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of thermosensitive chitosan/silk
sericin hydrogels loaded with longan seed extract
for bone tissue engineering†

Porntipa Pankongadisakab and Orawan Suwantong *ab

In this study, hydrogels that were thermosensitive at body temperature were developed using chitosan (CS)/

silk sericin (SS)/b-glycerophosphate (b-GP) loaded with longan seed extract (LE) for use in bone tissue

engineering. These hydrogels were transformed into a gel at 37 �C within 10 min via interactions

between CS and b-GP. The incorporation of SS resulted in a shorter gelation time of 5–7 min. The

morphological structure of the thermosensitive CS/b-GP hydrogels exhibited an irregular pore structure,

whereas the morphological structure of the thermosensitive CS/SS/b-GP hydrogels became more

slender and porous. The incorporation of SS affected the network structure of the CS hydrogels, which

degraded more rapidly. Moreover, the cumulative amounts of both gallic acid (GA) and ellagic acid (EA)

released from the hydrogels loaded with LE increased with an increase in the SS content. Finally, these

thermosensitive hydrogels were non-toxic to both a mouse fibroblast cell line (NCTC clone 929) and

a mouse osteoblast cell line (MC3T3-E1) and promoted the attachment of MC3T3-E1 cells to the surface

of the hydrogels. Therefore, these thermosensitive hydrogels might be a promising candidate for bone

tissue engineering.
1 Introduction

Thermosensitive hydrogels are materials that are in the liquid
form for a desired period of time below or at room temperature
and turn into a gel at physiological or body temperature aer
a few minutes.1 Thermosensitive hydrogels have aroused a great
deal of interest in various applications (e.g., drug delivery,2

tissue engineering,3 cell encapsulation,4 etc.). Such thermo-
sensitive hydrogel systems may provide several advantages over
conventional hydrogels for drug delivery systems, including
protection of the drug from the environment and prolongation
of drug release. Besides, their initial liquid formulations can
ow to the target site without a surgical procedure for placing
and lling a defect by virtue of their uidity to exactly t the
interior space.5 Hence, the operational performance require-
ments for implantation are not necessary.

Chitosan (CS)-basedmaterials have been used in the medical
and pharmaceutical elds as biomaterials in the development
of targeted and controlled drug delivery because of their
biodegradability, biocompatibility, non-toxicity, low immuno-
genicity, antibacterial nature, and good cell adhesion.6,7 b-
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Glycerophosphate (b-GP) has been used as a catalyst for
achieving a sol-to-gel transition in CS solutions at a physiolog-
ical temperature or 37 �C.3 In addition, thermosensitive chito-
san/b-glycerophosphate (CS/b-GP) hydrogels have been utilized
as an intelligent drug delivery system to improve patient
compliance by maintaining the range of doses of therapeutic
drugs for a long time while avoiding the requirement for
frequent injections of therapeutic drugs.8

Currently, silk sericin (SS) has received increasing attention
as an alternative option in bone tissue engineering owing to its
environmentally friendly, renewable and non-toxic properties. It
has several biological advantages, such as low immunogenicity,
biodegradability, and excellent biocompatibility.9 Moreover, it
has antioxidant activities,10 antibacterial activities,11 and anti-
coagulation activities12 and can promote cell growth and
differentiation.13 Hence, it has become an attractive option as
a biomaterial in the eld of regenerative medicine. However, it
was blended with other polymers to improve their properties for
use in biomedical applications.14 Therefore, SS could be used as
an additional component to enhance the thermogelling prop-
erty and biocompatibility of thermosensitive hydrogels.

The longan, or Dimocarpus longan Lour. (syn. Euphoria
longana Lam.), is a semitropical fruit that is widely cultivated in
Northern Thailand and is called “Lamyai” in Thailand.15

Longan seeds contain large amounts of polyphenolic
compounds such as corilagin, gallic acid (GA), and ellagic acid
(EA),16 but the pulp and peel contain small amounts of poly-
phenolic compounds. GA and EA have been used in several
RSC Adv., 2018, 8, 40219–40231 | 40219
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studies to promote their health benets owing to their antimi-
crobial, antioxidant and anti-inammatory activities.17 Besides,
it has been reported that EA can be used to prevent alveolar
bone loss and accelerate the formation of new bone aer teeth
are extracted.18

In this study, novel thermosensitive hydrogels based on
chitosan (CS) and silk sericin (SS) and loaded with longan seed
extract (LE) as a model drug were developed to achieve a balance
between the thermogelling property and biocompatibility for
use in bone tissue engineering. It was hypothesized that
a system based on a combination of CS and SS could form a sol
at room temperature and be transformed rapidly into a gel state
at physiological temperature. The properties of these thermo-
sensitive hydrogels, including molecular structures, rheological
behavior, and morphological characteristics, were character-
ized using Fourier transform infrared (FTIR) spectroscopy,
rheometry, and scanning electron microscopy (SEM), respec-
tively. Furthermore, the degradability, proles of the in vitro
release of both GA and EA from the hydrogels, cytotoxicity, and
cell morphology were studied to investigate the potential use of
these materials in bone tissue engineering.
2 Experimental
2.1 Materials

CS derived from snow crab shells/Alaska crab shells (viscosity ¼
600–900 cps, degree of deacetylation $ 95%) was purchased
from Bio 21 Co., Ltd (Chonburi, Thailand). Raw silk cocoons
from the mulberry silkworm Bombyx mori were obtained from
the Queen Sirikit Sericulture Center (Chiang Mai, Thailand). b-
Glycerophosphate disodium salt hydrate, GA, EA, glycine, and
2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased from
Sigma-Aldrich (USA). L-Ascorbic acid was purchased from
Chem-Supply Pty Ltd (Australia). Anhydrous sodium carbonate
(Na2CO3), sodium chloride (NaCl), anhydrous disodium
hydrogen orthophosphate (Na2HPO4), potassium chloride
(KCl), and monopotassium phosphate (KH2PO4) were
purchased from Ajax Chemicals (Australia). Alpha-amylase was
purchased from HiMedia Laboratories (India). Ethanol, meth-
anol, and dimethyl sulfoxide (DMSO) were purchased from RCI
LabScan Limited (Bangkok, Thailand). Glacial acetic acid was
purchased from Merck KGaA (Germany). All chemicals were of
analytical reagent grade and were used without further
purication.
2.2 Extraction of longan seed

The longan cultivar Edor (Dimocarpus longan Lour.) was used in
this study. Edor is a commercial cultivar available in Northern
Thailand. Fresh longan fruit were obtained from a longan farm
in Lamphun province, Thailand. Longan seed was used for
extraction because it contains large amounts of GA and EA.
Longan seed extract (LE) was extracted using an organic solvent.
Firstly, 200 mg of dried ground longan seed was accurately
weighed and extracted three times with 50 mL of mixtures with
different fractions of water and ethanol (100 : 0, 70 : 30, 50 : 50,
30 : 70, and 0 : 100) at room temperature for 3 days. The extracts
40220 | RSC Adv., 2018, 8, 40219–40231
from each extraction process were then combined and ltered
through lter paper. Aer that, ethanol was evaporated from
each extract, which was dried using a freeze-drying method.
Finally, the percentage yield of each fraction of LE was
calculated.

LE from each fraction was analyzed to determine the
contents of polyphenolic compounds (i.e., GA and EA) using
a Waters 600E high-performance liquid chromatography
(HPLC) system. Separation was performed with an Alltech
Prevail C18 column (250 mm � 4.6 mm, 5 mm), and the
temperature of the column was set at 25 �C. The mobile phase
consisted of 0.1% (v/v) formic acid in water (solvent A) and
methanol (solvent B) for gradient elution (0 min, 96 : 4; 27 min,
20 : 80; 28 min, 96 : 4 and 33min, 96 : 4) with a total run time of
33 min at a ow rate of 1.0 mL min�1. The sample injection
volume was 10 mL. The detection of polyphenolic compounds
was achieved using a UV-vis spectrophotometer with a diode
array detector at 270 nm. Standard solutions with seven
concentrations (25, 50, 100, 150, 200, 250, and 300 ppm) of GA
and EA were injected, and then a calibration curve was obtained
by plotting the peak area against the concentration of each
sample. Moreover, the antioxidant activity and cytotoxicity of LE
were determined using a 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assay and a resazurin microplate assay
(REMA), respectively, as shown in the ESI.†

2.3 Preparation of thermosensitive chitosan/b-glycerophosphate
(CS/b-GP) hydrogels

Firstly, the optimal conditions for preparing the thermosensi-
tive CS/b-GP hydrogels were identied. CS solutions with
various concentrations (3.0, 3.5, and 4.0%, w/v) were prepared
by dissolving CS powder in an aqueous acetic acid solution (1%,
v/v). The CS solutions were stirred well to give a homogeneous
solution at room temperature. In addition, a 50% (w/v) solution
of b-GP was prepared by dissolving b-GP powder in deionized
water. The CS and b-GP solutions were cooled to 4 �C using an
ice bath for 15 min. Then, the 50% (w/v) solution of b-GP was
added dropwise to the CS solution under stirring for 20 min
with various volume ratios of CS to b-GP (0.7 : 0.3, 0.5 : 0.5, and
0.3 : 0.7 mL).

The pH of the solution prepared in each set of conditions
was measured to ensure a physiologically acceptable neutral
solution at room temperature using a Eutech Cyberscan pH 510
meter (Thermo Scientic, Germany) before the determination
of the gelation time. The freshly prepared thermosensitive CS/b-
GP hydrogels were examined by a simple test tube inversion
method. A 1 mL sample of the solution was added to a vial in
a temperature-controlled bath at 37 �C. In order to observe
whether the solution had undergone gelation, the vial was
inverted horizontally, and the gelation time was dened as the
time at which the solution no longer owed.

2.4 Preparation of silk sericin and thermosensitive chitosan/
silk sericin/b-glycerophosphate (CS/SS/b-GP) hydrogels

Raw Thai silk cocoons from B. mori silkworms were cut into
small pieces and degummed with 0.5% (w/v) sodium carbonate
This journal is © The Royal Society of Chemistry 2018
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(Na2CO3) at 85 �C for 45 min. The aqueous solution obtained
from boiling silk cocoons was collected and was denoted as silk
sericin (SS). This aqueous solution was then ltered to remove
insoluble materials (or degummed silk bers). The SS solution
was dialyzed in deionized water for 3 days using a cellulose
membrane (Cellu-Sep® T4, nominal MWCO: 12 000–14 000),
and the deionized water was replaced every 12 h to remove salts.
Lipids and impurities were removed from the SS solution by
centrifugation at 3500 rpm at 25 �C for 20 min. Finally, the SS
solution was lyophilized using a freeze-drying method at�40 �C
for 19 h.

Thermosensitive CS/SS/b-GP hydrogels were prepared with
a xed concentration of CS (3.5%, w/v) and SS solutions with
various concentrations (1.5, 2.5 and 3.5%, w/v). The incorpo-
ration of SS into the CS solution was chosen to examine its effect
on the gelation time of the modied hydrogels. Firstly, a 3.5%
(w/v) solution of CS was prepared by dissolving CS powder in an
aqueous acetic acid solution (1%, v/v). Then, 1.5, 2.5, and 3.5%
(w/v) solutions of SS were prepared by dissolving SS powder in
deionized water. Themixture of CS and SS solutions prepared in
each set of conditions was well stirred to give a homogeneous
solution at room temperature. A 50% (w/v) solution of b-GP was
prepared by dissolving b-GP powder in deionized water. Aer
that, all the solutions were cooled to 4 �C using an ice bath for
15 min. Then, the 50% (w/v) solution of b-GP was added drop-
wise to the mixture of CS and SS solutions under stirring for
20 min with a volume ratio of the CS/SS mixture to the b-GP
solution that was equal to 0.5 : 0.5 mL.

The pH of the solution prepared in each set of conditions
was measured to ensure a physiologically acceptable neutral
solution at room temperature using a pH meter before the
determination of the gelation time. Then, the freshly prepared
thermoresponsive hydrogels were examined by a simple test
tube inversionmethod according to the previous test procedure.

2.5 Rheological and viscosity measurements

Rheological measurements of the thermosensitive CS/b-GP and
CS/SS/b-GP hydrogels were carried out using a Bohlin Gemini
200HR nano-rotational rheometer (Malvern, UK) equipped with
a parallel geometry with a diameter of 40 mm, and the gap was
set to 1mm. A 1mL sample of the solutions was placed on top of
the rheometer and equilibrated at 20 �C for 4 min. During the
gelation process, the rheological properties of samples were
measured within the temperature range of 20 �C to 50 �C at
a heating rate of 2 �Cmin�1 and a frequency of 3 Hz. Changes in
the elastic (storage) modulus (G0) and the viscous (loss)
modulus (G00) were recorded as a function of temperature.

The sol–gel transition behavior of the thermosensitive CS/b-
GP and CS/SS/b-GP hydrogels was investigated in terms of the
viscosity of the hydrogels using a Bohlin Gemini 200HR nano-
rotational rheometer (Malvern, UK) within the temperature
range of 20–50 �C.

2.6 Chemical structure and morphological study

The thermosensitive CS/b-GP and CS/SS/b-GP hydrogels were
incubated in a water bath at 37 �C prior to being observed.
This journal is © The Royal Society of Chemistry 2018
When the hydrogels were transformed into gels, the gels were
frozen at�40 �C for 24 h and then lyophilized by a freeze-drying
method for 19 h. A sample and potassium bromide were ground
into a homogeneous ne powder and then pressed into a disc.
Measurements were carried out in the range of 4000–700 cm�1

with a resolution of 4 cm�1 using a Spectrum GX Fourier
transform infrared spectrometer (PerkinElmer, USA).

The surface of the freeze-dried hydrogels was then coated
with a thin layer of gold under vacuum, and themorphology was
observed using a LEO 1450 VP scanning electron microscope
(Carl Zeiss, Germany) with an accelerating voltage of 10 kV.

2.7 Weight loss

The weight loss behavior of the thermosensitive CS/b-GP and
CS/SS/b-GP hydrogels was examined by an immersion method
under simulated physiological conditions. A 1 mL sample of
each thermosensitive hydrogel was formed under incubation at
37 �C for 3 h. Each hydrogel was cut into small pieces of about
5 mm � 5 mm and then weighed (Wi) and immersed in 2 mL of
phosphate-buffered saline (PBS) (pH 7.4). Aer that, each
sample was incubated at 37 �C under continuous shaking. At
predetermined time intervals (1, 3, 5, 7 and 10 days), the sample
was carefully removed from the medium and weighed (Wt) aer
being dried. The weight loss percentage (W%) of the hydrogels
was calculated according to the following equation:

Weight loss ðW%Þ ¼ Wi � Wt

Wi

� 100

2.8 In vitro degradation

The in vitro degradation of the thermosensitive CS/b-GP and CS/
SS/b-GP hydrogels was examined by an immersion method
under simulated physiological conditions. A 1 mL sample of
each thermosensitive hydrogel was formed under incubation at
37 �C for 3 h and then immersed in 6 mL of either PBS (pH 7.4)
or PBS (pH 6.8) containing a-amylase. Aer that, each sample
was incubated at 37 �C under continuous shaking. At pre-
determined time intervals (1, 3, 5, 7, and 10 days), 1 mL of the
medium aer the sample was immersed was carefully with-
drawn and the same amount of fresh medium was added. A
ninhydrin assay was used to determine the number of free
amino groups in the released medium. Glycine was used as
a standard amino acid. Aer incubation with ninhydrin reagent
at 95 �C for 10 min, the solution was le to cool and an ethanol
solution was then added as a stabilizing solvent. Finally, the
absorbance of the solution at 570 nm was measured using
a Lambda 35 UV-vis spectrophotometer (PerkinElmer, USA).

2.9 In vitro release of longan seed extract

LE, as a model compound, was dissolved in deionized water.
Firstly, 5 mL of each CS/b-GP or CS/SS/b-GP solution was mixed
with an LE solution (0.5 mg mL�1) to form a homogeneous
solution. Then, 1 mL of each hydrogel loaded with LE was
placed in a tube and incubated at 37 �C to form a gel. Aer that,
RSC Adv., 2018, 8, 40219–40231 | 40221
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6 mL of PBS (pH 7.4) was added to a tube. All samples were
incubated at 37 �C under continuous shaking. At pre-
determined time intervals, 1 mL of the released medium was
removed and stored at 4 �C until analyzed and was immediately
replaced with fresh medium to maintain a constant volume.
Finally, the cumulative released amounts of both GA and EA as
a function of time were determined using a UV-vis spectro-
photometer and calculated by constructing a calibration curve
of the absorbance versus the concentration of the compounds
from 0 to 100 mg L�1.
Table 1 Percentage yields of LE and contents of GA and EA in LE
produced using mixtures with different fractions of water and ethanol

Extraction solvent
Weight of
extract (g) % yield

GA
(mg g�1)

EA
(mg g�1)

Water : ethanol (100 : 0) 0.0519 25.95 13.19 26.13
Water : ethanol (70 : 30) 0.1120 56.00 9.47 25.94
Water : ethanol (50 : 50) 0.0968 48.40 7.05 15.27
Water : ethanol (30 : 70) 0.1047 52.35 6.16 21.68
Water : ethanol (0 : 100) 0.0928 46.40 3.62 18.52
2.10 In vitro cytotoxicity and cell morphology

An indirect evaluation of the cytotoxicity of the thermosensitive
CS/b-GP and CS/SS/b-GP hydrogels loaded with LE was per-
formed using NCTC clone 929 (22nd passage) or MC3T3-E1 (4th

passage) cells. The NCTC clone 929 cells were obtained from
mouse areolar broblasts (ATCC® CCL-1™), whereas the pre-
osteoblasts (MC3T3-E1 cells) were obtained from normal mouse
subclone 4 cells (ATCC® CRL-2593™). The hydrogels were rst
incubated at 37 �C for 3 h and then immersed in serum-free
medium (SFM) containing Dulbecco's modied Eagle medium
(DMEM; Gibco, USA) or minimum essential medium (MEM;
Gibco, USA) and a 1% antibiotic-antimycotic formulation
(Gibco, USA) for an incubation period of 24 h to produce
extraction media with various concentrations (5, 10, and 50 mg
mL�1). Before testing, the extractionmedia were sterilized using
0.22 mm Minisart syringe lters (Sartorius, Germany). NCTC
clone 929 and MC3T3-E1 cells were separately cultured in wells
of a 96-well TCPS plate (SPL Life Science, Korea) at 8000 cells per
well in DMEM or MEM for 24 h to enable cell attachment. The
cells were then starved with SFM for 12 h. Aer that, the
medium was replaced with the extraction medium and the cells
were re-incubated for 24 h. The viability of the cells cultured
with each extraction medium was nally determined by a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (see ESI†). The viability of cells cultured with fresh SFM
was used as a control.

The cell morphology on the hydrogels was observed with
a LEO 1450 VP scanning electron microscope (Carl Zeiss, Ger-
many). Firstly, the thermosensitive CS/b-GP and CS/SS/b-GP
hydrogels loaded with LE and without LE were incubated at
37 �C for 3 h and then sterilized under UV radiation for 1 h.
MC3T3-E1 (4th passage) cells were seeded onto the hydrogels at
a density of 3 � 104 cells per well and then cultured in a 24-well
TCPS plate (SPL Life Science, Korea) for 24 h to enable cell
attachment. Aer 24 h, the culture medium in each well plate
was removed and each sample was washed with PBS twice. The
cells cultured on the samples were then xed with 3% (v/v)
glutaraldehyde (Sigma-Aldrich, USA) for 30 min before dehy-
dration. Dehydration of the samples was performed by a graded
series of ethanol concentrations (30, 50, 70, 90, and 100%, v/v)
for �2 min each. The samples were immersed in 100% hex-
amethyldisilazane (HMDS; Sigma-Aldrich, USA) for �5 min and
then dried in air aer the removal of HMDS at room tempera-
ture for 24 h. Finally, the samples were mounted on SEM stubs
and coated with gold before SEM observations were performed.
40222 | RSC Adv., 2018, 8, 40219–40231
2.11 Statistical analysis

The results were presented as the mean � standard error of
mean. Statistical analysis was carried out by one-way analysis of
variance (one-way ANOVA) and Tukey's test in SPSS (IBM SPSS,
USA). Statistical signicance was accepted at a value of p < 0.05.
3 Results and discussion
3.1 Longan seed extraction

Rangkadilok et al.15 and Soong et al.16 reported that higher
contents of polyphenolic compounds (such as corilagin, GA,
and EA) were found in the seeds than in the fruit or pulp of
longan. Hence, in this study longan seeds were used to extract
polyphenolic compounds. Different fractions of water and
ethanol were used to extract polyphenolic compounds in seeds
of the longan cultivar Edor. Table 1 shows the percentage yields
of LE and the contents of GA and EA in LE produced using
different fractions of water and ethanol. The results show that
the percentage yields of LE produced using different fractions of
water and ethanol were �26–56%. The amounts of GA in LE
from different fractions were �4–13 mg g�1, whereas the
amounts of EA were �15–26 mg g�1. However, the amounts of
GA (�13 mg g�1) and EA (�26 mg g�1) produced by solvent
extraction using a water to ethanol ratio of 100 : 0 were the
highest in comparison with the other fractions. Hence, LE
produced by solvent extraction using a water to ethanol ratio of
100 : 0 was selected for further study and used for loading into
the thermosensitive hydrogels as a model drug.
3.2 Determination of antioxidant activity and cytotoxicity of
longan seed extract

The polyphenolic compounds (e.g., GA and EA) in LE are known
to have the most powerful antioxidant properties because of
their free radical scavenging activity and their specic chemical
structure.19 In this study, a DPPHc radical scavenging assay was
used to measure the antioxidant activity of LE. DPPHc radicals
were converted into DPPH–H (diphenylpicrylhydrazine) mole-
cules in the presence of the antioxidant compounds that were
found in LE by the donation of an electron or a hydrogen atom.
When the antioxidant compounds were combined with a DPPH
solution, the color was changed from the purple color of DPPHc

radicals to pale yellow owing to the disappearance of DPPHc

radicals. The absorption maximum of DPPHc radicals in
methanol was measured with a spectrophotometer at 517 nm. It
has been reported that a decrease in the absorbance of DPPHc
This journal is © The Royal Society of Chemistry 2018
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radicals is caused by antioxidant compounds.20 The antioxidant
activities of LE in various concentrations (5–2500 mg mL�1) and
ascorbic acid are shown in ESI Fig. S1.† The results show that
the percentage antioxidant activity of LE increased from
approximately 26% to 86% with an increase in the concentra-
tion of LE in the range of 5–2500 mg mL�1, whereas ascorbic
acid, as a standard antioxidant compound, displayed an
increase in antioxidant activity from approximately 33% to 95%.
The DPPHc radical scavenging effect increased with an increase
in the concentration of the active compounds. The antioxidant
activities of both LE and ascorbic acid were high in the
concentration range between 20 and 2500 mg mL�1. Moreover,
the half-maximum inhibitory concentration (IC50) of LE was
8.90 mg mL�1, which was close to that of the standard
compound ascorbic acid (IC50 ¼ 6.76 mg mL�1). It has been
reported that the polyphenolic compounds in LE have strong
antioxidant activity, although this is slightly weaker than that of
ascorbic acid. According to these results, LE might accelerate
the healing of fractured bones by suppressing the inammatory
and destructive effects of free radicals on whole-body systems.21

The viability of NCTC clone 929 cells was determined using
different concentrations of LE, and cell activity was measured
using an REMA,22 as shown in ESI Fig. S2.† The results showed
that the LE concentrations (3.13–100 mg mL�1) used in this
assay did not exhibit any cytotoxic effect on NCTC clone 929
cells. These results suggested that LE had no toxic effects on cell
survival and growth.
3.3 Gelation time of thermosensitive CS/b-GP hydrogels

In the CS/b-GP system, the addition of b-GP, as a weak base, to
an acidic CS solution neutralizes the system from a pH of 4.0 to
a pH of 7.0, which is physiologically acceptable. Chenite et al.7

and Cho et al.23 found that the mechanisms of gelation in CS/b-
GP systems might be explained by the following factors:
hydrogen bonding between CS chains, electrostatic interac-
tions, and hydrophobic interactions involving the main
molecular forces in gel formation. The several effective inter-
actions responsible for the sol-to-gel transition can be briey
described as follows: (1) the addition of b-GP to a CS solution
increases the ionic strength, which leads to a reduction in
electrostatic repulsion between CS chains, and this can induce
an increase in inter-chain hydrogen bonding in CS; (2) an
electrostatic attraction occurs between the oppositely charged
ammonium groups in CS and phosphate groups in b-GP; and (3)
the hydrophobic or water-structuring character of the glycerol
moiety in b-GP can enhance the hydrophobic interactions
between CS molecules. In this study, the inuences of the CS
concentration and the volume ratio of CS to b-GP on the gela-
tion time were studied. The gelation time of the thermosensitive
CS/b-GP hydrogels at 37 �C was determined by a simple test tube
inversion method. The hydrogel was a owable viscous solution
in the range of 4–25 �C. Aer incubation at 37 �C for a period,
a sol–gel transition was observed, and the hydrogel was trans-
formed into a non-owing gel. The gelation times of thermo-
sensitive CS/b-GP hydrogels prepared using different
parameters are shown in Table 2. The concentration of CS in the
This journal is © The Royal Society of Chemistry 2018
range from 3.0% to 4.0% (w/v) and the volume ratio of CS to b-
GP (i.e., 0.7 : 0.3, 0.5 : 0.5 and 0.3 : 0.7 mL) had a strong effect
on the gelation time. A volume ratio of 0.7 : 0.3 mL of CS to b-GP
in each set of conditions resulted in a prolonged gelation time;
in particular, at a concentration of 3.0% (w/v) CS a period of
approximately 20 h was required to form a gel. In contrast, the
addition of a large amount of b-GP caused the gelation time to
decrease. A gel was formed within 10 min under the following
conditions: a 3.0% (w/v) CS solution at a CS: b-GP volume ratio
of 0.3 : 0.7 mL, a 3.5% (w/v) CS solution at a CS: b-GP volume
ratio of 0.3 : 0.7 or 0.5 : 0.5 mL, and a 4.0% (w/v) CS solution at
a CS: b-GP volume ratio of 0.3 : 0.7 or 0.5 : 0.5 mL. Although
a CS: b-GP volume ratio of 0.3 : 0.7 mL at all CS concentrations
resulted in a short gelation time, the hydrogels were deformed
aer gelation because of their high contents of b-GP. In the case
of a 4.0% (w/v) CS solution at a CS: b-GP volume ratio of 0.5 : 0.5
mL, the hydrogel did not exhibit high uidity because the
solution had high viscosity, which resulted in difficulties with
injection. Therefore, the optimal formulation comprised a 3.5%
(w/v) CS solution and a CS: b-GP volume ratio of 0.5 : 0.5 mL.

The stability of the thermosensitive hydrogels at different pH
values (4, 7, and 10) of the medium at 37 �C is shown in Table
S1.† The concentration of CS was xed at 3.5% (w/v), and the
volume ratio of CS to b-GP was xed at 0.5 : 0.5 mL. The results
demonstrated that the thermosensitive CS/b-GP hydrogels
formed under all conditions were in a liquid form at room
temperature and a gel form at 37 �C. The thermosensitive CS/b-
GP hydrogels at a pH of 4 exhibited a longer gelation time (�32
min). However, an increase in the pH of the medium caused the
gelation time to decrease. The gelation times of the thermo-
sensitive CS/b-GP hydrogels at pH value of 7 and 10 were
�10 min and �5 min, respectively. As the pH of the medium
increased, the pH of the CS solution also increased. Thus, an
increase in the pH of the hydrogel system caused the electro-
static interactions and hydrogen bonding between polymer
chains to increase, which resulted in a decrease in the gelation
time.
3.4 Gelation time of thermosensitive CS/SS/b-GP hydrogels

The gelation times of the thermosensitive CS/SS/b-GP hydrogels
prepared using different SS concentrations are shown in Table
3. The gelation times of the thermosensitive CS/SS/b-GP
hydrogels were shorter than those of the CS/b-GP hydrogels. The
gelation time of the hydrogels displayed a decreasing trend with
an increase in the SS concentration from 1.5% to 3.5% (w/v).
The reason might be that the SS molecules incorporated into
the CS/b-GP solution increased the attractive forces between
neighboring macromolecular chains, which thereby reduced
the gelation time. At a low temperature, hydrogen bonds were
formed in the hydrogels between the amino groups of CS and
SS, and SS also formed hydrogen bonds with water molecules.
When the temperature was increased, the intermolecular
hydrogen bonding interactions decreased. Therefore, the ener-
gized water molecules that surrounded the molecular chains
were removed and the hydrophobic molecules in the CS and SS
chains were highly entangled with each other. Thus, it was
RSC Adv., 2018, 8, 40219–40231 | 40223
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Table 2 Preparation parameters and gelation times of the thermosensitive CS/b-GP hydrogels

Concentration of CS (%, w/v) CS : b-GP (mL) pH Gelation time at 37 �C (min)

3.0 0.7 : 0.3 7.04 � 0.06 1207.00 � 30.05
0.5 : 0.5 7.57 � 0.00 52.83 � 1.89
0.3 : 0.7 7.86 � 0.02 7.82 � 0.76

3.5 0.7 : 0.3 7.24 � 0.01 388.22 � 29.50a

0.5 : 0.5 7.64 � 0.01 9.97 � 0.09a

0.3 : 0.7 7.88 � 0.05 6.69 � 0.44
4.0 0.7 : 0.3 7.35 � 0.01 30.29 � 0.62a

0.5 : 0.5 7.79 � 0.00 4.01 � 0.15a

0.3 : 0.7 8.14 � 0.01 2.58 � 0.08a

a p < 0.05 in comparison with the thermosensitive CS/b-GP hydrogels prepared from a 3.0% (w/v) solution of CS.

Table 3 Preparation parameters and gelation times of the thermosensitive CS/SS/b-GP hydrogels

Sample code CS (%, w/v) SS (%, w/v) b-GP (%, w/v) CS : b-GP (mL) Gelation time at 37 �C (min)

CS/b-GP 3.5 — 50 0.5 : 0.5 9.97 � 0.09
CS/SS1/b-GP 3.5 1.5 50 0.5 : 0.5 6.91 � 0.08a

CS/SS2/b-GP 3.5 2.5 50 0.5 : 0.5 6.69 � 0.15a

CS/SS3/b-GP 3.5 3.5 50 0.5 : 0.5 5.59 � 0.24a

a p < 0.05 in comparison with the thermosensitive CS/b-GP hydrogels.
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possible that the addition of SS to the CS/b-GP hydrogel
enhanced the hydrophobic interactions, which were the main
driving force for the formation of a gel and the reduction in the
time required for gel formation at a high temperature. Fig. 1
also conrms that the thermosensitive CS/SS3/b-GP hydrogels
had thermosensitive properties at 37 �C and did not revert to
their original state at 25 �C.
3.5 Rheological properties

The effects of the gelation temperature of the thermosensitive
CS/b-GP and CS/SS/b-GP hydrogels on the elastic (storage)
modulus (G0) and viscous (loss) modulus (G00) were determined
using a rotational rheometer. When the temperature was
increased from 20 �C to 50 �C, the hydrogels prepared under all
conditions exhibited a rapid increase in the storage modulus
(G0), which was explained by the phase transition from a sol to
a gel around 35–39 �C (Fig. 2). The growth rate of the elastic
Fig. 1 Photographs of the sol–gel transition of a CS/SS3/b-GP solution f
25 �C after the sol–gel transition (c).

40224 | RSC Adv., 2018, 8, 40219–40231
modulus (G0) was higher than that of the viscous modulus (G00)
(G0 > G00) beyond the gelling point, which indicates that the
development of a gel structure contributed to an increase in the
elasticity or gel strength of the hydrogels.24 The elastic modulus
of the thermosensitive CS/b-GP hydrogel exceeded 30 Pa at 45 �C
beyond the gelling point, but the elastic modulus of the ther-
mosensitive CS/SS/b-GP hydrogels prepared under all condi-
tions remained below 30 Pa at 45 �C, whereas the
thermosensitive CS/SS/b-GP hydrogels had lower strength,
which might have been due to the weaker hydrophobic inter-
actions between CS chains. Moreover, the crossover of the
elastic modulus (G0) and the loss modulus (G00) moved to a lower
temperature, which indicates that the gelation temperature was
reduced by the incorporation of SS. The crossover point (where
G0 and G00 are equal) of the thermosensitive CS/b-GP hydrogel
occurred at a higher temperature (39 �C) than that of the ther-
mosensitive CS/SS/b-GP hydrogels (�35–38 �C). Because the SS
rom a sol state at 25 �C (a) to a gel state at 37 �C (b) and the gel state at

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Typical temperature dependence of G0 and G00 values of the thermosensitive CS/b-GP (a), CS/SS1/b-GP (b), CS/SS2/b-GP (c) and CS/SS3/
b-GP (d) hydrogels.

Fig. 3 Solution viscosity of the CS/b-GP and CS/SS/b-GP hydrogels as
a function of temperature.
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molecules incorporated into the CS/b-GP solution caused the
molecular interactions to increase, the gelation temperature
was reduced. Hence, from these results it might be concluded
that the addition of SS to the hydrogels had an effect on the
gelation temperature.

3.6 Viscosity measurements

Injectable hydrogels based on thermosensitive polymers have
interesting properties for tissue engineering. However, ther-
mosensitive hydrogels should be strong enough to produce gels
with sufficient stability for the proposed use. To prove the
enhancement in the sol–gel transition behavior of the thermo-
sensitive hydrogels, the values of the viscous modulus (Pa s) of
the thermosensitive CS/b-GP and CS/SS/b-GP hydrogels were
measured as a function of temperature. As shown in Fig. 3, the
maximum value of the viscous modulus of the thermosensitive
CS/b-GP hydrogel was higher than those of the thermosensitive
CS/SS/b-GP hydrogels prepared under all conditions. However,
the phase transition temperature (37 �C) of the thermosensitive
CS/SS/b-GP hydrogels prepared under all conditions was slightly
lower than that of the thermosensitive CS/b-GP hydrogel. These
results indicated that the addition of SS to the hydrogels did not
enhance their viscoelastic properties. This might be attributed
to the expected electrostatic interaction between SS and CS
chains. The electrostatic interactions of the amine (–NH2) and
hydroxyl (–OH) groups in SS and the electron-rich oxygen atoms
in the –NH2/–OH groups in CS caused a reduction in charge
density on the CS chains. Because the number of charged
ammonium groups on the CS chains was an important
parameter that controlled the gelation of the system, the addi-
tion of SS to the hydrogels caused a decrease in their viscoelastic
This journal is © The Royal Society of Chemistry 2018
properties, which was due to a decline in the interaction
between the ammonium groups in CS and the phosphate
groups in b-GP.

3.7 FTIR analysis

FTIR spectroscopy was used to identify the interactions between
the components of CS, SS, and b-GP. The FTIR spectra of the
samples are shown in Fig. 4. All the samples exhibited broad
absorption bands around 3600 and 3000 cm�1. These bands
indicated the occurrence of O–H stretching and N–H stretching
in the structures. The peaks in the range of 1685–1657 cm�1

were attributed to C]O stretching in amide I, and those at
1597–1459 cm�1 were assigned to N–H bending in amide II in
RSC Adv., 2018, 8, 40219–40231 | 40225

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07255h


Fig. 4 FTIR spectra of CS, SS, b-GP, CS/b-GP hydrogel, and CS/SS3/b-GP hydrogel.
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CS and SS. Moreover, the spectra of CS and SS also displayed
peaks at 1400–1200 cm�1, which were assigned to an in-phase
combination of N–H in-plane bending and C–N stretching
vibrations in amide III.25 In the case of the thermosensitive CS/
b-GP and CS/SS3/b-GP hydrogels, the FTIR spectra displayed
peaks at 3600–3000 cm�1, which indicated O–H stretching.
Peaks due to the inorganic phase of the PO4

3� groups were
observed at 970 and 750 cm�1. The peaks due to N–H and O–H
40226 | RSC Adv., 2018, 8, 40219–40231
stretching in CS shied aer the formation of the gel. This
might indicate bonding between N–H groups in CS and O–H
groups in b-GP or hydrogen bonding between C]O groups in
CS and O–H groups in b-GP. In addition, the peaks due to
amides I, II and III in CS and SS decreased because hydrogen
bonds and a chemical complex were formed between amino
groups in CS or SS and OH and PO4

3� groups in b-GP. In
addition, the peak due to C–CH3 symmetric deformation
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 SEM images of thermosensitive (a) CS/b-GP (scale bar ¼ 100 mm) and (b) CS/SS3/b-GP (scale bar ¼ 20 mm) hydrogels.
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decreased in the spectra of the hydrogels, which indicated that
H bonds might have been formed. Obviously, hydrogen
bonding and electrostatic interactions existed between CS and
b-GP.26
3.8 Scanning electron microscopy

SEM images of thermosensitive CS/b-GP and CS/SS3/b-GP
hydrogels that were lyophilized at least 24 h before the obser-
vations are shown in Fig. 5. The morphological appearance of
the thermosensitive CS/b-GP hydrogel exhibited an irregular
pore structure, whereas the morphological appearance of the
CS/SS/b-GP hydrogel became more slender and porous. It has
been reported that three-dimensional hydrogels with irregular
porous structures can encourage the entrance of water or bio-
logical uids into the hydrogel structures and support the
diffusion of drugs out of the hydrogels.27
3.9 Weight loss behavior of hydrogels

The weight loss behavior of the thermosensitive CS/b-GP and
CS/SS/b-GP hydrogels was examined under simulated physio-
logical conditions at 37 �C. The weight loss of the
Fig. 6 Weight loss behavior of the thermosensitive CS/b-GP and CS/
SS/b-GP hydrogels in a PBS medium (n ¼ 3). *p < 0.05 in comparison
with the thermosensitive CS/b-GP hydrogel at any given time point,
and #p < 0.05 in comparison with an immersion time of 1 day for any
given type of hydrogel.

This journal is © The Royal Society of Chemistry 2018
thermosensitive hydrogels in PBS (pH 7.4) aer 1, 3, 5, 7, and 10
days is shown in Fig. 6. Aer 1 day, the weight loss of the
thermosensitive CS/b-GP, CS/SS1/b-GP, CS/SS2/b-GP, and CS/
SS3/b-GP hydrogels was approximately 39%, 31%, 38%, and
36%, respectively, whereas aer 3 days this value signicantly
increased to approximately 42%, 53%, 54%, and 55%, respec-
tively. Aer 5 days, the value was approximately 56%, 58%, 60%,
and 58%, respectively. Aer 7 days, the value was approximately
Fig. 7 In vitro degradation of the thermosensitive CS/b-GP and CS/SS/
b-GP hydrogels in PBS (a) and PBS containing a-amylase (b). The
amounts of free amino groups were determined as a function of the
degradation time by a ninhydrin assay at 570 nm (n ¼ 3). *p < 0.05 in
comparison with the thermosensitive CS/b-GP hydrogels at a given
time point.

RSC Adv., 2018, 8, 40219–40231 | 40227
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Fig. 8 Profiles of the cumulative release of GA (a) and EA (b) from the
thermosensitive CS/b-GP and CS/SS/b-GP hydrogels loaded with LE
reported as the percentage of the weight of GA or EA released divided
by the actual weight of LE in the hydrogels and determined by total
immersion in a PBS medium at 37 �C (n ¼ 3).
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57%, 56%, 58%, and 61%, respectively. Aer 10 days, the value
was approximately 63%, 58%, 64%, and 66%, respectively.
According to these results, the weight loss of hydrogels prepared
under all conditions was fairly high in the medium aer an
immersion time of 3 days and rather stable aer an immersion
time of 5–7 days. This indicated that water molecules diffused
into the hydrogel rapidly during the initial 3 days and the
maximum water absorption reached equilibrium aer an
immersion time of 3 days. In addition, the hydrogels containing
SS exhibited a signicantly higher weight loss aer 3 days owing
to the high water solubility of SS, which led to the breakup of
polymer linkages and an increase in the degradation of the
hydrogels. Therefore, the incorporation of SS affected the
weight loss of these thermosensitive hydrogels and had the
potential to enhance the availability of drugs at the desired site.
Fig. 9 Investigation of the indirect cytotoxicity of thermosensitive CS/
b-GP and CS/SS/b-GP hydrogels loaded with LE (n ¼ 3) cultured with
NCTC clone 929 (a) and MC3T3-E1 (b) cells. The viability of cells
cultured with fresh SFMwas used as a control. *p < 0.05 in comparison
with the control.
3.10 In vitro degradation of hydrogels

The in vitro degradation of the thermosensitive CS/b-GP and CS/
SS/b-GP hydrogels was investigated by measuring the loss of
free amino groups in PBS (pH 7.4) and PBS containing a-
amylase (pH 6.8) at 37 �C. The amounts of free amino acid
40228 | RSC Adv., 2018, 8, 40219–40231
groups were measured by a ninhydrin assay. The cumulative
amounts of free amino acids released from the hydrogels over
a period of up to 2 weeks are presented in Fig. 7. The results
showed that the thermosensitive CS/b-GP hydrogel exhibited
a lower degradation rate than those prepared under other
conditions in both PBS and PBS containing a-amylase. The
incorporation of SS affected the network structure of the CS
hydrogel, which caused it to degrade faster. These results sug-
gested that SS might interfere with the polymeric network of CS
and reduce the intermolecular interactions between CS and b-
GP. Thus, water molecules might easily diffuse into the hydro-
gel matrix, which would lead to the loss of amino groups from
the polymer chain. In addition, the morphological appearances
of hydrogels with and without SS exhibited different pore
structures. The difference in pore structure was due to the
incorporation of SS into the thermosensitive CS/b-GP hydrogels,
as shown in Fig. 5. According to the results, the morphology of
the thermosensitive CS/b-GP hydrogels exhibited a less porous
structure, whereas the thermosensitive CS/SS/b-GP hydrogels
exhibited more porous structures at a high SS concentration.
This journal is © The Royal Society of Chemistry 2018
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Because the morphology of the materials plays a signicant role
in the degradation of hydrogels, the thermosensitive CS/SS/b-
GP hydrogels with high porosity gave rise to a higher diffusion
rate of water than those with low porosity. Thus, it can be
concluded that the loss of free amino acid groups from the
thermosensitive hydrogels was inuenced by a combination of
diffusion through pores and degradation of the polymer matrix.
3.11 In vitro release of longan seed extract from hydrogels

The proles of the in vitro release of both GA and EA from the
thermosensitive CS/b-GP and CS/SS/b-GP hydrogels loaded with
LE were investigated as a function of time. Fig. 8 shows the
proles of the cumulative release of both GA and EA from the
hydrogels over a period of 7 days. The proles of the cumulative
release of both drugs from all the hydrogels are presented in
terms of the weight of the drug released (in mg) divided by the
actual weight of LE (in mg). The results showed that the
cumulative amounts of both drugs released from the thermo-
sensitive CS/b-GP hydrogels loaded with LE gradually increased
during the rst immersion period, increased more gradually
aerward, and then reached a plateau during the longest
immersion period. On the other hand, the cumulative amounts
of both drugs released from the thermosensitive CS/SS/b-GP
hydrogels greatly increased during the rst immersion time,
increased substantially aerward, and then reached a plateau at
the end of the observation period. Specically, the maximum
cumulative amounts of both GA and EA released from the
thermosensitive CS/SS3/b-GP hydrogel were signicantly higher
than those released from the other hydrogels. Hence, the
release of large amounts of phenolic compounds from the
thermosensitive CS/SS3/b-GP hydrogel loaded with LE could
promote the bone healing process.18,21 In addition, higher
cumulative amounts of GA were released from these hydrogels
Fig. 10 Morphology and adhesion behavior of MC3T3-E1 cells on a cove
GP hydrogel without LE (c), CS/b-GP hydrogel loaded with LE (d), and C

This journal is © The Royal Society of Chemistry 2018
aer immersion in the medium in comparison with the
released amounts of EA. This could be explained by the fact that
GA has higher solubility in water than EA because EA contains
four phenolic groups and two lactone groups, which result in
poor water solubility.28 According to the results, the cumulative
amounts of both drugs released from the thermosensitive CS/b-
GP hydrogel loaded with LE were lower than those released
from the thermosensitive CS/SS/b-GP hydrogels loaded with LE.
These results suggested that SS might interfere with the poly-
meric network of CS and reduce the intermolecular interactions
between CS and b-GP. Therefore, water molecules might easily
diffuse into the hydrogel matrix, which would lead to the
degradation of the hydrogel and an increase in the released
amounts of drugs. Hence, the behavior of the drugs in terms of
release from the hydrogels might be due to the degradation of
the hydrogels, according to the results of in vitro degradation.
3.12 Investigation of indirect cytotoxicity and cell
attachment of hydrogels

The biocompatibility of injectable polymeric biomaterials is an
important consideration for bone tissue engineering, because
the viability of cells should be maintained during gel forma-
tion.29 CS is derived from a naturally occurring polymer and is
known to be a biomaterial because of its ability to stimulate cell
growth and interactions between cells and the extracellular
matrix (ECM).30 Therefore, naturally derived biomaterials
exhibit excellent biocompatibility, promote cell attachment and
can support cell growth with high levels of viability and prolif-
eration of cells.31 To evaluate the potential of the thermosensi-
tive hydrogels loaded with LE for use in bone tissue engineering
applications, an investigation of the indirect cytotoxicity of
these hydrogels was carried out. The viability of NCTC clone 929
andMC3T3-E1 cells cultured with the extractionmedia from the
r glass (a), thermosensitive CS/b-GP hydrogel without LE (b), CS/SS1/b-
S/SS1/b-GP hydrogel loaded with LE (e) after culture for 24 h.
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hydrogels aer incubation for 24 h was determined by an MTT
assay, and the results are shown in Fig. 9. Clearly, the viability of
NCTC clone 929 cells cultured with all the extraction media
from all the thermosensitive hydrogels ranged between �86%
and �118%, whereas the viability of MC3T3-E1 cells ranged
between �78% and �97%. The ISO 10993–5 standard for in
vitro cytotoxicity states that “reduction of cell viability by more
than 30% is considered a cytotoxic effect”. The viability of cells
cultured with the extraction media from all the hydrogels was
greater than 70% aer treatment for 24 h. These results indi-
cated that these hydrogels were non-toxic to both NCTC clone
929 and MC3T3-E1 cells.

The morphology of MC3T3-E1 cells cultured on the ther-
mosensitive hydrogels was observed by SEM. SEM images of
attached MC3T3-E1 cells on the thermosensitive CS/b-GP and
CS/SS/b-GP hydrogels loaded with LE and without LE in
comparison with a cover glass used as a control aer cell culture
for 24 h are presented in Fig. 10. The results show that MC3T3-
E1 cells were attached to the cover glass and exhibited a round
shape. However, the morphology of the attached MC3T3-E1
cells exhibited better adhesion and a atter shape on the
surfaces of all the thermosensitive hydrogels in comparison
with the cover glass. Moreover, the attachment behavior of
MC3T3-E1 cells exhibited a typical elongated and spindle-like
morphology on the thermosensitive hydrogels loaded with LE.
Therefore, the thermosensitive hydrogels loaded with LE have
the potential for use in bone tissue engineering applications.

4 Conclusions

Injectable thermosensitive CS/b-GP and CS/SS/b-GP hydrogels
loaded with LE were successfully fabricated for use in bone
tissue engineering applications. The thermosensitive CS/b-GP
hydrogels were transformed from a sol into a gel at 37 �C.
Different ratios of CS to b-GP were employed to determine the
optimal conditions for the preparation of the hydrogels. The
optimal conditions comprised a 3.5% (w/v) CS solution and
a volume ratio of CS to b-GP of 0.5 : 0.5 mL. The incorporation
of SS into the CS/b-GP solution resulted in a shorter gelation
time of 5–7 min. The morphological structure of the thermo-
sensitive CS/b-GP hydrogel exhibited an irregular pore struc-
ture, whereas the thermosensitive CS/SS/b-GP hydrogels
became more slender and porous. The weight loss of the ther-
mosensitive CS/b-GP and CS/SS/b-GP hydrogels was greater
than 50% aer 3 days. The incorporation of SS affected the
network structure of the CS hydrogels, which caused them to
degrade more rapidly in both PBS and PBS containing a-
amylase. Moreover, the cumulative amounts of both GA and EA
released from the thermosensitive hydrogels loaded with LE
increased with an increase in the SS content. The fact that
greater cumulative amounts of phenolic compounds were
released from the thermosensitive CS/SS3/b-GP hydrogel loaded
with LE implies that this hydrogel has potential for the resto-
ration of functional bone tissue. Finally, the thermosensitive
hydrogels loaded with LE were non-toxic to both NCTC clone
929 and MC3T3-E1 cells and also promoted the attachment of
MC3T3-E1 cells to the surface of materials. Hence, the
40230 | RSC Adv., 2018, 8, 40219–40231
thermosensitive hydrogels loaded with LE might be promising
materials for use in bone tissue engineering applications.
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