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factors for repairing bone defects have become a current research hotspot. In this study, we prepared a
silk fibroin/chitosan/nanohydroxyapatite (SF/CS/nHA) composite biomimetic scaffold and then combined
it with autologous concentrated growth factor (CGF) to explore the effect of this combination on the
proliferation and osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) and the
efficiency of repairing critical radial defects.

Methods: Three kinds of SF/CS/nHA composite biomimetic scaffolds with mass fractions of 3%, 4%, and 5%
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Bone marrow mesenchymal stem cells were prepared by vacuum freeze-drying and chemical cross-linking methods, and the characteristics of
(BMSCs) the scaffolds were evaluated. In vitro, BMSCs were seeded on SF/CS/nHA scaffolds, and then CGF was
Bone regeneration added. The morphology and proliferation of BMSCs were evaluated by live-dead staining, phalloidin

staining, and CCK-8 assays. ALP staining, alizarin red staining, cellular immunofluorescence, RT—PCR, and
Western blotting were used to detect the osteogenic differentiation of BMSCs. In vivo, a rabbit radius
critical bone defect model was constructed, and the SF/CS/nHA-BMSC scaffold cell complex combined
with CGF was implanted. The effect on bone defect repair was evaluated by 3D CT scanning, HE staining,
Masson staining, and immunohistochemistry.
Results: The characteristics of 4% SF/CS/nHA were the most suitable for repairing bone defects. In vitro,
the SF/CS/nHA combined CGF group showed better adhesion, cell morphology, proliferation, and oste-
ogenic differentiation of BMSCs than the other groups (P < 0.05 for all). In vivo imaging examination and
histological analysis demonstrated that the SF/CS/nHA scaffold combined with CGF had better efficiency
in bone defect repair than the other scaffolds (P < 0.05 for all).
Conclusions: A SF/CS/nHA composite biomimetic bone scaffold combined with autologous CGF promoted
the proliferation and osteogenic differentiation of BMSCs in vitro and improved the repair efficiency of
critical bone defects in vivo. This combination may have the potential for clinical translation due to its
excellent biocompatibility.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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differentiation ability [1—3]. However, its extremely low clinical
translation efficiency is one of the problems that needs to be solved
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at present. The main reason is that most synthetic materials do not
have excellent biocompatibility. Although metal materials such as
titanium and strontium have good osteogenic induction and me-
chanical properties, they have obvious cytotoxicity and refractory
degradation [4]. Artificial polymer synthetic materials such as
polylactic acid and polycaprolactone are degradable, but they
produce acidic metabolites that inhibit cell proliferation after
degradation [5]. Furthermore, many exogenous growth factors,
such as BMP-2 and OPG, have obvious osteogenic induction ability,
but they also induce immune rejection.

Natural bone is an inorganic—organic nanocomposite, and the
layer-by-layer deposition of hydroxyapatite crystals inside collagen
fibers provides bone tissue with considerable mechanical strength
and superior bioactivity [6]. In this context, hydroxyapatite-natural
polymer composites within the framework of organic templates are
considered excellent bone biomimetic scaffolds [7]. Compared with
scaffolds synthesized from other artificial materials and metal
materials, such biomimetic bone scaffolds have more advantages in
clinical applications because of their superior biocompatibility and
excellent self—degradation properties [8,9]. Hydroxyapatite is the
most important inorganic component of bone tissue. Nanoscale
hydroxyapatite simulates the microstructure of human bone tissue
to the greatest extent, and its fracture toughness and mechanical
strength are significantly enhanced. At the same time, reduction of
crystal particles makes the material's surface area larger, which is
more conducive to the formation of chemical bonds with other
organic framework materials [10,11]. Silk fibroin is the main
component of natural silk and has been clinically used in the pro-
duction of surgical sutures and artificial skin due to its low
immunogenicity and good biocompatibility [12,13]. Chitosan is the
only alkaline polysaccharide in natural polysaccharides. Its struc-
ture is highly similar to glycosaminoglycans in the human body,
and it is perfectly compatible with the alkaline internal environ-
ment of the human body [14]. Due to the presence of free amino
groups in its molecular structure, it can be combined with other
biological materials for chemical modification reactions, and it has
good biodegradability and cell affinity [15]. In previous research
[16], we constructed an organic framework with silk fibroin (SF)/
chitosan (CS) and added nanohydroxyapatite (nHA) as the main
inorganic component, thereby preparing an SF/CS/nHA biomimetic
composite scaffold that combined organic and inorganic compo-
nents. This scaffold has been proven to have good biocompatibility,
and its porosity, pore size, and mechanical strength could satisfy
the basic requirements of bone defect repair.

Functional modification of scaffolds via the addition of osteo-
genic factors is one of the main research directions in bone tissue
engineering. Numerous exogenous osteoinductive factors have
been developed and utilized, such as bone morphogenetic protein-
2 (BMP-2) and osteogenic growth peptide (OPG). However, exog-
enous growth factors are expensive, complicated to prepare, and
induce immune rejection. On the other hand, bone repair is a
complex and sophisticated process that is regulated by multiple
factors and requires multiple growth factors to function in multiple
stages. Therefore, implantation of a single exogenous growth factor
has a very limited repair effect [17]. Platelets play an important role
in the process of bone repair, especially during the period of he-
matoma inflammatory organization during fracture repair, and
they can undergo self-cleavage during the inflammatory response
to release a variety of endogenous growth factors [18]. Autologous
platelet concentrate is a biologically active preparation extracted
from the patient's blood; it is rich in a variety of endogenous
growth factors, does not induce immune rejection, has excellent
biocompatibility, is simple to prepare, and has a low cost [19].

CGF is the latest generation of autologous platelet concentrate
biologics, and it is rich in BMP-2, vascular endothelial growth factor
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(VEGF), transforming growth factor-, and other endogenous
growth factors. Multiple endogenous growth factors in CGF can
exert synergistic and cascading effects to enhance the induced
osteogenic effect [20,21]. Different from the previous two genera-
tions of autologous platelet concentrate preparations, the prepa-
ration of CGF adopts a specific variable speed centrifugation so that
the effective components of CGF can be more fully extracted [22].
CGF can form a three-dimensional fibrin network with osteo-
conductivity, which can provide a natural scaffold environment for
local vascularization and new bone tissue growth [19]. At the same
time, a larger amount of autologous growth factors is stably poly-
merized in the fibrin matrix, which can significantly increase the
local sustained release effect of endogenous growth factors [23,24].
The release of growth factors in CGF is stable and continuous,
imitating the physiological release process in the human body, so
CGF is considered a natural growth factor carrier with good slow-
release function [25]. Furthermore, CGF has good plasticity and
compatibility so that it can be prepared into CGF extracts, lyophi-
lized materials, CGF membranes, and CGF conditioned medium. In
recent years, some studies have combined tissue engineering ma-
terials with CGF, such as CGF combined with nanohydroxyapatite,
Bio-Oss bone powder, and mineralized collagen, and many results
have shown good compatibility between CGF and tissue engi-
neering materials [26—28].

Based on the current situation, the purpose of our study was to
prepare an SF/CS/nHA biomimetic scaffold combined with CGF and
then investigate the ability of this combination to promote the
proliferation and osteogenic differentiation of bone marrow
mesenchymal cells (BMSCs) in vitro and the repair effect on critical
bone defects in vivo. We present the following article in accordance
with the ARRIVE reporting checklist.

2. Methods and materials
2.1. Preparation and characterization of SF/CS/nHA scaffolds

Preparation of SF/CS/nHA scaffolds by vacuum freeze-drying
and cross-linking [16]. Preparation of SF solution: SF was placed
into a ternary solution (CaCl,:H,0:C,H50H = 1:8:2) and dissolved
with magnetic stirring for 1 h at 80 °C and 300 rpm. Then, the
solution was dialyzed, filtered, diluted, and prepared into SF solu-
tions with mass fractions of 3%, 4%, and 5%. Preparation of CS so-
lution: CS was placed into 2% acetic acid solution and stirred
magnetically for approximately 1 h at 100 °C and 300 rpm, and
after CS was completely dissolved, CS solutions with mass fractions
of 3%, 4%, and 5% were prepared. Preparation of the nHA suspen-
sion: nHA was placed into ultrapure water and stirred magnetically
for 24 h at room temperature, and an nHA suspension with mass
fractions of 3%, 4%, and 5% was prepared. The same mass fraction of
SF solution, CS solution, and nHA suspension was mixed at a vol-
ume ratio of 1:1:1 and stirred magnetically for 3 h. Then, the
mixture was transferred into a mold tank and immediately frozen
at —80 °C for 24 h. Then, the samples were placed into a vacuum
dryer for 24 h to shape them for the first time. The dried scaffolds
were immersed in cross-linking solution (75% CH3OH:1 mol/L
NaOH = 1:1) at 4 °C for 24 h. After cross-linking, the samples were
freeze-dried as before for a second shaping. Then, the dried scaf-
folds were immersed in a cross-linking agent (50 mmol/L EDC,
20 mmol/L NHS) and cross-linked at 4 °C for 24 h. After cross-
linking, the samples were freeze-dried as before for a third
shaping step. Finally, three kinds of scaffolds with mass fractions of
3%, 4% and 5% were prepared, sterilized with ethylene oxide and
stored at 4 °C.

The internal structure of the scaffolds was observed by scanning
electron microscopy (SEM), and the average pore diameter was



Y. Zhou, X. Liu, H. She et al.

measured. The porosity was measured by a modified liquid
displacement method [16]. Compressive strength and compressive
modulus testing were performed with an Instron 5969 material
mechanics testing machine. A preload force of 0.1 N, a load speed of
0.1 N/min, and a loading rate of 2.00 mm/min were used. The
surface chemical composition of the scaffolds was detected by X-
ray photoelectron spectroscopy.

2.2. Preparation of autologous concentrated growth factor (CGF)

Venous blood was drawn from the marginal ear vein of New
Zealand white rabbits to prepare CGE. Five milliliters of venous
blood was directly put into a 10 ml sterile test tube without anti-
coagulant and immediately centrifuged in a dedicated centrifuge
(Medifuge) for 13 min. The specific centrifugation procedure was as
follows: 30 s to accelerated, 2700 rpm for 2 min, 2400 rpm for
4 min, 2700 rpm for 4 min, 3000 rpm for 3 min, and 36 s to
decelerate and stop. Centrifugation was performed to separate the
blood into three layers: the plasma (PPP) was on the top layer of the
tube, the fibrin-rich CGF gel layer was on the middle layer, and the
bottom layer was the erythrocyte-rich RBC layer. On an ultraclean
bench, a syringe was used to withdraw the top PPP, and then the
CGF gel layer was separated from the RBC layer using sterile scis-
sors. The steps for preparing CGF extract (CGFe) were as follows:
the CGF gel layer was cut into pieces with sterile scissors, frozen
at —80 °C for 1 h, thawed at 4 °C and centrifuged at 500xg for
5 min. The supernatant was aspirated and filtered and was then
used as CGFe. According to previous studies on the configuration
concentration of CGFe [29,30], DMEM (Solebo 31,600) was added,
and the concentration of CGFe was configured to be 10%. It was
stored at —80 °C. In addition, the fresh CGF gel layer was com-
pressed with a sterile compression plate for 1—2 min to make a CGF
gel membrane, which was freeze-dried and stored at —80 °C for
in vivo experiments.

2.3. Investigation of the adhesion, proliferation and morphology of
BMSCs

Rabbit BMSCs were provided by Procell (Cat. No.CP-Rb007,
Wuhan, China). The frozen BMSCs were thawed by rapid thawing
method, followed by incubation at a density of 1 x 10% cells/ml at
37 °C and 5% CO,. The culture medium was o-MEM (Solarbio, china)
with 10% fetal bovine serum (FBS,Gibco, Australia) being added.
Third-generation BMSCs in logarithmic phase were observed under
an optical microscope. After the SF/CS/nHA scaffolds were pretreated
with sterile PBS solution containing 1% double antibody for 3 days,
the scaffolds were placed horizontally in a 24-well culture plate.
Third-generation BMSCs were seeded on the scaffolds at a density of
2 x 10°/ml, and «-MEM containing 10% FBS was added. After
culturing for 2 days at 37 °C and 5% CO,, the scaffolds were fixed,
dehydrated, dried, and sprayed with gold. Then, the morphology and
adhesion of BMSCs in the scaffolds were observed by SEM.

The SF/CS/nHA scaffolds were prepared to a diameter of 2 mm
and a thickness of 1 mm and were placed in a 96-well plate after
sterilization. The grouping was as follows. The BM group was the
control group, and only BMSCs were seeded in 96-well plates
(2 x 10% cells/well). In the BM-SCN group, BMSCs were seeded on
SF/CS/nHA scaffolds at a density of 2 x 10%. In the BM—SCN—CGF
group, BMSCs were seeded on SF/CS/nHA scaffolds, and 10% CGFe
was added to the medium. Three replicate wells were set in each
group. Cell proliferation was detected by the CCK-8 method on the
1st, 3rd, and 7th days. The OD values were measured at 450 nm. To
detect the cytotoxicity of the scaffolds, BMSCs were seeded in 12-
well plates (2 x 10° cells/well), and the groups were the same as
described above. After culturing the cells for 3 days, calcein and PI
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(Beyotime, China) were added to each sample and incubated in the
dark for 30 min. Cell viability was observed by fluorescence mi-
croscopy, and the percentage of live/dead cells was calculated. To
evaluate cell morphology, phalloidin fluorescent staining solution
(Beyotime, China) was added to each group after fixation with 4%
paraformaldehyde. The specific method was carried out according
to the instructions, and the nuclei were stained with DAPI (Solarbio,
China).

2.4. BMSC osteogenic differentiation assay

2.4.1. ALP and Alizarin red staining

BMSCs were seeded in 12-well plates (2 x 10° cells/well) and
grouped as above, and the a-MEM medium of each group was
replaced with osteogenic induction medium (o-MEM with 10%
FBS,100IU/ml penicillin/streptomycin, 10 mM B-glycerophosphate,
10 nM dexamethasone, 50 ug/mL ascorbic acid). On the 7th day,
after adding 4% paraformaldehyde to fix the above three groups of
samples, ALP staining was performed according to the alkaline
phosphatase staining kit (Beyotime, China). On the day 21st, Aliz-
arin Red staining was performed using Alizarin Red S stain (Solar-
bio, China) to assess the degree of cellular mineralization.
Semiquantitative analysis was performed using Image-Pro Plus 6.0.

2.4.2. Immunofluorescence

On day 7, the expression of Runx 2 in each group of BMSCs was
detected by immunofluorescence. On the 14th day, the Col-1
expression of BMSCs in each group was detected. Briefly, after
fixation with 4% paraformaldehyde, permeabilization with 0.1%
Triton X-100, and blocking with 5% BSA, the primary antibody was
incubated overnight at 4 °C in the dark, (Runx2, Proteintech,
20700-1-AP, 1:2,00 dilution and Col-1, Proteintech, 67288-1-Ig,
1:2,00 dilution). The fluorescent secondary antibody (Proteintech
1:400 dilution) was incubated for 1 h. The nuclei were stained with
DAPI (Solarbio, China). Semiquantitative analysis was performed
with Image-Pro Plus 6.0.

2.4.3. Gene and protein expression

On the 14th day, total RNA was extracted from cultured cells
with TRIzol (invitrogen, USA). Purified RNA was reversely tran-
scribed into cDNA using a PrimerScript RT reagent kit (TaKaRa,
Japan) under the standard conditions in accordance With the
manufacturer's instructions. Then a real-time PCR kit (SYBR green
PCR, Applied Biosystems, USA) was used to detect the gene
expression of Runx 2, Col-1, OCN and VEGF in each group. Relative
gene expression was calculated using the 2"35CT method relative to
GAPDH. The primer sequences are given in Table 1. On the 14th day,
the protein expression levels of Col-1, RUNX-2, OCN and VEGF were
detected by Western blotting in the above three groups of samples.
Briefly, cells were lysed in radioimmunoprecipitation assay (RIPA)
lysis buffer. Equal amounts of protein samples were evaluated using
a BCA protein kit (Beyotime, China). After separation via sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—PAGE),
proteins were transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, MA, USA), followed by blocking with 5%

Table 1

Primers used for RT—PCR.
Gene Forward Reverse
Runx 2 TGACCAGCAGGCAGGAAACA TCTCACAGCATCCTACGCCG
Col-1 TTGGTGTGGCGTCCATGAGT ACACGCAGCTGGTCAGACAT
OCN AGTCTGGCAGAGGCTCAGGTAC GGTCAGGTGGTTGTAGGCTTGG
VEGF AGGACTATGCTGGTTCCCGC ATCTCCAGGCTGTTCCGAGC
GAPDH CGAGCTGAACGGGAAACTCA CCCAGCATCGAAGGTAGAGG

RT—PCR, reverse transcription-polymerase chain reaction.
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nonfat milk. All primary antibodies were incubated at 4 °C over-
night. The immunocomplexes were incubated with horseradish
peroxidase-linked secondary antibodies (1:5000 dilution) at room
temperature for 1 h. After exposure, the strips were quantified with
Image] 1.6.0. The primary antibodies were used as follows: Col-1
(Proteintech, 67288-1-Ig, 1:2000 dilution), Runx2 (Proteintech,
20700-1-AP, 1:2000 dilution), OCN (Abcam, ab133612, 1:1000
dilution), VEGF (Proteintech, 19003-1-AP, 1:2000 dilution).

2.5. Repair of critical radial defects

2.5.1. Surgical procedure

The animal experiment was approved by the Institutional Ani-
mal Care and Use Committee of our university (IRB No. 2021-2-
373). Four-month-old New Zealand white rabbits (body weight
3.5—4.0 kg) were used in the in vivo experiments. The rabbits were
anesthetized by intramuscular injection with xylazine hydrochlo-
ride (0.025 ml/kg). According to some studies on critical radial
defects [31,32],a longitudinal incision was created in the middle of
the right radius to fully expose the radius, and a 15 mm long, 3 mm
diameter cylindrical bone defect was created in the middle of the
radius with a microvibrating saw. The SF/CS/nHA-BMSCs scaffold
cell complexes were prepared as follows:The SF/CS/nHA scaffolds
were prepared to a diameter of 3 mm and a length of 15 mm.Third-
generation BMSCs were seeded on the scaffolds at a density of
2 x 10°/ml, and a-MEM containing 10% FBS was added. Then the SF/
CS/nHA-BMSCs scaffold cell complexes were prepared after
culturing for 3 days at 37 °C and 5% CO, for the further vivo
experiments Eighteen rabbits were divided into 3 groups by the
random number table method: the BM group was the control
group, and only BMSCs were implanted at the stump of the bone
defect (n = 6); the BM-SCN group was implanted with SF/CS/nHA-
BMSCs scaffold cell complexes at the bone defect site (n = 6); in the
BM—SCN—CGF group (n = 6), the SF/CS/nHA-BMSC scaffold cell
complex was implanted at the bone defect site, and then the CGF
gel film was completely coated on the surface of the SF/CS/nHA
scaffold, which was similar to the Masquelet membrane induction
technique [33]. The nondegradable bone marrow mud in Masquelet
technology was replaced with the SF-CS-nHA biomimetic biode-
gradable scaffold. CGF membrane acted as an inducing membrane.
Furthermore, the BM—SCN—CGF group was injected with 1 ml 10%
CGFe into the surgical area weekly with a 5 ml syringe. The incision
was sutured layer by layer, and the rabbit received intramuscular
injection with penicillin for 3 days to prevent infection.

2.5.2. Radiological assessment

A 3D CT (SOMATOM Definition AS, Siemens, Germany) scan was
performed on all model animals at the surgical site in postoperative
weeks 4, 8, and 12. Three-dimensional reconstruction was carried out
with a 1 mm layer thickness. Bone mineral density (BMD) at the bone
defect site was calculated by using QCT Pro software (Image Analysis
QCT, Mindways, American). The sagittal images of the middle layer
were selected to calculate the Lane-Sandhu Radiology Score.

2.5.3. Histopathological assessment

At 12 weeks postoperatively, the rabbits were sacrificed by
anesthesia with an overdose of xylazine. The radius of the operated
side was removed, fixed with paraformaldehyde, decalcified with
EDTA, dehydrated with alcohol, embedded in paraffin and cut into
5 um sections for hematoxylin and eosin (HE) staining and Masson
staining. The expression of Col-1 (Proteintech, 67288-1-Ig, 1:200
dilution) and CD31 (Proteintech, 11265-1-AP, 1:100 dilution) in
each group was detected by immunohistochemistry. Briefly, anti-
gen retrieval, blocking, incubation with primary antibody, sec-
ondary antibody, DAB color development, and hematoxylin

310

Regenerative Therapy 21 (2022) 307—321

counterstaining were performed in sequence. In addition, tissue
immunofluorescence was used to further verify the expression of
Col-1 in bone tissue of each group after antigen retrieval (the
method is the same as that described above). The above results
were semiquantitatively analyzed by using Image-Pro Plus 6.0.

2.6. Statistical analysis

Quantitative experimental results are expressed as the
mean + standard deviation. Each experiment was replicated at least
3 times. The data were analyzed using SPSS (version 26.0; IBM
Corp., Armonk, NY). One-way analysis of variance (ANOVA) was
used for comparisons between multiple groups. Post hoc compar-
isons were made using the Bonferroni method. A P value < 0.05 was
considered statistically significant.

3. Results
3.1. Characterization of SF/CS/nHA scaffolds

The 3%, 4%, and 5% SF/CS/nHA scaffolds showed no significant
differences in appearance. They were solid white cylinders, which
could be shaped as needed. They had obvious compression resis-
tance and elasticity. The cutting surface of the scaffolds was smooth
and flat. The microstructures of the three kinds of SF/CS/nHA
scaffolds under SEM showed that nHA was uniformly deposited on
the organic framework composed of SF and CS. The inner pores of
the scaffold were uniform. The inside of the scaffolds were stable
three-dimensional mesh structures, which could provide sufficient
space for cell adhesion and growth. The average pore diameters of
the 3%, 4%, and 5% scaffolds were 146.53 + 2243 pum,
126.53 + 16.11 um, and 96.53 + 13.01 um, respectively. The average
porosities were 89.33 + 2.01%, 83.173 + 2.37%, and 78.46 + 1.74%,
respectively. The average porosity and pore size gradually
decreased with increasing mass fraction. The average compressive
modulus of the 3%, 4%, and 5% scaffolds were 0.45 + 0.11 MPa,
0.77 + 0.14 MPa, and 0.91 + 0.18 MPa, respectively. The average
compressive strengths of these scaffolds were 4.81 + 0.47 MPa,
6.84 + 0.63 MPa, and 8.13 + 0.71 MPa, respectively. The average
compressive strength and compressive modulus increased with
increasing mass fraction. lon spectroscopy analysis showed that the
main components of the three scaffolds were C and O, and the
scaffolds also contained abundant Ca and P necessary for bone
mineralization. Although the 5% scaffold had the highest mechan-
ical strength, the porosity was lower, while the 3% scaffold had the
lowest mechanical strength. Therefore, we chose the 4% scaffold for
subsequent experiments after comprehensive comparison. The
characterization of the SF/CS/nHA scaffold is shown in Fig. 1.

3.2. Preparation of concentrated growth factor

As shown in Fig. 2, a specific differential centrifugation pro-
cedure is used to separate the blood into three layers: anemic
plasma (PPP layer) in the top layer of the tube, a fibrin-rich gel in
the middle layer (CGF layer), where platelets and concentrated
growth factors are captured, and red blood cells (RBC layer) in the
bottom layer (Fig. 2A). After mechanical separation, CGF gels were
prepared (Fig. 2B), further freeze—thawed, centrifuged again, and
diluted with sterile PBS to prepare 10% CGFe (Fig. 2C).

3.3. Examination of BMSC adhesion, proliferation and morphology
Under the microscope, the third-generation BMSCs were

spindle-shaped in the culture plate, and the cell colonies were
swirl-like (Fig. 2E). In the SF/CS/nHA scaffolds, a large number of
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Fig. 1. Characterization of the SF/CS/nHA scaffold (A) Appearance of the SF/CS/nHA scaffold (B—C) SEM image of SF/CS/nHA scaffold (D—G) relevant parameters of the SF/CS/nHA
scaffold (H—I) energy dispersive spectrometry analysis of the SF/CS/nHA scaffold. SEM, scanning electron microscopy.

Fig. 2. Preparation of CGF, cell culture and cell adhesion in scaffolds (A—C) Preparation of CGF (D) BMSC culture in the SF/CS/nHA scaffold (E) light microscopy image of
BMSCs (F—H) SEM image of BMSCs in the SF/CS/nHA scaffold; SEM, scanning electron microscopy; Red Arrow, BMSCs; Green Arrow, calcium crystals.

BMSCs were observed to adhere to the surface and pores of the
scaffolds, with a flat or oval shape, growing in clusters, with cells
with protruding pseudopodia, secreted vesicles, and some calcium
salt crystals formed by nHA wrapping around the cells. This indi-
cated that the cells adhered and grew well on the scaffolds
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(Fig. 2F—H). The results of live/dead staining showed that a large
number of viable BMSCs were found in all three groups, and only a
very small number of dead cells were observed (Fig. 3A). The pro-
portion of viable cells was as follows: BM group: 92.3 + 3.7%, BM-
SCN group: 89.5 + 2.6%, and BM—SCN—CGF group: 94.7 + 2.1%.
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There was no significant difference in the proportion of viable cells
among the three groups (P = 0.31) (Fig. 3B). This result indicated
that the scaffold components and 10% CGFe had no obvious cyto-
toxicity. The results of phalloidin staining showed that after 3 days
of culture, all three groups exhibited cell adhesion and growth, but
the BM-SCN group had the smallest number of cells, the smallest
degree of cell extension, and the smallest coverage area among the
three groups. In the BM—SCN—CGF group, the cells were more
numerous, spread well, and covered a large area, the cellular actin
filaments were clearly visible, and the morphology was the closest
to that of the BM group seeded in the culture plate (Fig. 3C). The
results of CCK-8 assays showed that on the first day, there was no
significant difference in cell proliferation among the groups
(P = 0.23). On the 3rd and 7th days, the BM—SCN—CGF group
showed a significant trend of cell proliferation compared with the
other two groups (P < 0.01) (Fig. 3D).

3.4. BMSC osteogenic differentiation assay

ALP staining reflected the early osteogenic differentiation effect
on cells, and Alizarin red staining detected the mineralization de-
gree of cells at the late stage of osteogenesis. Semiquantitative
analysis with Image-Pro Plus 6.0 showed that the depth and area of
the BM—SCN—CGF group were significantly higher than those of
the other two groups in terms of ALP staining and alizarin red
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staining (P < 0.05), while the values of the BM-SCN group were
significantly higher than those of the BM group (P < 0.05) (Fig. 4).
The expression of the osteogenesis-related proteins Runx-2 and
Col-1 in BMSCs in each group was evaluated by cellular immuno-
fluorescence. Semiquantitative analysis with Image-Pro Plus 6.0
showed that after 7 d of osteoinduction, the fluorescence intensity
of Runx-2 protein in the BM—SCN—CGF group was significantly
higher than that in the other two groups (P < 0.05), and the fluo-
rescence intensity in the BM-SCN group was significantly higher
than that in the BM group (P < 0.05). The same results were ob-
tained for the Col-1 protein after 14 d of osteoinduction (Fig. 5).
Furthermore, we explored the osteogenic differentiation effect
on BMSCs at the gene and protein levels. The expression levels of
the osteogenesis-related genes Runx-2, OCN and Col-1 were
significantly increased in the cells of the BM—SCN—CGF group
compared with the cells of the other two groups after 14 d of
osteoinduction (P < 0.05), and the values of the BM-SCN group
were significantly higher than those of the BM group (P < 0.05)
(Fig. 6). Notably, the expression of the angiogenesis-related gene
VEGF was upregulated only in the BM—SCN—CGF group, and there
was no difference between the other two groups. This result indi-
cated that CGF may have a unique proangiogenic effect. Further-
more, we used Western blotting to detect the protein expression of
the above genes and used Image] to quantitatively analyze the
expression data. The results were consistent with the RT—PCR
results.
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Fig. 3. BMSCs proliferation and morphology detection (A) Live/dead staining of BMSCs (B) the percentage of living BMSCs among the three groups (n = 3) (C) microfilament
skeleton of BMSCs stained with phalloidin (D) the CCK-8 assays showing the proliferation ability of BMSCs among the three groups (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001

compared with the BM—SCN—CGF group.
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Fig. 4. ALP staining and Alizarin red staining (A) ALP staining images of BMSCs under a microscope after 7 d of osteoinduction (B) Quantitative results of ALP staining (n = 4) (C)
Alizarin red staining images of BMSCs under a microscope after 21 d of osteoinduction (D) Quantitative results of Alizarin red staining (n = 4). ALP, alkaline phosphatase; 10D,
integrated optical density; *p < 0.05, **p < 0.01 compared with the BM group, *p < 0.05 compared with the BM-SCN group.

3.5. Repair of critical radial defects

All animals recovered well from the surgical procedure. No in-
fections or other complications were observed. The surgical process
is shown in Fig. 7A—F. The gross observation results showed that
there was still an obvious bone defect in the BM group, a partial
bone defect in the BM-SCN group, and almost complete repair of
the bone defect in the BM—SCN—CGF group (Fig. 7G—I).

The repair of bone defects was evaluated by 3D CT at 4, 8, and 12
weeks after the operation (Fig. 8A). At 4 weeks, no obvious repair
was found in the BM group, a small amount of new bone formation
was seen at the broken end of the bone defect in the BM-SCN group,
and part of the bone defect area was repaired in the BM—SCN—CGF
group. At 8 weeks, there was a slight increase in new bone at the
edge of the bone defect area in the BM group, and part of the new
bone grew from the broken end to the center in the bone defect
area in the BM-SCN group, but an obvious bone defect area was still
observed. However, in the BM—SCN—CGF group, a large amount of
new bone filled the bone defect area, and fracture ends almost
healed, leaving only a small bone defect area. At 12 weeks: In the
BM group, an obvious bone defect area was still seen, and the
medullary cavity was occluded. In the BM-SCN group, the bone
defect area was basically healed, but compared with those of
normal bone tissue, the bone density was lower, and the continuity
of the bone cortex was poor. In the BM—SCN—CGF group, there was
no significant difference between the repaired bone defect area and
normal bone tissue, while the bone marrow cavity was basically
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completely recanalized, and the bone cortex was continuous.
Furthermore, the L-S score and BMD values of the BM—SCN—CGF
group were higher than those of the other two groups at 4, 8, and
12 weeks (P < 0.01) (Fig. 8B and C).

As shown in Fig. 9, HE staining and Masson staining at 12 weeks
showed that in the BM—SCN—CGF group, most of the implanted SF/
CS/nHA scaffolds were degraded, a large amount of new bone was
formed, the bone trabeculae were neatly arranged, some bone
trabeculae had formed woven bone, and there was an obvious
transition zone between the remaining scaffold and the new bone.
The new bone was integrated well with the scaffold. BM-SCN
group: The implanted SF/CS/nHA scaffolds were partially
degraded, and some new bone was formed, but the arrangement of
bone trabeculae was disordered. Some of the remaining scaffolds
were surrounded by fibrous tissue, with a clear boundary with the
new bone. There was poor integration of the scaffold with new
bone tissue. In the BM group, almost no new bone tissue was
formed, and a large amount of fibrous tissue was formed in the
bone defect area. Type I collagen (Col-I) is an important component
in the development of bone mechanical strength, and CD31 is a
specific protein involved in angiogenesis. In the 12th week, we
detected the expression of COL-1 and CD31 by immunohisto-
chemical staining and used Image-Pro Plus 6.0 for semiquantitative
analysis. The results showed that the expression of Col-I and CD31
in the BM—SCN—CGF group was significantly higher than the other
two groups (P < 0.01). The values in the BM-SCN group was
significantly higher than those in the BM group (P < 0.05). In
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Fig. 5. The fluorescence of Runx-2 and Col-1 in the three groups (A) The fluorescence of Runx-2 after 7 d of osteoinduction (B) semi-quantitative fluorescence results of expression of
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with the BM group, *#p < 0.01, **#p < 0.001 compared with the BM-SCN group.

addition, we used immunohistofluorescence to further verify the
expression of Col-I, and the results were consistent with the
immunohistochemistry results.

4. Discussion

The treatment of critical-sized bone defects remains a sub-
stantial challenge. Many studies have focused on the use of bone
tissue engineering scaffolds combined with growth factors to repair
critical bone defects. However, as many scaffold materials have
excellent biocompatibility and most exogenous growth factors
induce immune rejection to different degrees, it is difficult to
translate these research results into effective clinical treatments.
Recently, a model of bone biomimetic composite scaffolds syn-
thesized from a variety of natural biomaterials combined with
autologous endogenous growth factors has attracted extensive
attention [26—28]. Natural organic biomaterials, such as chitosan,
silk fibroin, gelatin, and collagen, have been proven to have good
biocompatibility [34]. The organic—inorganic bone biomimetic
scaffold constructed via combination with nHA, which is the main
inorganic component of bone tissue, restores the specific structure
of bone tissue to the greatest extent [7]. In addition, with the
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continuous improvement of extraction equipment and methods in
recent years, the extraction efficiency and purity of autologous
growth factors extracted from autologous blood have been greatly
improved [35,36]. Due to the excellent biocompatibility of both
bone biomimetic composite scaffolds and autologous endogenous
growth factors, this combined model may have considerable po-
tential for clinical translation. In our study, organic—inorganic bone
biomimetic scaffolds SF/CS/nHA and autologous concentrated
growth factor CGF were successfully prepared. The combination of
the two promoted the proliferation and osteogenic differentiation
of BMSCs in vitro and successfully repaired critical radius defects in
rabbits in vivo. The combination improved the efficiency of bone
regeneration.

The SF/CS/nHA scaffold was composed of CS and SF as an organic
framework, and nHA was added as the main inorganic component.
nHA is the most important inorganic component of bone tissue,
with good osteoconductivity and mechanical strength, and a study
suggested that nHA could promote the osteogenic differentiation of
stem cells [37]. We prepared SF/CS/nHA scaffolds by vacuum
freeze-drying combined with chemical crosslinking. The vacuum
freeze-drying method maintained the stability of the scaffold
structure and formed a relatively uniform internal pore size by
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alternating freezing at —80 °C and vacuum suction multiple times
without adding other chemical reagents. This is considered to be an
excellent method for constructing biomimetic porous scaffolds
[38]. The cross-linking of CH30H and NaOH can convert the water-
soluble a-helix structure of SF into a stable p-sheet structure. EDC
and NHS are nontoxic and biocompatible cross-linking agents. They
can further promote the formation of amide crosslinks between the
carboxyl and amine groups in SFand CS and enable the formation of
ester bonds between the activated carboxyl and hydroxyl groups;
thus, the biostability of the scaffolds can be enhanced by optimizing
the covalent structure of the internal molecules of the scaffolds
[39,40]. nHA contains OH™, Ca**, and P elements. Ca** can be
closely combined with the carboxyl groups in CS and SF to form
nanohydroxyapatite mineralized crystals, and the hydroxyl groups
of nHA can form stable ester bonds with the carboxyl groups in CS
and SF so that nHA is evenly distributed inside the scaffold struc-
ture. SEM electron microscopy showed that the scaffolds with three
concentrations had a 3D network skeleton structure composed of
SF and CS, and the particles formed by nanohydroxyapatite crystals
were evenly dispersed in the 3D network skeleton structure. The
pores inside the scaffold were uniform, and the porosity and pore
size gradually decreased with increasing mass fraction. The
compressive strength and compressive modulus increased with
increasing mass fraction. After comprehensive comparison, we
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selected the scaffold with a mass fraction of 4% for follow-up
research. The average porosity of human cancellous bone is close
to 80%. Studies have shown that the porosity of bone tissue engi-
neering scaffolds should be at least 70% to ensure the exchange of
nutrients required by cells and the migration of small molecular
substances [41]. The 4% SF/CS/nHA we selected had an average
porosity of 83.173 + 2.37%, which was close to the average porosity
of human cancellous bone of 80%. The pore size of 100 pm—300 pm
was conducive to cell adhesion and local neovascular ingrowth
[42], and the average pore size of 4% SF/CS/nHA was
126.53 + 16.11 pm, which was included in this range. The
compressive strength of 4% SF/CS/nHA was 6.84 + 0.63 MPa. There
was still a difference in mechanical properties compared with
normal bone tissue, but this scaffold could provide a relatively
stable three-dimensional living space for cell growth, which we
think is sufficient. Moreover, in practical clinical applications, in
addition to filling biological scaffolds, the repair of bones requires
internal fixation plates or external fixation brackets, which can
ensure sufficient mechanical strength for fracture repair.

Cell adhesion, growth status, and proliferation rate are the main
parameters for evaluating the biocompatibility of bionic scaffold
materials. SEM showed that BMSCs grew in clusters in the SF/CS/
nHA scaffold, the cell shape was an oval or a flat polygon, and the
cells had protruding pseudopodia and adhered and grew well on
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Fig. 7. Surgical procedure (A) The radial bone defect was constructed, the defects were treated with BMSCs (BM group) (B—C) The defects were treated with the scaffold-BMSC
complex (BM-SCN group) (D) The defects were treated with CGF membrane combined with the scaffold-BMSC complex (BM—SCN—CGF group) (E) CGF membrane was
completely coated onto the surface of the SF-CS-nHA scaffold (F) The incision was sutured (G—I) General observation of gross samples; Yellow arrow, CGF membrane; Red arrow,

defects of the radius.

the scaffold. This indicated that the SF/CS/nHA scaffold had the
ability to promote cell adhesion and could guide cells to grow into
the scaffold to form a relatively stable scaffold cell complex.
Furthermore, we also observed that some calcium salt crystals were
wrapped around the cells, which was one of the hallmarks of the
osteogenic differentiation of stem cells. This result suggested that
SF/CS/nHA had some osteogenic induction ability. Live-dead
staining showed that only a very small number of dead cells
could be seen in the three groups, and a large number of BMSCs
survived. This result indicated that SF/CS/nHA and CGF had no
obvious cytotoxicity. Some studies have suggested that platelet-
derived growth factor (PDGF) and transforming growth factor-p1
(TGF-B1) in CGF have positive effects on stem cell morphology and
proliferation [43,44]. To further assess cell growth morphology, we
performed phalloidin staining. Although the morphology in the
BM-SCN group was worse than that in the BM group, we found that
after adding 10% CGF, the morphology of BMSCs was significantly
improved, and the cells were fully spread and connected into
sheets. Additionally, after adding 10% CGF, the proliferation of
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BMSCs in the BM—SCN—CGF group was the most obvious. All these
results indicated that CGF could improve cell morphology and
promote cell proliferation. In addition, some studies have shown
that a CGF concentration greater than 20% can inhibit the prolif-
eration of BMSCs due to the inhibitory effect of leukocytes and
inflammatory factors such as IL-6 in CGF [29,30]. Therefore, we
chose a concentration of 10%.

The osteoinductive properties of scaffolds are a prerequisite for
their wide application in bone repair. In the early stage of bone
formation, osteoblasts secrete alkaline phosphatase (ALP) to hy-
drolyze phosphate esters to provide necessary phospholipids for
the deposition of hydroxyapatite. ALP is one of the early indicators
of osteogenic differentiation. Mature osteoblasts have signifi-
cantly increased mineralization activity, and a large number of
calcium nodules are deposited when they enter the stage of
extracellular matrix mineralization. Calcium nodules are an
important feature of late osteogenesis. ALP staining and alizarin
red staining were used to evaluate early and late osteogenic ef-
fects, respectively. The ALP staining depth and the degree of cell
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Fig. 8. The repair of bone defects was evaluated by 3D CT (A) 3D reconstruction and sagittal image at 4, 8, and 12 weeks (B) Lane-Sandhu radiology score evaluated the repair of
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mineralization in the BM—SCN—CGF group were significantly
higher than those in the other two groups (P < 0.05), while those
in the BM-SCN group was significantly higher than those in the
BM group (P < 0.05). This may suggest that CGF could promote the
osteogenic differentiation of BMSCs during the early and late
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stages of osteogenesis and that CGF maintained the continuity of
osteogenic induction. CGF contains BMP-2, BMP-4, BMP-7, which
are important growth factors for inducing osteogenic differenti-
ation and regulating bone metabolism. A study demonstrated that
the sustained and stable release of BMPs in CGF was the main
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reason for the induction of osteogenic differentiation of stem cells
[45]. A recent study found that nanoparticles with nHA as the
main component could induce the osteogenic differentiation of
BMSCs in vitro [46]. We also found that the SF-CS-nHA scaffold
itself had a certain osteogenic induction effect on BMSCs. EDS
energy spectrum analysis showed that SF-CS-nHA was mainly
composed of natural C and O and contained uniformly distributed
Ca and P. The elements Ca and P mainly came from nHA in the
scaffold. Ca and P can be directly taken in by osteoblasts to form
inorganic components in the new bone matrix and participate in
the formation of new bone in the implanted area. Furthermore,
the hydroxyapatite mineralization crystal formed by the close
combination of Ca?* and the carboxyl groups in CS and SF
contributed to the biomineralization of new bone tissue. These
may be the reasons why SF-CS-nHA had an osteogenic induction
effect.

During the process of osteogenic differentiation, cells undergo
multiple differentiation steps, including the transformation phase,
proliferation phase, cell aggregation and secretion phase and
extracellular matrix mineralization phase. We further explored the
effects of scaffold components and CGF on the osteogenic differ-
entiation of BMSCs at different stages of osteogenesis at the gene
and protein levels. Runx-2 is the initial transcription factor in the
process of osteogenic differentiation. It regulates and activates the
expression of a series of osteogenic genes through the TGF-§8 sys-
tem. It is the earliest detectable and most characteristic marker
protein in the process of osteogenesis [47]. Col-1 is expressed in the
early and middle stages of osteogenesis and promotes phenotypic
maturation of osteoblasts and initial formation of calcium nodules
[48]. OCN is a polypeptide secreted by mature osteoblasts that can
promote the deposition of mineralized substances in the extracel-
lular matrix and reflect the mineralization degree of osteoblasts
[49]. Cell immunofluorescence showed that Runx-2 was abun-
dantly expressed in the cytoplasm and nucleus of BMSCs in the
BM—SCN—CGF group on day 7, indicating that the osteogenic dif-
ferentiation program was fully activated. COL-1 was most highly
expressed in the cytoplasm of BMSCs in the BM—SCN—CGF group
on day 14, indicating that CGF and scaffold components continued
to induce BMSCs to enter mid-stage osteogenic differentiation. On
the 14th day of osteogenic induction, we detected the expression of
the three osteogenic genes Runx-2, Col-1 and OCN. The results
showed that the expression levels of the three osteogenic genes in
the BM—SCN—CGF group were significantly higher than those in
the other two groups. This result may indicate that the osteogenic
induction effects of CGF and SF-CS-nHA scaffolds were super-
imposed. VEGF is a characteristic marker that promotes angiogenic
differentiation of stem cells. A study from Lei et al. [50] found that
CGF could upregulate the expression of VEGF in stem cells through
YAP pathways and promote angiogenesis in vivo. The present study
found that the expression level of VEGF was only upregulated in the
BM—SCN—CGF group, while the other two groups showed no VEGF
upregulation. We further verified the protein expression of the
above four genes by Western blotting, and the results were
consistent with the PCR results. Therefore, we speculated that CGF
had the dual effect of inducing osteogenesis and vascularization of
stem cells at the same time, which may be difficult to achieve with
other single exogenous growth factors.

Stereo-cylindrical scaffolds are a better choice than hydrogel
scaffolds and thin-film fiber scaffolds for repairing long diaphyseal
defects. The SF-CS-nHA scaffold is a three-dimensional columnar
porous scaffold. In vivo experiments, we explored the reparative
effect of SF-CS-nHA combined with CGF on critical bone defects of
the rabbit radius. We chose to completely coat the SF-CS-nHA
scaffold with a CGF membrane, which was inspired by the Mas-
quelet membrane induction technique. In a study from Arican et al.
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[51], the Masquelet membrane induction technique was innova-
tively combined with CGF membranes, and this treatment resulted
in more new bone formation than the control treatment at 12
weeks postoperatively. In our study, the nondegradable bone
marrow mud in Masquelet technology was replaced with the SF-
CS-nHA biomimetic biodegradable scaffold, which was implanted
in the radial defect of rabbits. CGF membrane acted as an inducing
membrane. CGFe was injected locally at the fracture end every
week to simulate the process of physiological delivery of growth
factors in vivo during bone repair. An effective concentration of CGF
was maintained. We think this may be a simple system for sus-
tained local release of growth factors. CT 3D reconstruction of the
radius showed that the bone defect repair effect in the
BM—SCN—CGF group was better than that in the other two groups
at 4, 8, and 12 weeks after surgery. This result indicated that the SF-
CS-nHA scaffold combined with CGF had a higher bone repair ef-
ficiency than other treatments in vivo. In the BM—SCN—CGF group,
HE and Masson staining showed that the scaffolds were well in-
tegrated with bone tissue under the action of CGF, most of the
scaffolds were effectively degraded and replaced by normal new
bone tissue, and a large number of bone trabeculae were formed,
accompanied by partial neovascularization. This result indicated
that the SF-CS-nHA scaffold combined with CGF had excellent
histocompatibility and could guide bone regeneration in vivo. Type
I collagen (Col-I) is an important indicator of the development of
bone mechanical strength [52]. The results of immunohistochem-
istry and immunofluorescence demonstrated that the expression of
Col-I was the highest in the BM—SCN—CGF group. This also indi-
cated that SF-CS-nHA scaffolds combined with CGF had a signifi-
cant promoting effect on collagen formation and mineralization in
the later stage of bone repair. A study found that the addition of CGF
to the fracture stump resulted in a significant neovascularization
effect [53]. Local angiogenesis occurs throughout the process of
bone repair and reconstruction. Local vascularization can improve
local blood circulation, bring nutrients to new bone tissue and cells,
and accelerate bone tissue repair. CD31 is a protein that is specif-
ically expressed during the process of angiogenesis. The expression
of CD31 was highest in the BM—SCN—CGF group in vivo. We also
found that the surrounding new bone tissue had more new blood
vessels in the BM—SCN—CGF group. Therefore, these results suggest
that CGF has the dual effect of guiding bone regeneration and
promoting local vascularization, which may be its unique
advantage.

5. Conclusion

A SF/CS/nHA composite biomimetic bone scaffold combined
with autologous CGF promoted the proliferation and osteogenic
differentiation of BMSCs in vitro and improved the repair efficiency
of critical bone defects in vivo. This combination may have potential
for clinical translation due to its excellent biocompatibility.
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