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ABSTRACT: A chemically crosslinked biodegradable hy-
drogel was prepared via a macromer technique, and phys-
icochemical characterizations associated with its potential
application as an injectable biomaterial were carried out. The
macromers were composed of poly(ethylene glycol) ex-
tended with oligomers of biodegradable polyesters such as
oligolactide and end-capped with acryloyl groups. Hydro-
gels were obtained through the polymerization of the mac-
romer aqueous solutions in phosphate-buffered saline initi-
ated by a redox initiator system at body temperature. The
initiator system was composed of ammonium persulfate as
an initiator and N,N,N�,N�-tetramethylethylene diamine as
an accelerator. The modulus of this chemical gel was much
higher than that of a Pluronic physical gel. In vitro biodeg-
radation was also confirmed. The degradation rates were

highly tunable by the adjustment of several factors, such as
the kind of ester group, the block length of the oligoester,
and even the concentration of the accelerator used in the
crosslinking reaction. The gelation time could be adjusted to
meet the requirements of an injectable biomaterial. The ef-
fect of the polymerization heat seemed not to be significant.
This kind of biodegradable hydrogel might be in situ formed
after being injected into the body and shows potential ap-
plications as a unique tissue engineering material free of
porogening techniques in scaffold fabrication and less inva-
sive in implantation. © 2005 Wiley Periodicals, Inc. J Appl Polym
Sci 99: 2375–2383, 2006
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INTRODUCTION

Hydrogels exhibit excellent biocompatibility and hy-
drophilicity1–3 and closely resemble natural living tis-
sues because of their high water content and rubbery
consistency. The hydrogels based on poly(ethylene
glycol) (PEG) and its derivatives or copolymers have
been paid much attention in medical fields.4–12

In recent years, tissue engineering has emerged as a
hot topic for developing biological substitutes that
restore, maintain, or improve the lost or damaged
tissues and organs.13 Generally, biodegradable mate-
rials are used as temporary support matrices for cell
transplantation. The most widely investigated biode-

gradable polymers as tissue engineering scaffolds are
some poly(hydroxy ester)s such as polyglycolide,
polylactide, poly(�-caprolactone), and their copoly-
mers,14–18 which are degraded by the hydrolysis of the
ester linkage into naturally occurring substances.
These synthesized polymers should be prefabricated
with a certain shape and with three-dimensional, po-
rous structures.14

Although most tissue engineering scaffolds are nec-
essarily porous foams, injectable biomaterials may, in
some circumstances, be more suitable for treating ir-
regularly shaped defects without heavy loading. An
injectable tissue engineering hydrogel distinguishes
itself because it is free of porogening techniques in
scaffold fabrication and is less invasive in implanta-
tion.

A typical injectable scaffolding strategy is to employ
Pluronic, a poly(ethylene oxide)–poly(propylene ox-
ide)–poly(ethylene oxide) (PEO–PPO–PEO) triblock
copolymer,6 an aqueous solution of which exhibits a
sol–gel phase transition with a lower critical solution
temperature (LCST). The underlying LCST is around
room temperature. Cells were seeded with a polymer
solution below LCST. When the mixture solution was
injected, the cells were trapped in the hydrogel matrix
under body temperature (above LCST). Polysaccha-
rides such as hyaluronic acid and alginates were also
employed as three-dimensional templates for cells

Correspondence to: J. Ding (jdding1@fudan.edu.cn).
Contract grant sponsor: National Science Foundation of

China; contract grant numbers: 20221402, 20374015, and
30271293, and the Key Project.

Contract grant sponosr: The Key Grant of Chinese Minis-
try of Education; contract grant number: 305004.

Contract grant sponosr: The Award Foundation for Young
Teachers from Ministry of Education; contract grant num-
ber: 863 project, 2004AA215170.

Contract grant sponsor: Science and Technology Develop-
ing Foundation of Shanghai; contract grant number: 973
project.

Journal of Applied Polymer Science, Vol. 99, 2375–2383 (2006)
© 2005 Wiley Periodicals, Inc.



with cations, such as Ca2�, as crosslinking reagents.19

These previously mentioned hydrogels are physical
hydrogels because the crosslinking is not accompa-
nied by a chemical reaction. Physical hydrogels are
relatively unstable, especially under the environment
of a body medium, and the biodegradation rates are
difficult to control well in vitro and in vivo or to adjust
in a large time span.

To develop a novel drug carrier, Hubbell et al.20

synthesized a chemically crosslinked biodegradable
hydrogel made from PEG-containing macromers in
the presence of a photoinitiator sensitive to UV or
visible light. The hydrogel was formed by free-radical
polymerization in a mild manner under a simulated
physiological environment. Burdick and Anseth21

tried to employ PEG hydrogels as photoencapsulation
matrices in bone tissue engineering. However, pho-
topolymerization cannot be carried out uniformly in a
large or thick system, especially in many clinical ap-
plications in which the light penetration depth is quite
limited and light distribution is inhomogeneous.

A redox initiator was thus tried in this study, and
the associated hydrogel behaviors were examined in
detail. As model injectable materials, biodegradable
hydrogels made from PEG-containing macromer so-
lutions in phosphate-buffered saline (PBS) solutions
were crosslinked by a water-soluble and room-tem-
perature redox initiator system, as indicated in
Scheme 1.

Because this is an early article for this kind of in-
jectable hydrogel for tissue engineering, just the syn-
thesis of the macromers and some physicochemical
characterizations of the resulting hydrogels are re-
ported to preliminarily confirm their potential feasi-
bility. Some basic properties such as the gelation time,
gel content, and biodegradable rate under a simulated
physiological environment (PBS solution) have been
investigated.

EXPERIMENTAL

Materials

PEGs denoted as PEG6K, PEG8K, and PEG10K were
purchased from China Medicine (Group) Shanghai
Chemical Reagent Corp. (Shanghai, China) and were
purified by azeotropic distillation with benzene. Plu-
ronic F127 (PEO99–PPO65–PEO99) was purchased from
Sigma (Milwaukee, WI). Stannous octoate and �-cap-
rolactone were obtained from Aldrich (Milwaukee,
WI). d,l-Lactide was from Purac and was recrystal-
lized from ethyl acetate. �-Caprolactone was purified
by reduced distillation. Ammonium persulfate (APS)
was obtained from Aijian Chemical Co. (Shanghai,
China) and recrystallized from distilled water.
N,N,N�,N�-Tetramethylethylene diamine (TEMED;
99%) was purchased from Merck (Whitehouse Station,
NJ). A PBS solution (pH 7.4) was used. All other
chemicals were used without further purification.

Scheme 1 Schematic diagram of the synthesis of poly(ethylene glycol)-co-oligo(hydroxy acid) copolymers, macromers, and
hydrogels and the degradation of the associated hydrogel network.

2376 ZHU AND DING



Synthesis of acryloyl chloride

Acryloyl chloride was prepared by the reaction be-
tween benzoyl chloride and acrylic acid.22 Briefly, a
mixture of 72 g of acrylic acid, 281 g of benzoyl chlo-
ride, and 0.5 g of hydroquinone was distilled. The
distilled component was collected in a receiver con-
taining 0.5 g of hydroquinone at a temperature from
60 to 90°C and then distilled again. The distilled com-
ponent was collected again at a temperature from 72
to 76°C.

Synthesis and characterization of the
PEG/oligo(hydroxy acid) macromers

Ampule tubes were treated with a 10% (v/v) solution
of trimethylchlorosilane in toluene, washed with ace-
tone, and dried. PEG/oligo(hydroxy acid) block co-
polymers were synthesized by the ring-opening poly-
merization of cyclic monomers of hydroxy acid in the
presence of PEG with stannous octoate as a catalyst.
PEG8K (20 g) and 2.88 g of d,l-lactide were added to
a dried 80-mL ampule tube connected to a vacuum
joint, and the reaction mixture was preheated to the
melting state to be mixed thoroughly. Subsequently,
the mixture was cooled to room temperature. The
catalyst solution (1.0 mL; 12.4 mg/mL of stannous
octoate in toluene) was added to the tube. Then, the
ampule tube was degassed in vacuo at 60°C for 4 h
and filled with argon. Next, the tube was sealed off
and placed in an oil bath at 130°C to mix the reactant,
and then the temperature was elevated to 150°C for
24 h. After it cooled to room temperature, the ampule
tube was crushed. The resultant copolymer was dis-
solved in dichloromethane, precipitated in anhydrous
ether, filtered, washed several times with anhydrous
ether, and dried in vacuo at room temperature (yield
� 97%). Other copolymers were synthesized by the
variation of the feed conditions of the cyclic mono-
mers and PEG.

The degree of polymerization (DP) of the polyester
was determined by 500-MHz 1H-NMR spectra
(DMX500 spectrometer, Bruker, Bremen, Germany).
The samples in CDCl3 were detected, and tetrameth-
ylsilane (TMS) was used as the internal standard. The
block length of the oligoester (L) was calculated with
the following equations:

LPCL

� LPEG �
4(Peak intensity of CH2 group of PCL)
2(Peak intensity of CH2 group of PEG)/2

LPLA

� LPEG �
4(Peak intensity of CH3 group of PLA)
3(Peak intensity of CH2 group of PEG)/2

Here LPEG denotes DP of PEG. Because the copoly-
mer has one oligo(hydroxy acid) block at each end of
the PEG chain, the calculated value should be divided
by 2.

Dichloromethane and triethylamine were dried
over 3-Å molecular sieves. The dried PEG/oligolac-
tide copolymer (18 g) was dissolved in 150 mL of
dichloromethane in a 250-mL, round-bottom flask.
Triethylamine (1.64 mL) was added to the flask. After
the flask was cooled to 0°C in an ice bath, the mixture
solution, composed of 1.47 mL of acryloyl chloride
and 10 mL of dichloromethane, was added dropwise.
The reaction mixture was stirred for 12 h at 0°C and
for 12 h at room temperature under argon. Finally, the
insoluble triethylamine salts were filtered. The filtrate
was precipitated in excessive anhydrous ether, fil-
tered, washed several times with anhydrous ether,
and dried in vacuo at room temperature (yield
� 92%). This PEG macromer is called PEG8K-LA8-DA,
which denotes a diacrylate-terminated macromer with
the central PEG8K segment extended with eight lac-
toyl repeats per hydroxyl end of PEG according to the
feed ratio. Other macromers were synthesized
through the copolymerization of PEG and different
cyclic monomers.

The chemical structures of the PEG/oligo(hydroxy
acid) macromers were confirmed by Fourier transform
infrared (FTIR) spectroscopy (Magna 550, Nicolet,
Madison, WI). For FTIR analysis, KBr tablets were
prepared by the dissolution of the samples in dichlo-
romethane and evaporation of the solvent under light.

Preparation of the hydrogels and detection of the
gelation time

The PEG macromer (0.5 g) was dissolved in 2.0 mL of
a PBS solution. APS (3% w/w) and 1.0 �L/g TEMED
were added to the macromer solution under agitation.
Hydrogels were formed by the placement of the mac-
romer mixture solutions at 37 � 0.5°C in a thermo-
static water bath.

The test-tube inverting method was employed to
determine the gelation time.23 Briefly, 25 wt % PEG
macromer solutions with different initiator concentra-
tions were sealed into a glass tube, which was 100 mm
long and 8 mm in its inner diameter. The tube was
immersed in the thermostatic water bath controlled at
37 � 0.5°C. After some reaction time, the solution was
monitored by the inversion of the glass tube. When the
solution did not flow down in 1 min, this was re-
garded as the occurrence of gelation, and the period
from the tube immersing into the bath to the gelation
was defined as the gelation time.

Temperature change in polymerization

A PEG macromer solution (1.5 mL; 25 wt % in deion-
ized water and with 4% APS by weight) was placed in
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a glass tube covered with a lid. The tube was put in a
thermostatic water bath at 37 � 0.5°C, and a thermom-
eter was put into the macromer solution preheated to
37°C. TEMED was then added to the solution. The
temperature changes were recorded during the gela-
tion process.

Moduli of the hydrogels

Pluronic F127 (30 wt %) and 25 wt % PEG macromers
were prepared by the dissolution of the polymers in
PBS. APS (5 wt %) and 3.0 �L/g TEMED were added
to the macromer solution. The storage moduli of these
two samples were monitored by dynamic oscillatory
shear at 37°C with a rheometer (RheoStress RS75,
Haake, Bersdorff, Germany). The polymer solutions
were placed in a stainless steel mold with a parallel-
plate geometry (60 mm in diameter). The mold was
covered with a steel lid, and some deionized water
was dropped around the mold to keep the moisture in
the experiment. The storage modulus or elastic mod-
ulus was detected until 2.5 h after gelation. The oscil-
latory frequency was set to 1 Hz.

Gel content, water uptake, and swelling ratio

The obtained hydrogels were dried in vacuo with
P2O5 at room temperature to a constant weight and
weighed (W1). The hydrogels were then extracted with
chloroform in the Soxhlet extractor for 1 day to re-
move the unreacted macromers in the hydrogels. Af-
ter being dried again in vacuo to a constant weight,
the sample was weighed (W2). The gel content (g) was
expressed as follows:

g �
W2

W1
� 100% (1)

Subsequently, the dried hydrogels were immersed
in a PBS solution for 2 days to achieve swelling equi-
librium. After being swabbed lightly with filter paper
to remove the excess water on the surface of the hy-
drogels, the sample was weighed (W3). The water
uptake of the gel network was calculated as follows:

W3 � W2

W2
(2)

The swelling ratio (R) in weight was determined as
follows:

R �
W3

W2
(3)

In vitro degradation

About 30 mg (W0) of the dried hydrogels extracted by
chloroform was reimmersed in 10 mL of PBS at 37
� 0.5°C. After predetermined time intervals, the sam-
ples were taken out of PBS and dried in vacuo to a
constant weight (W). The experiments were carried
out in triplicate. The in vitro degradation of the hy-
drogels was examined gravimetrically as follows:

W0 � W
W0

� 100% (4)

RESULTS AND DISCUSSION

Synthesis of the PEG/oligo(hydroxy acid)
macromers

The PEG/oligo(hydroxy acid) copolymers were syn-
thesized by the ring-opening polymerization of cyclic
monomers such as lactide and �-caprolactone in the
presence of PEG with stannous octoate as a transes-
terification catalyst. The reaction route of the copoly-
merization of PEG and the cyclic monomer is shown
in Scheme 1. The hydroxyl groups at the two ends of
a PEG chain initiated the ring-opening copolymeriza-
tion of the cyclic monomer through the acyl–oxygen
cleavage. The propagation reaction was completed by
the stepwise addition of cyclic monomers to the hy-
droxyl groups of PEG chains.24 Figure 1 shows the
typical 1H-NMR spectra of PEG/oligolactide and
PEG/oligocaprolactone block copolymers. The CH2
(�1.6 ppm) group belongs to oligocaprolactone, and
CH2 (�3.6 ppm) is from the PEG block. In the spec-
trum of the PEG/oligolactide block copolymer, CH3
(�1.5 ppm) and CH (�5.2 ppm) belong to the oligo-
lactide, whereas CH2 (�3.6 ppm) is again from the
PEG block. The DP of the polyester depends on the
ratio of the cyclic monomer concentration to the PEG
concentration. Some synthesized PEG/oligo(hydroxy
acid) copolymers are shown in Table I. The DPs of the
oligoesters were calculated from integral 1H-NMR in-
tensities. These results indicated that the PEG/oligo-
(hydroxy acid)s were produced as designed.

FTIR measurements of PEG, typical copolymers of
PEG and oligo(hydroxy acid), and the corresponding
macromers are shown in Figure 2. The FTIR spectra of
PEG [Fig. 2(a)], its copolymer with oligolactide [Fig.
2(b)], and that with oligo(�-caprolactone) [Fig. 2(c)]
presented an absorption band at 3500 cm�1 due to the
terminal hydroxyl group. This band disappeared for
the PEG/oligo(hydroxy acid) macromers because of
acrylation. Alternatively, a new and strong carbonyl
band was seen at 1750 cm�1 in the spectra of PEG6K-
LA4 [Fig. 2(b)], PEG6K-CL4 [Fig. 2(c)], and associated
macromers [Fig. 2(d,e)], which confirmed the forma-
tion of block copolymers of PEG and oligo(hydroxy
acid).
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Preparation of the hydrogels and adjustment of the
gelation time

The terminal hydroxyl groups in the PEG/oligo(hy-
droxy acid) block copolymer were subsequently con-
verted to acryloyl groups by a reaction with acryloyl
chloride. The number of acrylic groups in the PEG/
oligo(hydroxy acid) block copolymer was expected to
be two because one PEG molecule has two hydroxyl
groups. Thus, the macromer aqueous solution could
form a crosslinked, three-dimensional network in free-
radical polymerization. In our experiments, the mac-
romers were dissolved in PBS, and a redox initiation
system was used, including APS as an initiator and

TEMED as an accelerator. The reaction was carried out
at 37°C. The crosslinking reaction scheme is also
shown in Scheme 1.

The gelation time was subsequently investigated.
Figure 3 shows the effect of the initiator concentration
on the gelation time. A higher initiator concentration
resulted in a shorter gelation time. At the same weight

Figure 1 1H-NMR spectrum of the PEG copolymer with (a) oligolactide and (b) oligo(�-caprolactone).

TABLE I
Synthesis and Composition of the Macromers

Sample

Feed molar ratio
[PEG/lactide or

PEG/
(caprolactone/2)]

DP of each
oligoester

block
(determined

by 1H-
NMR)

Macromer
yield (%)

PEG6K-LA4-DA 1:4 3.8 82
PEG6K-LA8-DA 1:8 7.8 83
PEG6K-CL4-DA 1:4 3.7 81
PEG8K-LA2-DA 1:2 1.9 80
PEG8K-LA4-DA 1:4 3.6 85
PEG8K-CL4-DA 1:4 3.5 78
PEG10K-LA2-DA 1:2 1.8 85
PEG10K-LA4-DA 1:4 3.5 83

Figure 2 FTIR spectra of (a) PEG6K, (b) PEG6K-LA4 copol-
ymer, (c) PEG6K-CL4 copolymer, (d) PEG6K-LA4-DA mac-
romer, and (e) PEG6K-CL4-DA macromer.
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concentration of the macromer, longer polymer chains
led to shorter gelation times, and this is presumably
attributable to the higher molar ratio between the
initiator and the macromers. Macromer aqueous solu-
tions are expected to be used under physiological
circumstances, so a water-soluble radical initiation
system (APS/TEMED) was employed in our work.
Here, TEMED plays the role of an accelerator to cata-
lyze the crosslinking reaction.25

The gelation time should not be very long. Other-
wise, if injected into the body, the macromer solutions
will presumably diffuse to the surrounding tissue
ahead of hydrogel formation. Therefore, it is necessary
to use TEMED with APS for the accomplishment of
the crosslinking reaction. The gelation time as a func-
tion of the concentration of the accelerator in macro-
mer solutions is shown in Figure 4. With an increasing
concentration of the accelerator, gelation occurred
quickly. When the concentration of TEMED was in-
creased from 0.6 to 1.3 �L/g in a macromer solution,
the gelation time in the case of PEG8K-LA2-DA was
reduced from 450 to 15 min. In contrast, it took 43 h to
form a gel without TEMED, and this could not be
accepted for a feasible injectable biomaterial.

On the other hand, the gelation should not be very
short either. Otherwise, the surgeons may not have
sufficient time to perform the injection. Fortunately,
the gelation time was highly adjustable in our exper-
iments (Figs. 3 and 4). In our opinion, the appropriate
gelation time might be around 10 min, which is avail-
able in our hydrogel systems.

Temperature change during polymerization

In this work, a water-soluble initiator system includ-
ing APS and TEMED was used to trigger polymeriza-
tion. As a potential injectable tissue engineering bio-

material, the macromer solution might form a gel in
situ to trap cells after the mixture of the macromer
aqueous solution and cells is injected into the body. A
radical polymerization is generally an exothermic re-
action. Thus, the encapsulated cells might be injured if
a great amount of heat is released during the process
of polymerization. The striking polymerization heat
might lead to the necrosis of surrounding tissues and
thus failure of implantation.26 Figure 5 shows the tem-
perature change of macromer solutions in PBS when
gelation occurred in a thermostatic water bath at 37°C.
The crosslinking reaction resulted in a slight temper-
ature increase up to about 1.1°C. Therefore, within a
reasonable gelation time range (tens of minutes), hy-
drogel formation might not lead to significant harm to
embedded cells and surrounding tissues as far as the
exothermic effect is concerned. Biological experiments
will be performed to confirm this viewpoint in the
future.

Gel content and water uptake

The gel content is a basic parameter to calibrate gel
formation due to polymerization or crosslinking be-
cause not all the macromers eventually join the gel

Figure 4 Effect of the accelerator concentration on the ge-
lation time for the marked macromers in PBS at 37°C. The
concentration of APS was 1 wt %.

Figure 3 Dependence of the gelation time on the initiator
concentration for different PEG-containing macromers with
a macromer concentration of 25 wt % in PBS at 37°C. The
concentration of TEMED was 1.0 �L/g in the macromer
solutions.
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network. Table II shows the gel content and water
uptake prepared from a 25 wt % PEG8K-LA2-DA mac-
romer solution in PBS. In the examined range of TE-
MED concentrations, the resulting gel content and
water uptake did not exhibit much difference. The gel
content was a little bit increased, but still more than
30% of the macromers did not join the network. The
gel content is required to increase in the future.

We presumed that a mixture solution of macromers
and cells should form a gel under physiological con-
ditions after being injected into the body and that cells
would thus be entrapped in the hydrogel matrix. Hy-
drogels could absorb the body fluid and be swollen.
The swollen hydrogels might contact tightly with the
surrounding tissue and so fill the damaged tissue.

If the initial macromer concentration and the gel
content in the resulting hydrogels are denoted as c and
g, the weight percentage of the polymeric network in
the hydrogel (a mixture of the network and water, but
free of the remaining macromers) after polymerization
could be determined as follows:

cg/�cg � 1 � c	 (5)

When g was presumed to be 66.7% at c � 25%, the
weight percentage of the skeletal network in the hy-
drogel was about 18%, and the water concentration in
the hydrogels was thus about 82% after polymeriza-
tion. In fact, the water concentration was about 90%
when the extracted gel was swollen to equilibrium in
PBS after 2 days (Table II). Therefore, the hydrogels
might not lead to strong pressure to the surrounding
tissues because of the absorption of the surrounding
body medium after gel formation.

The swelling kinetics of a dried gel in water are
presented in Figure 6. In the early stage of immersion
in deionized water, the dried hydrogel was quickly
swollen because of very fast water absorption. Within
the first 1 h, the swelling ratios reached 6.2 for the
hydrogels prepared with TEMED as an accelerator
and 9.4 for the hydrogel prepared without TEMED.
After about 24 h, the hydrogels exhibited the state of
the swelling equilibrium, and the swelling ratios in-
creased to 7.5 and 11.3, respectively. The swelling ratio
of the hydrogels prepared with TEMED as an acceler-
ator was always smaller than that of the hydrogel
prepared without TEMED, and this may be attributed
to the increasing crosslinking density due to TEMED
as an accelerator.

Moduli of the chemical gel and physical gel

As we know, biomaterials should be of a certain me-
chanical stiffness for various applications in medical
fields.14,27 In this work, we employed a parallel-plate
rheometer to detect the storage modulus of hydrogels
in a dynamic shear mode subject to oscillatory shear

Figure 5 Temperature change (
T) during the chemical
crosslinking reaction of macromers (PEG10K-LA4-DA) with
a concentration of 25 wt % in PBS solutions at the marked
accelerator concentrations in a water bath at 37°C. The APS
concentration was 4.0 wt %.

TABLE II
Gel Content and Water Uptake of Hydrogels Made from

PEG8K-LA2-DA (25 wt %) with Different Accelerator
Concentrations in PBS at 37°C

Accelerator concentration
(�L/g)

Gel content
(%) Water uptake

0.6 66.8 10.5
0.7 66.6 10.9
0.8 65.8 9.2
0.9 67.8 9.8
1.1 69.2 10.8
1.3 72.1 9.9

The concentration of APS was 1 wt %.

Figure 6 Swelling ratio versus the swelling time after dried
gels were placed in deionized water. The hydrogels were
prepared through the crosslinking of 25 wt % PEG10K-
LA2-DA at 37°C with 3 wt % APS as an initiator but with 1.0
�L/g TEMED or without TEMED as an accelerator.
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flow. The macromer solutions were in situ crosslinked
between the two plates. For comparison, we also de-
tected a physically crosslinked hydrogel composed of
30 wt % Pluronic F127. The mixture presented a sol–
gel phase transition with an increase in temperature
and was in the gel state at 37°C. This hydrogel with
the same concentration has been employed as an in-
jectable cell scaffold in tissue engineering.6 The rheo-
logical measurements at a low shear frequency are
presented in Figure 7. The storage modulus of the
chemical hydrogel was 0.203 MPa, whereas that of the
physical hydrogel was 0.031 MPa. The aggregate mod-
ulus of natural cartilage is about 0.9 MPa.27 The chem-
ically crosslinked hydrogel is reasonably stronger than
the Pluronic physical hydrogel and closer to the car-
tilage as far as the modulus is concerned.

In vitro degradation of the hydrogel

Biodegradability is very important for many im-
planted biomaterials.12,14,15,27,28 The hydrogels with
three-dimensional, crosslinked networks were sub-
jected to the hydrolysis of the oligoester extending the
central PEG. As shown in Scheme 1, hydrolysis was
caused at each end of the crosslinked polymer chain,
and the degradation products were presumably PEG,
hydroxy acid, and oligomeric acrylic acid.20 Figure 8
shows the degradation behaviors of the hydrogels
with different lengths and types of oligoesters. It is
reasonable that hydrogels made from the shorter oli-
goester blocks presented relatively slow degradation
because of the smaller probability of hydrolysis of
oligoester blocks. The degradation of hydrogels con-
taining oligo(�-caprolactone) was slower than that of
those containing oligolactide, and this was attributed
to the more hydrophobic nature of oligo(�-caprolac-
tone) versus that of oligolactide. Hydrogels made

from the macromer of PEG8K-CL4-DA took 40 days to
degrade 97.6% [Fig. 8(a)], whereas those made from
the macromer of PEG6K-LA4-DA degraded almost
completely within 33 days [Fig. 8(b)]. Therefore, the
alteration of the oligoester composition is more effec-
tive for tailoring the degradation rate of hydrogels.

Figure 9 shows the degradation behavior of hydro-
gels prepared with different accelerator concentra-
tions. It took about 26 days to degrade from 75 to 82%
for those hydrogels. Hydrogels made with higher TE-
MED concentrations presented relatively slow degra-
dation because of the increase in the crosslinking de-
gree of the network, and this was consistent with the
aforementioned swelling behavior in our experimen-
tal observations. Therefore, our experiments demon-
strate that the degradation rate of a hydrogel made
from PEG-containing macromers can be adjusted by

Figure 8 In vitro degradation of a hydrogel through the
crosslinking of (A) PEG8K-CL4-DA and (B) PEG6K-LA4-DA
or PEG6K-LA8-DA in PBS at 37°C. The concentration of the
macromer solutions was 25 wt %, and that of APS was 2 wt %.

Figure 7 Elastic modulus (G�) of a physically crosslinked
hydrogel made from 30 wt % Pluronic F127 and of a chem-
ically crosslinked hydrogel made from a 25 wt % PEG6K-
LA8-DA macromer solution.
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the alteration of the crosslinking degree, the hydro-
lytic susceptibility of the oligoester group, and so
forth.

CONCLUSIONS

In this work, hydrogels were prepared from PEG-
containing macromer solutions in PBS at 37°C with a
redox initiation system with APS as an initiator and
TEMED as an accelerator. The macromers had a hy-
drophilic central part of PEG extended with oligo(hy-
droxy acid) and terminated with acryloyl groups.
PEG/oligo(hydroxy acid) copolymers were synthe-
sized by the ring-opening polymerization of lactide or
�-caprolactone in the presence of terminal hydroxyl
groups of PEG with stannous octoate as a catalyst.
FTIR and 1H-NMR were carried out to confirm the
structures of the PEG/oligo(hydroxy acid) block co-
polymers and macromers. The gelation time de-
creased with an increasing concentration of APS or
TEMED, and a reasonable gelation time region could
be obtained. The temperature change of the hydrogels
during the process of the chemical crosslinking reac-
tion was not significant at a reasonable gelation rate.
The modulus of the chemically crosslinked hydrogel
was higher than that of the associated physically
crosslinked hydrogel. Furthermore, the degradation
rates of the hydrogels under simulated physiological

conditions were tunable by the length and composi-
tion of the oligoester blocks and also by the crosslink-
ing degree. Therefore, it is possible to tailor the deg-
radation rate to a larger extent to meet diverse require-
ments for various applications in medical fields. On
the basis of these results, mixture solutions of macro-
mers and cells might be injected into the body and
lead to in situ hydrogel formation. The chemical hy-
drogel is assumed to be a potential cell scaffold for
tissue engineering.
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Figure 9 In vitro degradation of a hydrogel through the
crosslinking of PEG8K-LA2-DA with different accelerator
concentrations in PBS at 37°C. The concentration of the
macromer solution was 25 wt %, and that of APS was 2 wt
%.
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