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ABSTRACT A series of hydrogels containing a biodegradable dextran (Dex) chain grafted with a hydrophobic poly(e-caprolactone)—2-
hydroxylethyl methacrylate (PCL—HEMA) chain and a thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) chain were
synthesized. The molecular weight of PCL-HEMA was determined by gel permeation chromatography, and the inner morphology of
the hydrogel was observed by scanning electron microscopy. The release profiles from the hydrogels were investigated using bovine
serum albumen as a model drug. It was found that the release behavior could be adjusted by varying the composition of the hydrogel.
In vitro cytotoxicity studies of the hydrogels showed that the copolymer Dex—PCL—HEMA/PNIPAAm exhibited low cytotoxicity. The
in vivo degradation and histological studies demonstrated that the hydrogels had good biocompatibility and were promising for use
as an injectable polymeric scaffold for tissue engineering applications.
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INTRODUCTION

olymeric hydrogels are cross-linked polymer net-
works that can absorb a large amount of water,

making them more similar to soft tissues (1, 2). In
addition, because hydrogels are porous, the exchange of
oxygen, nutrients, and other water-soluble metabolites can
easily take place inside the hydrogel networks. Among the
hydrogels, intelligent hydrogels are capable of changing their
shape, structure, or volume when exposed to external
stimuli, for example, pH (3—5), temperature (6—8), antigen
(9), electric field (10), and light (11).

In recent years, an increasing number of injectable hy-
drogels have been reported for multifarious biomedical
applications, such as cell encapsulation (12—14), drug de-
livery (15—19), and tissue engineering (20, 21). Injectable
materials have advantages in clinic applications because of
their fluidity, which enables the materials to be introduced
into the site-specific organ, tissue, or body cavity with
improved patient applicability and comfort (14, 22—24).
Among those stimuli-sensitive hydrogels, poly(N-isopropyl-
acrylamide) (PNIPAAm) hydrogel shows a lower critical
solution temperature (LCST) at around 33 °C in aqueous
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solution and changes volume and shape abruptly and ther-
moreversibly (25). This property was used in the attachment/
detachment of cultured cells (26), drug release, and immo-
bilization of enzymes. On the basis of this concept, several
injectable hydrogels using PNIPAAmM were reported (20). For
example, Stile et al. fabricated PNIPAAm and poly(NIPAAm-
co-acrylic acid) hydrogels for supporting bovine articular
chondrocyte viability for at least 28 days in vitro culture, and
cartilage-like tissue formed in the matrixes. However, be-
cause of their nonbiodegradability, PNIPAAm hydrogels
were restricted for some specific biomedical applications
(27). Recently, Liu and co-workers (28) reported the ther-
mosensitive F127 hydrogel for controlled release of peptide
and protein drugs after subcutaneous injection. Although
those injectable hydrogels had the property of biocompat-
ibility, the absence of biodegradability of the hydrogel might
limit their wide application in vivo. It is obvious that there is
considerable scope for the development of injectable hydro-
gels with both biocompatibility and biodegradability.
Dextran (Dex) composed of a-1,6-b-glucopyranose resi-
dues is a naturally biodegradable polymer and is liable to
enzymatic digestion in the human body. Because of its
biocompatible and biodegradable properties, Dex and its
derivatives have been exploited extensively in the fields of
biomedical, biotechnological, and pharmaceutical applica-
tions (29—32). Poly(e-caprolactone) (PCL), a well-known
biodegradable aliphatic polyester with good biocompatibility
and flexibility, has been widely explored as a scaffold in
tissue engineering (33, 34) and a matrix in drug controlled
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Scheme 1.

Schematic Illustration of the Synthesis of Dex—PCL—HEMA Macromonomer
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release (35). The mechanism of biodegradation through
hydrolysis of the ester linkage and the normal intermediates
of cell metabolism as its decomposition products is the main
characteristic of PCL (36).

In this study, a series of novel biodegradable hydrogels
were synthesized by the introduction of PCL-grafted polysac-
charide chains into the PNIPAAm network. Because of the
existence of the amphiphilic structure of the PCL-grafted Dex
chains and the thermoresponsive PNIPAAm chains, the
resulting hydrogels can shift from sol to gel within 1 min and
the reversible course occurs in the same time. In vitro
enzymatic biodegradability of the thermoresponsive copoly-
mer and drug release was also investigated. Moreover, in
vivo experiments of the hydrogels were performed.

MATERIALS AND METHODS

Dextran (Dex) was obtained from Leuconostoc mesenteroides
(M, = 60 000—90 000 g/mol), and N-isopropylacrylamide
(NIPAAm), N,N'-carbonyldiimidazole (CDI), and e-caprolactone
(CL) were purchased from Sigma and used as received. 2-Hy-
droxylethyl methacrylate (HEMA), tetrahydrofuran (THF), and
dimethyl sulfoxide (DMSO) were obtained from Shanghai Chemi-
cal Reagent Co., China, and used after distillation under reduced
pressure. Ammonium persulfate (APS), N',N',N',N'-tetrameth-
ylethylenediamine (TEMED), bovine serum albumin (BSA; M,
=67 000 g/mol), sodium azide, 4-(N,N-dimethylamino)pyridine
(DMAP), and 2,6-di-tert-butyl-4-methylphenol were obtained
from Shanghai Chemical Reagent Co., China, and used as
received. A total of 29 male adult Wistar rats with weights of
220—260 g were bought from the laboratory animal center,
Tongji Medical Institute, Huazhong University of Science and
Technology, China.

Synthesis of Dex—PCL—HEMA Macromonomer. Dex—
PCL—HEMA was synthesized as follows: CL (6.84 g, 0.06 mol)
and HEMA (0.039 g, 0.003 mol) were reacted in the presence
of catalyst SnOct, (0.01341 g, 1.0 mol % with respect to HEMA)
and 2,6-di-tert-butyl-4-methylphenol (0.067 g) under vigorous
stirring in a glass ampule under vacuum at 120 °C for 3 h. The
HEMA—PCL product was collected by dissolution of the cooled
reaction mixture in methylene dichloride, precipitation at least
twice in a 10-fold ice-cold methanol, and fltration under
reduced pressure. Precipitation in methanol was to remove
residual HEMA in the product. The collected solid was dried
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Table 1. Preparation of the Dex—PCL—HEMA/
PNIPAAmM Hydrogels

sample code”

composition DNI1 DN2 DN3 DN4
Dex—PCL—HEMA (mg) 10 20 30 40
NIPAAM (Mg) 190 180 170 160
APS (mg) 10 10 10 10
TEMED (uL) 10 10 10 10
H>O (mL) 1.5 1.5 1.5 1.5

“ All reactions were performed at room temperature for 24 h.

under vacuum overnight. The yield was 70 % . Next, HEMA—PCL
(2.105 g, 0.0005 mol) and CDI (0.162 g, 0.001 mol) were
dissolved in THF (50 mL) in a nitrogen atmosphere with
vigorous stirring for 16 h. The resulting HEMA—PCL—imidazolyl
carbamate (Cl) was obtained by solvent evaporation under
reduced pressure. Finally, Dex (9.72 g, 0.06 mol of glucopyra-
nose residues) was dissolved in 60 mL of DMSO in a nitrogen
atmosphere. After dissolution of DMAP (0.15 g), HEMA—PCL—CI
was added, and the mixture was stirred at room temperature
(25 °C) for 4 days. The Dex—PCL—HEMA product was obtained
by precipitation of the reaction mixture in a large excess volume
of chilled 2-propanol, washed several times with 2-propanol,
and dried in a vacuum for 24 h. The schematic illustration of
the synthesis of Dex—PCL—HEMA is shown in Scheme 1.

Synthesis of Thermoresponsive Hydrogels. NIPAAm mono-
mer and Dex—PCL—HEMA were dissolved in a phosphate-
buffered saline (PBS) solvent (pH 7.4) at different weight ratios
to form a monomer solution, and the radical polymerization of
NIPAAmM hydrogels was carried out in glass vessels at room
temperature for 24 h, using APS (5.0 wt % based on Dex—
PCL—HEMA and NIPAAm) and TEMED as the redox initiator
and accelerator, respectively. The feed compositions of the
monomers and other reactants are listed in Table 1, and the
resulting hydrogels were designated as DN hydrogels. Finally,
the DN hydrogels were transferred to the dialysis tube (molec-
ular weight cutoff: 8000—12 000 g/mol) for dialysis against a
PBS solution (pH 7.4) for 2 days, and the PBS solution was
refreshed every 12 h. After dialysis was finished, the hydrogels
were moved to different glass vessels and cooled in a refrigera-
tor at —20 °C overnight, followed by freeze drying. The freeze-
dried hydrogels (80 mg) were dissolved in a PBS solution (pH
7.4, 1 mL) to form injectable hydrogels.
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'H NMR. The 'H NMR spectra of Dex, PCL—HEMA, and
Dex—PCL—HEMA macromonomer were recorded on a Mercury
VX-300 spectrometer at 300 MHz (Varian, Palo Alto, CA) by
using CDCl5; or DMSO-d;, as the solvent and tetramethylsilane
as the internal standard. For PCL—HEMA, deuterated chloro-
form (CDCls; 99.9 %, Aldrich) was used as the solvent and the
chloroform-d; resonance was set at 7.27 ppm. For Dex and
Dex—PCL—HEMA macromonomer, DMSO-dg (99.9 %, Aldrich)
was used as the solvent and the central DMSO line was set at
2.50 ppm.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
spectra were recorded on a spectrometer (an Avatar 360
spectrometer) to characterize the chemical structures of Dex,
Dex—PCL—HEMA, and DN2 hydrogel by studying their IR
absorption bands, which match their natural vibrational modes.
The samples were ground into pieces and compressed onto the
KBr crystal, and FTIR spectra were recorded in the wavenumber
range of 600—4000 cm™!.

Gel Permeation Chromatography (GPC). The molecular
weights of the copolymers were determined by a GPC system
equipped with a Waters 2690D separation module and a Waters
2410 refractive index detector (THF was used as the eluent).
The molecular weight was calculated by Waters millennium
module software on the basis of a universal calibration curve
produced by polystyrene standards with narrow molecular
weight distribution.

LCST Determination. The freeze-dried hydrogels were dis-
solved in PBS solutions (pH 7.4) with different volumes at room
temperature to determine the absorbance of the solutions.
Optical absorbance of the solutions was measured by a Lambda
Bio40 UV—vis spectrometer (Perkin-Elmer) using UV absor-
bance at 500 nm. Transmittance measurements and determi-
nation of the LCST at various temperatures were measured.
Prior to measurements, the sample cell was thermostated in a
refrigerated circulator bath at different temperatures from 26
to 36 °C. The LCST values of the copolymer solutions were
determined at the temperature showing a half increase of the
total absorbance.

Interior Morphology of the Hydrogels. All of the Dex—PCL—
HEMA/PNIPAAmM hydrogels were mixed with a 5wt % mannitol
solution and transferred to an 8-mL vial. After incubation in 37
°C water for 3 h, the hydrogels were frozen quickly in liquid
nitrogen and freed-dried in a Virtis Freeze Drier under vacuum
at —51 °C for 2 days until all of the water was sublimed. The
interior morphology of the hydrogels was observed by scanning
electron microscopy (SEM).

Rheological Characterization of the Hydrogels. The dy-
namic rheology was measured on an ARES-RFS 11l rheometer
(TA Instruments, New Castle, DE). Double concentric cylinder
geometry with a gap of 2 mm was used to measure steady
viscoelastic parameters as functions of the shear rate. Temper-
ature control was established by connection with a julabo FS18
cooling/heating bath kept within 0.2 °C. To measure tempera-
ture-dependent gelation of the hydrogel, temperature sweeps
were performed from 18 to 48 °C with a heating rate of 1 °C/
min. The data was collected at a frequency of 1 Hz and a
controlled strain of 1%. The strain was controlled as low as
possible to minimize the influence of disruption of the hydrogel
network in order to perform in the linear viscoelastic range
(37, 38). The sol-to-gel transition temperature was defined as
the temperature at which the storage modulus (G') increased
rapidly and reached a plateau.

Sol—Gel Transition and Injectability Test of the
Hydrogels. The sol—gel phase transition temperature of the
Dex—PCL—HEMA/PNIPAAmM copolymer in a PBS solution (pH
7.4, 8.0 wt %) was recorded using the inverting test method
with a 6-mL glass vial, which was equilibrated at 25—37 °C in
a thermostated water, “inversion tube method” (39, 40). Briefly,
after equilibration in a water bath for 30 min, the vial was
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heated slowly to the desired temperature with 2 °C increments
in the water bath. The vial was held constant to equilibrate at
each temperature for 10 min and then laid down horizontally
for 1 min. The gel state was determined when no fluidity was
visually observed within 1 min.

In Vitro Enzymatic Diodegradation of the Hydrogels. The
in vitro biodegradation of the thermoresponsive hydrogels was
investigated by measuring the weight changes at 37 °C. Several
parallel samples were put into 50 mL of a PBS solution (pH 7.4,
I=0.2 M) in centrifugal test tubes with a 0.2 mg/mL of lipase
from Pseudomonas cepacia and 0.2 mg/mL of sodium azide
(retarding bacterial growth) solution. The centrifugal test tubes
were put into a shaking bed and agitated at 50 cycles/min at
37 °C. The enzyme and sodium azide solutions were refreshed
every 3 days. The biodegraded samples were taken out at the
programmed time and dried under vacuum for 2 days to
determine the dry weight of the hydrogels. The weight loss (%)
was calculated as weight loss (%) = (Wo — W)/W, x 100, where
W, is the dry weight of the programmed time and W, is the
initial dry weight of the hydrogels before biodegradation.

In Vitro Release of BSA from the Hydrogels. The general
protocol for the in vitro drug release study is exemplified by the
following procedure. A total of 20 mg of BSA (M, = 67 000
g/mol) was dissolved in 1000 mg of a hydrogel PBS solution (8.0
wt % hydrogel), which was added into a 50-mL cuvette. The
solution was thoroughly mixed and then incubated in a 37 °C
water bath overnight, allowing the mixture to form a viscous
hydrogel. Then 20 mL of a 37 °C PBS solution was added to
the cuvette and incubated in a 37 °C water bath. At predeter-
mined times of the in vitro release experiment, 4-mL aliquots
of the buffer medium were removed from the cuvette, the
concentration of the BSA in the aliquot was measured by using
a UV absorbance (Lambda Bio40 UV—vis spectrometer, Perkin-
Elmer) at 280 nm, and a BSA standard calibration curve was
generated at each time using a nonloaded hydrogel solution in
order to correct the intrinsic absorbance. A 4-mL fresh buffer
solution prewarmed at 37 °C was added back to the cuvette to
maintain the same total solution volume. The DN2 without
loading BSA was used as the control. The cumulative BSA
release (%) was calculated as cumulative release (%) = M,/M,
x 100, where M; is the amount of BSA released from the
hydrogels at time ¢t and M is the weight difference of the initial
BSA loaded in the hydrogels and the remaining BSA in the buffer
after loading. All of the release experiments were conducted in
triplicate.

In Vitro Cytotoxicity of the Thermoresponsive Hydrogel.
In vitro cytotoxicity test was carried out as follows: 200 uL of a
human vascular endothelial cell line, ECV304 in DMEM with a
concentration of 1.25 x 10* cells/mL, was added to each well
in a 96-well plate. The number of ECV304 in each well is 2.5 x
103, After incubation for 24 h in an incubator (37 °C, 5% CO,),
the culture medium was replaced by 200 uL of DMEM contain-
ing the Dex—PCL—HEMA/PNIPAAmM copolymer (8.0 wt % hy-
drogel) with particular concentrations, and the mixture was
further incubated for 48 h. Then, DMEM with the polymer was
replaced by fresh DMEM, and 20 uL of a MTT solution (5 mg/
mL) was added to the fibroblasts. After incubation for 4 h, 200
uL of DMSO was added and shaken at room temperature. The
optical density (OD) was measured at 570 nm with a Microplate
Reader model 550 (Bio-Rad Laboratories, Herculaes, CA). The
viable rate was calculated by the following equation: viable rate
= ODyreated/ ODcontrol, Where ODconirol Was obtained in the absence
of polymer and ODyeaed Was obtained in the presence of
polymer.

Sterilization of the Hydrogels. Before in vivo study, the DN2
hydrogel was autoclaved at 120 °C for 20 min and then stored
at 4 °C for 12 h (41).

Subcutaneous and Intramuscular Injection of the
Hydrogels into Rats. The rats were acclimated for 1 week
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before being used, and the DN2 hydrogel was used in the
experiments. Rats were permitted access to standard food
freely (laboratory animal center, Renmin Hospital of Wuhan
University, China) and tap water. All care and handling of the
animals were performed with the approval of Institutional
Authority for Laboratory Animal Care. A total of 29 rats were
randomly divided into three groups: group 1 (9 rats) for injection
of 0.5 mL of PBS subcutaneously (SC) beneath the dorsal skin
between the scapulae and the same dose intramuscularly (IM)
in the hind leg; group 2 (10 rats) for injection of 0.5 mL of
hydrogel SC beneath the dorsal between the scapulae; group 3
(10 rats) for injection of 0.5 mL of hydrogel IM in the hind leg.
Rats were anesthetized by pentobarbital before injection. Hy-
drogel and a PBS solution (pH 7.4, ionic strength = 0.2 M) were
transferred respectively into a 1-mL syringe mounted with a
18-G needle and injected into each rat. The needle was held in
place for 1 or 2 s before withdrawal to prevent the hydrogel
from outflowing from the injection site.

Regional inflammation, leg movement, and food intake were
observed after injection every day. The transverse diameter of
the hydrogel was measured in group 2 every day.

Blood (1.2 mL) was obtained from each rat 1 week after the
hydrogel injection: 0.2 mL for blood count and the remaining
1 mL to measure the concentration of the biochemical indica-
tors aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), creatinine (Cr), blood urea nitrogen (BUN), and
blood glucose. All of the indicators were measured by a Beck-
man automatic biochemistry analyzer in the Department of
Clinical Laboratory, Renmin Hospital of Wuhan University,
China.

Implants with surrounding tissues were obtained, then fro-
zen, and dissected by a Shandon —20 °C freezing microtome
immediately. Serial sections of 8 um were stained with hema-
toxylin, erythrosin, and safran (HES). Photomicrographs of
internal sections of each sample were taken with a Zeiss
Axioskop light microscope and a color video camera.

All of the rats were sacrificed with overdose pentobarbital
injection after the experiment.

Statistical Analysis. SPSS11.5 software was used for statisti-
cal analysis. Data analysis was performed by one-way analysis
of variance (Anova) and the Tukey—Kramer procedure for post
hoc comparison. P < 0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Synthesis of Dex—PCL—HEMA Macromono-
mers and Hydrogels. 'H NMR (Figure 1) confirmed the
formation of PCL-HEMA and Dex—PCL—HEMA macromono-
mer. As shown in Figure 1B, the characteristic chemical shift
peaks of HEMA residues were centered at 6.12 and 5.59
ppm (a; CH,=C<) and 1.9 ppm [b; CH,=C(CH5)—] and the
CL chain chemical shift peaks appeared at 2.15 ppm (e), 4.13
ppm (i), 1.21 ppm (@), 1.53 ppm (f), and 1.62 ppm (h). Parts
B and C of Figure 1 also demonstrated characteristic peaks
of the CL residues of both PCL—HEMA and Dex—PCL—HEMA
at 1.21 ppm (e) and characteristic peaks of the glycopyra-
nose backbone of Dex (Figure 1A) at 4.6 ppm for anomeric
protons. The average length (DP,,) of the CL spacer graft in
PCL—HEMA could be calculated from the ratio of the integral
of He to that of Ha (Figure 1B). The degree of substitution
(DS; amount of methacrylate groups per 100 DEX glucopy-
ranose residues) of Dex—PCL—HEMA could be calculated by
the ratio of the integral of the protons of vinyl ending groups
to the integral of the anomeric protons (Ha:Hk). DP,, and
DS of this study were 24 and 3.13, respectively.
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FIGURE 1. 'H NMR spectra of Dex (A), PCL—HEMA (B), and
Dex—PCL—HEMA (C).
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FIGURE 2. FTIR spectra of (a) Dex, (b) Dex—PCL—HEMA, and (c)

Dex—PCL—HEMA/PNIPAAmM hydrogel (DN2) (peaks 1 and 2, PCL
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amide II; peaks 6 and 7, C—H bending of —CH(CH3),; peak 8, C—OH

stretching of Dex).
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FTIR measurements were also used to verify the chemical
structures of Dex, Dex—PCL—HEMA, and DN2 hydrogel. As
showninFigure 2, the characteristicbands of Dex—PCL—HEMA
at 2944 and 2865 cm™! (PCL chain vibration) and 1010 cm™!
(C—OH stretching from the Dex group) were observed in the
IR spectra of the hydrogels. In addition, the characteristic
band of Dex—PCL—HEMA was observed at 1740 cm™! (C=0
stretching from the PCL—HEMA group). The typical amide I
and Il bands at 1650 and 1540 cm™! and divided bands of
symmetric C—H bending from the —CH(CH3), group at 1385
and 1370 cm™! from PNIPAAm of the hydrogels were also
observed.

My calculated by 'H NMR analysis was 3200, and the
number- and weight-averaged molecular weights (M, and
M,y) of the polymers were determined by GPC. My, My, and
PDI values for PCL—HEMA were 3420 g/mol, 4200 g/mol,
and 1.2, respectively. These results were in agreement with
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FIGURE 3. LCST determination of the DN2 hydrogels with different
polymer concentrations (a, 0.5 wt %; b, 1.0 wt %; c, 1.5 wt %; d,
2.0 wt %; e, 2.5 wt %).

FIGURE 4. In situ gelation of the Dex—PCL—HEMA/PNIPAAm hydro-
gel with 8.0 wt % polymer concentration.

DP,, from 'H NMR analysis and were considered as more
evidence to the synthesis of PCL-HEMA.

LCST Determination. The effect of the temperature
on the absorbance of visible light (A = 500 nm) through the
hydrogels with different polymer concentrations is shown
in Figure 3. It is evident from Figure 3 that the hydrogel
phase transition was very sharp, as shown in the graph. The
LCST of the DN2 hydrogel was around 33.2 °C (32.8 = 0.4
°C). The LCST of the PNIPAAmM hydrogel is about 32 °C, as
reported in the literature (42); the LCST of PNIPAAm can be
changed by copolymerizing NIPAAm with other hydrophilic
monomers (43, 44). Because of the addition of the hydro-
philic monomer to the PNIPAAm-based hydrogel, the hy-
drophilic monomer prevents the dehydration of the polymer
chains and expands the collapsed structure. As for the
Dex—PCL—HEMA/PNIPAAmM copolymer, the phase transi-
tion occurred at 33.2 °C because of the introduction of
hydrophilic Dex—PCL—HEMA units. Although the CL spacer
is hydrophobic in the Dex—PCL—HEMA segment, the hy-
drophilic Dex chain is longer than the hydrophobic PCL
chain.

Sol—Gel Transition of the Hydrogels. Figure 4
demonstrates the sol—gel reversibility of the Dex—PCL—
HEMA/PNIPAAmM hydrogel in a PBS solution at pH 7.4. The
sol—gel transition of the Dex—PCL—HEMA/PNIPAAmM solu-
tions occurred within 1 min with increased temperature. The
gelation tests indicate that the gelation temperature is 33 °C,
and well-stable hydrogels formed. The gel—sol transition also
took a short time with decreased temperature. By studying
the gelation of the Dex—PCL—HEMA/PNIPAAm solution with
various polymer concentrations, we found that the higher
the polymer concentration, the faster gelation happened, but
there was no significant difference in the gelation time
among the DN1, DN2, DN3, and DN4 hydrogels. When
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FIGURE 5. Storage modulus G' as a function of the temperature for
DN series hydrogels in a PBS solution (pH 7.4) at a frequency of 1
Hz and 1% strain.

heated to 37 °C, which is above the LCST (33.2 °C) of DN
hydrogels, the hydrophilicity/hydrophobicity balance of the
PNIPAAmM chains changed, leading to dehydration of the
PNIPAAmM chains. As shown in Figure 4, the hydrogel solu-
tion became opaque. It is important to point out that there
is little water expelled from the hydrogel when heated to 37
°C, which indicated that there was much water still retained
in the hydrogel after gelation at 37 °C and gelation took
place in situ. The gel solution formed a stable hydrogel in
situ via strong hydrophobic interactions above LCST. The
advantage of the gel properties can be applied in the
sustained delivery system for drugs and proteins as well as
cells because acidic (below pH 6.5) or basic (above pH 8.5)
conditions will induce the denaturation and toxicity of the
protein and cell.

Rheological Characterization of the Hydro-
gels. Figure 5 shows the storage modulus G', which was
described as a function of the temperature for the DN
hydrogels in a PBS solution (pH 7.4) at a frequency of 1 Hz
and 1% strain. As demonstrated in Figure 5, the storage
modulus G' increases with an increase in the temperature,
and at 29 °C, G' increased rapidly, which indicates gel
formation (gel point). With the temperature increasing, G’
reached a plateau at 32 °C. After that, G' remained constant,
indicating that a stable gel was formed. Similar curves were
obtained for all DN hydrogels. In the temperature range of
20—48 °C, the storage values of the hydrogels reach a stable
plateau above 32 °C, which make the hydrogels reach a
relative mechanical strength for a tissue scaffold. In the
temperature range of 20—29 °C, the storage values of the
hydrogels are less, which renders the hydrogels suitable for
injection. The stable gelation temperature is almost equal
to the LCST of the hydrogel. As shown in Figure 5, storage
moduli of the hydrogels increase in the range from DN1 to
DN4, which reveals that the mechanical strength of the
hydrogel DN4 is the most, while DN1 is the least. This could
be due to the cross-linking density of the hydrogel during
the polymerization. With more cross-linker Dex—PCL—HEMA
in the hydrogel, the mechanical strength of the hydrogel is
stronger.

Interior Morphology of Dex—PCL—HEMA/
PNIPAAm Hydrogels. The interior morphology of Dex—
PCL—HEMA/PNIPAAmM hydrogels is shown in Figure 6. The

IENAPPLIED MATERIALS 323

VOL. | e NO. 2 s 319-327 ¢ 2009
XINTERFACES




FIGURE 6. SEM micrographs of the Dex—PCL—HEMA/PNIPAAm hydrogels.

morphology of the hydrogels is a honeycomblike porous
structure and is related to the composition ratio of Dex—
PCL—HEMA to NIPAAmM. The pore diameter of the hydrogels
decreased with an increase in the ratio of Dex—PCL—HEMA/
NIPAAmM. The DN1 hydrogel has an average pore diameter
of 8 um, while the average pore diameter of DN4 is 2 um.
Among the DN series hydrogels, DN4 hydrogel has an
average pore diameter of one-fourth that of DN1. The
relationshipbetween the porediameterand the Dex—PCL—HEMA
composition is due to an enhancement in the cross-linking
density, whichresultsfromanincreasein the Dex—PCL—HEMA
compositionbecause the cross-linkable group Dex—PCL—HEMA
is located along the repeated glucose units of Dex backbone
chains.

In Vitro Enzymatic Biodegradability of the
Hydrogels. To investigate the degradation of the DN
hydrogels, we used lipase from P. cepacia, which is known
to catalyze the cleavage of ester bonds by transesterification
(45). In the literature (46, 47), Dextranase was used to
catalyze the degradation of Dex. As for the Dex—PCL—HEMA/
PNIPAAmM copolymer, lipase from P. cepacia was applied to
catalyze the degradation of PCL from the Dex—PCL—HEMA
spacer. The weight loss of the DN2 hydrogel in a PBS buffer
(without enzyme) was added as the control (DNC). At 37 °C,
the degradation of the DN hydrogels was faster during the
first 3 days. The weight loss of the hydrogels in the first day
varied from 2.8 % to 10.9 %, as shown in Figure 7. The DN1
hydrogel reached a stable stage after 3 days, and the weight
losses of the DN2, DN3, and DN4 hydrogels increased
slightly within the time range from 4 to 16 days. During the
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FIGURE 7. Weight loss of the Dex—PCL—HEMA/PNIPAAm hydrogels
under the enzyme lipase from P. cepacia in a PBS solvent (pH 7.4)
at 37 °C.

first 3 days, owing to the fact that the Dex chain was exposed
in the buffer solution, hydrolysis of the ester bonds between
Dex and PCL—HEMA occurred. Because of the rupture of
cross-links in the hydrogels, the Dex chains linked with the
degraded cross-links were released and diffused into the
buffer solutions. Because Dex chains were hydrophilic and
PNIPAAmM chains were hydrophobic at 37 °C, with more
freed Dex diffusing from the hydrogel, the remaining hy-
drogel networks became more hydrophobic. Thus, water
diffusion and access to the polymer chain got more difficult.
As presented in Figure 7, the weight loss of DN2, DN3, and
DN4 increased after 3 days, and the reason is probably that,
with the lipase from a P. cepacia solution immersing into the
hydrophobic moieties, the PCL chain broke down and dif-
fused into the buffer solution. At the end of 16 days, the PCL
chain became almost degraded and the weight loss reached
a stable stage. With an increase in the content of the
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FIGURE 8. In vivo degradation of the injected Dex—PCL—HEMA/
PNIPAAmM hydrogel (DN2), showing the transverse diameter as a
function of the time. The hydrogel was injected SC beneath the
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FIGURE9. Cumulativeamounts of BSA released from the Dex—PCL—HEMA/
PNIPAAm hydrogels at 37 °C.

hydrophilic Dex chain, the degradation rates and weight loss
rates of the DN hydrogels were DN1 < DN2 < DN3 < DN4.

In Vivo Degradation of the Hydrogels. SC injection
of the hydrogel into rats is shown in Figure 8. The hydrogel
rendered a gel state after injection as observed and the
hydrogel became stiff. As shown in Figure 8, the transverse
diameter of the hydrogel after injection under the dorsal skin
between the scapulae decreased as time passed. It decreased
drastically during the first week and was about half as large
as the initial diameter of the injection at the end of this week.
The diameter of the hydrogel became steady after 2 weeks,
and the value was about one-fourth of the initial injection.
Compared to the in vitro degradation in a PBS solution, the
degree of in vivo degradation is much larger. The molecular
weight of the PNIPPAm chain piece after degradation of the
cross-linker Dex—PCL—HEMA was not more than 10 000
g/mol, which allowed the low molecular weight PNIPAAmM
chains to filter through the kidney membrane (48).

In Vitro Release of BSA from the Hydrogels. The
cumulative amounts of BSA released from the DN hydrogels
at37 °C are shown in Figure 9. The release profiles exhibited
a fast release rate in the initial 5 h; the cumulative BSA
releases were 39%, 30%, 23%, and 17% for DN1, DN2,
DN3, and DN4, respectively. Because degradation of the
cross-linker was faster during the first day, the hydrophilic
model drug BSA diffused quickly into the buffer solution.
However, release of BSA became a virtually constant zero-
order rate over a 7-day period. With degradation of the ester
bonds of the cross-liker, the hydrophilic Dex chains diffused
into the buffer solution, and hydrogels became more and
more hydrophobic. Also the collapsed PNIPAAM hydrogel
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FIGURE 10. Cytotoxicity studies of the Dex—PCL—HEMA/PNIPAAm
hydrogel with different concentrations.

network at 37 °C may greatly entrap the residual BSA in the
collapsed matrix and thereafter postpone BSA release for a
longer period (49). When the degradation rate of the DN
hydrogels came to a moderate stage, the released BSA
amounts increased in a linear relationship as a function of
the time. At the end of degradation of the DN hydrogels, the
release behavior came to an end. Therefore, it is inferred
that the release of the macromolecular model drug BSA was
controlled mainly by the dissolution and dissociation of the
DN hydrogels, rather than by a diffusion mechanism.

Cytotoxicity Study of the Hydrogels. MTT assay
was performed to investigate the cytotoxcity of the hydro-
gels. The effect of the hydrogel concentration on the prolif-
eration of ECV304 was studied (Figure 10). The results
demonstrate that there is a nonsignificant decrease in the
cell viability when the concentration of the hydrogel is
between 0.0032 and 50 g/L. It is obvious that the hydrogel
has no apparent cytotoxicity.

In Vivo Biocompatibility of the Hydrogels. Dur-
ing the in vivo experiment period, neither reduction of the
locomotor activity of all rats’ hind limbs nor a change of the
food intake was found. Regional cutaneous necrosis around
the injection site was found in one rat of group 2, which was
relieved by applying erythromycin ointment for 4 days; no
red swelling of the skin or necrosis was detected in the rest
of the rats. As shown in Figure 11B, The frozen section of
implants showed a slight inflammatory response. Because
of biodegradation of the DN2 hydrogel in the tissues, there
is a need to investigate the function of the liver and kidney
and blood indicators after injection of the DN2 hydrogel.
Figure 12 demonstrates the concentrations of blood cells,
blood glucose, AST, ALT, BUN, and Cr. After 1 week of
injection, the concentrations of the control, IM and SC groups
are listed as follows. (A) White blood cell: 6.7222, 7.4500,
and 8.3930 x 107 cells/L; P=0.289. Red blood cell: 5.8000,
6.6620, and 6.6740 x 10'? cells/L; P=0.125. Lymphocyte:
5.9889, 6.1300, and 6.9210 x 107 cells/L; P = 0.152.
Platelet: 699.222, 726.5000, and 739.000 x 10 cells/L; P
= 0.060. (B) Blood glucose: 7.6022, 7.3510, and 7.6030
mmol/L; P=0.122. (C) Aspartate aminotransferase: 51.2556,
51.700, and 45.5700 U/L; P = 0.939. Alanine aminotrans-
ferase: 152.1889, 145.8500, and 157.8400 U/L; P = 0.061.
(D) Blood urea nitrogen: 6.2767, 5.8960, and 6.0240 U/L; P
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FIGURE 11. (A) Injection of the Dex—PCL—HEMA/PNIPAAm hydrogels. Al: injection site in the rat. A2: natural state of the hydrogel after
injection instantly. A3: amplificatory injection site of A2. (B) Sections of implants with surrounding tissues after 1 week of injection of the
Dex—PCL—HEMA/PNIPAAm hydrogels (arrows indicate the injected hydrogel). B1: IM injection (40 x). B2: IM injection (200 x). B3: SC injection
(40x). B4: SC injection (200x). All of the sections were stained with HES.
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FIGURE 12. Comparison of the biochemical indicators of the three groups (control, IM, and SC) of rats after injection with the Dex—PCL—HEMA/
PNIPAAm hydrogels after 1 week: (A) white blood cell (WBC; P = 0.289), red blood cell (RBC; P = 0.125), lymphocyte (LYM; P = 0.152),
platelet (PLT; P = 0.060); (B) blood glucose (P = 0.122); (C) aspartate aminotransferase (AST; P = 0.939), alanine aminotransferase (ALT; P =
0.061); (D) blood urea nitrogen (BUN; P = 0.992), creatinine (Cr; P = 0.080). P < 0.05 indicates that there is statistical significance among the
groups. In this study, all P> 0.05, which means that there is no statistical significance among the groups.

326 IENAPPLIED MATERIALS VOL. 1+ NO. 2 s 319-327 + 2009 Wu et al. www.acsami.org
XINTERFACES



= 0.992. Creatinine: 152.1889, 145.8500, and 157.8400
U/L; P = 0.080. Seen from the P values mentioned above,
all of them are more than 0.05, which indicates that there
is no statistical significance among the groups. The hydrogel
showed excellent biocompatibility in our investigation be-
cause of degradation of the polymer Dex—PCL—HEMA,
which could be degraded by enzymes in vivo, and the PCL
chain could be licked up by macrophage.

CONCLUSIONS
Dex—PCL—HEMA/PNIPAAmM hydrogels were synthesized

and characterized in vitro and in vivo. The hydrogels exhib-
ited a phase transition temperature at 33.2 °C, which was
suitable for injection through a small-diameter aperture. The
sustained release of BSA from the hydrogel was observed
when the temperature was higher than the LCST of the
hydrogel. Cell viability studies in vitro and histological studies
in vivo demonstrated that the hydrogel was a promising
candidate of an injectable polymer scaffold for tissue engi-
neering applications. The study of a hydrogel scaffold for
stem cell encapsulation is currently in progress in our
laboratory.
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