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ABSTRACT: Fabrication of reinforced scaffolds for bone regeneration
remains a significant challenge. The weak mechanical properties of the
chitosan (CS)-based composite scaffold hindered its further application in
clinic. Here, to obtain hydroxyethyl CS (HECS), some hydrogen bonds of
CS were replaced by hydroxyethyl groups. Then, HECS-reinforced
polyvinyl alcohol (PVA)/biphasic calcium phosphate (BCP) nanoparticle
hydrogel was fabricated via cycled freeze-thawing followed by an in vitro
biomineralization treatment using a cell culture medium. The synthesized
hydrogel had an interconnected porous structure with a uniform pore
distribution. Compared to the CS/PVA/BCP hydrogel, the HECS/PVA/
BCP hydrogels showed a thicker pore wall and had a compressive strength
of up to 5−7 MPa. The biomineralized hydrogel possessed a better
compressive strength and cytocompatibility compared to the untreated
hydrogel, confirmed by CCK-8 analysis and fluorescence images. The
modification of CS with hydroxyethyl groups and in vitro biomineralization were sufficient to improve the mechanical properties of
the scaffold, and the HECS-reinforced PVA/BCP hydrogel was promising for bone tissue engineering applications.

1. INTRODUCTION
Natural bone has an excellent self-regeneration ability with
desired mechanical properties. However, critical-sized bone
defects may arise from congenital and acquired pathologies
such as trauma, tumor, infection, or bone-related disease that
cannot heal through normal physiological processes, and
surgical intervention is required to achieve healing.1,2

Autografts as one current treatment option are restricted by
the graft size and have the risk of donor site morbidities such as
infection and ongoing pain following the surgery.3 Allografts as
another treatment option have the potential risk of disease
transmission and immune response.4 To eliminate the
limitations of the current therapies, bone tissue engineering
(BTE) offers promising alternatives. With this regard, the
three-dimensional (3D) porous scaffold with appropriate
physical, mechanical, and biological properties has been
utilized to aid and promote bone regeneration.5−8 The
mechanical properties such as compressive strength are vital
for cellular interactions, as the scaffold needs to tolerate
internal stress until bone tissue regeneration takes place.9

Various materials, including metals, ceramics, polymers, and
their composites, have been utilized in the fabrication of bone
scaffolds.5 Calcium phosphate (CaP) bioceramics have been
widely used because of the excellent bioactivity, osteoconduc-
tivity, and compositional similarities to bone mineral.10,11

Calcium phosphate (CaP) is resorbed in vivo and releases
calcium and phosphate ions. These ions can regulate bone
formation through osteoinduction.12,13 Synthetic calcium

phosphate-based ceramics mainly include biphasic calcium
phosphate (BCP),14,15 hydroxyapatite (HA),16 and β-trical-
cium phosphate (β-TCP).17−20 BCP, as a mixture of HA and
β-TCP, is considered a suitable material for making bone
scaffolds because of its controllable degradation, allowing bone
regeneration and growth.14,17,21,22 However, the inherent
brittleness of the BCP-based scaffold limits its utilization,
especially for load-bearing applications.23,24

The mechanical strength of BCP-based scaffolds can be
improved via introducing polymeric materials25−29 such as
polyvinyl alcohol (PVA), which is widely used in biomedical
applications and offers a high degree of swelling in aqueous
solvents.30 The abundance of hydroxyl groups attached to the
PVA carbon chain backbone supports its hydrogen bonding
with bioceramic nanoparticles (NPs).
In our previous research, the surface hydroxyl groups on

BCP NPs energetically interacted with PVA macromolecules,
forming the interfacial layer, and we could develop BCP/PVA
scaffolds with tunable compressive strength and porosity via
changing the weight ratio of BCP/PVA.31 In another study,

Received: February 19, 2020
Accepted: April 24, 2020

Articlehttp://pubs.acs.org/journal/acsodf

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acsomega.0c00727
ACS Omega XXXX, XXX, XXX−XXX

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

14
9.

15
4.

21
5.

17
 o

n 
M

ay
 7

, 2
02

0 
at

 0
8:

43
:0

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Nie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaling+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruixia+Hou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amin+Shavandi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shoufeng+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c00727&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00727?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00727?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00727?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00727?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00727?fig=abs1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c00727?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


BCP/PVA scaffolds were fabricated by fused deposition
modeling, which showed excellent mechanical properties,
reported to be due to improved interfacial interactions of
PVA and BCP.32

Based on the interaction of PVA and BCP NPs, the second
polymer chain can be introduced to further improve the
scaffold mechanical properties.33,34 Chitosan (CS) is a versatile
polymer formed by glucosamine and N-acetyl glucosamine
linked with a β-1-4-glycosidic linkage. CS has been especially
attractive to BTE because it supports the attachments and
proliferation of osteoblast cells as well as the formation of a
mineralized bone matrix in vitro.35−37 Besides, it is
biocompatible and biodegradable in the human body with
nontoxic degradation products.38,39 A pure CS scaffold has low
mechanical properties limiting its potential clinical applica-
tions. However, hydrogen bond formation between the
hydroxyl group of PVA and the primary amine group of CS
resulted in the PVA/CS hydrogels with a higher mechanical
strength compared to the pure CS.40,41

In addition, the highly polar hydroxyl groups in the chemical
structure of PVA and CS tend to form inter- and intra-
molecular hydrogen bonds that promote the localized stability
and miscibility of CS and PVA.42,43 Our previous study showed
that the CS/gelatin/BCP hydrogel had an excellent compres-
sive strength (1.2−2.5 MPa), which was because of uniform
dispersion of BCP NPs into the composites and physical cross-
linking with CS and gelatin.27 However, the poor solubility of
CS in physiological solvents has dramatically limited its
biomedical application as the protonation of primary amino
groups happens in an acidic solution, further hindering the
improvement of its mechanical properties.44 Therefore, it is
necessary to make CS water-soluble to improve its mechanical
properties.
In this study, part of hydrogen bonds in CS was replaced

with hydroxyethyl groups to obtain water-soluble HECS. The
HECS/PVA/BCP hydrogel was then fabricated via cycled
freeze-thawing, and later, the reinforced hydrogel was acquired
by in vitro biomineralization treatment through immersing it in
a cell culture medium (Scheme 1). The physicochemical

characteristics and biological properties of hydrogels were
systematically investigated. Besides, the reinforcing mechanism
of HECS/PVA/BCP hydrogels was studied.

2. RESULTS AND DISCUSSION
2.1. FTIR Analysis of HECS and BCP NPs. The Fourier

transform infrared (FTIR) spectroscopy spectra of CS and
HECS are shown in Figure 1A. For pure CS, the characteristic
peak at 3355 cm−1 was attributed to the stretching vibration of

−NH2 and −OH groups in CS. The bands at 2875 and 1655
cm−1 were assigned to the stretching vibration of C−H and
bending vibration of N−H, respectively. The peaks located at
1149 and 1069 cm−1 were ascribed to the bridge-O stretching
vibration and C−O stretching vibration.45 In the spectrum of
HECS, the obvious −CH2− bending vibration was detected at
1456 cm−1. The intensification and shift of −OH stretching
vibration at 3377 cm−1, stretching vibration of C−H at 2888
cm−1, and C−O stretching vibration at 1086 cm−1 confirmed
the existence of the hydroxyethyl group.46,47 The FTIR results
with the addition of 1H NMR analysis for HECS (Supporting
Information, Figure S2) demonstrated the successful hydrox-
yethylation of CS. The FTIR spectra of PVA, HECS, BCP, and
hydrogels with different compositions are exhibited in Figure
1B. The spectrum of PVA shows its characteristic absorption
peaks at 3286 cm−1 (O−H stretching vibration), 2910 cm−1

(C−H stretching vibration), 1419 cm−1 (C−C stretching
vibration), 1085 cm−1 (C−O stretching vibration), and 838
cm−1 (C−H rocking vibration). For the FTIR spectrum of
BCP, the peaks of phosphate ions as the principal molecular
components in HA and β-TCP (PO4

3−) appeared in the
1200−550 cm−1 regions. All characteristic peaks of PVA
(3286, 2910, 1419, and 1085 cm−1), HECS (3377, 2888, 1643,
and 1086 cm−1), and BCP (1070 and 727 cm−1) were
observed in the hydrogels (Figure 1C). Besides, a slight shift in
the characteristic peaks (3347, 2939, 1646, 1423, and 1079
cm−1) for all the samples occurred because of the strong
interaction between surface OH groups. The N−H and C−H
stretch at 2362 cm−1 in the FTIR spectrum of hydrogels
confirms the formation of hydrogen bonds between HECS,
PVA, and BCP NPs.48

2.2. Characterization of BCP NPs. The morphological
and crystalline properties of BCP NPs were investigated by
transmission electron microscopy (TEM) (Figure 2A,B) and
X-ray diffraction (XRD) (Supporting Information, Figure S3)
analysis. TEM images showed the irregular form of BCP NPs,
which was different from our previous published studies
(needle-like morphology of BCP NPs).27 Compared to the
needle-shaped NPs, the random-shaped NPs own a higher
specific surface area and further improve the interaction with
HECS and PVA. Also, the XRD analysis confirmed that the
HA/β-TCP ratio was about 40:60.

2.3. Morphology and Microstructure Analysis of the
HECS/PVA/BCP Hydrogel. Porous hydrogels have an
important role in the construction of bone engineering and
new bone regeneration during in vivo processes. The porous
structure provides the template for cell attachment and bone
extracellular matrix formation. The porous network structure
of the prepared HECS/PVA/BCP hydrogel was observed via
scanning electron microscopy (SEM) images, as shown in
Figure 3. Compared to CS/PVA/BCP hydrogels (Supporting
Information, Figure S4), the HECS/PVA/BCP hydrogels
showed regular and tight pores, and the range of pore
diameter was 0.4−82.6 μm, which was calculated using ImageJ
software (Supporting Information, Figures S5 and S6). Besides,
the irregular porous structure with microsize pores was
observed on the pore walls. With the decrease in HECS
concentration (from 18.18 to 8.70%), a more uniform pore
distribution was formed.

2.4. Porosity and Compressive Strength Analysis of
the HECS/PVA/BCP Hydrogel. The porosity of the scaffold
was considered as the main parameter for bone replacement.
The porosity of all prepared HECS/PVA/BCP scaffolds was

Scheme 1. Schematic Illustration of the Fabrication and
Biomineralization Process of the HECS/PVA/BCP Scaffold
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higher than 40%, and with the decrease in HECS
concentration, the porosity of the scaffold increased from
45.36 to 49.68%, as shown in Figure 4A. The sample H3
displayed the highest porosity (60.59%) at the HECS
concentration of 13.33%. It is difficult to find a trade-off on
porosity and mechanical property for a porous scaffold, and the
compressive strength of the scaffold usually decreases with
increasing its porosity.49 The compressive strength (Figure 4B)
of all prepared HECS/PVA/BCP scaffolds in this study was in
the range of 5−7 MPa, which was higher than the compressive
strength of CS/PVA/BCP (about 2.5−3.0 MPa, Supporting
Information, Figure S7). Moreover, the compressive strength
of about 2.22 MPa was previously reported for CS/PVA/β-
TCP.50 The obtained compressive strength in this study (5−7
MPa) was higher than the BCP NP-based scaffold in our
previous papers (0.2−0.4 MPa) as well. This higher
mechanical property is due to the introduction of HECS and
the irregular shape of BCP NPs that are used in this study.27,51

The sample H4 exhibited the highest compressive strength of
6.85 ± 1.06 MPa, and the sample H5 with the lowest

concentration (8.70%) of HECS displayed the lowest
compressive strength of 5.58 ± 0.44 MPa. The compressive
strength initially increased and then decreased, with the
decreasing concentration of HECS. The obtained scaffold did
not show the typical reciprocal relationship between porosity
and compressive strength, mainly attributed to the regular and
tight porous structure.

2.5. Swelling Properties of the HECS/PVA/BCP
Hydrogel. The swelling behavior of the HECS/PVA/BCP
hydrogel in phosphate-buffered saline (PBS) was recorded and
is shown in Figure 5. The swelling ratio of all hydrogels
increased very fast at the beginning of 20 min and then began
to stabilize and reached an equilibrium state at 120 min. There
was no significant difference in hydrogels with different
compositions; the equilibrium swelling ratio for all samples
was in the range of 82−89%. Compared to the equilibrium
swelling ratio of CS/PVA/BCP hydrogels (80−90%), the
HECS/PVA/BCP hydrogels did not show noticeable change.

2.6. Morphology Analysis of the Biomineralized
HECS/PVA/BCP Hydrogel. After in vitro biomineralization
treatment, the HECS/PVA/BCP hydrogels maintained their
interconnected porous structure; however, the morphology of
the pore wall changed compared to that of untreated samples.
Dulbecco’s modified Eagle’s medium (DMEM) with fetal
bovine serum (FBS) was proved to be effective for
biomineralization and the formation of bone-like apatite.52

After immersing the hydrogels in the cell medium for 5 days,
apatite crystals on the surface of hydrogels were observed
(Figure 6), as well as some apparent aggregations of apatite
species, compared to untreated hydrogels (Figure 3). The
apatite formed on the surface was compact, which could
further reinforce the hydrogels. The apatite particle sizes
observed were around 1−2 μm in diameter. The hydrogel at
the lowest concentration of HECS (8.70%) presented a
smoother surface compared to other samples.

Figure 1. (A) FTIR spectra of CS and HECS; (B) FTIR spectra of pure PVA, HECS, and BCP NPs; and (C) FTIR spectra of the prepared HECS/
PVA/BCP hydrogels; H1, H2, H3, H4, and H5 represent the different hydrogels prepared using different HECS/PVA/BCP ratios.

Figure 2. TEM images of BCP NPs (A,B), the inset at the right
bottom of (A) was enlarged at a higher magnification.
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2.7. Porosity and Compressive Strength of the
Biomineralized HECS/PVA/BCP Hydrogel. After in vitro
biomineralization treatment, the porosity of HECS/PVA/BCP
hydrogels was investigated (Figure 7A). Except for sample

BH4, the porosity of the hydrogel was lower than that of the
unbiomineralized ones (48.67%). The porosity of BH4 was
about 56.28%, and the porosity of H4 was around 50%.
Besides, hydrogel BH1 with the HECS concentration of
18.18% had the lowest porosity of 35.53%. The compressive
strength of the hydrogel after biomineralization was measured
(Figure 7B). Compared to our previous research, the different
testing method was used because of the fracture point
appeared during the compression process.27,28 Compared
with the unmineralized hydrogel (Figure 4B), the compressive
strength of hydrogels was 2−3 MPa higher and the value was
improved to 7−8 MPa. The sample BH5 with the HECS
concentration of 8.7% had the highest value, 7.95 MPa. At the
13.33% of HECS, the hydrogel BH3 showed the lowest
compressive strength of about 7.17 MPa.

2.8. Cytotoxicity Evaluation. The CCK-8 assay was used
to evaluate the cell toxicity of the hydrogel. In our research,
hBMSCs were cultured with biomineralized hydrogels for 1, 3,
and 5 days (Figure 8). It showed that the absorbance value at
570 nm of all hydrogels increased with increasing culturing
days, indicating that cells grew and proliferated on the
hydrogel. Compared to CS/PVA/BCP hydrogels and
HECS/PVA/BCP hydrogels without biomineralization treat-
ment (Supporting Information, Figures S8 and S9), the
cultured hBMSCs had faster growth in biomineralized
HECS/PVA/BCP hydrogels compared to unbiomineralized
hydrogels. At day 5, the morphology of cells in the hydrogels
was assessed using the fluorescent staining [phalloidin-FITC/
4,6-diamidino-2-phenylindole (DAPI)] (Figure 9). DAPI
stained the nucleus of the cultured cells in blue, and the

Figure 3. SEM images of the prepared HECS/PVA/BCP hydrogels,
the cross-sectional morphology was observed for all samples: (A1,A2)
hydrogel H1; (B1,B2) hydrogel H2; (C1,C2) hydrogel H3; (D1,D2)
hydrogel H4; and (E1,E2) hydrogel H5.

Figure 4. Porosity (A) and compressive strength (B) of the HECS/PVA/BCP scaffolds.

Figure 5. Swelling behavior of HECS/PVA/BCP scaffolds after
soaking in PBS.
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cytoplasm was stained by phalloidin-FITC in green. hBMSCs
had grown inside the hydrogels, and a certain number of cells
were watched for all hydrogels. Given the presence of
polysaccharide (HECS) in the hydrogels, the framework of
the prepared HECS/PVA/BCP hydrogels was stained in green
as well. From the fluorescent staining result, the HECS/PVA/
BCP hydrogels displayed an interconnected porous structure.
2.9. Reinforced Mechanism. The hydroxyethyl groups on

CS could improve the mechanical property of HECS/PVA/
BCP hydrogels, and in vitro biomineralization treatment could
further improve its mechanical performance, as well as its

biological capability. First, because of inter- and intramolecular
hydrogen bonding and reduction of hydrophilic groups, a 3D
interconnected porous structure formed in the CS/PVA
matrix.53 After incorporating BCP NPs into the CS/PVA
matrix, the −OH groups on the surface of NPs interact with
PVA and CS macromolecules forming interfacial layers.
Incorporation of BCP NPs increases the number of hydrophilic
moieties, leading to an increase in the interaction of the
hydrogel with water molecules via hydrogen bonding.50

Hydrogen bonding interactions between CS, PVA, and BCP
NPs contribute to improving the interface strength of the
composites. However, the poor solubility of CS in PVA
solvents limits the uniform dispersion of BCP NPs.
HECS, as a derivative of CS with hydroxyethyl groups linked

to C-6, shows water solubility and gelling property.54 It has the
potential to directly promote cell migration, growth, and
organization during tissue regeneration; therefore, it presents
excellent solubility, biocompatibility,55 and antibacterial
properties.56 HECS molecules uniformly distributed into
PVA solution; this could be due to the availability of negatively
charged hydroxy groups on HECS that acted as nucleation
sites to initiate crystal deposition. The hydroxyethyl group has
a better ability to form hydrogen bonds with the hydroxy
groups.57 Compared with pure CS, HECS changes its spatial
structure because of the access of the hydroxyethyl group.54

Several hydrophilic groups on HECS molecules were exposed
to interact with PVA and BCP (Scheme 2). Thus, the number
of hydrogen bonds formed with HECS, PVA, and BCP NPs
increased. Hydrogen bonds promote crystallites during the
freezing process,58 as well as lead to increased rigidity and
enhanced mechanical properties.59 Therefore, compared to the
CS/PVA/BCP hydrogel, the more compact and robust pore

Figure 6. SEM images of the prepared HECS/PVA/BCP hydrogels after in vitro biomineralization treatment using cell medium: (A): BH1; (B):
BH2; (C) BH3; (D) BH4; and (E) BH5. The aggregations of apatite crystals were marked in a different color.

Figure 7. (A) Porosity and (B) compressive strength of the prepared HECS/PVA/BCP hydrogels after in vitro biomineralization treatment.

Figure 8. In vitro cytocompatibility of the prepared HECS/PVA/
BCP hydrogels after in vitro biomineralization via culturing with
human bone marrow-derived mesenchymal stem cells (hBMSCs) for
different days, OD570nm values were recorded after being treated using
CCK-8 kit solutions, and the cells without hydrogels were considered
as a control check group (CK).
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walls in the HECS/PVA/BCP hydrogel increase hydrogen
bonds and further lead to the thicker pore wall without
nanoscale micropores (Figure 3).
The success of the porous network hydrogel does not only

depend on the quality of polymers but also the fabrication
methodology. Freeze−thaw method treatment makes PVA
produce crystalline microdomains and promotes the physical
cross-linking of PVA chains. It could remove the water
molecules from the sample to obtain the highly porous
architecture hydrogel and provide various sizes of intercon-
nected pores. This process improves the physical cross-linking
density of hydrogels and is considered efficient for fabricating
the highly porous hydrogel.60

Besides, the formation of hydroxyethyl groups on CS chains
leads to the increase in the physical cross-linking extent, and
the cross-linking points in the HECS/PVA/BCP hydrogel are
shown in Scheme 2. The hydrogels exhibited the intercon-
nected porous network structures with regularity and tightness.
The decrease in pore size resulted in an increase in cross-
linking units. Besides, the compressive strength of the porous
hydrogel is manipulated by the microstructure and nature of
polymeric materials.61,62 The appearance of HECS in the PVA
solution leads to higher inter- and intramolecular binding

forces, provoking the higher strength of the porous structure.
These structures significantly improved the rigidity of the
network structure and the load-bearing properties. Therefore,
the HECS/PVA/BCP hydrogel has higher compressive
strength (5−7 MPa) than the CS/PVA/BCP hydrogel
(Supporting Information, Figure S7) and CS/PVA/β-TCP
hydrogel (2.22 MPa).50

On the other hand, in vitro biomineralization could further
strengthen the HECS/PVA/BCP scaffold. The bone-like
apatite depositions were formed and distributed on the pore
surface during the in vitro biomineralization process (Figure 6).
Because of the uniform dispersion of HECS in the PVA
solution, the HECS polymer chain provides more sites for the
adhesion of calcium and phosphate ions in the surrounding
liquid (Scheme 2). Furthermore, the degradation of biomedical
implants is another essential factor for BTE, as well as
controlling degradation. In our future studies, the in vitro and
in vivo degradation rate of the HECS/PVA/BCP scaffold will
be studied.

3. CONCLUSIONS
In summary, the PVA/BCP scaffold was effectively reinforced
via using HECS and the in vitro biomineralization process.

Figure 9. Fluorescence images (phalloidin-FITC/DAPI staining) of hBMSCs after incubation with the prepared HECS/PVA/BCP scaffolds after
in vitro biomineralization for 5 days: (A): BH1; (B): BH2; (C) BH3; (D) BH4; and (E) BH5; the scale bar is 50 μm.

Scheme 2. Schematic Diagram of the Mechanism of the Reinforced HECS/PVA/BCP Hydrogels
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Because of the hydrogen bonds formed between HECS, PVA,
and BCP NPs, the cross-linking efficiency and cross-linking
points in HECS/PVA/BCP hydrogels increased, which
resulted in the improved compressive strength of the HECS/
PVA/BCP hydrogel compared to the CS/PVA/BCP hydrogel
without sacrificing the porous structure. Furthermore, the
cytocompatibility was further improved via the addition of
HECS and in vitro biomineralization. This study suggested
that the reinforced HECS/PVA/BCP hydrogel with promising
mechanical and biological properties has the potential for
application in bone regeneration.

4. EXPERIMENTAL SECTION
4.1. Materials. CS (medium molecular weight, SKU:

448877) with 75−85% deacetylation degree and 200−800 cP
viscosity was purchased from Sigma-Aldrich Chemical Reagent
Co., Ltd. PVA (polymerization degree ≈ 1799 and hydrolysis
degree ≈ 99%), ammonia (NH3·H2O), and calcium nitrate
tetrahydrate (Ca(NO3)2·4H2O) were purchased from Sino-
Pharm Chemical Reagent Co., Ltd. Sodium hydroxide
(NaOH), hydrochloric acid, isopropanol, anhydrous ethanol,
2-chloroethanol, and ammonium phosphate dibasic
((NH4)2HPO4) were purchased from Macklin Biochemical
Co., Ltd. All the chemicals were used without further
purification.
4.2. Synthesis of HECS. The synthesis of HECS was based

on a previous paper with modification on reaction time.61

About 10 g of CS and 60 g of aqueous 50 wt % NaOH solution
were mixed in a three-neck flask and stirred for at least 3 h at
room temperature. The mixture was kept at −20 °C for 24 h in
a refrigerator. Then, 133 mL of isopropanol was added and
refluxed for 90 min in an oil bath, followed by the addition of
18.3 mL of 2-chloroethanol and 33.3 mL of isopropanol. The
solution was neutralized using hydrochloric acid, and the
resultant solid was purified three times with anhydrous ethanol.
Then, the obtained powder was dried in a vacuum oven.
Finally, the powder was dialyzed in deionized water for 5 days,
and then, the sample was freeze-dried at −60 °C for 72 h to
obtain HECS. FTIR spectroscopy (Thermo Fisher, Nicolelis
5) and proton nuclear magnetic resonance (1H NMR 600
MHz NMR spectrometer, JEOL ECZ600R/S3) were used to
confirm the successful synthesis of HECS.
4.3. Synthesis of BCP NPs. BCP NPs were prepared by

the aqueous precipitation reaction according to our previous
studies with further modification.28,31 Ca(NO3)2·4H2O and
(NH4)2HPO4 solutions with a Ca/P mole ratio of 1.55 were
mixed, and the pH of the mixed solution was adjusted to 11
using ammonia at room temperature and stirred for 4 h. The
white color precipitate was obtained through centrifugation
(3000 rpm), and then, the Millipore water was added; this
process was repeated many times until the pH of the solution
was neutral. The precipitate was kept in an oven at 80 °C to
acquire the white powder after drying. Finally, the sample was
placed in a muffle furnace and treated at 1125 °C for 1 h, and
BCP NPs were obtained using a ball grinding machine
(FOCUCY, F-P2000).
4.4. Fabrication of the Porous HECS/PVA/BCP

Scaffold. Initially, HECS was dissolved in a 2 wt % acetic
acid solution to prepare the HECS solution, and the PVA
powder was dissolved in deionized water and stirred at 90 °C
for 3 h to obtain an 8 wt % PVA solution. The HECS solution
and PVA solution were mixed and stirred for 30 min, and the
BCP NP powder was added into the mixed solution and stirred

for 24 h. The mixed solution was poured into a 24-well plate
and kept in a vacuum oven for 2 h to degas the samples, and
then, the samples were frozen at −20 °C for 12 h and thawed
subsequently at room temperature for 1 h. After three freeze−
thaw cycles, the samples were washed with Millipore water to
remove acetic acid and lyophilized at −65 °C for 72 h to
obtain the porous HECS/PVA/BCP scaffold. In this paper, we
fabricated five different samples with different HECS/PVA/
BCP weight ratios, as shown in Table 1 and Figure S1
(Supporting Information). Also, the CS/PVA/BCP scaffolds
with the same method were prepared for comparison, as shown
in Table S1.

4.5. In Vitro Biomineralization of HECS/PVA/BCP
Scaffolds. The prepared HECS/PVA/BCP scaffolds were in
vitro biomineralized using a cell culture medium (Scheme 1).
Briefly, the lyophilized samples were placed into a 6-well cell
plate and covered with DMEM containing FBS (10 wt %) in a
sterile environment. The plates were kept in an incubator at 37
°C, and the medium was changed every 2 days. After 5 days,
the samples were taken out and lyophilized for 72 h. BH
represented the HECS/PVA/BCP scaffold after in vitro
biomineralization treatment.

4.6. Characterization. 4.6.1. Morphology. The morphol-
ogy of BCP NPs was observed using a transmission electron
microscope (FEI Tecnai G2 F20). The BCP NPs were
dispersed in ethanol, treated for 30 min using ultrasonic
equipment, and deposited on the copper grid. The micro-
structure of porous HECS/PVA/BCP and CS/PVA/BCP
scaffolds was observed using a cold-field scanning electron
microscope (Hitachi, S-4800). Before observation, the samples
were coated with platinum.

4.6.2. Fourier Transform Infrared Spectroscopy. FTIR
spectroscopy (Thermo Fisher, Nicolelis 5) was used to test the
presence of specific chemical groups in raw materials and
different scaffolds. FTIR spectra were obtained within the
range between 4000 and 500 cm−1 on the FTIR spectrometer
with a resolution of 1 cm−1 and using the attenuated total
reflectance technique for testing solid scaffold samples.

4.6.3. X-ray Diffraction. BCP NPs were analyzed using the
XRD (Rigaku Smartlab 9 kW diffractometer) test. The data
were recorded over a range of 10° ≤ 2θ ≤ 90°, with
continuous scans at a rate of 0.02° min−1, using a copper ray
tube operated at 45 kV and 15 mA.

4.6.4. Porosity. The porosity (P) of scaffolds was measured
using a liquid displacement method.5,28,31 First, the dried
scaffold was submerged in a known volume (V1) of ethanol.
The volume of the sample-impregnated liquid was measured
and recorded as V2. When removing the liquid-impregnated
scaffold, the remaining liquid volume was measured and
recorded as V3. Then, the porosity could be calculated using
the following formula

P V V V V( )/( ) 100%1 3 2 3= − − ×

Table 1. Composition and Content of the HECS/PVA/BCP
Nanocomposite Hydrogels

sample H1 H2 H3 H4 H5

HECS (%) 18.18 15.38 13.33 9.52 8.70
PVAa (%) 54.55 61.54 66.67 76.19 78.26
BCP (%) 27.27 23.08 20.00 14.29 13.04

a8 wt % PVA solution was used to prepare all samples.
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4.6.5. Mechanical Properties. The uniaxial compression test
was performed to measure the mechanical behavior of the
prepared scaffolds. The different testing method was used here
compared to our previous papers.27,28,31 All the measurements
were completed at room temperature using a microcomputer
control electronic universal testing machine (CMT-4103,
Zhuhai, China). The crosshead speed was set at 4 mm/min,
and the load cell was set at 0.9 kN. The compressive strength
(Cs) of the scaffold was calculated using the below equation

C F m/s =

where F is the load at the time of the fracture and m represents
the cross-sectional area of the samples.
4.6.6. Swelling Behavior. The swelling capacity of the

scaffold was studied by incubating the sample in PBS at 37 °C.
All samples were weighed before the test. In a specified time
interval (20 min), the sample was taken out, placed on a filter
paper to remove the liquid on the surface, and weighed. The
following formula determines the water absorption rate

W W Wwater absorption rate ( )/ 100%t 0 0= − ×

W0 represents the weight of the initial sample and Wt
represents the weight measured at the predetermined time
point.
4.6.7. In Vitro hBMSC Culture. hBMSCs (Normal, Human,

ATCCPCS-500-012) were used for toxicity testing here.
According to ATCC instructions, the cells were cultured at
37 °C in the environment of 5% CO2. Cells were seeded in
DMEM with 10% FBS and 1% of a 100 mg/mL mixture of
streptomycin and penicillin. The cells at passage 5 were used
for the following experiments.
4.6.8. hBMSC Growth in the Scaffold. The obtained

scaffolds were cut into smaller cubes, soaked in 75% ethanol
for 12 h, and irradiated with UV for 6 h. Then, the samples
were washed many times using PBS to replace the ethanol
inside. The samples were put into the 24-well plate and treated
by UV irradiation for 30 min. After that, 1 × 105 cell solution
was added (1 mL of cell solution was diluted into 24 mL and 1
mL for each well; the cell solution was directly dropped on the
surface of the scaffold). The cells/scaffold was cultured under a
humidified atmosphere of 95% air and 5% CO2 at 37 °C. The
cell medium was changed every 24 h; the growth of cells in
scaffolds and morphology of cells were investigated using
CCK-8 analysis and fluorescent staining, respectively.
4.6.9. CCK-8. hBMSC viability in the scaffold was

quantitatively investigated using Cell Counting Kit-8 (CCK-
8). At days 1, 2, and 3, 100 μL of CCK-8 solution was added to
the sample, and cultured at 37 °C in a CO2 incubator for 4 h to
form formazan crystals. Then, the liquid was transferred to a
96-well plate. The absorbance of each well was measured at
570 nm using an enzyme-linked immunosorbent assay plate
reader (Bio-Rad). In this study, cells without scaffolds were
used as a control group.
4.6.10. Fluorescent Microscopy Observation. After the

scaffolds were cultured with hBMSCs for 3 days, glutaralde-
hyde was used to fix the seeded cells inside the scaffolds. The
scaffolds were removed from the cell medium and washed
three times with PBS; then, the cell membrane was
permeabilized with 0.1% TRITON X-100 at 37 °C for 10
min and washed with PBS again. Next, 1 mL of 1% BSA was
added and kept for 30 min, and 100 μL of 5 μg/mL phalloidin-
FITC (Invitrogen, USA) was added under a dark environment
for 1 h. The sample was washed three times with PBS, and 200

μL of 1% DAPI solution was added to protect it from light for
10 min. Finally, 400 μL of DAPI (Thermo Scientific) was
added in the dark for 5 min. Finally, the samples were washed
three times with PBS and observed under a confocal laser
scanning microscope (CLSM, Leica TCS SP5 II, Germany).

4.7. Statistical Analysis. Each experiment was performed
in triplicate if without a particular explanation, and the results
are expressed as means ± SDs. Statistical analyses were
performed using the SPSS software package. Levene’s test was
performed to determine the homogeneity of variance for all the
data, and then, Tamhane Post Hoc tests were performed for
the comparison between different groups. Different p values of
<0.05 (*), <0.01 (**), and <0.001 (***) were considered as
statistically significant.
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