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Abstract: Several kinds of biodegradable hydrogels were prepared via in situ photopolymerization of Pluronic
F127/poly(e-caprolactone) macromer and acrylic acid (AA) comonomer in aqueous medium. The swelling kinetics
measurements showed that the resultant hydrogels exhibited both thermo- and pH-sensitive behaviors, and that this
stimuli-responsiveness underwent a fast reversible process. With increasing pH of the local buffer solutions, the pH
sensitivity of the hydrogels was increased, while the temperature sensitivity was decreased. In vitro hydrolytic deg-
radation in the buffer solution (pH 7.4, 37 °C), the degradation rate of the hydrogels was greatly improved due to the
introduction of the AA comonomer. The in vitro release profiles of bovine serum albumin (BSA) in-situ embedded
into the hydrogels were also investigated: the release mechanism of BSA based on the Peppas equation was followed
Case II diffusion. Such biodegradable dual-sensitive hydrogel materials may have more advantages as a potentially
interesting platform for smart drug delivery carriers and tissue engineering scaffolds.
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Introduction

During the last decades, stimuli-responsive polymer hydro-
gels have attracted much attention due to their high water
content, biocompatibility, especially, the smart response to
external stimuli such as temperature,’ pH,? electric field,’
ionic strength,* etc. Among them, thermo- and pH-sensitive
hydrogels have been widely investigated as drug delivery
carriers because of their adjustable swelling properties, and
drug release rate from the hydrogel matrixes could be mod-
ulated by changing the temperature and/or the pH of the
local medium.>”

Hydrogels derived from poly(N-isopropylacrylamide)
(PNIPAAm) is one of most extensively studied thermo-sen-
sitive hydrogels and shows phase transition temperature at
about 32 °C in response to the variation of the external tem-
perature.!’ To modulate the rigid network and phase tran-
sition temperature of PNTPAAm hydrogel and endow it pH
sensitivity, a approach to copolymerize the NIPAAm mono-
mer with other comonomers containing weakly acidic groups
such as acrylic acid has been extensively studied.’”** However,
to prepare such cross-linked hydrogels, a small crosslinking
agent such as N,N-methylenebisacrylamide (BIS) is required,'>**
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and safety concerns remain about the use of PNIPAAm in
materials for biomedical applications due to the possible pres-
ence of the monomeric acrylamide-based residues, which is
a neurotoxin.”* Moreover, most of these hydrogels have prob-
lems in non-biodegradability, which was greatly limited in clin-
ical applications.'®"

Pluronic, a synthetic triblock copolymer composed of
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) (PEO-PPO-PEO), is a well known FDA approved
polymer and has been widely applied in drug delivery systems
due to its unique thermo-sensitive gelation property and
excellent biocompatibility.'®' Above lower critical solution
temperature (LCST), it forms physical gel by the hydropho-
bic interaction between PPO blocks in Pluronic. Many stud-
ies employed this thermo-gelation property to control the
release of some bioactive molecules in response to tempera-
ture modulations.**" While such triblock copolymers exhibit
temperature-sensitive properties, they don’t show any pH-
sensitive property due to the lack of ionizable groups in the
structure. Meanwhile, the sol-gel transition of the triblock
copolymers is slow and mechanical strength of obtained
physical gels is low.

In this study, a photocrosslinkable macromer, Pluronic
F127/poly(ecaprolactone) block copolymer terminated with
acryloyl groups, was first synthesized, in situ photopoly-
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merization of the as-obtained macromer with acrylic acid
{AA) comonomer in agueous medium was then carried out
in the presence of a photoinitiator to produce dual-sensitive
hydrogels. PCL, a alphatic polyester with excellent biocom-
patibility and biodegradability, has been extensively studied
as a biomedical material. > Its degradation product, 6-hydrox-
yhexanoic acid, is a naturally occurring metabolite in the
human body. Incorporation of readily hydrolytic PCL seg-
ments into the crosslinks of the hydrogel could provide bio-
degradability. Acrylic acid (AA), a small comonomer with
only one double bond, could be incorporated into the poly-
meric backbone of the hydrogel as the pH-sensitive compo-
nent. The introduction of PAA component can be expected
to adjust the hydrogel network structure and increase the
versatility and efficacy of biodegradable hydrogels in vari-
ous biomedical applications. The swelling response of the
hydrogels to temperature and pH were studied in detail, the
hydrolytic degradation of the hydrogels and in vitro release
kinetics of model protein from the hydrogels were also eval-
uated.

Experimental

Materials. Pluronic F127 (EO,p-POgs-EO, ¢, Sigma, USA)
was used after drying under vacuum at 90 °C for 24 h. &
Caprolactone (CL) (99%, Aldrich, USA) was dried over
CaHl, for 48 h and distilled under vacuum just before use.
Acrylic acid (AA, analytical grade, Tianjin Chemical Com-
pany, China) was distilled under reduced pressure prior to
use. Acryloyl chloride (99%, Fluka, Germany) was distilled
under N, atmosphere prior to use. 1-Vinyl-2-pyrrolidone
(NVP, 97%, Fluka, Germany), stannous 2-ethyl hexanoate
(95%, Sigma, USA) and the photoinitiator, 2,2-dimethoxy-
2-phenylacetophenone (DMPA, 99%, Acros, USA), were used
as received. Triethylamine and 1,2-dichloromethane (analytical
grade, Tianjing Chemical Company, China) were purified by
distillation over CaH,. All other chemicals used were of
analytical grade and used without further purification.

Synthesis of Photocrosslinkable F127/PCL Macromer.
F127/PCL. block copolymer was synthesized by ring-open-
ing polymerization of g-caprolactone (8 mmol) initiated by
Pluronic F127 (M,=12,600, 1 mmol) using stannous 2-ethyl
hexanoate as a catalyst, according to the reported litera-
ture.” The F127/PCL macromer was prepared by conjugat-
ing acryloyl chloride to terminal hydroxyl groups of the

above-mentioned block copolymer as described previously.*
Briefly, dry F127/PCL block copolymer (10 g) was dissolved
in 100 mL of dry dichloromethane in a 250-mL round-bot-
tomed flask, triethylamine (1.0 mL) and acryloyl chloride
(0.6 mL) were added dropwise to the solution during the
period of 1 h under dry argon atmosphere, respectively.
The reaction mixture was stirred at 0 °C for 12 h and at
room temperature for another 12 h. The product was pre-
cipitated in an excess of anhydrous ethyl ether. The prod-
uct was purified by dissolving it in dry ethyl acetate and
removing the precipitate of the byproduct (triethylamine
hydrochloride) and ethyl acetate, and dried under vacuum
at 40 °C for two days (yield: 92.8%). The degree of acryla-
tion was 94.8%, which was determined by 500 MHz 'H
NMR in CDCl,.

Preparation and Purification of Hydrogels, The F127/
PCL macromer was dissolved in deionized water to produce
a 18 wt% solution, a given amount of AA comonomer with
different molar feed ratios of AA to the macromer was
mixed with the macromer, and a specified amount of photo-
initiator sofution of DMPA in NVP (600 mg/mL) was added
to the mixture (2 wi% DMPA to the total amount of the
macromer and AA comonomer), the resulting solutions
were homogeneously mixed and then added to a glass vial,
Following this, the mixture was exposed to 365 nm LWUV
lamp of 16 W (ZF-7A type, Shanghai Jihui Scientific Instru-
mental Co. Ltd) for 10 min to ensure the enough copoly-
merization of the macromer with AA comonomer. The
distance between the reaction mixture and the light source is
kept 2 cm. As a comparative study of the hydrolytic degra-
dation, the macromer hydrogel without adding AA comono-
mer was synthesized at the same conditions.

The photocrosslinked hydrogels were cut into discs (10 mm
in diameter and 3 mm in thickness). To remove the unre-
acted monomers and other impurities in the just obtained
hydroge! samples, the samples were immersed in distilled
water for 7 days at room temperature, and the water was
refreshed everyday. Later, the samples were dried at room
temperature for 2 days and then dried at 60 °C under reduced
pressure for another 2 days. The feed compositions and
samples of hydrogels in this study are listed in Table L.

"H NMR Spectroscopy of the Macromer. The 'H NMR
spectrum was recorded on a Varian INOVA 500NB spec-
trometer at 500 MHz at room temperature with CDC}; as
the solvent.

Table I. The Hydrogels Prepared in This Study and Their Diffusional Exponents and Determination Coefficients for the Release

of BSA at pH 7.4 (37 °C)
Molar Feed Ratio of Diffusional Determination
Sample  Macromer (g) AA(g) H:0(g) Macromer to AA Gel Content (%) Exponent () Coefficient
FA-Q 0.5 0 2.28 0 90.7 - -
FA-1 0.5 0.11 2.28 1:40 94.2 0.76 0.999
FA-2 0.5 0.22 228 1:80 93.5 0.78 0.999
FA-3 0.5 0.33 2.28 1:120 92.8 0.81 0.999
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Preparation of Buffer Solutions with Different pH. Hydro-
chloric acid/potassium hydrogen phthalate, sodium hydrox-
ide/potassium hydrogen phthalate and sodium hydroxide/
sodium dihydrogen phosphate were used to prepare buffer
solutions with different pH ranges from 2.0 to 4.0, 4.0 to 6.0,
and 6.0 to 8.0, respectively. In order to eliminate the influ-
ence of salt concentration on the swelling of the hydrogels,
certain amount of potassium chloride was introduced to the
buffer solution to obtain a solution with constant ionic strength
of 0.1 mol/L.

Studies on the Thermo- and pH-Sensitivity of the Hydro-
gels. The gravimetric method was employed to measure the
equilibrium swelling ratios (ESR) of the hydrogels. The equi-
librium swelling studies were performed in buffer solutions
of different pH (3.0, 5.0, 7.0) at different temperatures (from
11 to 51 °C) and in buffer solutions of different pH (from
2.0-8.0) at room temperature. The ionic strength of the buffer
solutions was fixed at 0.1 mol/L. The hydrogels were immersed
in buffer solution to reach a swollen equilibrium at each pre-
determined temperature or predetermined time intervals,
and the weights of the equilibrated swollen hydrogels were
weighed after excess surface water was wiped off carefully
with moistened filter paper. The equilibrium swelling ratio
(ESR) was calculated according to the following equation:

ESR(%) = [(W. - Wo)/W,] * 100 1

where W, and W, denote the weights of the equilibrated
swollen hydrogels and dried gels, respectively.

Oscillatory Swelling Kinetics of the Hydrogels. The oscil-
latory swelling behavior was observed in buffer solution
(pH 7.0, /=0.1 mol/L) maintained at alternate temperatures
of 20 and 40 °C, and in buffer solutions (/=0.1 mol/L) with
pH between 4.0 and 7.0. The weight of the hydrogels was
weighed at a predetermined time intervals at the tempera-
tures and pH quoted.

Hydrolytic Degradation Study of the Hydrogels. The
hydrolytic degradation of the photocrosslinked hydrogel
was carried out in a pH 7.4 phosphate-buffered saline solu-
tion (PBS) at 37°C. The dried gels were weighed and
immersed in enough buffer solution to maintain the bulk pH
at 7.4 throughout the degradation experiment. At specified
time intervals (one time per two weeks), three disks were
removed from the degradation medium, washed throughly
with distilled water, and dried at room temperature for 2
days and then dried in vacuum for 3 days at 60 °C. The
average value of three measurements was taken. The per-
cent weight loss of each sample was determined by the fol-
lowing equation:

Weight loss (%) = [(W, — W)/W,] x 100 Q)

where W, and W, denote the initial dried gels and the final
dried gels after complete drying in a vacuum oven.

In vitro Drug Release Studies of the Hydrogels. For
drug release experiments, the drug-loaded hydroge! was
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formed by in situ photopolymerizing a solution of F127/
PCL macromer and AA comonomer, in which 0.5 wt% BSA
was dissolved to ensure homogenous dispersion throughout
the hydrogel matrix after photopolymerization. After the
photocrosslinking, the disk-shaped gels (10 mm in diameter
and 3 mm in thickness) were placed in a tube containing 12
mL of fresh buffer solution (pH 7.4 or 2.0, 37 °C). At prede-
termined time intervals, the samples were taken out and
replaced in another 12 mL of fresh buffer solution. The con-
centration of BSA release was analyzed using UV spectro-
photometer (UV-1800, SHIMADZU, Japan) at the maximum
absorbance wavelength of BSA at 278 nm. The experiment
was performed in triplicate for each of the samples. The
release mechanism of BSA was investigated using the Pep-
pas equation:®

M/M..= Kt" 3)

where M/M.. is the fraction of drug released, K is a constant
dependent on the system, ¢ is the release period and # is the
diffusional exponent, indicative of the release mechanism
for matrices of varying shape and swelling or non-swelling
systems. An » value of 0.5 indicates Fickian diffusion, where
the drug is released by the usual molecular diffusion through
the system. An #>0.5 is indicative of Case II diffusion
related to polymer relaxation and/or erosion.

Results and Discussion

Synthesis of Photocrosslinkable Pluronic F127/PCL
Macromer. The biodegradable and photocrosslinkable Plu-
ronic F127/PCL macromer was synthesized via ring-open-
ing polymerization of &caprolactone using Pluronic F127
as a macroinitiator and stannous hexanoate as a catalyst, and
subsequently reacted with acryloyl chloride. The 'H NMR
of the macromer in CDCI; is presented in Figure 1. The sig-
nals at 5.8-6.2 ppm belong to protons of the carbon-carbon
double bonds attached to the both ends of the block copoly-
mer. The signals at 4.1, 2.3, 1.4 and 1.6 ppm correspond to
the chain protons of PCL segments. The signals at 4.2 and
3.6 ppm result from the protons of PEO segments, and the
signals at 3.3-3.5 ppm are attributed to the protons of PPO
segments. The actual CL units and the degree of acrylation
in the macromer could be calculated from the signal intensi-
ties of the CH; protons in Pluronic F127 and the related sig-
nal intensities of CL units and carbon-carbon double bonds,
and were found to be 7.4 and 94.8%, respectively. These
results indicate that the biodegradable and photocrosslink-
able macromer was successfully synthesized.

Preparation of Dual-Sensitive Photocrosslinked Hydro-
gels. When the mixture solutions of the F127/PCL macromer
and AA with different feed compositions were exposed to
UV light in the presence of a photoinitiator, a rapid in situ
gelation was observed to form hydrogel for all systems
(including the system without AA comonomer) in several
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Figure 1. '"H NMR spectrum of Pluronic F127/PCL macromer in
CDCls.
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seconds, and exposition for 10 min was kept to ensure the
enough copolymerization of the macromer and AA comono-
mer. The hydrogels obtained in this study are listed in Table L.
Compared to the large and bulky macromer, AA is a small
and mobile monomer, having only one double bond. It will
incorporate itself into the polymeric backbone of the hydro-
gel as PAA components along the polyacrylate chains which
were crosslinked by F127/PCL in the network. As illus-
trated in Figure 2. Due to the incorporation of biodegradable
PCL segments, thermo-sensitive F127 segments and the ion-
izable groups of PAA components, the resultant hydrogels
could respond to both temperature and pH changes and be
labile to hydrolytic degradation.

pH Sensitivity of the Hydrogels. The effect of pH values
on ESR of the hydrogels was determined in buffer solutions
in the pH range from 2.0 to 8.0 with a constant ionic strength
of 0.1 mol/L at 25 °C. As shown in Figure 3, the swelling
ratio of the hydrogels increased obviously with the increas-
ing pH of the solution, and ESR of the hydrogels exhibited a
dramatic transition between pH 3.0 and 5.0. This phenome-
non can be attributed to the ionization behavior of carboxy-
lic acid groups in response to external pH changes. At lower

Buffer solution

Figure 3. Effect of pH on ESR of the hydrogels at 25 °C.

pH value, most -COOH groups were kept in the form of
COOH, which may induce the formation of hydrogen bond
between -COOH groups and F127 segments. Such enhance-
ment of interactions between polymer chains caused the
decrease in ESR of the hydrogels. It also was observed that
ESR of samples decreased with the increasing feed ratio of
AA to the macromer at lower pH value, which may be
attributed to more -COOH groups to form hydrogen bonds
leading to a much more compact hydrogel network struc-
ture. On the other hand, with the increase of pH values,
-COOH groups were ionized, and the hydrogen bonds between
the polymeric chains were broken. Meanwhile, the COO~
groups’ electrostatic repulsion force led to the polymeric
network’ expanding, these attracted more water into the
hydrogel network.”**” In addition, as seen from Figure 3,
with the increase of -COOH groups, pH sensitivity of ESR
of the hydrogels increased both in acid and alkaline media.
The above-mentioned results clearly indicated that the pre-
pared hydrogels exhibited pH-sensitive characteristic.
Temperature Sensitivity of the Hydrogels. Pluronic F127
is one of the most extensively investigated thermo-sensitive
materials due to its unique thermo-reversible gelation prop-
erty. The chemically crosslinked hydrogels containing F127
segments also exhibited phase transition behavior in response
to external temperature.'®'* However, when -COOH groups
were introduced into such hydrogels, the temperature sensi-
tivity of the hydrogels should be affected by the pH of medium.

e o T
Pluronic F127

———— YW

6-Hydroxyhexanoic acid

(pH 7.4,377C)

PAA component
t N

F127/PCL crosslink  Acrylate link

N ind e S VR

PAA containing acrylate component

Figure 2. The illustration for the idealized structure of cross-linked hydrogel, and its hydrolytic degradation products.
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Figure 4. ESR as a function of temperature at pH 3.0 (a), pH 5.0
(b), and pH 7.0 (c) for the hydrogels.

ESR of copolymerized hydrogels investigated will be affected
by both the temperature and pH of the surrounding environ-
ment. Figure 4(a)-(c) exhibits the effect of temperature on
ESR of the various hydrogels in buffer solutions of different
pH values (3.0, 5.0 and 7.0). First, as seen from Figure 4(a),
at pH 3.0, ESR of hydrogel FA-1 shows the evident reduc-
tion around 25 °C, which is regarded as its phase transition
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temperature. With the increase of -COOH groups in the hydro-
gels, the phase transition temperature slightly increased.
The results indicate that the temperature plays an important
role for phase transition in response to the temperature at
lower pH.”* At pH 5.0, as seen from Figure 4(b), ESR of the
hydrogels still presented a marked transition region, but the
phase transition temperature shifted to higher temperature
with the increase of -COOH groups in the hydrogels. This
may be attributed to the ionization of -COOH groups, a part
of hydrogen bonds is broken, and the electrostatic repulsive
force by the -COO~ groups may offset the aggregation
caused by thermo-sensitive component leading the higher
phase transition temperature. At pH 7.0, due to more -COOH
groups’ ionization, ESR presented a relatively broad and slow
transition region, and the hydrogels showed relatively low
temperature sensitivity. These results are still different from
the poly(NIPAAm-co-AA) hydrogel’s behavior,”’” in which
the content of -COOH groups is more than 10 mol%, the
resultant hydrogel can not exhibit a phase transition temper-
ature. However, for copolymerized hydrogels of F127/PCL
macromer with AA comonomer, ESR for all hydrogels exhib-
ited a transition region at investigated conditions. The phe-
nomenon may be attributed to the different structure distribution
character of pH-sensitive component and thermo-sensitive
component in the chain network of the hydrogels. In the
hydrogels investigated, the polyacrylate chains containing
PAA component was connected by the cross-links, F127/
PCL segments, each component may keep its own property.
As illustrated in Figure 2.

Oscillatory Swelling Kinetics of the Hydrogels. The
oscillatory swelling-deswelling experiments were performed
to investigate the response of the hydrogels prepared as
smart matrixes to changes of temperature and pH. Figure 5
exhibits that the reversible response to the alternating changes
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Figure 5. Oscillatory swelling behavior of the hydrogels in response
to pH changes between pH 4.0 and 7.0.
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in pH. As seen from Figure 5, after the hydrogels achieved
swelling equilibrium in the buffer solution of pH 4.0, and
then were immersed in a pH 7.0 buffer solution, they swelled
quickly, this may be atiributed to hydrogen bonds® broken
and the electrostatic repulsive force inducing hydrogel’s
expanding when -COOH groups change into -COO™ ions at
higher pH. When the hydrogels swelled to a certain extent,
the driving force for expanding decreased, and swelling rate
became slow until obtaining a new equilibrium. The hydro-
gels investigated possessed good repeated response to the
pH changes.

Figure 6 shows that the reversibility process of tempera-
ture response between 20 and 40 °C in buffer solution of pH
7.0. After the hydrogel reach ESR at 20 °C, it began to shrink
fast after being immersed into a 40 °C buffer solution. Dur-
ing 30 min, ESR of the hydrogel FA-1 decreased from 1,806
to 1,415. With the increase of -COOH component, the reduc-
tion rate of ESR became slow. This may be attributed to the
strong electrostatic repulsion leading to stow shrinking.

The Hydrolytic Degradation of the Hydrogels. The F127/
PCL cross-links in the hydrogel contain the hydrolyticaily
labile ester bonds that provide the network with its degrad-
able characteristic. The cleavage of ester bonds within the
network leads to the weight loss. The hydrolysis of the hydro-
gels was studied in buffer solution of pH 7.4 at 37 °C. Fig-
ure 7 presents the hydrolytic degradation behavior of the
hydrogels in buffer solution of pH 7.4 at 37 °C. The hydrogels
formed from F127/PCL macromer with acrylic acid degraded
much rapidly than the hydrogel formed from only pure

F127/PCL macromer. Acrylic acid is a acidic in nature with .
a pKa of 4.25. Under the conditions investigated, a majority

of the acrylic acid segments in the hydrogels are ionized,
and the electrostatic repulsive force caused the network to
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Figure 7. Hydrolytic degradation behavior of the hydrogels in
PBS solutions (pH 7.4, 37 °C).

expand, producing a highly swollen hydrogel. Ester bonds
of PCL segment might more easily hydrolyse when exposed
to water in highly swollen hydrogels. While the hydrogel
formed from the pure macromer exhibited lower swelling
ratio due to the thermo-sensitive property under the same
conditions. According to Figure 7, the weight loss of the hydro-
gels containing pH-sensitive component increased with
increase of F127/PCL content, the reason is that the weight
loss mainly comes from the removal of F127 segments and/
or F127/e-caprolactone oligomer from the hydrogels at the
initial degradation step. The hydrogels containing PAA com-
ponent exhibited a substantial weight loss after 8 weeks.
This result shows that the increased swelling of the hydro-
gels copolymerized with acrylic acid greatly accelerated the
hydrolytic degradation of PCL segments.

In vitro Drug Release Study of the Hydrogels. The drug
release from the double-sensitive hydrogels was examined
employing BSA as a model protein. Figure 8 depicts in vitro
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Figure 8. Release profile of BSA from the hydrogels in buffer
solutions of pH 7.4 and pH 2.0 at 37 °C.
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release profiles of BSA from the hydrogels in different
buffer solutions (pH 7.4 and pH 2.0) at 37 °C. The amount
of BSA released from hydrogel FA-3 at pH 2.0 was very
low, only about 13% BSA was released from the test hydro-
gel due to the initial burst caused by its shrinking, this may
be attributed to the low swelling ratio restricting the release
of BSA in the hydrogel. However, the release of BSA from
the hydrogels at pH 7.4 increased significantly. The drug-
loaded hydrogels showed an initial burst (~50% of the initial
loading amount) for 10 h, followed by a sustained release
(~50-97% of the initial loading amount).

In order to investigate the release mechanism of BSA from
the hydrogels at pH 7.4, an exponential equation (eq. (3))
proposed by Rigter and Peppas was employed.? Table I lists
the values of » and determination coefficients. The introduc-
tion of AA comonomer resulted in great improvement of
the swelling ratio of the hydrogels, an n > 0.5 indicates Case
1T diffusion related to the polymer relaxation without con-
sidering the degradation of the hydrogels, since the degrada-
tion rate of the hydrogels was very slow, as discussed above.

Conclusions

A series of thermo- and pH-sensitive hydrogels were pre-
pared via the photopolymerization of Pluronic F127/PCL
macromer and acrylic acid under UV irradiation. The result-
ant hydrogels exhibited biodegradable and reversible thermo-
and pH-sensitive character. With the increase in pH of buffer
solutions, the swelling ratio increased accordingly, while the
temperature sensitivity decreased. The content of AA com-
ponent in the hydrogels, and the pH and the temperature of
media have great effect on the swelling ratio, degradation
rate of the hydrogels and the drug release from the hydrogels.
The investigated biodegradable dual-sensitive hydrogel materi-
als might have potential in biomedical applications as smart
drug delivery carriers and tissue engineering scaffolds.
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