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ABSTRACT: Poly(ethylene glycol) (PEG) macromers terminated with acrylate groups and semi-
interpenetrating polymer networks (IPNs) composed of poly(D,L-lactic acid) (PLA) and PEG macro-
mer were synthesized and characterized with the aim of obtaining a bioerodible hydrogel that
could be used to release drugs. Polymerization of PEG macromer resulted in the formation of
cross-linked gels due to the multifunctionality of macromer. Glass transition temperature (7,) and
melting temperature (7T,.) of PEG network and PLA in the IPNs were shifted, indicating an interpe-
netration of PLA and PEG chains. It was found that water content decreased with increasing
PLA weight fraction due to the hydrophobicity of PLA. These IPNs gels degrade upon hydrolysis
and their degradation rates can be controlled by cross-linking density and the nature of PEG

and the mole fraction ¢f PEG in the IPNs.

Introduction

Drug release from biodegradable or bioerodible
polymer matrices has been intensively investigated
for the last decade.! One major advantage of using
a biodegradable system is to eliminate surgical re-
moval of an implanted delivery device after the de-
livery system is exhausted.?

The most thoroughly investigated and used bioe-
rodible polymers are the poly(a-hydroxyesters),
such as poly(lactic acid) (PLA), poly(glycolic acid)
(PGA) and poly(LA-co-GA) that would degrade into
naturally occurring substances.® Also, poly(anhydri-
des),* poly(orthoesters)® and poly(a-amino acids)®
have been developed.

Implantable delivery systeran using the biodegra-

dable polymers would be desirable for a long term
delivery of peptide drugs because these drugs are
rapidly degraded by proteolytic enzymes in the gas-
trointestinal tract. Peptide drugs are attracting inc-
reasing interest because of the progress in biotech-
nology and their roles in physiopathology.’”
Hydrogel as the hydrophilic materials is a poten-
tial candidate to incorporate polypeptide drugs in
the delivery system because the drugs are mostly
soluble in water. Most hydrogels are nonbiodegra-
dable and the drug is released by diffusion. Casey
et al® synthesized non-cross linked triblock copoly-
mers composed of poly(ethylene glycol) (PEG; block
B) and poly(glycolide)(PGA; block A). Churchill et
al® have synthesized similar non-crosslinked am-
phiphilic materials consisting of PEG and poly(a-
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hydroxy acid). Sawhney ef al. have reported bioero-
dible hydrogels based on polymerized PEG-co-poly
(a-hydroxy acid) acrylate macromer.” These poly-
mers absorbed up to 90% water but were not water
soluble.

Interpenetrating polymer networks(IPNs) can be
used to increase the compatibility of the polymer
blends, which exhibit the favorable properties of
phase-separated materials.!

In this study, we are aiming to prepare bioerodi-
ble hydrogel based on IPNs composed of poly(D,L-
lactic acid) (PLA) and PEG macromer. PLA is one
of biodegradable polyesters which have attracted
attention in a variety of bicmaterials applications
due to the favorable toxicology of their degradation
products. Also, PEG is a water-soluble and nontoxic
polymer which can be used to control the rate of
biodegradation in the delivery system. It may be
expected that polypeptide drugs are entrapped wi-
thin these bioerodible hydrogels to be released in
a sustained and controlled manner.

Experimental

Materials. PEGs with molecular weights 7,500
and 1,500 were obtained from Wako Pure Chem.
Inc. PEG with molecular weight 20,000 was purcha-
sed from Sigma Chem. Co. All PEGs were a,0-dih-
ydroxy, and purified by dissolution and precipita-
tion using chloroform and hexane, respectively.
PLA (M,=160,000~170,000) and 2,2'-azobisisobuty-
ronitrile (AIBN) were obtained from Polysciences
Inc. All other chemicals used were of reagent grade
and were used without further purification.

Synthesis of PEG Macromer. A total of 12
g of PEG 7.5K was dissolved in 150 mL of dichloro-
methane in a 500 mL round-bottomed flask and
was cooled to 0 C in a bath circulator. A total
of 0.46 mL of triethylamine and 0.61 mL of acryloyl
chloride were added to the flask and the reaction
mixture was stirred for 12 h at 0 T and 12 h at
room temperature. The reaction mixture was filte-
red to remove triethanolamine hydrochloride and
the macromer was obtained by pouring the filtrate
into diethyl ether. It was further purified by disso-
lution and reprecipitation using dichloromethane
and hexane, respectively. Then, it was dried at 50
C under vacuum overnight. Other macromers were
similarly synthesized.

Synthesis of Semi-PLA/PEG IPNs. The
semi-IPNs were prepared by the method of simul-
taneous IPNs synthesis. The methylene chloride
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solution of PLA and PEG macromer (20 wt%; w/w)
was bubbled for 15 min with nitrogen and poured
into a sealed glass mold and the polymerization
was performed at 60 T for 12 h by AIBN. Then,
the prepared semi-IPNs were repeatedly washed
to remove unreacted PEG macromer with cold wa-
ter for 1 day.

Infrared (IR) Measurement. IR spectra were
measured by a Bruker IFS-66 FT-IR spectrometer.

Differential Scanning Calorimetry (DSC)
measurement. The glass transition temperatures
(Ty) and melting temperatures (7,,) were measured
with a Mettler DSC-30 differential scanning calori-
meter. The measurements were carried out in the
range of ~50 T to 120 T under liquid nitrogen
at a scanning rate of 10 C /min.

Dynamic Mechanical Thermal Analyzer
(DMTA) Measurement. Dynamic mechanical
thermal analyses were obtained using a Polymer
Laboratory PL-DMTA MK II COMB. The measure-
ments were carried out over a temperature range
of —40 T to 60 T at 3 Hz and a heating rate
of 2 C/min.

Water Content. Dry IPNs films without drug
were incubated in distilled water at 37 C. At preset
time intervals, hydrated samples were weighed af-
ter blotting the surface water with filter paper. Wa-
ter contents were calculated as (W,— W/W,) X100
%, where W, and W, are wet weight and dry weight
of the IPNs, respectively.

In vitro Degradation. The cutted samples
(20~30 mg) were equilibrated in 5 mL of phos-
phate buffered saline (PBS) solution at pH 7.4 and
incubated at 37 . The incubated samples were
dried in a vacuum oven at 40 C for 24 h and then
the weight loss was monitored gravimetrically at
various intervals of time. The weight loss was ex-
pressed in wt% of [(the dried original wt—the
dried incubated wt)/the dried original wt]X100.

Results and Discussion

FT-IR spectra of PEG 7.5K and its PEG macro-
mer are shown in Fig. 1. The FT-IR spectrum of
the PEG showed an absorption band at 3,447 cm™!
due to the terminal hydroxyl group.? This band
became weak in the PEG macromer due to acryla-
tion. A new absorption was seen at 1,727 cm™! in
the PEG macromer due to the carbonyl bond of
acrylate group.”® The band at 2,887 cm™! was attri-
buted to the C-H stretch!* and was present in both
polymers. Also, the NMR spectrum for PEG macro-
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Figure 1. IR spectra of PEG (a) (M.W. of PEG=7,500)
and PEG macromer (b).

mer showed small peaks for the three protons of
acrylate group at 4.8, 5.0 and 5.2 ppm (not shown).
These results indicate that the terminal hydroxyl
groups in the PEG precursor were converted to
acrylate groups by a reaction with acryloyl chloride.
Since PEG has two hydroxyl groups per molecule,
the number of acrylic groups upon the PEG is ex-
pected to be 2.

Water-soluble PEG macromer forms a crosslin-
ked three-dimensional networks upon free-radical
polymerization. Non-crosslinked PLA chains were
interpenetrated into the cross-linked three-dimen-
tional networks of PEG. It could be expected that
PEG macromer formed a gel network and PLA
chains entangled through the gel network resulting
in semi-IPNs. The IPNs films were mechanically
strong enough to handle and getting stronger with
increasing PLA content due to the relative hydro-
phobicity of PLA.

DSC studies were shown in Table 1. These re-
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Figure 2. Water content of PLA/PEG IPNs against
mole fraction of PLA (M.W. of PEG="7,500).

sults showed that the glass transition temperatures
(Tgs) of PEG network and PLA in the IPNs were
shifted whereas PEG network and pure PLA have
the glass transitions around —14 € and 61 T,
respectively. The more shift in Tg of PEG network
moiety was observed by increasing PLA weight fra-
ction. These results indicate the formation of the
interpenetrating PLA and PEG chains or the
presence of phase-mixed structure.® As shown in
Table I, T, of PLA in the mixture with PEG net-
work is essentially the same as that of pure PLA.
T.s of PEG in the IPNs were also shifted as shown
in the Table I

DMTA studies were shown in Table II. These
results showed that shifts in loss modulus maxima
of both polymers in the IPNs were observed in
the same manner as DSC results. Although the va-
lues of loss modulus maxima which correspond to
T, of each polymer obtained by DMTA are some-
what different from those obtained by DSC, the
trends in 7, by DSC coincide well with those by
DMTA.

Fig.2 shows water content for PLA/PEG IPNs

Table 1. Thermal Properties of PLA/PEG* IPNs Measured by DSC

Glass transi, temp., T, (C) Melting temp., T, (C)

Polymer PEG ‘PLA PEG
PEG network —14 - 56
PEG/PLA (90/10) —10 30 56
PEG/PLA (80/20) —8 38 48
PEG/PLA (70/30) —8 51 49
PLA - 61 =
PLA/PEG mixture — 60 65

*M.W. of PEG=7,500
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Figure 3. Degradation of the PLA/PEG IPNs in vitro
against mole fraction of PLA (M.W. of PEG=7,500).

Table II. Thermal Properties of PLA/PEG* IPNs
Measured by DMTA

I . .
Polymer Glass transition temperature, T, (C)

PEG PLA
PEG network N.M. —
PEG/PLA (95/5) —18 36
PEG/PLA (90/10) —14 36
PEG/PLA (80/20) —-12 40
PEG/PLA (70/30) —8 44

*M.W. of PEG=7500
®N.M.: non-measurable

against the incubation time in distilled water at 37
T. These results showed that the water contents
decrease with increasing PLA weight fraction due
to the relative hydrophobicity of PLA. Semi-IPNs
composed of PLA and PEG macromer are expected
to produce different degrees of matrix hydration
depending on the choice and amount of PEG. As
a matter of fact, the water content (90 wt%) of
PLA/PEG (10/90; w/w, M.W. of PEG=20,000) was
higher than that (82 wt%) of PLA/PEG (10/90; w/w,
M.W. of PEG=7,500). Also, the water content was
dependent on the concentration of macromer in the
IPNs preparation. The higher the concentration, the
smaller the water content.

Fig. 3 shows degradation profiles for PLA/PEG
IPNs as a function of incubation time in PBS solu-
tion, pH 7.4 at 37 C. These results showed that
the degradation rate for the IPNs decreases with
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increasing PLA weight fraction in similar manner
to the water content. These results are attributed
to the hydrophilic nature of PEG which increases
the accessibility of water to the polymer matrix.
Also, PLA has been known to degrade slowly be-
cause of its hydrophobic structure which does not
allow fast water penetration. PLA degrades by hyd-
rolysis of the ester linkage as documented by Pitt
et al.”” Hydrolysis events {two scissions) per cross-
linked PEG macromer chain is expected to be due
to the polymer chain [PEG and oligo(acrylic acid)]
entering into solution in the aqueous surroundings.
Therefore, this ensures the bulk degradation of the
hydrogel. It may be expected that the degradation
of the IPNs is a function of the cross-linking den-
sity, the nature of PEG and the mole fraction of
PEG in the IPNs.
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