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Abstract: Bone scaffolds based on multi-components are the leading trend to address the multifaceted
prerequisites to repair various bone defects. Chitosan is the most useable biopolymer, having excellent
biological applications. Therefore, in the present study, the chitosan microsphere was prepared by the
ion—gel method; transforming growth factor 3 (TGF-1) and bone morphogenetic protein 2 (BMP-2)
were loaded onto it and then combined with alginate /hyaluronic acid/collagen (Alg/HA /ICol)
to construct a jawbones scaffold. The Alg/HA /ICol scaffolds were characterized by FTIR and
SEM, and the water content, porosity, tensile properties, biocompatibility, and osteogenic-induced
differentiation ability of the Alg/HA /ICol jawbones scaffolds were studied. The results indicate
that a three-dimensional porous jawbone scaffold was successfully constructed having 100-250 um
of pore size and >90% of porosity without cytotoxicity against adipose-derived stem cells (ADSCs).
Its ALP quantification, osteocalcin expression, and Von Kossamineralized nodule staining was higher
than the control group. The jawbones scaffold constructed by TGF-1 and BMP-2 loaded chitosan
microsphere combining with Alg/HA /ICol has potential biomedical application in the future.

Keywords: chitosan microsphere; osteogenic differentiation; jawbone’s scaffold; biocompatibility;
osteogenic-induced differentiation

1. Introduction

The bone is a solid tissue consisting of organic materials (35%) and inorganic material
(65%), which are accountable for their elasticity and strength [1]. Hence, numerous bioma-
terials such as silicate, bioactive glasses, hydroxyapatite, and chitosan-based materials have
been industrialized to mimic the composition and functionality of bone [2]. Amongst them,
the chitosan-based biopolymers have attracted interest due to their excellent bioactivities
such as biocompatibility and bioavailability [3-5].

Bone tissue defects caused by maxillofacial tumor, trauma, and disease along with
various other factors are a common problem in orthopedics [6], which are usually solved
by autologous bone graft, allograft, and xenograft [7]. However, the source of autogenous
bone is limited, and there is immune rejection of allogeneic and heterogeneous bones.
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So, these problems might be solved by bone tissue engineering technology with scaffold
materials, signaling molecules (or growth factors), and seed cells [8,9].

A scaffold is the basic framework of bone tissue engineering with demanding re-
quirements for its biocompatibility and mechanical properties [10,11]. Collagen, sodium
hyaluronate, and sodium alginate have been proven to be good biomaterials for bone
scaffolds [12-14]. Among them, Type I collagen is a kind of biomaterial derived from
natural bone as the most abundant form of collagen in the human body, and it has a very
low immunogenicity compared to other immunogenic proteins due to its stability and
unique triple helix structure [15].

In addition to osteoinductivity, the constructed scaffold should have an extremely
porous structure having interconnected pores along with appropriate mechanical stiffness,
which leads to enhance cell-to-cell interaction and exchange of nutrition to promote the
growth of bone [16]. So, the electrospinning might be considered as an effective technique
to manufacture the interconnected scaffold having a highly porous structure and surface
area [17,18]. The BMPs are potent osteoinductive factors that have the potential to induce
the osteoblast differentiation and bone formation [19,20].

As an important component of chondrocytes” extracellular matrix, sodium hyaluronate
has excellent biocompatibility, higher structural porosity, and larger surface area among nu-
merous biomaterials, and it plays a vital role in promoting the interaction between cells and
other organisms, regulating cell differentiation and division, making it an ideal bone tissue
engineering material [21]. Sodium alginate is a kind of natural polysaccharide from brown
algae, which has excellent biomechanical properties, biocompatibility, and low immuno-
genicity. However, strong hydrophilicity makes it difficult to generate sufficient adhesion
to cells and influence the biological behavior of cells [22]. The good adsorption to cells of
collagen and sodium hyaluronate makes up for the deficiency of sodium alginate, which
could increase the mechanical strength of a simple HA-COL composite scaffold. Therefore,
Alg/HA/ICol is a suitable scaffold material for bone tissue engineering applications.

Studies [13] have shown that when BMP is combined with TGF-3, BMP enhances the
osteogenic capacity of TGF-f3, while TGF-f3 increases the induced capacity of BMP [23].
Natural chitin is chemically modified to obtain chitosan with good biocompatibility, good
biodegradability, non-antigenicity, and non-toxic effects. It can be used to prepare drug-
loaded microspheres for binding and protecting growth factors as well as slow-releasing
drugs [24,25]. Adipose tissue-derived mesenchymal stem cells (ADSCs) have the potential
to differentiate into osteocytes and chondrocytes under in vitro induced conditions.

Based on our previous studies on the adsorption of TGF-f31 and BMP-2 by the chitosan
microsphere, the chitosan microsphere was prepared by the ion—gel method; TGF-31 and
BMP-2 were loaded on it and then combined with Alg/HA /ICol to construct a jawbones
scaffold. The basic properties of Alg/HA /ICol and jawbones scaffolds were detected.
ADSCs were inoculated on the jawbones scaffold to evaluate its biocompatibility and
osteogenic induced differentiation ability. Therefore, the present study was useful to
provide reference for the in vitro culture of tissue engineering bone and the selection of
repairing materials for bone defect.

2. Materials and Methods
2.1. Preparation and Characterization of Alg/HA/ICol Scaffolds
2.1.1. Preparation of Alg/HA /ICol Scaffolds

Alg (Macklin Biochemical Co., Ltd., Shanghai, China), HA (Macklin Biochemical Co.,
Ltd., China) and ICol (Macklin Biochemical Co., Ltd., Shanghai, China) were mixed in a
mass ratio of 5:1:1. The 10.0 mL of Alg hydrosol was regulated to be 0.05%, 0.10%, 0.15%,
0.20%, and 0.25% (w/w), and pH 7.4, respectively. Then, 10 mL, 5 g/L of calcium chloride
solution was added into the above hydrosols for cross-linking, respectively. The formative
hydrogels were freeze-dried in a SCIENTZ-18N freeze-dryer (Ningbo Xinzhi Biochemical
Co., Ltd., Ningbo, China) to obtain three-dimensional porous Alg/HA /ICol scaffolds.
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2.1.2. Characterization of Alg/HA /ICol Scaffolds

The IR spectra of the scaffold materials were obtained by an IR Affinity-1 Fourier
Transform infrared spectrometer (Perkin, TE, USA). The surface morphology and aperture
size of the scaffolds were observed by a S-3400N scanning electron microscope (Hitachi,
Tokyo, Japan) after gold-spraying treatment with the acceleration voltage of 15 kV. The
scaffolds were cut out to be samples with a length of 10 mm and a width of 10 mm, and
their tensile properties were tested by a CMT4304 electronic tensile machine (MTS, Perkin,
TX, USA) with the tensile rate of 10 mm/min.

2.1.3. Swelling Ratio of Alg/HA /ICol Scaffolds

After drying the surface of a saturated water-absorbing scaffold with filter paper, it
was weighed to be W;. Then, it was freeze-dried and weighed to be W(. The swelling ratio
of scaffold was calculated according to Equation (1) [24].

Wi —Wo
0

Swelling ratio (%) = x 100% 1)

2.1.4. Porosity of Alg/HA /ICol Scaffolds

A certain quality (W) of freeze-dried scaffold was immersed into the volumetric flask
containing ethanol with vacuum water pumping until no bubbles at the surface of scaffold
were observed. The weight of the volumetric flask containing ethanol and freeze-dried
scaffold was W,. Taking out the scaffold, the weight of the volumetric flask containing
the residual ethanol was W3, and the porosity of the scaffold was calculated according to
Equation (2) [26].

Wr — W3 — W,

Porosity (%) = W W x 100 (2)

2.2. Preparation and Characterization of TGF-B1 and BMP-2 Loaded Chitosan Microsphere
Combining with Alg/HA/ICol Jawbones Scaffold

First, 0.5 g of chitosan (Jiangxi Golden brilliance Medical Products Co., Ltd., Yichun,
China) was dissolved in 500 mL, 1% (w/w) of acetic acid solution to obtain a 1.0 mg/mL
of chitosan solution. Taking 200 mL of above chitosan solution in a beaker, its pH value
was adjusted to be 5.0 with dilute NaOH solution; then, 40 mL, 1 mg/mL of sodium
tripolyphosphate solution was slowly dripped into the chitosan solution under continuous
magnetic stirring. After the dripping was completed, the suspension was obtained by
magnetic stirring for 1 h at room temperature. Taking 20 mL of the above suspension,
4.0 mL, 10 ng/mL of BMP-2 (ProSpec, Jerusalem, Israel) solution and 2.5 mL, 100 mg/mL
of TGF-31 (ProSpec, Israel) solution were added into with continuous magnetic stirring
at 4 °C respectively. Then, 7 h later, the mixed suspension was completely shifted to
10 mL of Alg/HA /ICol hydrosol with 0.1% (w/w) of Alg, which was then cross-linked by
adding 10 mL, 5.0 g/L of calcium chloride solution for 15 min. The prepared hydrogel was
freeze-dried in a Scientz-18N freeze-dryer to obtain the three-dimensional porous jawbones
scaffold, whose structure and performance were characterized as same as in Section 2.1.

2.3. Testing of Cytotoxicity and Osteogenic Induction

Adipose-derived stem cells (ADSCs) of well-grown mice (Cyagen, Santa Clara, CA,
USA) were taken and digested into single-cell suspension by adding an appropriate amount
of pancreatic enzyme (GENVIEW, Hollister St Ste 520, Houston, TX, USA), and the cell
suspension was diluted by using medium. The number of cells inoculated in each well of
96-well plates was approximately 1 x 10°/well. The cells were cultured in a 5% of CO,
incubator at 37 °C for 24 h until adherence. The experimental cells were divided into the
control group and the scaffold-treated group. After adherence at 24 h, the Alg/HA /ICol
scaffold was added into scaffold group cells and cultured in an incubator. Cells were taken
for CCK-8 detection at 2-, 4-, 8-, 12-, and 16-day intervals. The cells were rinsed with PBS
twice and then added with 10% (v/v) of CCK-8 solution (Dojindo, Kumamoto, Japan) in
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the medium for further culture for 4 h. The absorbance (OD450) was determined by using
an Epoch enzyme-labeled instrument (BioTek, Winuschi, VT, USA).

For osteogenic induction, the cells were cultured according to the above methods, the
jawbones scaffold was added to the scaffold group cells for culture in a 5% CO, incubator at
37 °C for 24 h; then, the original medium was replaced with osteogenesis induction medium
every 3 d once. At 0, 5-, 7-, 10- and 14-days’ culture, the cells were rinsed with PBS twice,
fixed with 4% (w/w) of paraformaldehyde for 30 min, and then washed with PBS once
again for the coming osteogenesis induction experiments, including the observation of cell
morphology by the inverted microscope (MOTIC, Berlin, Germany). The cells were stained
by hematoxylin—eosin staining (HE, Nanjing Jiancheng Biotechnology Co., Ltd., Nanjing,
China), sealed with neutral balsam (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China), and then, the growth of the cells was observed by an inverted microscope and
photographed. The alkaline phosphatase (ALP) detection kit (Nanjing Jiancheng Biological
Technology Co., Ltd., Nanjing, China) was used to detect the ALP cell activity. The liquid
supernatant in medium was collected after centrifugation at 14,000 RPM for 15 min and
added with standard fluid and chromogenic reagents. After bath and coloring, it was
detected for OD520 using an enzyme-labeled instrument (BioTek, Winuschi, VT, USA); then,
the data were converted into the King unit. The Alizarin Red staining liquor (Servicebio,
Wuhan, China) was used for staining for 5 min; then, the mineralized nodules were washed
by running water and observed under an inverted microscope. The cytotoxicity of the
jawbones scaffold was measured by the CCK-8 method. The 10% (v/v) of CCK-8 solution
in the culture medium was added to each well and continued in the cell incubator for
4 h; then, its OD520 was measured by an enzyme-labeled instrument (BioTek, Winuschi,
VT, USA). The expression of osteocalcin mRNA was detected by RT-PCR. The total RNA
was extracted by the Trizol method, and its concentration and purity were determined by
an ultra-micro ultraviolet analyzer (Quawell Technology, San Jose, CA, USA). The total
RNA was converted to cDNA by a reverse transcription kit (DBI, Berlin, Germany), and
fluorescence quantitative PCR amplification was performed. Primer sequences are shown
in Table 1, and the relative gene expression was calculated with 2-AACt.

Table 1. Primer parameters of gPCR.

ID Sequence (5'-3') Product Length (bp)
[-actin F CATTGCTGACAGGATGCAGA 139
B-actin R CTGCTGGAAGGTGGACAGTGA
Bglap F TTCTGCTCACTCTGCTGACC 203
Bglap R AGGGTTAAGCTCACACTGCT

2.4. Statistical Analysis

SPSS 22.0 software was used for data processing, and ANOVA, a Welch amendment
test, and a K-W test were used for comparison tests. p < 0.05 was considered as significant
difference, while p > 0.05 was considered as no significant difference.

3. Results
3.1. Structure and Performance of Alg/HA/ICol Scaffolds

The FTIR spectrum of the Alg/HA /ICol scaffold prepared from the hydrosol with
0.1% (w/w) of Alg is shown in Figure 1A. The strong absorption peak at 3441 cm~! in
the figure belonged to the characteristic absorption peak of hydroxyl groups in the range
of 3700-3000 cm !, reflecting the large amount of hydroxyl groups in Alg and HA. The
spectrum peak at 1610 cm~! corresponded to the amide I band of ICol, and the spectrum
peak at 1400 cm ! corresponded to its amidell band. The amide I band showed obvious
displacement, indicating the molecular interaction between ICol and other molecules,
which was indicated by some studies [27-29] to be that between ICol and HA.
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Figure 1. FTIR spectrum (A), SEM image (B), and Porosity (C) of Alg/HA /ICol scaffold.

The SEM image of the cross-section of the Alg/HA /ICol scaffold prepared from the
hydrosol with 0.1% (w/w) of Alg is shown in Figure 1B. It could be seen that the internal
aperture of the scaffold was interlinked, mainly circular, and elliptic, and its diameter was
within the range of 100~250 um. Studies showed that the appropriate scaffold pore size
range for growing bone cells was 75-250 um, while the recommended pore size range was
200-300 pm for fibrocartilage tissue culture. Furthermore, the connected pore (>100 um)
structure provided nutrients exchange with the surrounding environment, supplies, and
metabolites excretion, which was conducive to the formation of tissue structure [30,31].
Therefore, the aperture size and connected structure of the Alg/HA /ICol scaffold are
suitable for bone cell culture.

The porosities of Alg/HA /ICol scaffolds prepared from the hydrosols with different
Alg contents are shown in Figure 1C. The porosities of all the freeze-dried scaffolds were
uniform, which were higher than 90%, meeting the requirement of tissue engineering a
scaffold with a porosity of higher than 80%.

The swelling ratios of Alg/HA/ICol scaffolds prepared from the hydrosols with
different Alg contents are shown in Table 2. With the increase in Alg content, the swelling
ratio of the scaffold presented a decreasing trend, indicating that the hydrophilic swelling
performance of the scaffold decreased.

Table 2. Swelling ratios of Alg/HA /ICol scaffolds.

Alg Content in Hydrosol (wt %) Swelling Ratio (%)
0.05 7546 £0.3
0.10 7256 £0.3
0.15 7223 £02
0.20 45.60 £0.2
0.25 41.59 £0.2

The tensile properties of Alg/HA /ICol scaffolds prepared from the hydrosols with
different Alg contents are shown in Table 3. It could be seen that the tensile strength of the
scaffold increased with the increase in Alg content, while the elongation at break of the
scaffold decreased slightly, reflecting the contribution of Alg to the mechanical strength of
the Alg/HA /ICol scaffold.
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Table 3. Tensile properties of Alg/HA /ICol scaffolds prepared from the hydrosols with different Alg
contents.

Alg Content in Hydrosol (wt %) Tensile Strength (MPa) Elongation at Break (%)
0.05 0.028 £ 0.001 29.7£0.1
0.10 0.036 £ 0.002 283 £0.1
0.15 0.044 £ 0.000 26.6 +0.1
0.20 0.052 + 0.001 26.0£0.1

3.2. Cytotoxicity of Alg/HA/Icol Scaffold

The cell proliferation curves were obtained by the CCK-8 method, as shown in
Figure 2A. The cell proliferation curve of the Alg/HA /ICol scaffold prepared from the
hydrosol with 0.1% (w/w) of Alg was not significantly different from that of the control,
indicating that the scaffold had good biocompatibility and the combination of the three
biomaterials had no adverse effect on the proliferation of ADSCs.

A ~—e— Control
—s— Material

OD (450nm)

0.0
1 8 12 16

Time of culture (day)

Figure 2. Cell proliferation curves (A), SEM images of ADSCs cultured on the scaffold surface for
4d (B)and 8d (C).

SEM images of ADSCs cultured on the scaffold surface for 4 d and 8 d are shown in
Figure 2B, respectively. After 8 days’ culture, the cells on the scaffold surface showed a
certain growth trend, and their diameter increased five to eight times compared with that
on the 4th day.

3.3. Structure and Performance of Jawbones Scaffold

Figure 3 shows the differences in both scaffold surfaces under SEM. It can be seen
that the scaffold without composite microspheres was smoother. After compounding
the chitosan microspheres, the polymer microspheres were dispersed on the original
smooth surface.
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Figure 3. SEM images of bare scaffolds (A) and scaffolds combined with chitosan microspheres (B).

Table 4 compared the structure and mechanical properties of the Alg/HA /ICol scaf-
fold prepared from the hydrosol with 0.1% (w/w) of Alg and the jawbones scaffold prepared
by adding TGF-f31 and BMP-2-loaded chitosan microsphere into the Alg/HA /ICol scaffold.
It could be seen that the hydrophilic swelling property of the jawbones scaffold decreased
due to the addition of solid chitosan microspheres, so the swelling ratio of the jawbones
scaffold decreased. Chitosan particles were dispersed in the scaffold framework, so the
porosity of the jawbones scaffold was slightly lower than that of the Alg/HA /ICol scaffold.
Furthermore, the research results showed that the addition of chitosan particles had little
effect on the mechanical properties of the Alg/HA /ICol scaffold.

Table 4. Comparison of the structure and mechanical properties of Alg/HA /ICol and the jawbones
scaffolds.

Swelling Ratio .o Tensile Elongation at
Type (%) Porosity %) g4 ength (MPa) Break (%)
Alg/HA/ICol  72.56 + 031 95.63 + 0.86 0.036 + 0.02 283+ 0.1
jawbones 52.89 + 0.25 90.62 % 0.59 0.038 + 0.02 289 + 0.1

3.4. Cytotoxicity and Osteogenic Induction of Jawbones Scaffold

The microscopic photos of ADSCs at different times are shown in Figure 4, in which
a—e are the microscopic photos of the cells in the jawbones scaffold groupat0d,5d,7d,
10 d, and 14 d, and f— were the microscopic photos of the cells in the control group at 0 d,
5d,7d,10d, and 14 d. It could be seen that the morphology of the cells in the jawbones
scaffold group was similar to that of the control group at different times of bone induction.

Figure 4. Microscopic images of ADSCs at different times (a—e: the jawbones scaffold group; f-j: the
control group) (x20).

Figure 5 shows the HE staining photos of ADSCs at different times, in which a—e are
the HE staining photos of the cells in the jawbones scaffold group at0d,5d,7d, 10 d, and
14 d, and fj are the HE staining photos of the cells in the control groupat0d,5d,7d, 10d,
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and 14 d. As shown in Figure 3, the morphology of the cells in the jawbones scaffold group
was roughly the same as that of the control group at different times of bone induction.

Figure 5. HE staining photos of ADSCs at different times (a—e: the jawbones scaffold group; f-j: the
control group) (x40).

The cell proliferation curves obtained by the CCK-8 test are shown in Figure 6A. The
early proliferation rate of ADSCs on the jawbones scaffold was higher than that on the
control, which proved that the scaffold was important for cell culture and was conducive
to cell adhesion, proliferation, and nutrition transmission. Since the culture medium and
cell inoculation density were the same in both groups, the cell proliferation rates of the
two groups tended to be the same after 10 days’ cell proliferation. Most importantly, the
jawbones scaffold showed no cytotoxicity at all.

A 2° - B 0009
—=— Material —=— Material
—e— Control 0.008 | —e— Control
Lsk AoA 007 |
£ 0.006 - /{
o
£ 5
£ 20005
KRLof =
- 5 0.004 |
Q <
o 2 0.003 |
<<
LB 0.002 [
0.001 [
0.0 L L L L L 0. 000 L L
0 5 7 10 14 0 5 7 10 14
Time of culture(day) Time of culture(day)
5
I Control
C | mmm Materia
7y
o
=3
=
2=
Z 3k
£ o
£ =
L /M
=
o
=5

Time of culture(day)

Figure 6. Cell proliferation rate (A), cell ALP activity (B), and relative mRNA expression level of cell
osteocalcin (C) of the scaffold treated group and control group.

The quantitative detection of cell ALP can reflect the differentiation level of pre-
osteoblasts [32] activities of bone-induced cells on the jawbones scaffold and the control
were detected by ELISA, as shown in Figure 6B. After 5 days’ bone induction, the ALP
activity of cells cultured on the jawbones scaffold was significantly higher than that of
cells on the control group, proving that bone-induced factors in the jawbones scaffold
played an effective role in enhancing the cell ALP activity and significantly promoting the
differentiation of pre-osteoblasts into mature osteoblasts.

Cell osteocalcin expression level is the most commonly used indicator of terminal
osteoblast differentiation [31]; the relative mRNA expression levels of cell osteocalcin with
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different times of bone induction on the jawbones scaffold and the control are shown in
Figure 5c. The relative mRNA expression levels of osteocalcin of two groups of cells in-
creased gradually with bone-induced culture time. After 7 d, the relative mRNA expression
level of osteocalcin of cells on the jawbones scaffold increased remarkably and showed an
apparent difference from that on the control. It showed that a large number of late-mature
osteoblasts emerged on the later jawbones scaffold toward terminal differentiation.

Figure 7 shows the staining images of cellular Von Kossa mineralized nodules in bone
induction at different times, in which a—e are the images of the control groupat0d,5d,7 d,
10 d, and 14 d, and fj are the images of the jawbones scaffold group at0d,5d,7d, 10d,
and 14 d. A small number of black sedimentary nodules were observed on the jawbones
scaffold 10 d after bone induction; its color deepened and the amount increased significantly
in 14 d after bone induction. It implied that a large amount of calcium-like matrix had
been produced and mineralized, and the jawbones scaffold significantly stimulated the
formation of cellular mineralized nodules.

Figure 7. Staining images of cellular Von Kossa mineralized nodules in bone induction at different
times (a—e: the control group; f—j: the jawbones scaffold group) (x40).

4. Conclusions

A TGF-p1 and BMP-2-loaded chitosan microsphere was compounded with Alg/HA /Icol
to construct a jawbones scaffold. The research results showed that the jawbones scaffold
could form a suitable three-dimensional porous space and could directionally induce the
osteogenic differentiation of ADSCs. The present results suggested that the constructed
jawbone scaffold possessed strong bone repair capability and might have potential applica-
tion in bone tissue engineering. The in vitro results suggested that the proposed jawbone
scaffold had low cytotoxicity and it was beneficial to the adhesion and proliferation of
adipose-derived stem cells (ADSCs) cells. Furthermore, the proposed jawbone scaffolds
having bone repaired functions might be consider as promising candidates for jaw bone
repair. This study was prospective to be applied in clinically repairing jawbones” defect and
solving the patients’ pain. However, still, further study is needed to explore the potential
clinical application of jawbone in bone regeneration.

Author Contributions: Y.T.: Conceptualization, Methodology, Writing—Original Draft, Formal Analysis;
Z.M.: Conceptualization, Methodology, Writing—Original Draft, Formal Analysis; L.Z. (Liqun Zhang):
Conceptualization, Methodology, Writing—Original Draft, Formal Analysis; A.B.: Software, Valida-
tion; HM.M.: Data Curation, Writing—Original Draft; M.U.: Visualization, Data Curation; M.S.R.R.:
Project Administration, Supervision, Software, Writing—Original Draft, Writing—Review and Edit-
ing; L.Z. (Liqing Zhao): Funding acquisition, Project Administration, Supervision, Writing—Review
and Editing, Investigation; Y.W.: Funding acquisition, Project Administration, Supervision, Writing—
Review and Editing, Investigation; X.S.: Funding Acquisition, Project Administration, Supervision,
Writing—Review and Editing, Investigation. All authors have read and agreed to the published
version of the manuscript.



Polymers 2021, 13, 3079 10 of 11

Funding: This work was supported by the Special Fund for Development of Strategic Emerging
Industries in Shenzhen (JCYJ20190808145613154, KQJSCX20180328100801771) and the Fund from
Nanshan Institute of Industrial Technology, Shenzhen University (010704). Natural Science Founda-
tion of the Education Department of Guangdong Province (2020KZDZX1172); Guangdong Basic and
Applied Basic Research Foundation (2020A1515111169); Shenzhen Peacock Plan Project (827/000569);
Natural Science Foundation of SZU (860/000002110131) and the University stability support program
of Shenzhen (20200813201847001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be provided on demand.

Acknowledgments: The authors are grateful to the analysis center of Shenzhen University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rezwan, K.; Chen, Q.Z.; Blaker, J.J.; Boccaccini, A.R. Biodegradable and bioactive porous polymer/inorganic composite scaffolds
for bone tissue engineering. Biomaterials 2006, 27, 3413-3431. [CrossRef]

2. Berger, ].; Reist, M.; Mayer, ].M.; Felt, O.; Peppas, N.A.; Gurny, R. Structure and interactions in covalently and ionically crosslinked
chitosan hydrogels for biomedical applications. Eur. |. Pharm. Biopharm. 2004, 57, 19-34. [CrossRef]

3. Li, J; Zhao, L; Wu, Y.; Rajoka, M.S.R. Insights on the ultra high antibacterial activity of positionally substituted 2'-O-
hydroxypropyl trimethyl ammonium chloride chitosan: A joint interaction of -NH; and -N+(CH3)3 with bacterial cell wall.
Colloids Surf. B Biointerfaces 2019, 173, 429-436. [CrossRef] [PubMed]

4.  Riaz Rajoka, M.S.; Mehwish, HM.; Wu, Y.; Zhao, L.; Arfat, Y.; Majeed, K.; Anwaar, S. Chitin/chitosan derivatives and their
interactions with microorganisms: A comprehensive review and future perspectives. Crit. Rev. Biotechnol. 2020, 40, 365-379.
[CrossRef]

5. Riaz Rajoka, M.S.; Zhao, L.; Mehwish, H.M.; Wu, Y.; Mahmood, S. Chitosan and its derivatives: Synthesis, biotechnological
applications, and future challenges. Appl. Microbiol. Biotechnol. 2019, 103, 1557-1571. [CrossRef]

6. Tan, B,; Tang, Q.; Zhong, Y.; Wei, Y.; He, L.; Wu, Y.; Wu, J.; Liao, ]. Biomaterial-based strategies for maxillofacial tumour therapy
and bone defect regeneration. Int. J. Oral Sci. 2021, 13, 1-16. [CrossRef]

7. Lim, ZX.H,; Rai, B,; Tan, T.C.; Ramruttun, A.K.; Hui, ].H.; Nurcombe, V.; Teoh, S.H.; Cool, S.M. Autologous bone marrow clot as
an alternative to autograft for bone defect healing. Bone Jt. Res. 2019, 8, 107-117. [CrossRef] [PubMed]

8. Wang, Q.; Huang, Z.; Huang, X.; Zhang, T.; Wang, W. Reparative effect of super active platelet combined with allogeneic bone for
large bone defects. Artif. Organs 2021. [CrossRef] [PubMed]

9. Xing,J;Lu, Y,; Cui, Y;; Zhu, X;; Luo, E; Xie, Z.; Wu, X,; Deng, M.; Xu, J.; Hou, T. A Standardized and Quality-Controllable Protocol
of Constructing Individual Tissue-Engineered Grafts Applicable to Treating Large Bone Defects. Tissue Eng. Part C Methods 2019,
25,137-147. [CrossRef]

10. Ghassemi, T.; Shahroodi, A.; Ebrahimzadeh, M.H.; Mousavian, A.; Movaffagh, J.; Moradi, A. Current Concepts in Scaffolding for
Bone Tissue Engineering. Arch. Bone Jt. Surg. 2018, 6, 90-99. [PubMed]

11. Li, J.J.; Ebied, M.; Xu, J.; Zreiqat, H. Current Approaches to Bone Tissue Engineering: The Interface between Biology and
Engineering. Adv. Healthc. Mater. 2018, 7, €1701061. [CrossRef] [PubMed]

12.  Rico-Llanos, G.A.; Borrego-Gonzalez, S.; Moncayo-Donoso, M.; Becerra, J.; Visser, R. Collagen Type I Biomaterials as Scaffolds for
Bone Tissue Engineering. Polymers 2021, 13, 599. [CrossRef]

13.  Yu, H,; Liu, J.; Zhao, Y.-Y;; Jin, F; Dong, X.-Z.; Zhao, Z.-S.; Duan, X.-M.; Zheng, M.-L. Biocompatible Three-Dimensional Hydrogel
Cell Scaffold Fabricated by Sodium Hyaluronate and Chitosan Assisted Two-Photon Polymerization. ACS Appl. Bio Mater. 2019,
2,3077-3083. [CrossRef]

14. Valido, D.P,; Junior, W.D.G.; de Andrade, ML.E.; Rezende, A.A.; de Carvalho, EM.D.A.; de Lima, R.; Trindade, G.D.G.G.; de
Alcantara Campos, C.; Oliveira, A.M.S.; Frank, L.A_; et al. Otoliths-composed gelatin/sodium alginate scaffolds for bone
regeneration. Drug Deliv. Transl. Res. 2020, 10, 1716-1728. [CrossRef]

15. Ramshaw, ].A.M. Biomedical applications of collagens. . Biomed. Mater. Res. Part B Appl. Biomater. 2016, 104, 665-675. [CrossRef]

16. Saravanan, S.; Leena, R.S.; Selvamurugan, N. Chitosan based biocomposite scaffolds for bone tissue engineering. Int. . Biol.
Macromol. 2016, 93, 1354-1365. [CrossRef] [PubMed]

17.  Bhardwaj, N.; Kundu, S.C. Electrospinning: A fascinating fiber fabrication technique. Biotechnol. Adv. 2010, 28, 325-347.
[CrossRef]

18. Collins, M.N,; Ren, G.; Young, K,; Pina, S.; Reis, R.L.; Oliveira, ].M. Scaffold Fabrication Technologies and Structure/Function
Properties in Bone Tissue Engineering. Adv. Funct. Mater. 2021, 31, 2010609. [CrossRef]

19. Gaihre, B.; Unagolla, ].M.; Liu, J.; Ebraheim, N.A.; Jayasuriya, A.C. Thermoresponsive Injectable Microparticle-Gel Composites

with Recombinant BMP-9 and VEGF Enhance Bone Formation in Rats. ACS Biomater. Sci. Eng. 2019, 5, 4587-4600. [CrossRef]


http://doi.org/10.1016/j.biomaterials.2006.01.039
http://doi.org/10.1016/S0939-6411(03)00161-9
http://doi.org/10.1016/j.colsurfb.2018.09.077
http://www.ncbi.nlm.nih.gov/pubmed/30321801
http://doi.org/10.1080/07388551.2020.1713719
http://doi.org/10.1007/s00253-018-9550-z
http://doi.org/10.1038/s41368-021-00113-9
http://doi.org/10.1302/2046-3758.83.BJR-2018-0096.R1
http://www.ncbi.nlm.nih.gov/pubmed/30997036
http://doi.org/10.1111/aor.14002
http://www.ncbi.nlm.nih.gov/pubmed/34037261
http://doi.org/10.1089/ten.tec.2018.0323
http://www.ncbi.nlm.nih.gov/pubmed/29600260
http://doi.org/10.1002/adhm.201701061
http://www.ncbi.nlm.nih.gov/pubmed/29280321
http://doi.org/10.3390/polym13040599
http://doi.org/10.1021/acsabm.9b00384
http://doi.org/10.1007/s13346-020-00845-x
http://doi.org/10.1002/jbm.b.33541
http://doi.org/10.1016/j.ijbiomac.2016.01.112
http://www.ncbi.nlm.nih.gov/pubmed/26845481
http://doi.org/10.1016/j.biotechadv.2010.01.004
http://doi.org/10.1002/adfm.202010609
http://doi.org/10.1021/acsbiomaterials.9b00082

Polymers 2021, 13, 3079 11 of 11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Subbiah, R.; Cheng, A.; Ruehle, M.A.; Hettiaratchi, M.H.; Bertassoni, L.E.; Guldberg, R.E. Effects of controlled dual growth factor
delivery on bone regeneration following composite bone-muscle injury. Acta Biomater. 2020, 114, 63-75. [CrossRef] [PubMed]
De Lacerda Dantas, P.C.; Martins-Junior, P.A.; Coutinho, D.C.O.; Andrade, V.B.; Valverde, T.M.; de Souza Avila, E.; Almeida,
T.C.S.; Queiroz-Junior, C.M.; Sa, M.A.; Gées, A.M.; et al. Nanohybrid composed of graphene oxide functionalized with sodium
hyaluronate accelerates bone healing in the tibia of rats. Mater. Sci. Eng. C 2021, 123, 111961. [CrossRef] [PubMed]

Di Donato, P.; Taurisano, V.; Poli, A.; Gomez d’Ayala, G.; Nicolaus, B.; Malinconinco, M.; Santagata, G. Vegetable wastes derived
polysaccharides as natural eco-friendly plasticizers of sodium alginate. Carbohydr. Polym. 2020, 229, 115427. [CrossRef] [PubMed]
Tan Timur, U.; Caron, M.; van den Akker, G.; van der Windt, A.; Visser, J.; van Rhijn, L.; Weinans, H.; Welting, T.; Emans, P; Jahr,
H. Increased TGF-f3 and BMP Levels and Improved Chondrocyte-Specific Marker Expression In Vitro under Cartilage-Specific
Physiological Osmolarity. Int. . Mol. Sci. 2019, 20, 795. [CrossRef] [PubMed]

Li, X,; Zeng, D.; Ke, P.; Wang, G.; Zhang, D. Synthesis and characterization of magnetic chitosan microspheres for drug delivery.
RSC Adv. 2020, 10, 7163-7169. [CrossRef]

Bi, Y.G,; Lin, Z.T.; Deng, S.T. Fabrication and characterization of hydroxyapatite/sodium alginate/chitosan composite micro-
spheres for drug delivery and bone tissue engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 100, 576-583. [CrossRef]
Deng, W.; Tan, Y.; Riaz Rajoka, M.S.; Xue, Q.; Zhao, L.; Wu, Y. A new type of bilayer dural substitute candidate made up of
modified chitin and bacterial cellulose. Carbohydr. Polym. 2021, 256, 117577. [CrossRef] [PubMed]

Feng, Z.; Liu, J.; Shen, C.; Lu, N.; Zhang, Y.; Yang, Y.; Qi, F. Biotin-avidin mediates the binding of adipose-derived stem cells to a
porous [3-tricalcium phosphate scaffold: Mandibular regeneration. Exp. Ther. Med. 2016, 11, 737-746. [CrossRef] [PubMed]
Fari, G.; Santagati, D.; Pignatelli, G.; Scacco, V.; Renna, D.; Cascarano, G.; Vendola, F.; Bianchi, F.P; Fiore, P.; Ranieri, M.; et al.
Collagen Peptides, in Association with Vitamin C, Sodium Hyaluronate, Manganese and Copper, as Part of the Rehabilitation
Project in the Treatment of Chronic Low Back Pain. Endocr. Metab. Immune Disord. Drug Targets 2021. [CrossRef] [PubMed]
Mandair, G.S.; Morris, M.D. Contributions of Raman spectroscopy to the understanding of bone strength. BoneKEy Rep. 2015,
4, 620. [CrossRef]

Chen, Z.; Yan, X,; Yin, S.; Liu, L; Liu, X.; Zhao, G.; Ma, W.; Qi, W.; Ren, Z.; Liao, H.; et al. Influence of the pore size and porosity of
selective laser melted Ti6Al4V ELI porous scaffold on cell proliferation, osteogenesis and bone ingrowth. Mater. Sci. Eng. C Mater.
Biol. Appl. 2020, 106, 110289. [CrossRef]

Diao, J.; Ding, H.; Huang, M.; Fu, X,; Zou, F; Li, T.; Zhao, N.; Mao, C.; Wang, Y. Bone Defect Model Dependent Optimal Pore
Sizes of 3D-Plotted Beta-Tricalcium Phosphate Scaffolds for Bone Regeneration. Small Methods 2019, 3, 1900237. [CrossRef]
Zhang, J.; Zhang, W.; Dai, J.; Wang, X.; Shen, S.G. Overexpression of DIx2 enhances osteogenic differentiation of BMSCs and
MC3T3-EL1 cells via direct upregulation of Osteocalcin and Alp. Int. |. Oral Sci. 2019, 11, 12. [CrossRef] [PubMed]


http://doi.org/10.1016/j.actbio.2020.07.026
http://www.ncbi.nlm.nih.gov/pubmed/32688092
http://doi.org/10.1016/j.msec.2021.111961
http://www.ncbi.nlm.nih.gov/pubmed/33812589
http://doi.org/10.1016/j.carbpol.2019.115427
http://www.ncbi.nlm.nih.gov/pubmed/31826501
http://doi.org/10.3390/ijms20040795
http://www.ncbi.nlm.nih.gov/pubmed/30781744
http://doi.org/10.1039/C9RA10792D
http://doi.org/10.1016/j.msec.2019.03.040
http://doi.org/10.1016/j.carbpol.2020.117577
http://www.ncbi.nlm.nih.gov/pubmed/33483072
http://doi.org/10.3892/etm.2015.2961
http://www.ncbi.nlm.nih.gov/pubmed/26997987
http://doi.org/10.2174/1871530321666210210153619
http://www.ncbi.nlm.nih.gov/pubmed/33568038
http://doi.org/10.1038/bonekey.2014.115
http://doi.org/10.1016/j.msec.2019.110289
http://doi.org/10.1002/smtd.201900237
http://doi.org/10.1038/s41368-019-0046-1
http://www.ncbi.nlm.nih.gov/pubmed/30880332

	Introduction 
	Materials and Methods 
	Preparation and Characterization of Alg/HA/ICol Scaffolds 
	Preparation of Alg/HA/ICol Scaffolds 
	Characterization of Alg/HA/ICol Scaffolds 
	Swelling Ratio of Alg/HA/ICol Scaffolds 
	Porosity of Alg/HA/ICol Scaffolds 

	Preparation and Characterization of TGF-1 and BMP-2 Loaded Chitosan Microsphere Combining with Alg/HA/ICol Jawbones Scaffold 
	Testing of Cytotoxicity and Osteogenic Induction 
	Statistical Analysis 

	Results 
	Structure and Performance of Alg/HA/ICol Scaffolds 
	Cytotoxicity of Alg/HA/Icol Scaffold 
	Structure and Performance of Jawbones Scaffold 
	Cytotoxicity and Osteogenic Induction of Jawbones Scaffold 

	Conclusions 
	References

