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Abstract

Poly(ethylene glycol)(PEG) macromers terminated with acrylate groups and semi-interpenetrating polymer net-
works (SIPNs) composed of poly(o-caprolactone)(PCL) and PEG macromer were synthesized to obtain a bioerodible
hydrogel. Polymerization of PEG macromer resulted in the formation of cross-linked gels due to the multifunction-
ality of macromer. Glass transition temperature (Tg) and melting temperature (Tm) of PEG networks and PCL in the
SIPNs were inner-shifted, indicating an interpenetration of PCL and PEG chains. Water content in the SIPNs
increased with increasing PEG weight fraction due to the hydrophilicity of PEG. The amount of clonazepam (CNZ)
released from the SIPNs increased with higher content in the SIPNs, lower drug loading, lower concentration of PEG
macromer during the SIPNs preparation, and higher molecular weight of PEG. In particular, a combination with low
PEG content and low CNZ solubility in water led to long-term constant release from these matrices in vitro and in
vivo. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The delivery of bioactive agents from polymeric
materials has attracted the considerable attention.

The trend in drug delivery technology has been
toward biodegradable polymer excipients requir-
ing no follow-up surgical removal once the drug
supply is depleted. The advantages of biodegrad-
able polymers have been described (Heller, 1984;
Baker, 1987; Hsieh, 1988).* Corresponding author.

0378-5173/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.

PII: S 0378 -5173 (99 )00031 -9



C.-S. Cho et al. / International Journal of Pharmaceutics 181 (1999) 235–242236

Clonazepam (CNZ), a chlorinated derivative of
nitrazepam, is an anticonvulsant benzodiazepine
widely used in the treatment of epilepsy. It is also
effective in the management of some types of
neuralgia (Kulkarni et al., 1966). Considering ef-
fective treatment of epilepsy and pharmacological
features of CNZ such as low daily dosage, need
for prolonged administrations and high first pass
metabolism (Domb et al., 1988), long-term deliv-
ery of CNZ using a biodegradable system may be
desirable.

In this study, we have investigated CNZ release
from bioerodible poly(o-caprolactone)(PCL)/
poly(ethyleneglycol)(PEG) semi-interpenetrating
polymer networks (SIPNs) in vitro and in vivo to
evaluate the possibility of CNZ implantable deliv-
ery system. PCL is one of biodegradable
polyesters with non-toxicity. But the PCL has
very slow biodegradation (Pitt et al., 1977). The
biodegradability of PCL can be enhanced by co-
polymerization (Jenkins, 1977), or blends
(Koleske, 1978) with a variety of other polymers.
We incorporated PEG known to be non-immuno-
genic (Merill and Salzman, 1983) into PCL chains
to enhance the biodegradability of PCL (Cho et
al., 1996). We also examined biocompatibility of
SIPNs pellets.

It may be expected to achieve easy administra-
tion, maintenance of effective CNZ level in blood,
prevention of side effects as blood levels oscillate,
high therapeutic efficacy.

2. Experimental

2.1. Materials

PEGs with molecular weights 1000 and 7500
(Wako Pure Chem. Inc.), PEG with molecular
weight 20 000 (Sigma Chem. Co.), PCL with
molecular weight 40 000 (Aldrich Chem. Co.),
CNZ(Roche, Korea), 2-hydroxy isobutyl phenol
(Kansai Paint Co. LTD.) and acryloyl chloride
(Janssen of Reagent Chimica) were used. All
PEGs were a,v-dihydroxy, and purified by
azeotropic distillation from benzene solution. All
other chemicals used were of reagent grade and
were used without further purification.

2.2. Synthesis

2.2.1. Synthesis of PEG macromer
PEG macromer was prepared by the previously

reported method (Cho et al., 1996). Briefly, a total
12 g (3.2 mM) of the PEG 7.5 K dissolved in 150
ml of benzene was heated to 80°C. A total of 0.89
ml (3.2 mM) of triethylamine and 0.61 ml (7.5
mM) of acryloyl chloride were added and the
reaction mixture was stirred for 3 h at 80°C. After
filtering triethylamine·HCl, the macromer was ob-
tained by pouring the filtrate into n-hexane. Then,
it was dried at 40°C under vacuum overnight.

2.2.2. Synthesis of PCL/PEG semi-IPNs
The semi-IPNs were prepared by a simulta-

neous IPNs method. Briefly, 10 ml of the initiator
solution (100 mg of 2-hydroxy isobutyl phenol
dissolved in 1 ml of N-vinylpyrrolidinone) was
added to the methylene chloride solution of PCL
and PEG macromer as the method previously
reported (Kim et al., 1995). And, the mixture
solution was irradiated for 5 min using a low-in-
tensity LWUV lamp (Toshiba Chemical Lamp FL
20 LB: wave range 300–400 nm, maximum inten-
sity 360 nm), and the solvent was then evaporated
to dryness at 4°C. The solid was further dried at
40°C under vacuum. Then, the prepared semi-
IPNs were repeatedly washed to remove unre-
acted PEG macromer with cold water for 2 days
and lyophilized.

2.3. Measurements

2.3.1. Differential scanning calorimetry (DSC)
The glass transition temperature (Tg) and melt-

ing temperature (Tm) were measured with a Met-
tler DSC-30 differential scanning calorimeter. The
measurement were carried out in the range of
−100–100°C under nitrogen at a scanning rate of
10°C/min.

2.3.2. Water content
Purified and dried SIPNs discs (7 mm in diame-

ter and 2 mm in thickness) without drug were
incubated in distilled water at 37°C. At preset
time intervals, hydrated samples were weighed
after blotting the surface water with filter paper.



C.-S. Cho et al. / International Journal of Pharmaceutics 181 (1999) 235–242 237

Water contents were calculated as (Ws−Wd)/
Ws×100%, where Ws and Wd are wet weight and
dry weight of the SIPNs, respectively.

2.3.3. In 6itro degradation
The dried polymer discs were equilibrated in

phosphate buffered saline (PBS) solution (0.1 M,
pH 7.4) which contained 0.02 wt.% sodium azide
to inhibit bacterial growth at pH 7.4 and incu-
bated at 37°C. Weight loss was monitored gravi-
metrically at various intervals of time.

2.3.4. CNZ loading
The desired amount of CNZ sieived through

150 mm pores was dispersed in a methylene chlo-
ride solution of PCL and PEG macromer. The
dispersed solution was then exposed to the
LWUV lamp for 5 min and the solution was then
evaporated to dryness at 4°C. The solid residue
was further dried at room temperature under
vacuum for 1 day. CNZ loading content was
calculated as (WCNZ/(WpolymerWCNZ)×100).

2.3.5. In 6itro release
Dried polymer discs of CNZ loaded polymer

were introduced into a vial containing 10 ml of
PBS (0.1 M, pH 7.4). The contents were mixed in
a shaker and the temperature was maintained at
37°C. At pre-determined time intervals, aliquots
of 10 ml of the aqueous solution were withdrawn
and another 10 ml of PBS was put into the vial.
The concentration of CNZ released was estimated
at 306 nm using a Shimadzu UV-1201 spec-
trophotometer. The cumulative amount of CNZ
released from the SIPNs was determined from the
appropriate calibration curves. The data repre-
sents mean9S.D. from three independent
experiments.

2.3.6. In 6i6o release
Four male rabbits, initial weights 2.5�2.8 kg

were housed and free access to food and water.
After animals were anesthetized with thiopental-
sodium (40 mg/kg) intraperitoneally. CNZ pellets
(95�105 mg) were implanted and tissues were
suctured.

Blood samples (2 ml each) were collected
through ear vein to determine the released CNZ

concentrations. Samples were instantly cen-
trifuged at 3000 rpm to separate plasma for 15
min. Deproteinization agents (Cadmium sulfate
1.5 ml, 1 N sodium hydroxide solution 0.5 ml,
and distilled water 5 ml) were added to plasma 0.5
ml. The plasma was again centrifuged at 3000
rpm for 15 min. Plasma concentration of CNZ
was estimated by a UV spectrophotometer.

2.3.7. In 6i6o biocompatability tests
At 45 days after pellet implantation, some tis-

sues of implantation sites were taken and exam-
ined microscopically to confirm whether
morphological and pathological changes were in-
duced or not.

3. Results and discussion

Water-soluble PEG macromer forms a cross-
linked three-dimensional networks upon free-radi-
cal polymerization. These PEG macromers
underwent rapid photo-polymerization, even in
the presence of oxygen. But UV curing time was 5
min to achieve complete three-dimensionally
cross-linked network. Oxygen is usually an inhib-
iter of free-radical polymerization. But when PEG
is end-capped with hydrophobic polymerizable
units, it forms micellar structure in water. This
micellar structure raises the effective condensation
of double bond within the micelle, which leads to
an increased rate of the propagation reaction and
a decrease in the termination rate in a free-radical
polymerization. Those results in a high polymer-
ization rate and rapid gelation. After photo-poly-
merization, the gel content of 1.0, 7.5 and 20 K
PEG macromers were 78.1, 94.0 and 88.8 wt.%,
respectively (concentration of PEG macromer: 30
wt.%: w/w). Non-cross-linked PCL chains were
interpenetrated into the cross-linked three-dimen-
sional networks of PEG. It is expected that PEG
macromer forms a gel network and PCL chains
entangled through the gel network resulting in
semi-IPNs (SIPNs). The SIPNs films were me-
chanically strong enough to handle and getting
stronger with increasing PCL content due to the
relative hydrophobicity of PCL. Physical proper-
ties were improved by independently cross-linking
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a hydrophobic network within the cross-linked
hydrophilic network (Eschbach and Huang,
1993). This mixture of two independently cross-
linked polymers that cannot be physically sepa-
rated is an interpenetrating polymer networks
(IPNs). If only one of the two polymers is cross-
linked, the product is called a semi-interpenetrat-
ing polymer networks (SIPNs). It is usually made
by polymerizing or cross-linking one component
in the presence of the other. In this system, PEG
macromer is cross-linked in the presence of PCL
by UV. In order to make a SIPNs, two polymers
should dissolve in the same solvent. In this sys-
tem, methylene chloride was used as the cosolvent
of two polymers.

Results of DSC studies were shown in Table 1.
These results showed that the glass transition
temperature (Tg) and melting point (Tm) of PCL
for the SIPNs (PEG/PCL: 70/30) occurs at −43.0
and 55.8°C, respectively. Those can be compared
with the Tg and Tm of the parent component PCL
that occurs at −52.0 and 64.6°C. This displace-
ment of 9.0 and 8.8°C shows that the formation
of the interpenetrating PCL and PEG chains or
existence of some degree of miscibility (Olabisi et
al., 1979). The Tg of PCL in the SIPNs were also
inner-shifted. Also the more inner-shift in Tg of
PCL was observed with increasing PEG weight
fraction in the SIPNs. Tm of PCL in the SIPNs
were also inner-shifted with an increase of PEG in
the SIPNs as shown in the Table 1. Furthermore,
Tm of cross-linked PEG in the SIPNs were de-
creased with an increase of PCL content in the

Fig. 1. Water content of PCL/PEG SIPNS against weight
fraction of PEG in distilled water at 37°C (conc. of PEG
macomer: 20 wt.%). Each point represents the mean9S.D. of
at least three experiments.

SIPNs, whereas Tm of cross-linked PEG itself was
at 51.8°C.

Water content of PCL/PEG SIPNs versus an
incubation time according to the weight fraction
of PEG in distilled water at 37°C is shown in Fig.
1. These results showed that water contents were
dependent on the weight fraction of PEG in the
SIPNs and increased with increasing PEG weight
fraction due to the hydrophilicity of PEG. Also,
the water contents rapidly increased with incorpo-
ration of PEG in the SIPNs, whereas PCL itself
got little water-uptake with time. SIPNs com-
posed of PCL and PEG macromer are expected to
have different degrees of matrix hydration de-
pending on the nature, cross-link density and
amounts of PEG. Water content of PEG network
against an incubation time according to the
molecular weight (M.W.) of PEG is shown in Fig.
2. These results show that the water content of the
PEG network is dependent on the M.W. of PEG.
The higher M.W. of PEG, the larger the water
content. It is probable that the higher is the
molecular weight of PEG macromer, the lower is
the cross-linking density of the PEG network and
thus the higher water content. Also, the water

Table 1
Thermral properties of PEG/PCL SIPNs measured by DSCa

Polymer Tg (°C) Tm (°C)

PEG PCLPEGPCL

−14 – 51.8 –Cross-linked PEG
N.M.bPEG/PCL (70/30) 55.8−43 47.8

−48 45.9 56.1PEG/PCL (50/50) N.M.b

N.M.b −50PEG/PCL (30/70) N.M.b 53.1
−52–PCL 64.6–

a M.W. of PEG: 7500.
b N.M.: non-measurable.
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content was dependent on the concentration of
PEG macromer in the SIPNs preparation. The
higher concentration of the PEG macromer, the
smaller the water content. It is probable that
higher concentration of PEG macromer in the
SIPNs preparation causes the higher cross-linking
density.

Total released of CNZ from the PCL/PEG
SIPNs against weight fraction of PEG is shown in
Fig. 3. These results indicate that the release of
CNZ from the SIPNs increased with incorpora-
tion of PEG in the SIPNs. As shown in Fig. 3, the
larger the amounts of PEG, the faster the release
of the drug due to more hydration of the SIPNs.

Release rate of CNZ from PCL/PEG (60/40:
w/w) SIPNs is shown in Fig. 4. It was found that
the release rate increased with incorporation of
PEG in the SIPNs. Also, the larger the amounts
of PEG, the more increased of release rate. The
release rates for PCL and PCL/PEG SIPNs after
initial rapid release fluctuated around 200 and 300
mg/day/kg for 250 days, respectively. Therefore,
the increase of the release rate was attributed to
the increase of hydrophilicity of PEG in the
SIPNs. Accordingly, the penetration of water
molecule within SIPNs was easier and made the
transport of the drug to the surrounding aqueous
medium faster.

Fig. 3. Total released of CNZ from the PCL/PEG SIPNs
against weight fraction of PEG in PBS buffer at 37°C. Each
point represents the mean9S.D. of at least three experiments.

Total released of CNZ from the PCL/PEG
SIPNs (80/20: w/w) against concentration of PEG
macromer in the SIPNs preparation is shown in
Fig. 5. These results indicate that the lower con-
centration of PEG macromer in the SIPNs lead to
a fast drug release than higher concentration of
PEG macromer. An increase of concentration of

Fig. 2. Water content of PEG network against molecular
weight of PEG in distilled water at 37°C. Each point repre-
sents the mean9S.D. of at least three experiments.

Fig. 4. Release rate of CNZ from PCL/PEG (60/40: w/w)
SIPNs in PBS buffer at 37°C. Each point represents the
mean9S.D. of at least three experiments.
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Fig. 5. Total released of CNZ from the PCL/PEG (60/40: w/w)
SIPNs against concentration of PEG macromer during the
SIPNs preparation (M.W. of PEG: 7500 and drug loading: 5
wt.%). Each point represents the mean9S.D. of at least three
experiments.

Fig. 6. Total released of CNZ from the PCL/PEG (80/20: w/w)
SIPNs against M.W. of PEG (conc. of PEG macromer: 20
wt.% and drug loading: 5 wt.%). Each point represents the
mean9S.D. of at least three experiments.

bic by increasing the amounts of drugs, hydro-
phobic interaction is stronger and drug release is
slower.

Fig. 8 shows degradation profiles for PCL/PEG
SIPNs against incubation time according to the

the PEG macromer in the SIPNs preparation
causes the increased probability that diacrylate
unit of the PEG is the site of a cross-linking
bridge. Therefore, the higher concentration of
PEG macromer leads to the formation of the
higher cross-link density of PEG network than
lower one of it. Accordingly, the penetration of
water molecules within SIPNs prepared by lower
concentration of PEG macromer was easier and
made the drug release to the surrounding aqueous
medium faster.

Total released of CNZ from the PCL/PEG
(80/20: w/w) SIPNs against M.W. of PEG
macromer is shown in Fig. 6. As shown in the
figure, the higher molecular weight of PEG
macromer, the faster released. This was attributed
to the increase of water content with the higher
molecular weight of PEG macromer than lower
one as shown in Fig. 4.

Fig. 7 shows total released of CNZ from the
PCL/PEG SIPNs (70/30: w/w) against drug load-
ing. As shown in the figure, the smaller the
amounts of loaded CNZ, the faster CNZ release
due to the relatively hydrophobic drug properties.
Therefore, as the drug becomes more hydropho-

Fig. 7. Total released of CNZ from the PCL/PEG (60/40: w/w)
SIPNs with different drug loading (M.W. of PEG: 7500 and
conc. of PEG macromer: 20 wt.%). Each point represents the
mean9S.D. of at least three experiments.
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Fig. 8. Degradation of the PCL/PEG SIPNs in vitro against
weight fraction of PEG. Each point represents the mean9
S.D. of at least three experiments.

Fig. 10. Hematoxylin and eosin-stained sections of tissue at 45
days after subcutaneous implantation of CNZ-loaded PCL/
PEG (60/40: w/w) SIPNs into rabbit; control (a) and CNZ-
loaded SIPNs (b).

weight fraction of PEG in the SIPNs in PBS
solution, pH 7.4 at 37°C. These results showed
that the degradation rate for the SIPNs decreased
with increasing of PCL weight fraction as the
similar behaviors of the water content. These

Fig. 9. Plasma concentration of CNZ after the s.c. implanta-
tion (conc. of PEG macromer: 20 wt.%, drug loading: 5 wt.%).
Each point represents the mean9S.D. of at least four experi-
ments.

results are attributed to the hydrophilic nature of
PEG which increases the accessibility of water to
the polymer matrix. Also, PCL has been known
to degrade very slowly because of its hydrophobic
structure which does not allow fast water penetra-
tion. PCL degradation by random hydrolytic
chain scission of the ester linkages has docu-
mented by Pitt et al. (1981). But in this time, it is
not clear whether the weight loss of the SIPNs
comes from enhanced degradation of PCL by the
PEG or hydrolysis of PEG-acrylate network. The
PEG-acrylate network is known to be relatively
stable.

Plasma concentration of CNZ after S.C. im-
plantation (n=4) is shown in Fig. 9. It was found
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that the plasma concentration of CNZ was al-
mostly constant for 45 days after initial burst
effect.

Hematoxylin and eosin-stained sections of tissue
at 45 days after subcutaneous implantations of
CNZ sustained release dosage form is shown in
Fig. 10. In comparison with normal control group
(a), a little intercelluar edema, a few neutrophlic
filtrates in the peritorium, and a little dilatation of
vascular channels (b) were only observed.
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