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ABSTRACT: In this study, the influences of different
solvents on highly porous chitosan (CS)-based hydrogel
have been investigated by monitoring the characteriza-
tions of the hydrogel. The results determined from rheo-
logical analysis and scanning electron microscope showed
that all the CS dissolved in different solvents used in this
study, when neutralized by o,B-glycerophosphate solution,
could transform into a highly porous three-dimensional
hydrogel at a certain temperature, and the aperture
size and shape of the pores were related to solvent variety
and solvent strength. The cytocompatibility and in vivo
injection experiments demonstrated that the hydrogel

prepared with acetic acid, hydrochloric acid, or lactic
acid as the solution of CS had low toxicity and high
histocompatibility. This study suggested that the gelation
temperatures, pH values, turbidity, complex viscosities,
and porous structures of the hydrogels for -certain
experimental applications could be tailored by adjusting
the solvent variety and solvent strength of the CS solution.
© 2012 Wiley Periodicals, Inc. ] Appl Polym Sci 000: 000-000,
2012
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INTRODUCTION

Chitosan (CS) is a biopolymer derived from the
deacetylation of chitin, the main structural compo-
nent of crustacean exoskeletons. It is a pH-dependent
cationic copolymer composed of glucosamine and
acetylglucosamine.! CS-based materials have been
played a significant role in biomedical applications*™*
because of their nontoxicity, biocompatibility, and
biodegradability.” In particular, CS-based injectable
hydrogels with glycerophosphate disodium salt
(GP salt) have gained significant attention and were
considered as an ideal class of polymeric material for
biomedical applications.®”

The CS-GP hydrogel is prepared by neutralizing
highly deacetylated semidiluted CS solution with a
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weak base, B-GP or o,B-GP. This system remains in
solution at physiological pH and low temperature,
whereas homogeneous gelation of this system can be
triggered upon heating.”'"" This temperature-re-
sponsive hydrogel has been a attractive candidate
for applications related to injectable delivery of bio-
logically active therapeutics, such as growth factors,
cells, and medicament.”'*™* Successful applications
of this system as injectable scaffold in lesions repair
and cartilage regeneration were discussed by Hou
et al.”® and Hoemann et al.'® The properties of
CS-GP hydrogels are very important to the success
of such applications. Although many studies have
been reported in the applications of CS-GP thermo-
sensitive systems during the past few years, little
work has been published in their characterizations.
Thus, the general mechanisms of gelation of the
CS-GP system have been investigated in recent
years.” "2 Nonetheless, an ideal understanding of
CS-GP  characteristics is still lacking. Parameters
such as concentration, molecular weight, and degree
of deacetylation of CS could affect the characteristics
of CS-GP hydrogels."" Generally, the gelation time
decreased with increasing GP concentration, and the
reason could be that high GP concentration caused
rapid neutralization of protonated amino groups
from CS.*** Toward to better understanding of
the gelation behavior of CS-0,B-GP system, we
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TABLE I
The Composite Polymer Solutions, Gelation Temperature (Tg.), and ODgq of the CS-a,-GP Highly Porous
Hydrogel Samples

OD¢oo
Samples Solvent ~ Wes(g)  Vio (mL)  Vep (ML) Vig (ML) Cacia (mol/L)  Tge (°C) Sol Gel
Solvent variety
CS-MA-o,3-GP MA 0.27 13.5 1.5 56.0 1.0 39.3 2492 2363
CS-AA-0,B-GP AA 0.27 13.5 15 86.3 1.0 47.7 2.652 2482
CS-PA-o,B-GP PA 0.27 13.5 15 112.5 1.0 44.1 2559 2321
CS-HA-0,B-GP HA 0.27 13.5 1.5 121.2 1.0 41.7 2559 2324
CS-LA-a,B-GP LA 0.27 13.5 15 137.8 1.0 35.7 2.339 2151
Solvent strength
CS-0.8LA-0,B-GP LA 0.27 12.6 24 110.2 0.8 20.8 0.485  2.480
CS-1.0LA-0,B-GP LA 0.27 12.6 2.4 137.8 1.0 30.1 1472 2312
CS-1.2LA-o,B-GP LA 0.27 12.6 24 165.4 12 40.5 2.369 2267

investigated the changes in gelation temperature,
turbidity, and morphology affected by the CS/GP
ratios in our previous research.

As the CS-GP thermosensitive systems are essen-
tially designed to be used via parenteral injection or as
three-dimensional (3D) cell culture systems, rigorous
perception of their characterizations may be helpful to
better design of a kind of hydrogel for applications
in drug delivery, tissue engineering, and 3D cell cul-
ture. In this study, a series of porous CS-0,3-GP hydro-
gels were prepared by dissolving CS in the solvent
with different varieties and strengths. The gelation
temperatures and complex viscosities of these hydro-
gels were recorded by rheological measurements. The
effects of the solvents of CS on other characterizations
(such as pH values of CS solution, pH values during
the gelation process, morphology, turbidly, toxicity,
and histocompatibility) of these kinds of porous hydro-
gels were also investigated.

EXPERIMENTAL
Materials

CS, derived from shrimp shell, dynamic viscosity
140 cps, deacetylation degree 96.5%, was freely sup-
plied by Laizhou Haili Biological Product (Shan-
dong, China). The Kunming mouse and pregnant
Kunming mouse were purchased from Qingdao Mu-
nicipal Institute for Drug Control (Qingdao, China).
Fetal Bovine Serum (FBS) and Dulbecco’s Modified
Eagle Medium (DMEM) were both obtained from
Hyclone (Logan, UT). a,p-Glycerophosphate (a,p-
GP), formic acid (FA), acetic acid (AA), propionic
acid (PA), hydrochloric acid (HA), lactic acid (LA),
and polydimethyl siloxane fluid were all of analyti-
cal grade (Sigma, St. Louis, MO).

CS-0,B-GP hydrogel solutions preparation

CS-0,3-GP hydrogel solutions were prepared in the
same manner as described in our previous study.*
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The composites of CS-0,B-GP solutions are listed in
Table I. Proper amount of CS was dissolved in aque-
ous acid solutions (FA, AA, PA, HA or LA, 0.1M)
using a heat-collecting magnetic stirrer (DF-1, Beijing
Flaming Technology & Trade, China) at 100 rpm for
8 h at room temperature (25°C) to prepare clear
solutions. For the effects of the solvent strength on
the characterizations of the CS-o,B-GP hydrogels,
the CS was dissolved in 0.8, 1.0, or 1.2M of aqueous
LA solution. Then, the CS solutions were chilled
to 4°C for 30 min. An aqueous o,B-GP solution of
50% (w/v) was prepared with distilled water and
chilled along with the CS solutions to 4°C. Then,
the o,B-GP solution was added dropwise to the CS
solutions under stirring and the final CS-o,B-GP
solutions were mixed for another 30 min. Finally,
the resultant CS-0,B-GP hydrogel solutions were
stored at 4°C.

Rheological measurements of the hydrogels

The rheological measurements were performed by a
Physica MCR101 Rheometer (AnTon paar, Austria)
and a circulating environmental system for the con-
trol of temperature. For the investigations of the
viscoelastic properties of the hydrogel samples, the
storage modulus (G') and loss modulus (G”) as well
as dynamic complex viscosity (n*) were measured.
CS-0,B-GP  solutions (3 mL) were introduced
between the concentric cylinders and then covered
with polydimethyl siloxane fluid on the surface to
prevent evaporation during the tests. The effect of
the polydimethyl siloxane fluid on the measure-
ments was shown to be negligible. During the gela-
tion process in nonisothermal conditions, the evolu-
tion of rheological properties was investigated
between 10 and 90°C using a constant heating rate
(2°C/min). Small amplitude deformation y (0.02)
and low frequency o (1.00 rad/s) were applied in
order not to disturb the gel formation. The gelation
temperature (Tge) of the highly porous hydrogel
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was determined as the crossover of the storage mod-
ulus (G') and loss modulus (G”).

pH value measurement

The pH values of the CS solutions were measured
using a Delta 320 pH Meter (Mettler Toledo, Grei-
fensee, Switzerland) at 25°C. The pH values of the
CS-0,3-GP hydrogels were recorded at 4°C before
gelation and at Ty after gelation. Temperatures
ranging from 4 to 55°C were selected to evaluate the
pH values of the hydrogel during the gelation pro-
cess, and a water bath was selected to control the
temperature at a constant heating rate (1°C/min).

The quantitative data were expressed as mean =
standard deviation, and analyzed by analysis of
variance (ANOVA), followed by Tukey’s post hoc
tests. A level of significance at p < 0.05 was used to
indicate statistical differences between treatment
groups.

Turbidity of the hydrogels

The turbidity of CS-o,f-GP hydrogels in terms of
time at Ty was determined using a UV-1100 spec-
trophotometer (UV-1100, Shanghai MAPADA Instru-
ments, China). The time-dependent absorption at
600 nm was recorded every 10 s at Ty during the
gelation process. The temperature was controlled by
heat pad (Shanghai Kobayashi Daily Chemical,
China) during the sol-to-gel behavior of the hydrogel
solutions.

Scanning electron microscopy

Hydrogel samples were gelled at T, and freeze-
dried under vacuum for 48 h to maintain the porous
structure without any collapse. Then, the interior
morphologies of the dry CS-0,B-GP porous hydro-
gels were examined using scanning electron micros-
copy (SEM) (KYKY-2800B, Scientific Instrument,
Chinese Academy of Sciences, China).

MTT assay

Mouse embryo fibroblasts (MEFs) were selected for
the cytotoxicity study. The CS-0,B-GP hydrogel
solutions were prepared and were added in six-well
flat-bottomed microplates (1.7 mL/well). After gel
formation, 8 mL of complete medium (DMEM +
10% FBS) was added in each group and incubated at
37°C for 12 h. The extracting liquid obtained was
sterilized with 0.22 pm of filter. Then, the extracts
were diluted with culture medium, and a series of
the extract dilutions (100, 50, and 25%) were
collected. MEFs used in the general cytotoxicity test
were obtained through primary culture and only

cells of four to seven generations were used in this
experiment. Briefly, MEFs at logarithmic growth
phase were seeded into 96-well flat-bottomed micro-
plates at a density of 5 x 10* cells per well, in
DMEM containing 10% of FBS. The cells were
divided into six groups and the medium was
replaced with different extracting liquids of the
CS-0,B-GP hydrogel (200 pL/well) after 24 h. The
negative control was blank culture medium. After
incubated at 37°C, 5% CO, and 95% relative humidity
for 48 h, 200 pL of MTT solution was added to each
well and incubated for additional 4 h. Hundred
microliters of dimethyl sulfoxide was subsequently
added to each well to dissolve the crystals. Absorb-
ance was determined at 490 nm with a microplate
reader (Bio-Rad Model 550, Hercules, CA). The per-
centage of viability was expressed as relative growth
rate (RGR %) according to the following equation

D am’
RGR (%) = =22 . 100%, 1)

control

where Dgample and Dcongror are the absorbancies of
the tested samples and the negative control at 490
nm, respectively.

All reported values were the means of triplicate
samples.

In vivo injection

A liquid CS-0,B-GP sol was administered by dorsal
subcutaneous injections in adult kunming mouse
(about 20 g). Sterile formulations were obtained by
using ultraviolet ray to radiate CS powders for 2 h,
and using 0.22 um of filtrate for o,B-GP and different
kinds of acid solutions. The sterile CS-a,B-GP sol
was prepared and to be injected. Each injection was
0.2 mL in volume and performed through hypoder-
mic syringe equipped with a gauge 20G1 needle.
After sacrifice of the mouse at a certain time after
injection, CS-o,B-GP explants and its surrounding
tissues were processed for histological study. The
animal study followed the NIH guidelines for the
care and use of laboratory animals (NIH Publication
85-23 Rev. 1985).

RESULTS AND DISCUSSION
Gel fabrication

Totally, eight kinds of different CS-a,3-GP porous
hydrogels were obtained in this article as summar-
ized in Table I. For the investigations of the effects
of solvent variety on the characterizations of the
hydrogels, the CS-FA-a,3-GP, CS-AA-a,3-GP, CS-PA-
o, B-GP, CS-HA-0,B-GP, and CS-LA-0,B-GP hydrogels
were prepared by dissolving CS in FA, AA, PA, HA,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Loss modulus (G”) and storage modulus (G') of
CS-1.0LA-0,B-GP hydrogel solutions as a function of tem-
perature. The crossover point is indicative of gel formation
as G' becomes greater than G” in a certain temperature.

and LA (0.1M) aqueous solutions, respectively, and
these hydrogels were initiated using 5% (g/mL) of
o,B-GP. The CS-0.8LA-a,3-GP, CS-1.0LA-o,B-GP, and
CS-1.2LA-0,B-GP were obtained by dissolving CS in
0.8, 1.0, and 1.2M of aqueous LA acid solutions,
respectively, and these hydrogels were formed using
8% (g/mL) of o,B-GP as an initiator.

Effects of solvent variety and solvent strength of
CS solution on gelation temperature

We have obtained eight types of CS-o,p-GP porous
hydrogels differing in solvent variety and solvent
strength of the CS solution. During the gelation pro-
cess, the evolution of the rheological properties was
investigated as a function of temperature by oscilla-
tory shear measurements. Figure 1 shows the tem-
perature dependence of G’ and G” used to determine
Tger of CS-1.0LA-0,B-GP hydrogel solution. The G’
reflected the solid-like component of the rheological
behavior, which was thus low at solution stage but
increased drastically at the gelation point. The gel
point was determined as the crossover point of the
G’ and G” when the G’ raised rapidly, and the gela-
tion temperature (Tge) was determined as the tem-
perature at gel point, and this method had been
shown to give an appropriate value of the Tge.”'**
The Tge of the eight types of hydrogels could be
changed by changing the solvent variety of CS
solution as well as by varying the strength of the
solvent.

Table I lists the T, of the hydrogels with different
solvent varieties of the CS solution. Although the
solvent strengths of the CS solutions were all 0.1M,
the differences in acid varieties accounted for the
differences in Tge at the same solution concentra-
tion. At the same acid concentration, the CS-LA-o,[3-
GP hydrogel exhibited the lowest Tz (35.7°C),
whereas the CS-AA-0,3-GP hydrogel, with the AA
as the solvent of the CS solution had the highest T
(47.7°C).

Journal of Applied Polymer Science DOI 10.1002/app
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The results for the effects of the solvent strength
on the T, of the hydrogel are also summarized in
Table I. Higher concentration of LA led to higher
Tgel- The Tge of the hydrogel with 0.8M LA as sol-
vent of CS (CS-0.8LA-u,B-GP) was 20.8°C, whereas
the Tge of the hydrogel with 1.2M LA as solvent
(CS-1.2LA-0,B-GP) was 40.5°C. Therefore, the solvent
strength of CS solution was one important factor for
CS-0,3-GP hydrogel formation. The results demon-
strated that a appropriate kind of acid and a relative
lower solvent strength were both necessary for ideal
Tger of CS-0,B-GP porous hydrogels.

Effects of the solvent variety and solvent strength
of CS solution on pH value

For experiments examining the effects of the sol-
vent variety on the pH values, the pH values of
the CS solutions and the CS-0,B-GP hydrogels dur-
ing the gelation process were recorded (Fig. 2).
Before the addition of o,-GP [Fig. 2(A)], pH val-
ues of the CS solutions ranged from 4.98 to 5.40
with different solvent varieties. After the o,-GP
addition and before gelation [Fig. 2(B)], pH values
of the tested samples ranged from 6.99 to 7.14,
and compared with the CS solutions, the disparity
of pH values among different solvents was
smaller. After gelation [Fig. 2(C)], the pH values
decreased in all the samples with different solvent
varieties. Figure 2(E) shows a curve that indicates
the pH changes of CS-LA-a,3-GP hydrogel, which
was monitored as a function of temperature. The
pH values decreased with increasing temperature
in the sol-to-gel behavior. Figure 2(D) shows the
changes in pH during the gelation process before
vs. after gel formation. A distinct drop in pH
occurred in all the test samples. The hydrogel
with higher Ty had a bigger pH decreased than
other samples. For instance, the CS-AA-o,B-GP
hydrogel which had a highest Tge (47.7°C) among
the samples with different solvent varieties had
the biggest pH decreased (0.68).

The effects of the solvent strength on the pH val-
ues of the hydrogels are shown in Figure 3. Before
the addition of o,B-GP [Fig. 3(A)], pH values ranged
from 4.19 to 5.86 with higher pH values at lower sol-
vent strength. The addition of a,f-GP could increase
the pH values before gelation, and then the pH
decreased with increasing temperature during the
gelation process. The changes in pH values of the
hydrogels during sol-to-gel behavior are shown in
Figure 3(B); the hydrogel with a lower solvent con-
centration had a lower pH drop.

Solubility of CS in aqueous solutions was attained
via protonation of its amine groups in acidic envi-
ronments. Once dissolved, CS remained in solution
up to a pH in the vicinity of 6.2. Neutralization
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Figure 2 Effects of solvent variety of CS solution on pH values of hydrogels. (A) pH of the CS solutions before o,3-GP
addition. (B) pH of the CS-u,B-GP hydrogels after o,3-GP addition but before gelation at 4°C. (C) pH of the CS-a,B-GP hydrogels
after gelation at Tge. (D) Chart of pH decreases after gelation. (E) The curve that the pH changes of CS-LA-4,8-GP hydrogel
which monitored as a function of temperature (1 = 3, ¥, statistically significant difference, *p < 0.05, **p < 0.01).

of CS aqueous solutions to a pH exceeding 6.2 sys-
tematically led to the formation of a hydrated gel-
like precipitate. After the o,-GP was added to the
CS solution, the primary action of o,p-GP was the
rapid neutralization of protonated amino groups
from CS. At the same acid concentration, the pH
changed by changing the acid variety. For the same
acid, higher solvent strength led to lower pH at con-
stant CS concentration. More acid in the CS solution
needed more o,B-GP solution for neutralization, but
higher o,B-GP concentration could decrease the cell
metabolic activity in tissue engineering applica-
tions.'*?® Therefore, as a prerequisite, to ensure
the completely dissolution of CS, the concentration

of acid should be controlled as low as possible.
During the gelation process, the ionic strength
increased at elevated temperature,®”'® and therefore
the pH decreased during the sol-to-gel behavior
[Figs. 2(C-E) and 3]. The results indicated that the
pH during all the process of gelation should be
considered to design an ideal hydrogel for different
experimental applications.

Effects of different solvent variety and solvent
strength of CS solution on complex viscosity

The complex viscosity (n*) changes resulting from
the different solvent varieties and solvent strengths

Journal of Applied Polymer Science DOI 10.1002/app
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of CS solution are shown in Figure 4. Along with
temperature increasing, three regions were defined
according to the mechanical properties: region 1: a
slowly decreasing behavior, region 2: a fast increas-
ing behavior, and region 3: a slowly increasing
behavior. The complex viscosity of the system could
be operated by changing the solvent variety and sol-
vent strength of CS solutions (Fig. 4).

Figure 4(A) shows the complex viscosity affected
by the solvent variety. At 10°C before gelation, the
complex viscosity values of the hydrogels from high
to low in turn were CS-HA-o,B-GP, CS-AA-o,B3-GP,
CS-LA-0,B-GP, CS-PA-0,p-GP, and CS-FA-u,B-GP.
Along with the temperature increasing, the complex
viscosity of the CS-LA-o,B-GP sample increased rap-
idly and entered into region 2 at 35.7°C (the lowest
temperature among the samples), whereas the CS-
AA-0,B-GP sample entered into region 2 at 47.7°C
(the highest temperature among the samples). At

Journal of Applied Polymer Science DOI 10.1002/app
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region 3 after gelation, the differences among the
complex viscosities of the CS-AA-o,B-GP, CS-LA-a,B-
GP, and CS-HA-o,B-GP samples were not obvious,
whereas the complex viscosities of CS-FA-o,B-GP
and CS-PA-u,B-GP samples were similar.

The complex viscosities affected by solvent
strength of CS solution are shown in Figure 4(B).
The results showed that the increase of the solvent
strength could increase the temperature of the
hydrogel entered region 2. At region 3 after gelation,
the complex viscosities increased with the increase
of the solvent strength.

Before gelation, the complex viscosities of all the
hydrogels in this study were low enough to be
easily handled with a micropipette and syringe
(data not shown). The complex viscosities
increased rapidly when the temperature reached
the gelation point (region 2) and the increasing
speed was fast enough to be used as in situ form-
ing hydrogels for tissue repair. The complex
viscosities of the hydrogels entered into region 2
at different temperatures for different solvent vari-
eties [Fig. 4(A)] and solvent strengths [Fig. 4(B)].
The results demonstrated that the complex viscos-
ities and gelation temperatures of the CS-o,B-GP
hydrogels could be easily manipulated by chang-
ing the solvent variety and solvent strength of the
CS solutions.

—e— Methanoic acid
—o— Acetic acid

—— Propanoic acid
100 —— Hydrochloric acid
—=— Lactic acid

Complex Viscosity (Pa - s)

Temperature (C )

—— 08M

Complex Viscosity (Pa - s)

0 20 40 60 80 100
Temperature ('C )

Figure 4 The complex viscosity (n*) changes of the
hydrogels resulting from the different solvent varieties (A)
and solvent strengths (B) of CS solutions.
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Figure 5 The turbidity changes of CS-LA-u,f-GP hydro-
gel sample in the function of time at Tg.. Insets are
pictures of CS-LA-0,B-GP hydrogel at 0, 25, 50, 75, and
100 s during the gelation process.

Effect of solvent variety and solvent strength of CS
solution on turbidity

The effects of solvent variety and solvent strength of
CS solution on turbidity are summarized in Table 1.
The results indicated that the absorbancy at 600 nm
(ODggp) of the sol state and gel state of the hydrogel
could be changed by changing the solvent variety
and solvent strength of the CS solution. The ODgg
of the sol state increased but the ODggy of the gel
state decreased along with increasing of the solvent
strength.

Figure 5 shows the turbidity changes of CS-LA-
a,B-GP samples in the function of time at Tge. As
shown in Figure 5, the ODgy of CS-LA-o,B-GP
hydrogel at Tg; was time dependent. The dynamics
curve of turbidity decreased rapidly along with the
extending of time till 50 s, and then it underwent a
rapidly increased part following a slowly increased
part. The insets in Figure 5 demonstrate the appear-
ance of the CS-LA-a,B-GP hydrogel at 0, 25, 50, 75,
and 100 s during sol-to-gel behavior at Tge. At 0 s,
the hydrogel sample was milk-white and in the sol
state, when the time expanded to 50 s, the hydrogel
became transparent and also in the sol state; along
with the extending of time, the ODgq increased and
the CS-LA-a,B-GP hydrogel became gel state. When
the samples were shifted from a 4°C environment to
a higher temperature environment (Tg.1), the temper-
ature of the hydrogels was 4°C at 0 s, and then it
increased with extended time until achieved balance
with surrounding environment. The reduced solubil-
ity and increased hydrogen bond of CS at low tem-
perature at 0 s tended to form physical junctions,
resulting in the increase of system turbidity. With
the temperature increasing along with the time
extending from 0 to 50 s, the weaker hydrogen bond

between CS skeleton and water molecules could
make CS molecules unfold freely, and thus leading
to the decrease in turbidity.”'® When the time
extended from 50 to 100 s, the temperature raised to
Tge1 and the hydrophobic interaction between CS
skeleton and possible ion bridge increased, and this
resulted in the gel formation, the turbidity of system
increased again.'®*

Effects of solvent variety and solvent strength of
CS solution on morphology of the hydrogel

The porous structure of the hydrogels was studied
by SEM. SEM images of the inside of the hydrogels
prepared with different solvent varieties and solvent
strengths are shown in Figure 6, and the structure of
the matrix clearly changed with solvent variety [Fig.
6(A-E)] and solvent strength [Fig. 6(F-H)]. The com-
parison of the SEM pictures of the hydrogels with
solvent variety [Fig. 6(A-E)] showed the different
porous structures. The interior morphology of the
CS-FA-a,B-GP [Fig. 6(A)], CS-AA-0,B-GP [Fig. 6(B)],
CS-HA-0,B-GP [Fig. 6(D)], and CS-LA-0,B-GP [Fig.
6(E)] hydrogels demonstrated open, interconnected
highly porous structure, whereas the CS-PA-o,B-GP
hydrogel [Fig. 6(C)] showed a flake and porous
structure. Compared with the CS-FA-o,B-GP, CS-
AA-0,B-GP, and CS-HA-0,B-GP samples, the CS-LA-
o,B-GP sample had a much bigger pore diameter
and a more compact and glosser framework. The
results of the effects of solvent strength on morphol-
ogy of the hydrogels are shown in Figure 6(F-H).
The results indicated that the higher of the solvent
strength was, the smaller of the pore diameter and
the glosser of the framework of the hydrogel was.
This might be because of the reason that the hydro-
gel prepared with higher solvent strength had
higher Tg.. As the temperature increased, the chain
flexibility and compactness of polyelectrolyte mole-
cules such as CS in solution increased, causing the
reduction of the molecular volume. Therefore, the
hydrogel prepared with higher solvent strength had
smaller pore diameter.”®

MTT assay

The MTT assay was generally accepted as a routine
method for establishing cytotoxicity of biomaterials.
The MTT reagent is a yellow tetrazolium salt which
produces a dark-blue formazan crystal when incu-
bated with viable cells. Therefore, the level of the
reduction of MTT into formazan will reflect the level
of the live cells metabolism. To prove the safety of
CS-0,3-GP hydrogel as a biomaterial, the effects of
the CS-o,f-GP hydrogel on the viability of MEFs
were determined using the MTT assay (Fig. 7). Fig-
ure 7(A) shows the effects of the CS solvent variety

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 SEM images of the hydrogels. (A) CS-FA-o,p-GP hydrogel, (B) CS-AA-0,B-GP hydrogel, (C) CS-PA-o,B-GP
hydrogel, (D) CS-HA-o,B-GP hydrogel, (E) CS-LA-a,-GP hydrogel, (F) CS-0.8LA-o,B-GP hydrogel, (G) CS-1.0LA-o0,B-GP
hydrogel, and (H) CS-1.2LA-a,-GP hydrogel. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

used to prepare hydrogel on the RGR % at different
concentrations of hydrogel extracts. Incubation of
the MEFs with 25% of extracting solutions resulted
in a RGR % above 80%, indicating a low toxicity of
the extracts. The RGR % decreased obviously as the

Journal of Applied Polymer Science DOI 10.1002/app

concentration of the extracts increased. When the
concentration of the extracts solutions increased to
100%, the RGR % for CS-FA-a,B-GP and CS-PA-o,p-
GP were <75%, whereas the RGR % for CS-AA-o,B-
GP, CS-HA-0,B-GP, and CS-LA-o,B-GP were >80%,
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Figure 7 In vitro cytotoxicity of different extracting solu-
tions of CS-0,B-GP hydrogel prepared with different sol-
vent varieties (A) and different solvent strengths (B).

indicating that the CS-FA-o,3-GP and CS-PA-o,B-GP
hydrogel had higher cytotoxicity. Figure 7(B) shows
the RGR % affected by the extracts of the hydrogel
prepared with different solvent strengths. The RGR
% increased slowly as the solvent strength decreased
and the RGR % for all the samples were >95%, indi-
cating a low toxicity of the extracts.

The cytocompatibility of hydrogel materials is an
important consideration for the applications, because
the materials must give no harm when interacting
with the body. To prove the safety of CS-o,B-GP
hydrogel as a biomaterial, the effects of the eight
kinds of hydrogel extracts on the MEFs viability
were investigated. As shown in the MTT assay
results, RGRs % for CS-AA-o,3-GP, CS-HA-a,B3-GP,
and CS-LA-0,B-GP were >80%, showing a low toxic-
ity of the extracts.

In vivo biocompatibility test

Thermosensitive CS-o,B-GP aqueous sol could be
easily handled with a micropipette and syringe nee-
dle, opening new method for minimally invasive
and site-specific in situ forming implants. Following
injection, the CS-LA-0,B-GP, CS-0.8LA-u,3-GP, and
CS-1.0LA-0,B-GP sol could form an oval skin protru-
sion at the injection site, indicating that these aque-
ous solutions gelled rapidly owing to the increasing
temperature of the tissue fluid surrounding the

injection site. The CS-MA-o,B-GP, CS-AA-u,3-GP,
CS-PA-0,B-GP, CS-HA-a,B-GP, and CS-1.2LA-a,B-GP
sol could not form gel because of their high Tge. All
the mice of the experimental group survived and
had a normal lifeway after injection. During the ob-
servation period, no inflammation was found in the
CS-AA-0,p-GP, CS-HA-a,8-GP, CS-LA-0,B-GP, CS-
0.8LA-0,B-GP, CS-1.0LA-a,-GP, and CS-1.2LA-o,B-
GP injection groups, and the avoirdupois of the
mouse, compared with the control group, did not
change obviously (data not shown). The CS-MA-a, -
GP and CS-PA-0,B-GP injection groups showed mild
inflammatory response, indicating that the MA and
PA were not suitable solvents of CS to prepare
injectable hydrogel.

The inflammatory response after injection could
also be characterized using hematoxylin—eosin (HE)
staining. The injected hydrogels were carefully
removed using tweezers after the mice (the CS-LA-
o,B-GP, CS-0.8LA-0,p-GP, and CS-1.0LA-o,B-GP
groups) were sacrificed in 1 and 10 days after injec-
tion. Figure 8 shows the histological response of the
implantation of CS-o,B-GP hydrogel. At 1 day post-
injection, a few lymphocytes and macrophages were
observed in the tissues among all the three groups
[Fig. 8(A1-C1)]. After 10 days injection, the degree
of inflammation was much milder and neutrophil
infiltration was significantly alleviated [Fig. 8(A2-
C2)]. The results suggested that the CS-LA-u,3-GP,
CS-0.8LA-0,B-GP, and CS-1.0LA-0,B-GP hydrogel
had good tissue compatibility and could be designed
as injectable hydrogels.

The results of the present study demonstrated
that the characterizations of the CS-o,B-GP hydrogel
could be regulated by adjusting the solvent variety
and solvent strength of CS solution. The character-
izations of the CS-o,B-GP hydrogel could also be
regulated by changing the CS/a,B-GP ratio and this
has been reported in our previous study.** The
requirements for the characterizations (such as T,
pH value during the gelation process, complex vis-
cosity, porous structure, etc.) of the hydrogel were
different according to the different applications of
the hydrogel. For example, the hydrogel designed
for tissue engineering should have a Ty lower
than 37°C, whereas the hydrogel designed as 3D
culture scaffold for shrimp cell should have a Tg
between 20 and 25°C. The present study gave a
method to design a hydrogel with appropriate
characterizations meeting the application require-
ments by changing the solvent variety and solvent
strength of CS solution. As the process of the
hydrogel formation was simple and usually per-
formed under mild conditions, we believe that such
a highly porous hydrogels will have potential
applications in tissue engineering and other related
biomedical fields.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Light microscopy investigation of the inflammatory reaction after subcutaneous injection of the CS-o,B-GP
hydrogel in mouse. (Al: 1 day after injection of CS-LA-0,B-GP hydrogel; Bl: 1 day after injection of CS-0.8LA-o,p-GP
hydrogel; C1: 1 day after injection of CS-1.0LA-0,B-GP hydrogel; A2: 10 days after injection of CS-LA-o,B-GP hydrogel; B2:
10 days after injection of CS-0.8LA-0,B-GP hydrogel; C2: 10 days after injection of CS-1.0LA-0,3-GP hydrogel). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

CONCLUSION

In the present study, a series of CS-o,3-GP hydrogels
were prepared by dissolving CS in different sol-
vents. The SEM images showed that all the hydro-
gels prepared in this study demonstrated highly
porous structure. The comparison of the SEM
pictures showed that the hydrogels with different
solvent varieties and solvent strengths had different
pore diameters and framework morphologies. The
gelation temperatures, complex viscosities, pH val-
ues, turbidity, and porous structures of the hydro-
gels prepared in this study could be changed by
changing the solvent variety and solvent strength of
the CS solutions. The hydrogel prepared with the CS
dissolving in LA had lower Ty and could form an
oval skin protrusion at the injection site when
injected into dorsal subcutaneous in adult kunming
mouse. All the hydrogels prepared with AA, HA, or

Journal of Applied Polymer Science DOI 10.1002/app

LA as the solution of CS had good biocompatibility.
These studies indicated that the thermosensitive
highly porous hydrogels for different experimental
applications could be designed by adjusting the sol-
vent variety and solvent strength of the CS solution.
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