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A new injectable in situ forming hydroxyapatite and
thermosensitive chitosan gel promoted by Na2CO3

Fangfang Li,a Yang Liu,a Yun Ding*a and Qiufei Xie*b

A new injectable in situ forming hydroxyapatite and thermosensitive chitosan gel (chitosan/HA/Na2CO3 gel)

promoted by Na2CO3 was preliminarily synthesized. This study was the first to use Na2CO3 as coagulant to

construct the chitosan thermosensitive gel. The sol–gel phase transition, degradation, and morphology of

the gel were examined. We found that chitosan/HA/Na2CO3 sol with 1.4% Na2CO3 has a suitable gelation

time (9 min) and degradation rate. SEM images of the dried gel show a porous netlike framework. TEM,

EDS, and XRD were combined to confirm the presence of hydroxyapatite. In vitro cell culture was

performed by using rat bone mesenchymal stem cells (rBMSCs). rBMSCs survived well on the chitosan

gel scaffold that formed in vitro and in vivo, indicating that the chitosan gel was a suitable substrate for

the attachment and proliferation of rBMSCs. Subcutaneous implantation of the chitosan gel formed in

situ into a nude mouse revealed that the chitosan gel loaded with rBMSCs could lead to angiogenesis.
1 Introduction

A prospective method for bone repair or regeneration is bone
tissue engineering. Bone tissue engineering aims to induce
regeneration of functional bone by a synergistic combination of
biomaterials, cells, and factor therapy. The development of
biomimetic materials has long been a major goal in the eld
of bone tissue engineering. In order to be suitable for use in
clinical therapy, bone cements must possess proper inject-
ability, short setting time, appropriate stiffness, bioactivity, low
setting temperature, and radiopacity.1 Various hydrogels and
microspheres have been employed as injectable scaffolds for a
variety of biomedical applications.2–6 In the last decade, inject-
able and degradable hydrogels that are formed in situ aer
injection at the defect site have received much attention.7–10

Chitosan is an aminopolysaccharide derived from the
deacetylation of chitin, the main structural component of
crustacean exoskeletons. This natural and abundant polymer
has been used as a scaffolding biomaterial because of its
intrinsic antibacterial activity, wound-healing properties, and
low immunogenicity.11,12 In bone tissue engineering, chitosan
has been combined with other materials such as calcium
phosphate13 and collagen type I14 to create bioactive composites
that enhance mineralization and are potential matrices for cell
encapsulation. Chitosan composites also increase bone
remodeling in drilled cartilage defects and are promising as
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articial extracellular matrices for cartilage tissue
engineering.15

Since Chenite16 invented in 2000 a novel, thermally sensitive,
and neutral solution from biodegradable gels based on chito-
san/b-glycerophosphate (b-GP) formed in situ, most studies
have focused on various ratios of chitosan and b-GP or chitosan/
b-GP hydrogels encapsulated in cells.17,18 Injectable chitosan
hydrogels have been prepared by either physical or chemical
cross-linking methods.

Natural bone is a complex inorganic–organic nanocomposite
in which hydroxyapatite (HA, Ca10(PO4)6(OH)2) nanocrystallites
and collagen brils are well organized in a hierarchical archi-
tecture over several length scales.19,20 Thus, the main way to
develop biomaterials as bone substitutes in biomimetic
approaches is the construction of nanocrystallites of calcium
phosphate (CaP) salts21 such as HA dispersed in polymer
matrices.

It has been reported that chitosan/HA composites have
good biocompatibility and favorable bonding ability with
surrounding host tissues.22,23 It has also been proved that chi-
tosan/HA composites can further enhance tissue regenerative
efficacy and osteoconductivity.24,25 The approaches currently
used to obtain chitosan/HA composite materials are based on
mechanical mixing,26 coprecipitation27,28 and an alternate
soaking process.29,30 A one-step method was used to prepare
nanostructured composites from alginate and calcium
carbonate or calcium phosphate.31

In the present study, we synthesized a new injectable in situ
forming hydroxyapatite and thermosensitive chitosan gel
promoted by Na2CO3. The functions of chitosan gels as inject-
able cell delivery carriers for bone regeneration were evaluated
in terms of gelation time, hydrogel stability, and framework.
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Transmission electron microscopy (TEM), energy-dispersive X-
ray spectroscopy (EDS), and X-ray diffraction (XRD) were
combined to conrm the presence of hydroxyapatite. In vitro
cell culture of rat bone marrow mesenchymal stem cells
(rBMSCs) using the chitosan gels was carried out to estimate
their biological activities, namely, cell compatibility and cyto-
toxicity. We preliminarily induced bone formation in vivo by
seeding a scaffold that forms gel in situ in the presence of
rBMSCs and osteogenic factors. Finally, we evaluated the in vivo
host tissue responses to rBMSCs containing chitosan gels.
2 Materials and methods
2.1 Preparation of an injectable HA and thermosensitive
chitosan gel formed in situ

KH2PO3 (21.5 mg) and CaCl2 (30 mg) were mixed with 4 mL of
0.1 M acetic acid solution in distilled water (Milli-Q, USA).
Chitosan (100 mg, medium viscosity, 75–80% deacetylated;
Aldrich, MI, USA) was dissolved in the above solution, which
was then stirred gently for 5 min by using a glass rod (chitosan/
HA solution). The initial chitosan concentration was 2.5% (w/v).
Various amounts of Na2CO3 (70, 80, and 90 mg) were dissolved
separately in 1 mL portions of 0.1 M acetic acid solution. To
produce the experimental mixtures (chitosan/HA/Na2CO3 sol), 1
mL of the appropriate Na2CO3 solution was added to 4 mL of
chitosan/HA mixture. The nal chitosan concentration was 2%
(w/v) and the nal Na2CO3 concentrations were 1.4%, 1.6%, and
1.8% (w/v). Aerward, the experimental mixtures were stirred
gently to yield an elastic, ideal, and thermosensitive chitosan
gel (chitosan/HA/Na2CO3 gel) (see Fig. 1).
2.2 Gelation time and degradation in vitro

Gelation time. The sol–gel transition behavior was deter-
mined by test-tube inversion at 37 �C.32 Chitosan/HA/Na2CO3

sol (1 mL) in a 5 mL vial with a 10 mm inner diameter was
prepared. The vials were immersed in a 37 �C water bath. The
sol–gel transition temperature was monitored by inverting the
Fig. 1 Simplified cartoon shows how chitosan/HA/Na2CO3 gel was
prepared.

Soft Matter
vials every minute; absence of ow in 20 s signaled the forma-
tion of a gel.

Degradation. A set of 5 mL vials were weighed (Wv: weight of
vial) before use. Chitosan/HA/Na2CO3 gel samples (1 mL) in 5
mL vials were prepared according to the procedure described in
Section 2.1, and were kept for 30 min in an incubator with 5%
CO2 and 37 �C temperature. They were then accurately weighed
(Wi: initial weight of vial and gel). Subsequently, 2 mL of D-PBS
solutions were applied on top of the hydrogels, which were
subsequently incubated at 37 �C. At regular time intervals, the
buffer solution was removed from the samples and the hydro-
gels were weighed (Wt: weight of vial and gel). The percentage of
original gel weight remaining is expressed as (Wt � Wv)/(Wi �
Wv) � 100%. The medium was replaced aer weighing, and
experiments were performed in triplicate.
2.3 Gel morphology

The morphology of the chitosan/HA/Na2CO3 gel was examined
by SEM. The gel (1 mL) was placed in one well of a 24-well
plate, and precooling at �20 �C was immediately carried out
for 20 h. It was then lyophilized at �60 �C for 12 h by using a
vacuum freeze-drier. The dried gels were cut with a sharp
blade to expose the internal microstructure, placed on double-
sided tape, and sputter-coated with gold for SEM at 5.0 kV by
using a Hitachi scanning electron microscope (BACPCS4800,
Hitachi, Japan). The surface and longitudinal sections were
observed.
2.4 Characterization

TEM. Freeze-dried chitosan/HA/Na2CO3 gels were treated at
300, 600, and 1000 �C for 10 h, ground to powders, and then
dispersed in ethanol. A drop of the resulting suspension was
placed on a carbon-coated copper electron microscope grid and
was observed in bright-eld TEM mode under a transmission
electron microscope (Tecnai G2 F30, FEI, the Netherlands)
operating at an accelerating voltage of 300 kV.

EDS. The elemental composition was measured by EDS
coupled with TEM.
2.5 X-ray diffraction

Non-heated samples. The lyophilized chitosan/HA/Na2CO3

gel samples were examined by XRD at room temperature on a
Bruker AXS D8 Focus X-ray diffractometer with a Cu Ka radia-
tion source and a LynxEye position-sensitive detector. The X-ray
diffractometer was operated at 40 kV and 40 mA. XRD patterns
were collected at a 2q range of 5�–80�, with a step size of 0.02�

and a count time of 0.02 s per step.
Heated samples. Selected samples were treated at 1000 �C for

10 h and then ground to powder before analysis. Heat treatment
was carried out by using a quartz tubular furnace with nitrogen
ow at room temperature to 1000 �C at a heating rate of 2 �C
min�1; the cooling rate was 4 �C min�1. The powders were then
analyzed by XRD and compared against the non-heated
samples.
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/C3SM52508B


Paper Soft Matter

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
14

. D
ow

nl
oa

de
d 

by
 B

ei
jin

g 
U

ni
ve

rs
ity

 o
n 

21
/0

2/
20

14
 0

2:
48

:3
6.

 
View Article Online
2.6 Isolation of rBMSCs

All animals used in the study were housed in sterilized cages
with sterile food and water and ltered air, and were handled
under a laminar ow hood by following aseptic techniques.
They were treated in accordance with the Animal Care Guide-
lines of the Peking University Health Science Center. Primary
rBMSCs were puried as described by Zhang.33 Sprague–Dawley
rats (6–8 weeks, �250 g) were placed in an anesthesia chamber
for around two minutes, and then killed by cervical dislocation.
The dissected femurs and tibias were immersed in 75% ethanol
for a few seconds and then transferred to 1� D-PBS (Dulbecco's
phophate buffered saline). They were then transferred to a 10
cm dish (Gibco, USA) containing high-glucose Dulbecco's
modied Eagle medium (DMEM, Invitrogen, USA) without FBS.
Transfer was done in a biosafety cabinet. Two ends of each bone
were cut open with a scissor. A 22G needle was attached to a 5
mL syringe and was lled with DMEM. The marrow was ushed
into a 50 mL tube by inserting the needle to an open end of the
bone. Two replicates were performed on each bone. When all
themarrows were obtained, the cells were resuspended. The cell
suspension was passed through a 70 mm cell strainer (BD
Falcon, USA) to remove the bone debris and blood aggregates.
The cells were centrifuged at 1200 rpm for 5 min and the
supernatant was removed by aspiration. The cells were resus-
pended in 20 mL of MSC medium (DMEM containing 10% fetal
bovine serum (FBS, Gibco, USA) and 1% Pen–Strep), and then
equally seeded onto two 10 cm culture dishes. The culture
dishes were kept at 37 �C and 5% CO2 in an incubator for 6–8
days. The medium was changed on the rst and second days,
and then every 2–3 days. Adherent rBMSCs were rinsed thor-
oughly with PBS and then detached by using 0.05% trypsin–
EDTA (Invitrogen, USA) for use in experiments. The rBMSCs
used were taken at passages 3–5.
2.7 Culture curve

At passage 3, 100 mL of medium containing 2.5 � 103 rBMSCs
was seeded into a clean 96-well plate (Corning, USA), and the
cells were cultured until 7 days (N¼ 6). At 2 h (0 d), and at 1, 2, 3,
4, 5, 6, and 7 d, the medium was removed and cells were washed
twice with D-PBS. A 10 mL cell counting kit-8 (CCK-8, Dojindo,
Japan) and 90 mL D-PBS were used to estimate the optical
density (OD) of rBMSCs. Aer 1 h incubation, the OD at 450 nm
was examined by using a universal microplate spectrophotom-
eter (Biotek Instrument, USA). In this assay, the OD varies with
the activity of the cells.
2.8 Osteogenic differentiation in vitro

Aer 3–5 passages in the culture medium, 5 � 104 rBMSCs were
seeded onto a clean 6-well plate (Corning, USA) and then
incubated overnight. The rBMSCs were cultured in osteogenic
medium containing DMEM, 10% FBS, 10 mM b-glyceraldehyde-
3-phosphate (Sigma, Germany), 60 mM L-ascorbic acid (Sigma,
USA), and 10 nM dexamethasone (Sigma, Germany). The oste-
ogenic medium was replaced every 2–3 days. The osteogenic
characteristics were identied through the assay of alkaline
This journal is © The Royal Society of Chemistry 2014
phosphatase (ALP) at 2 weeks and by alizarin red staining at 3
weeks.
2.9 Alkaline phosphatase staining and alizarin red staining

At 14 days, osteogenic differentiation and alkaline phosphatase
activity were detected by ALP staining. The culture medium was
removed, and cells were washed with D-PBS. The cells were
incubated in ALP solution (Nanjing Jiancheng Bioengineering
Institute, China) for 8–10 min under protection from light, and
then washed three times with distilled water. Phase-contrast
microscopy was used to observe the cells.

For the bone-nodule formation assay, the mineralizedmatrix
was evaluated by alizarin red staining. At 21 days of osteogenic
differentiation, rBMSCs were rinsed with D-PBS and xed in
10% formaldehyde for 30 min. The cells were incubated in
alizarin red (Sigma, USA) solution for 8–10 minutes and then
washed three times with distilled water.
2.10 Evaluation of cytotoxicity induced by chitosan/HA/
Na2CO3 gel

Chitosan powder, KH2PO3, CaCl2, and Na2CO3 were sterilized by
ultraviolet light for 30 min. Acetic acid (0.1 M) solution in sterile
distilled water as well as chitosan/HA/Na2CO3 sol containing
1.4% Na2CO3 were prepared. Aliquots of the chitosan/HA/
Na2CO3 sol (50, 100, and 200 mL per well) were transferred to a
24-well plate (Corning, USA), and then incubated in a 37 �C
incubator to gelate for 30 min (N¼ 4). Culture medium (0.5 mL)
with 3 � 104 rBMSCs was seeded into each well. The control
sample had no gel. At 1 and 4 days, the medium and gel were
removed, and the rBMSCs were washed twice with D-PBS. CCK-8
(15 mL) and D-PBS (135 mL) were added to each well. Aer 1 h of
incubation, the OD at 450 nm was measured by using a
universal microplate spectrophotometer (Bio-Tek Instrument,
USA).
2.11 Cell viability assessment of rBMSCs encapsulated in
chitosan/HA/Na2CO3 gel

A viability study on hydrogel-encapsulated rBMSCs was per-
formed by a live–dead staining assay. rBMSCs at passages 3–5
were used. The preparation of chitosan/HA/Na2CO3 sol was the
same as that in the cytotoxicity tests. Cells were encapsulated at
a density of 3� 106 cells per mL. Portions of the formed sol (500
mL, corresponding to 1.5 � 106 cells per gel sample) were
transferred to each well of a 24-well plate. Aer 30 min incu-
bation, the gel formed. Thereaer, all gels were washed three
times with the cell culture medium and then cultured in
complete medium. The culture medium was changed every 2–3
days. Cell viability measurements (n ¼ 4) were conducted at
days 1, 4, 7, and 14. Constructs were washed with sterile PBS
three times and then incubated for 10 min with 2 mM calcein-
AM (Dojindo, Japan) and 4 mM PI (Dojindo, Japan) in D-PBS.
Aerward, the constructs were washed again and visualized
under an Olympus uorescence microscope (Olympus, Japan)
equipped with Meta Image Series soware (MetaMorph,
Molecular Devices Corporation, USA).
Soft Matter

http://dx.doi.org/10.1039/C3SM52508B


Soft Matter Paper

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
14

. D
ow

nl
oa

de
d 

by
 B

ei
jin

g 
U

ni
ve

rs
ity

 o
n 

21
/0

2/
20

14
 0

2:
48

:3
6.

 
View Article Online
2.12 SEM of rBMSC cells grown in chitosan/HA/Na2CO3

The preparation of chitosan/HA/Na2CO3 sol was the same as
that performed in the cytotoxicity tests. Chitosan/HA/Na2CO3

sol (1 mL) was transferred to a 24-well plate, and then incubated
for 30 min. Aerward, 3 � 104 rBMSCs and 0.5 mL culture
medium were transferred to each well. The medium was
replaced every 2–3 days. At 1 and 7 days, the medium was
removed and then washed twice with D-PBS, and the cells were
then xed by using 10% formaldehyde solution.

Chitosan/HA/Na2CO3 gels seeded with rBMSCs cells were
immediately precooled at �20 �C for 20 h. They were then
lyophilized at �60 �C for 12 h in a vacuum freeze-drier.
Lyophilized gels were cut with a sharp blade to expose the
internal microstructure, placed on double-sided tape, and then
sputter-coated with gold for SEM. SEM was performed on a
Hitachi scanning electron microscope operating at 5.0 kV
(BACPCS4800, Hitachi, Japan).
2.13 In vivo injection of chitosan/HA/Na2CO3 sol

Chitosan/HA/Na2CO3 sol with 1.4% Na2CO3 was prepared
through the same procedure used in the cytotoxicity tests.

Six Sprague–Dawley rats (6–8 weeks, �250 g) were randomly
divided into two groups. They were subcutaneously injected
with 1 mL of chitosan/HA/Na2CO3 sol on the le dorsal side or
abdomen. Aer 2 h and 3 weeks, the rats were killed, and the
chitosan/HA/Na2CO3 gel was extracted.
2.14 Implantation and histological analysis of rBMSCs
encapsulated in chitosan/HA/Na2CO3 sol in nude mice

The preparation of chitosan/HA/Na2CO3 sol was the same as
that performed in the cytotoxicity tests. Eight athymic BALB/c
nude mice at 6 weeks of age were assigned to two different
groups. The osteogenic medium was the same as that in the in
vitro osteogenic differentiation test. Osteogenic medium (100
mL) containing approximately 1.2 � 106 rBMSCs was mixed with
400 mL of chitosan/HA/Na2CO3 sol. The suspension of chitosan/
HA/Na2CO3 sol, rBMSC cells, and osteogenic medium was then
loaded in a 1 mL syringe and then injected subcutaneously
through a 16G needle into the dorsum of nude mice. A total of 8
injections (Group I, N ¼ 4) were performed (two injections per
mouse). The control group (Group II, N ¼ 4) of nude mice was
injected with the chitosan/HA/Na2CO3 sol only. All animals were
sacriced 4 weeks aer injection. The implants were individu-
ally dissected and removed from the subcutaneous dorsum.
Aerward, specimens were immediately xed in 10%
Table 1 Gelation parameters for chitosan/HA/Na2CO3 gels formed by u

Trials

Chitosan/HA solution

Acetic acid (mL) KH2PO3 (mg) CaCl2 (mg)

Control 4 21.5 30
A 4 21.5 30
B 4 21.5 30
C 4 21.5 30

Soft Matter
formaldehyde and then embedded in paraffin. Sections were
stained with alizarin red and examined under a light
microscope.
2.15 Statistical analysis

All data are presented as mean � standard deviation. Quanti-
tative results of the study were subjected to analysis of variance
(ANOVA). A level of signicance of p < 0.05 was used to indicate
statistical differences between treatment groups.
3 Results
3.1 Preparation of an injectable HA and formation of
thermosensitive chitosan gel in situ

To form a physical hydrogel, a basic condition is that the initial
polymer concentration must be over the critical concentration
at chain entanglement temperature.34 In our work, the nal
concentration of chitosan was always 2% (w/v), which is more
than the critical concentration of chitosan that Boucard34 had
proved. Table 1 shows the gelation parameters for chitosan/HA/
Na2CO3 hydrogels formed by using Na2CO3 as an initiator. The
range of Na2CO3 concentrations tested was 1.4–1.8%. Fig. 2(c)
shows that a concentration of 1.4% produced the best solid gel.
The control sample with 0% Na2CO3 did not undergo sol–gel
phase change and remained as a solution until the end of the
observation. The concentration and amount of acetic acid
solutions in all groups were 0.1 M and 4 mL, respectively.
Fig. 2(a and b) show images of the lyophilized chitosan/HA/
Na2CO3 gel (a) and of rBMSCs seeded onto chitosan/HA/Na2CO3

gel and cultured for 7 days (b). Na2CO3 concentrations were
1.4%. All dried chitosan gels maintained their columnar and
porous characteristics.
3.2 Gelation time

In order to observe the sol–gel phase change behavior of chi-
tosan solutions at physiological body temperature, we
measured the gelation time in a 37 �C water bath by the test-
tube inversion method. Fig. 3(a) shows the gelation time of
chitosan hydrogel formed at different Na2CO3 concentrations.
All groups could form chitosan gels at specic durations. With
21.5 mg of KH2PO3 and 30 mg of CaCl2 in 4 mL of 0.1 M acetic
acid solution, the chitosan concentration in solution was 2%.
With 1.4%, 1.6%, and 1.8% Na2CO3, a hydrogel was formed in
approximately 8 min. Increasing the polymer concentration
from 1.4 to 1.8 wt% and maintaining the other reaction
sing Na2CO3 as an initiator

Na2CO3 solution %

Chitosan (mg) Acetic acid (mL) Na2CO3 (mg) Na2CO3

100 1 0 0
100 1 70 1.4
100 1 80 1.6
100 1 90 1.8

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Images of lyophilized chitosan/HA/Na2CO3 gel (a) and rBMSCs
seeded onto chitosan/HA/Na2CO3 gel and cultured for 7 days (b).
Formation of chitosan/HA/Na2CO3 gels was promoted with 1.4%
Na2CO3. Na2CO3 concentration was 1.4% (c). The scale bars are 5 mm.
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conditions resulted in minimal decrease in gelation time (from
9 to 7 min, Fig. 3(a)).
3.3 Degradation in vitro

Degradation of chitosan/HA/Na2CO3 gels as a function of
incubation time in PBS at 37 �C was monitored (results are
shown in Fig. 3(b)). The ratio of Na2CO3 had a signicant
Fig. 3 Gelation times of chitosan/HA/Na2CO3 gels formed by using 1.4%
gels in PBS at different Na2CO3 concentrations at 37 �C in vitro (b). Valu

This journal is © The Royal Society of Chemistry 2014
inuence on weight loss. Chitosan gels with Na2CO3 concen-
trations of 1.6% and 1.8% showed a similar rate of weight loss
because of less cross-linking; they dissolved signicantly faster
than did gels with 1.4% Na2CO3, and centralized in 1–7 days. All
three groups lost their weight steadily up to 30 days (Fig. 3(b)).
Chitosan gels with less Na2CO3 showed a lower rate of weight
loss than that of gels with more Na2CO3. At day 30, the weights
of chitosan gels with 1.4%, 1.6%, and 1.8% Na2CO3 were
43.95%, 38.22% and 37.42%, respectively.
3.4 Gel morphology

The gelation process might involve the formation of charac-
teristic structures at multiple length scales. Thus, we also
examined the morphology of chitosan gels at a more global
scale by SEM to establish the hierarchical structure of the gels as
well as the gelation mechanism. Fig. 4(a and b) show a SEM
micrograph of the chitosan gel aer water removal by lyophili-
zation. A network structure with interconnected macrodomains
composed of the polymer and the pores originally occupied by
water was observed. The sizes of the pores were around 20–80
mm.

From the SEM image of the cross-sectional morphologies of
freeze-dried chitosan/HA/Na2CO3 gels with 1.4% Na2CO3

(Fig. 4(c–e)), we could see nanoparticles, some of which were
rhombohedral. These might be nano-hydroxyapatite particles
formed in situ. Small mineral particles coating the gel network
is an interesting phenomenon, which is useful in the design of
the network structure.
3.5 TEM and EDS

Nano-hydroxyapatite particles of chitosan/HA/Na2CO3 gel were
visualized by bright-eld TEM to observe more closely their
morphology and crystal size. Heat treatment at 300, 600, and
1000 �C was done in order to remove the chitosan. Represen-
tative TEM micrographs aer heat treatment are shown in
Fig. 5. The dispersion aer heat treatment was more uniform at
, 1.6%, and 1.8% Na2CO3 (a). Degradation time of chitosan/HA/Na2CO3

es are reported as averages (N ¼ 3).
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Fig. 4 SEM images of the surface (a) and cross-sectional (b–e) morphologies of freeze-dried chitosan/HA/Na2CO3 gels with 1.4% Na2CO3. The
yellow arrows indicate possible hydroxyapatite nanoparticles. Magnifications are (a and b) 200�, (c) 5000�, (d) 10 000�, and (e) 40 000�; scale
bars are (a and b) 200 mm, (c) 10 mm, (d) 5 mm, and (e) 1 mm.

Fig. 5 Bright-field TEM micrographs of freeze-dried chitosan/HA/
Na2CO3 gels after heat treatment at 300 �C (a), 600 �C (c) and 1000 �C
(e and g). Corresponding EDS spectra are shown on the right (b, d and
f). Magnifications are (a) 3900�, (c) 12 000�, and (e and g) 5000�; all
scale bars are 500 nm.
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1000 �C (Fig. 5(e and g)) than at 300 �C (Fig. 5(a)) and 600 �C
(Fig. 5(c)) probably because of complete combustion of the
polymer at 1000 �C. Nearly spherical particles of 50–100 nm size
could be seen very clearly aer heat treatment at 1000 �C.

Table 2 shows the ablation rate of chitosan/HA/Na2CO3 gel.
The weight loss (ablation rate) of lyophilized chitosan/HA/
Na2CO3 gels increased with increasing treatment temperature.

Fig. 5(b, d and f) and Table 3 present results of the qualitative
analysis of the synthesized material around the dense particles
by TEM-EDS. Ca, P, O, C, Na, Cl, and K were detected at 300 and
600 �C. At 1000 �C, Ca, P, O, and C were still detected, but not
Na, Cl, and K.
3.6 XRD

The phases of the mineral crystals produced by in situ pro-
cessing were investigated by powder XRD analysis. Fig. 6 pres-
ents the XRD pattern of the synthesized material. The pattern
for synthetic hydroxyapatite (JCPDS: 00-009-0432) could be
easily identied; themain phase of the product was therefore an
apatitic phase.

Extensive broadening and overlapping of diffraction peaks in
the XRD pattern of non-heated gel (Fig. 6(a)) indicate that the
HA crystals inside the network were small and had low crys-
tallinity, similar to what is found in natural bones.35 To further
Table 2 Weight loss of lyophilized chitosan/HA/Na2CO3 gels with
temperature

Temperature
Before heating
(mg)

Aer heating
(mg)

Decrease
(mg)

Ablating rate
(%)

300 �C 68.0 36.4 31.6 46.47
600 �C 65.1 31.7 33.4 51.31
1000 �C 66.3 7.6 58.7 88.54

This journal is © The Royal Society of Chemistry 2014
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Table 3 TEM-EDS qualitative analysis of the synthesized material after heating at 1000 �C

Ca P O C Cu Na Cl K Total

Analysis(wt%)
300 �C 24.97 14.34 20.55 13.68 10.62 12.62 1.36 1.87 100
600 �C 2.66 2.15 10.19 43.42 29.81 7.62 2.37 1.77 100
1000 �C 54.45 7.84 21.96 5.68 10.07 100

Analysis(at%)
300 �C 14.45 10.74 29.79 26.41 3.88 12.74 0.89 1.11 100
600 �C 1.25 1.31 12.02 68.2 8.85 6.25 1.26 0.85 100
1000 �C 37.57 7 37.97 13.07 4.38 100
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conrm the mineral phase, the freeze-dried gels were heated at
1000 �C. Diffraction peaks at 2q values of 25.8� (002), 31.8� (211),
and 34� (300) are in good agreement with HA (JCPDS: 00-009-
0432). These could be discerned as three individual peaks,
which were not possible before heat treatment.
3.7 Osteogenic differentiation in vitro and culture curve of
rBMSCs

rBMSCs isolated from SD rats proliferated rapidly in complete
culture medium. The rBMSC culture was expanded by passaging
ve times at most. Phase-contrast microscopy revealed that
rBMSCs possessed a spindle-shaped morphology and a round,
mononuclear phenotype (Fig. 7(a)). Isolated rBMSCs that were
cultured in medium until passage 4 showed no mineral deposits
(Fig. 7(a)). Alkaline phosphatase (ALP) activity (Fig. 7(b)) and
alizarin red (Fig. 8) staining identied the osteogenic character-
istics of rBMSCs. ALP, a marker for early osteoblast
Fig. 6 XRD patterns of freeze-dried chitosan/HA/Na2CO3 gels before (a
diffraction pattern of hydroxyapatite (Ca5(PO4)3OH, JCPDS: 00-009-043
all diffraction lines of the heated gel correspond to hydroxyapatite.

This journal is © The Royal Society of Chemistry 2014
differentiation, was observed as a violet stain in rBMSCs grown in
osteogenic medium for 14 days (Fig. 7(b)). Alizarin red (Fig. 8)
staining revealed calcium nodules as a nacarat color in rBMSCs
grown in osteogenic medium for 21 days (Fig. 8).

An s-shaped growth curve based on the CCK-8 assay was
constructed to estimate the OD values of rBMSCs (Fig. 9). The
growth curve is in accordance with the logarithmic phase.
Passage at 1–3 days corresponded to the slow growth stage.
Passage at 4–6 days corresponded to the rapid growth stage
followed by a plateau stage. With passage, rBMSC proliferation
diminished. rBMSCs at passages 3–5 had the strongest prolif-
erative capability.
3.8 Cytotoxicity of chitosan/HA/Na2CO3 gels and viability of
rBMSCs grown in chitosan/HA/Na2CO3 gels

Fig. 10 shows the test results for estimating the cytotoxicity
induced by chitosan/HA/Na2CO3 gels. In the biocompatibility
) and after (b) heat treatment at 1000 �C for 10 h. The standard X-ray
2) is indicated in red (a and b); that of CaO (b) is indicated in blue. Almost
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Fig. 7 (a, a1 and a2) Phase-contrast micrographs of rBMSCs isolated from rats at passage 4. (b, b1 and b2) ALP staining at 14 days after in vitro
osteogenic differentiation of rBMSCs. Magnifications are (a1 and b1) 40� and (a2 and b2) 100�; scale bars are (a1 and b1) 500 mm and (a2 and b2)
100 mm.

Fig. 8 Alizarin red staining at 21 days after in vitro osteogenic differ-
entiation of rBMSCs. Magnification is 100�; scale bar is 100 mm.
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study, the OD values of rBMSCs increased until 4 days on both
the chitosan gel (p < 0.05) and the tissue culture plate (control).
There were signicant differences in the amounts of chitosan
Fig. 9 Growth curve of rBMSCs at passage 3. Cell seeding density:
2.5 � 103 per well. The OD values were estimated by performing
CCK-8 assay (N ¼ 6).

Soft Matter
gel at 4 days, and the OD values decreased along with the
increase in the amount of gel.

rBMSCs were incorporated in the gels during the gel prepa-
ration. The hydrogel/cell constructs were cultured in medium
without differentiation factors for up to 14 days. The viability of
rBMSCs encapsulated in the chitosan/HA/Na2CO3 gels was
evaluated by live–dead dye staining at predetermined times.
Most of the rBMSCs remained viable in the chitosan/HA/
Na2CO3 gels immediately aer encapsulation and during the
14-day culture period. In this qualitative method, living and
dead cells show green and red stains, respectively, under a
Fig. 10 Viability of rBMSCs measured by CCK-8 assay. rBMSCs grown
on a normal culture plate were used as control. Statistical analysis was
performed by one-way ANOVA (p < 0.05).

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/C3SM52508B


Fig. 11 Fluorescence-microscopy images depicting the viability of
rBMSCs encapsulated in chitosan/HA/Na2CO3 gel at 1 day (a and b)
and 14 days (c and d). Calcein-AM and PI live–dead stain assay: (a) and
(c) are green, live cells and (b) and (d) are red, dead cells. Magnifications
are 40�; all scale bars are 500 mm.

Fig. 12 SEM image of the surface morphology of freeze-dried chi-
tosan/HA/Na2CO3 gel without rBMSCs (a). SEM images depicting the
morphologies of rBMSCs seeded onto the surface of chitosan/HA/
Na2CO3 gels after 1 day (b) and 7 days (c and d) of culture. Cell seeding
density: 3 � 104 mL gel per well. Magnifications are 2000�; scale bars
are 20 mm.
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uorescence microscope (Fig. 11). When the rBMSCs were
encapsulated, the cells were well distributed in the chitosan gel.
At day 1 (Fig. 11(a and b)), most cells survived the gel fabrication
process. However, the density of live rBMSCs in the chitosan gel
at day 14 (Fig. 11(c and d)) was lower than that at day 1. In
contrast, the number of dead cells increased at day 14. Fig. 11
reveals that for both culture periods, predominantly living cells
were present within the chitosan gels. These results indicate
that the chitosan gels might have a slight degree of cytotoxicity.
Cells in the chitosan gels maintained a rounded morphology
with little evidence of interaction with the surrounding matrix.
Thus, the gelation process did not compromise cell viability and
there was sufficient mass transport of nutrients and oxygen to
the rBMSCs inside the chitosan gel matrix.
3.9 SEM of rBMSCs seeded onto chitosan/HA/Na2CO3 gel

rBMSCs at day 1 still maintained a round morphology, as evi-
denced by SEM observations (Fig. 12(b)). They did not attach to
chitosan gels. Importantly, rBMSCs attached and spread on the
chitosan gels as culture continued to 7 days (Fig. 12(c and d)).
This behavior revealed that the chitosan/HA/Na2CO3 gel had a
good biocompatibility and might be a suitable cellular frame-
work for bone tissue engineering.
Fig. 13 SD rats injected with 1 mL of chitosan/HA/Na2CO3 sol. Images
(a) before, (b) during, (c) immediately after, (d) 2 hours after, and (e) 3
weeks after injection. (f) The implant removed from the subcutaneous
part of the abdomen. The 2 h assay was performed subcutaneously on
the dorsum and the 3-week assay was performed subcutaneously on
the abdomen.
3.10 In vivo gelation

We carried out subcutaneous injections of the chitosan/HA sols
on the dorsum (2 h) and abdomen (3 weeks) to validate their in
situ gelling properties.

At 2 h post-injection, the gels formed in situ were retained
within the subdermal mucous layer (Fig. 13(d)). We killed the
SD rats and extracted the gels. All gel samples maintained a
beanlike shape and a smooth surface. No swelling and inam-
mation were detected at the injection sites of chitosan/HA/
Na2CO3 sols.
This journal is © The Royal Society of Chemistry 2014
Fig. 13(e and f) show that gels formed aer subcutaneous
injection maintained their shapes even aer 3 weeks. The
swelling and inammation were still absent aer a long period.
3.11 Implantation in nude mice

We validated the feasibility of using injectable chitosan sol for
in situ gelation of the scaffold in vivo. Chitosan sol at room
temperature containing 3 � 106 rBMSCs, 1.4% Na2CO3, and
Soft Matter
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Fig. 14 In situ formation of chitosan/HA/Na2CO3 gel encapsulating
rBMSCs. (a) Chitosan/HA/Na2CO3 sol with 1.4% Na2CO3 and (b and c)
at 4 weeks after subcutaneous injection. (c) The white gel formed in a
nude mouse.

Fig. 15 Alizarin red staining of (a) chitosan/HA/Na2CO3 gel (control
group) and (b and c) chitosan gel loaded with osteogenic medium and
seeded with rBMSCs. Na2CO3 concentration was 1.4%. Magnifications
are (a and b) 100� and (c) 200�; scale bars are (a and b) 200 mmand (c)
100 mm.
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osteogenic medium was injected subcutaneously into the
dorsum of nude mice. Fig. 14 reveals in situ chitosan gel
formation at 4 weeks aer injection.

Histological sections of the chitosan gel implants at 4 weeks
were stained by using alizarin red to monitor mineralized bone
formation associated with osteogenic differentiation of rBMSCs
(Fig. 15). The image of the stained implants containing chitosan
gel alone (control group) revealed no mineralization and new
vessels (Fig. 15(a)). Furthermore, there were cracks within the
chitosan gel. In contrast, new vessels and seeded rBMSCs were
seen in the chitosan gel (Fig. 15(b)). Inltration of inammatory
cells is visible on the edge of the image in Fig. 15(b). No denite
evidence of mineral deposition was found.

4 Discussion

Chitosan is a linear polysaccharide composed of randomly
distributed b-(1,4)-linked D-glucosamine and N-acetyl-D-glucos-
amine units (Fig. 1). This polymer is distinct from other
commonly available polysaccharides because of the presence of
nitrogen in its molecular structure, its cationic character, and
its capacity to form polyelectrolyte complexes. Chitosan hydro-
gels with various shapes, geometries, and formulations
(including liquid gels, powders, beads, lms, tablets, capsules,
microspheres, microparticles, sponges, nanobrils, textile
bers, and inorganic composites) have been prepared.36 In each
preparation, chitosan is either physically associated or chemi-
cally cross-linked to form the hydrogel. In situ gel-forming
scaffolds may be candidates for workable, systemic, and mini-
mally invasive scaffolds.37 An injectable hydrogel is clinically
useful, as this system could be used in minimally invasive
surgeries. In this study, a new injectable in situ forming
hydroxyapatite and thermosensitive chitosan gel promoted by
Na2CO3 was prepared. It may be used as an injectable scaffold
for tissue repair.

There are many other methods for synthesizing thermo-
sensitive chitosan gels such as glycerol phosphate disodium salt
(GP),14,16 pluronic,38 poly(ethylene glycol),39 and poly(lactide-co-
glycolide)40. These methods need an organic polymer or
magnetic stirring at low temperature for copolymerization. In
contrast, our hydrogel was obtained by cross-linking of chitosan
with Na2CO3 at a relatively stable physiological body tempera-
ture, with CO2 as the only byproduct. An organic polymer and
low temperature were not required to prepare the chitosan sol.
Wang et al. developed chitosan and collagen composite hydro-
gels and veried that collagen-containing materials promoted
spreading of embedded cells.41 Just chitosan gel might not
promote spreading of embedded cells.

When Na2CO3 was added to chitosan/HA sol and the mixture
was heated to 37 �C, cross-linking throughout the solution
occurred, forming the gel. We chose three different concentra-
tions of Na2CO3 (1.4%, 1.6%, and 1.8%) to prepare the chito-
san gels (Table 1). In this study, the concentration of Na2CO3

had little effect on the gelation time, that is, the gelation time
for all three groups was within 7–9 min (Fig. 3(a)). However,
the gelation time shortened with the increase in Na2CO3

concentration. When 2% Na2CO3 was used, the gelation time
This journal is © The Royal Society of Chemistry 2014
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was about 6 min and the gel was inhomogeneous. In a
preliminary experiment, 1.2% and 1% Na2CO3 were used.
Here, the gelation times were found to be more than 10 min
and the gel strength decreased. Consequently, we chose 1.4%
Na2CO3 concentration.

Hydrogels prepared by aggregation of chitosan-based
copolymers or by neutralization with polyol salts show prom-
ising thermoreversible gelation properties in aqueous
media.16,42 Ionic complexes of mixed-charge systems can be
formed between chitosan and small anionic species such as
sulfates, citrates, and phosphates.43,44 The mechanism of
promotion of gelation by Na2CO3 may be neutralization of the
chitosan sol, with CO3

2� as the anionic crosslinking agent.
Usually, implantation of a biomaterial results in an acute

inammatory response. This occurs most oen in biodegrad-
able biomaterials and precedes chronic inammation.45 Reac-
tion to a foreign body (an implanted material) follows a typical
sequence of events:46,47 of nonspecic adsorption of protein and
adhesion of cells (such as monocytes, leukocytes, and platelets)
on the biomaterial surface, which lead to giant cell formation
and cytokine release. Ultimately, the implant is encapsulated in
a brous capsule.48 The inammatory phase is a prerequisite to
healing.49 The implant subcutaneously extracted from nude
mouse and stained with alizarin red showed a number of
inammatory cells on the chitosan gel surface and inltrating
the material. In contrast, no inammatory cells inltrated when
only chitosan gel was used.

The surface and cross-sectional SEM images of the freeze-
dried chitosan gels (Fig. 4(a and b)) demonstrate that the chi-
tosan gel had a porous and netlike structure. However, further
measures must be taken verify whether the granules seeded in
Fig. 4(c, d and e) are hydroxyapatite nanoparticles. The porous
structure provided an environment suitable for the attachment,
growth, and differentiation of implanted rBMSCs, and transport
of nutrients to the implanted cells.

The XRD pattern of the gel heated at 1000 �C suggests that
CaO was incorporated into the powder. As CaO was a calcina-
tion product of Ca2+ in gel cross-linking, it was not present in
the samples before heat treatment. The presence of phosphorus
in the gel was conrmed by the XRD results (together with TEM
and EDS data, see above), which strongly indicate the presence
of hydroxyapatite.

Hydroxyapatite nanoparticles were evenly distributed in the
chitosan gel network, which might provide a particularly suit-
able environment for rBMSC attachment and growth.50 Nano-
sized HA promotes rBMSC adhesion, differentiation, and
proliferation, thus enhancing formation of new bone tissue
within a short period.51,52

The HA crystals showed thermal stability and did not
decompose into any undesirable secondary phases upon calci-
nation. This makes the composites promising bone-repairing
materials and drug- or gene-delivery agents. We will study the
contributions of the nanoscale features of these materials to cell
responses and mechanical properties.

Cell viability assay and SEM were used to estimate the
number of rBMSCs seeded onto the surface of chitosan gels.
They clearly showed that the rBMSCs survived and remained
This journal is © The Royal Society of Chemistry 2014
attached on the chitosan gels for at least 14 days. These results
suggest that the chitosan gels may be prospective, biocompat-
ible scaffolds for rBMSC attachment and proliferation.

The chitosan gels were then assessed in terms of cell
biocompatibility. The rBMSC attachment assay indicated that
the hydrogels supported cell adhesion (Fig. 12). A signicant
number of attached rBMSCs were observed on the surface of
hydrogels at 1 or 7 days. Cells seeded on the gel possessed a
normal spherical morphology (Fig. 12(b)) similar to that in a
normal culture plate.

The osteogenic differentiation of rBMSCs in vivo was studied
by injecting chitosan sol loaded with osteogenic medium and
rBMSCs into nude mice. Many new vessels and inammatory
cells were found in the sections. However, there was no evidence
of mineral deposition.

Evaluation of these properties contributes to a further
understanding of the formation mechanism and biological
applicability of hydrogels. Our process of chitosan gel forma-
tion is simple, feasible under mild conditions, and does not
employ toxic cross-linking agents such as glyoxal, glutaralde-
hyde, carbodiimide, and diepoxy compounds. Thus, we believe
that such a composite matrix has potential use in tissue engi-
neering, wound management, drug delivery, and other related
biomedical applications. However, further optimization of the
system is required to promote the mechanical strength to verify
the existence of mineral deposition, and to study its uses in
bone tissue engineering.

5 Conclusions

Injectable systems for various therapeutic needs are in high
demand because of their ease of application, in situ gelation,
and their ability to decrease patient discomfort.

Chitosan gels were biocompatible with cultured rBMSCs.
Encapsulation of rBMSCs demonstrated that the composite
hydrogel promoted cell survival and that the cells retained their
regular spherical morphology. These preliminary studies indi-
cate that the chitosan/HA/Na2CO3 gel supported rBMSCs
adhesion and encapsulation, and might have potential use in
bone tissue engineering applications.
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