poly(ethylene
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oxide) was recently carried out to use as injectable
drug delivery systems.’*® Using the ring opening
polymerization of L-lactide on monomethoxy poly
(ethylene oxide), the diblock copolymers consisting
of poly(ethylene oxide) and poly(L-lactic acid)
were synthesized. Triblock copolymers were also
synthesized by coupling the diblock copolymers
using hexamethylene diisocyanate as a coupling
agent. On the basis of the biodegradability and
thermosensitivity, the triblock copolymers were
designed as an injectable drug delivery system*’
Novel stimuli-sensitive biodegradable hydrogels
have been also synthesized by crosslinking agent
and polymer-polymer reaction methods!***** N-
(2-hydroxypropyl)methacrylate (HPMA) copoly-
mers have been recently synthesized and eva-
luated as an anticancer drug carrier*** The star-
like biodegradable poly(N-(2-hydroxypropyl)
methacrylate) has been recently also synthesized
and characterized by SEC, MALDI-TOF MS, and
proton NMR.'® The amphiphilic poly(ethylene
glycol)-b-polylactide (PEG/PLA) block copoly-
mer micelles as potential drug carriers have been
prepared through successive ring-opening poly-
merization of D, L-lactide and ethylene oxide using
an anionic initiator, and their properties of multi-
molecular micellization in agueous media have
been recently examined.'® The supramolecular
associates of DNA with poly(ethylene glycol)-b-
poly(L-lysine) copolymers were also prepared in
aqueous media.'® The preparation of narrowly-
distributed micelles from lysozyme and poly(ethy-
lene glycol)-b-poly(aspartic acid) copolymers in
aqueous medium has been first made. The core-
shell supramolecular assembly from opposite
charged block copolymers has also been investi-
gated.'® Using a low molecular weight, nontoxic
and biodegradable amphiphilic diblock copolymer
such as methoxy poly(ethylene glycol)-b-poly
(D,L-lactide), the paclitaxel (Genexol) containing
biodegradable polymeric surfactant system (PPS)
has been recently developed and investigated for
the test of its toxicity and therapeutic efficacy in
animal models.'” Poly(L-lactide) (PLLA) and
poly(D-lactide) (PDLA) are known to form stereo-
complexes upon mixing each other. Using these
PLLA-PEO-PLLA and PDLA-PEO-PDLA ftriblock
copolymers that are soluble in water and, at the
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same time, are able to form water-insoluble stereo
complexes, new exciting possibilities in the con-
trolled delivery system of sensitive drugs such as
peptides and proteins have been recently exam-
ined'168,169

Conclusions

All controlled drug delivery systems aim to
improve the effectiveness of drug therapy using
natural and synthetic polymers. This review has
focused on biodegradable polymeric systems
developed recently for the controlled drug deliv-
ery. Many of the future challenges such as gene
delivery therapy may require biodegradable and
biocompatible polymeric systems for specific
applications. Combining of the biological, physico-
chemical and mechanical properties including
biodegradability, biocompatibility, thermosensitiv-
ity, and thermoplasticity, new bioconjugate poly-
meric drug delivery systems should be designed
and developed for the real drug delivery in future.
Biodegradable polymers for controlled drug deliv-
ery systems have remarkably impacted and prom-
ised to give successful health care products.
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