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Fibrin-konjac glucomannan-black phosphorus
hydrogel scaffolds loaded with nasal
ectodermal mesenchymal stem cells
accelerated alveolar bone regeneration

Yin Zou', Xue Mei?, Xinhe Wang?, Xuan Zhang?, Xun Wang?, Wen Xiang* and Naiyan Lu®’

Abstract

Background Effective treatments for the alveolar bone defect remain a major concern in dental therapy. The
objectives of this study were to develop a fibrin and konjac glucomannan (KGM) composite hydrogel as scaffolds
for the osteogenesis of nasal mucosa-derived ectodermal mesenchymal stem cells (EMSCs) for the regeneration of
alveolar bone defect, and to investigate the osteogenesis-accelerating effects of black phosphorus nanoparticles
(BPNs) embedded in the hydrogels.

Methods Primary EMSCs were isolated from rat nasal mucosa and used for the alveolar bone recovery. Fibrin and
KGM were prepared in different ratios for osteomimetic hydrogel scaffolds, and the optimal ratio was determined
by mechanical properties and biocompatibility analysis. Then, the optimal hydrogels were integrated with BPNs

to obtain BPNs/fibrin-KGM hydrogels, and the effects on osteogenic EMSCs in vitro were evaluated. To explore the
osteogenesis-enhancing effects of hydrogels in vivo, the BPNs/fibrin-KGM scaffolds combined with EMSCs were
implanted to a rat model of alveolar bone defect. Micro-computed tomography (CT), histological examination,
real-time quantitative polymerase chain reaction (RT-gPCR) and western blot were conducted to evaluate the bone
morphology and expression of osteogenesis-related genes of the bone regeneration.

Results The addition of KGM improved the mechanical properties and biodegradation characteristics of the
fibrin hydrogels. In vitro, the BPNs-containing compound hydrogel was proved to be biocompatible and
capable of enhancing the osteogenesis of EMSCs by upregulating the mineralization and the activity of alkaline
phosphatase. In vivo, the micro-CT analysis and histological evaluation demonstrated that rats implanted
EMSCs-BPNs/fibrin-KGM hydrogels exhibited the best bone reconstruction. And compared to the model group,
the expression of osteogenesis genes including osteopontin (Opn, p <0.0001), osteocalcin (Ocn, p <0.0001),
type collagen (Col, p <0.0001), bone morphogenetic protein-2 (Bmp2, p <0.0001), Smad1 (p=0.0006), and runt-
related transcription factor 2 (Runx2, p <0.0001) were all significantly upregulated.
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Conclusions EMSCs/BPNs-containing fibrin-KGM hydrogels accelerated the recovery of the alveolar bone defect
in rats by effectively up-regulating the expression of osteogenesis-related genes, promoting the formation and

mineralisation of bone matrix.

Keywords Fibrin, Konjac glucomannan, Black phosphorus, Ectodermal mesenchymal stem cells, Alveolar bone defect

Background

The alveolar bone, one of the supporting tissue of the
tooth root, is essential for the growth and maintenance of
teeth [1]. Caused by periodontitis, external-force injuries,
and maxillofacial dysplasia [2], the alveolar bone defect
has become a major concern in dental therapy. Bone
grafting is commonly used during the treatment of alveo-
lar bone defects, and the autologous bone is thought to
be the gold standard graft material [3, 4]. However, the
harvest of autologous bone may cause additional harm to
the patient, with high rates of complications [5]. Alloge-
neic bone is another source of bone graft, but it comes
with a high risk of immunogenicity [6] and inferior heal-
ing effects [7]. The other treatment for alveolar bone
defect is distraction osteogenesis, which stimulates the
growth of bone and the overlaying soft tissues through
gradual and incremental traction, but is also accompa-
nied by complications and the risk of reoperation [8—10].

To avoid those limitations, bone tissue engineering has
developed gradually over the years. The establishment of
a successful bone substitute requires three key compo-
nents: bioactive scaffolds, cytokines, and seed cells [11,
12]. However, most of the traditional synthetic polymers
are hydrophobic and fast-biodegradable, limiting their
ability to encapsulate cells and regeneration of bone tis-
sue in a long-term process [13, 14]. Some trace elements
or bioactive substances could promote the formation of
extracellular matrix and the biomineralization processs
[15]. The currently-used bone mineration materials such
as calcium carbonate [16] and calcium phosphate [17],
show an uncontrollable release of phosphate and possess
high hardness which makes it difficult to fit the defect
region [18]. In adddition, bone formation mainly depends
on the osteogenic potential and proliferative capability of
endogenous or exogenous bone marrow mesenchymal
stem cells (BMSCs), but the limited proliferative abil-
ity and high invasion operation restricted their applica-
tion in clinical settings [10, 11]. Therefore, there is a need
for a right combination of bio-friendly materials and
cell source to overcome these limitations in bone tissue
engineering.

The ectodermal mesenchymal stem cells (EMSCs)
have been considered an ideal seed cell for bone tis-
sue engineering due to easy acquisition, noninvasive-
ness and high osteogenic potential [19]. EMSCs derived
from the neural crest have attracted great interest due
to the easy availability from the nasal mucosa [20]. Nasal
mucosal ectodermal EMSCs showed multidirectional

differentiation potential, such as osteoblasts [21]. In addi-
tion, EMSCs can secrete cytokines and growth factors
that contributed to bone regeneration [22]. Our previous
study showed that bone-like grafts loaded with EMSCs
presented good repair effects for cranial defects [23].
However, it remains unknown whether nasal mucosa-
derived EMSCs can be used as seed cells to effectively
repair alveolar bone damage. Therefore, nasal mucosa-
derived EMSCs were applied to alveolar bone defects to
verify the repair potential. In addition to seed cells, bone
substitutes required bioactive scaffolds to realise their
osteogenic potential. Fibrin scaffolds carrying MSCs
possessed considerable potential for application in bone
repair and regeneration, and the addition of KGM may
slow down the degradation of fibrin hydrogels [24, 25]
and form an appropriate extracellular environment for
the growth and proliferation of stem cells. In this study,
we prepared bone biomimetic hydrogel scaffolds of fibrin
and konjac glucomannan (KGM) in varying proportions
and the optimal ratio was determined through analysis of
the mechanical properties and biocompatibility. Based on
the good osteogenesis-promoting capacity of black phos-
phorus nanoparticles (BPNs) in our previous study [26],
the optimum hydrogels were then integrated with BPNs
to obtain BPNs/fibrin-KGM hydrogels, and their effects
on EMSCs of osteogenesis in vitro were evaluated. A
rat model of alveolar bone defect was used to assess the
effects of the scaffolds placed EMSCs on bone repair. Our
study demonstrated the potential usage of BPNs/fibrin-
KGM-EMSCs composite hydrogels in the clinical treat-
ment of alveolar bone defects.

Methods

Isolation, culture, and verification of EMSCs

The experimental design of this study is shown in Fig. 1.
Firstly, the primary EMSCs were isolated from the nasal
mucosa of rats [19]. In short, two four-week-old Sprague
Dawley rats provided by Jiangnan University were
euthanatized via CO, asphyxiation, followed by cervical
dislocation for physical confirmation of euthanasia. After
adequate disinfection, the middle third of the nasal sep-
tum was carefully dissected from the rats, washed with
phosphate buffer saline (PBS) twice, and then minced
into pieces. The pieces of nasal septum were incubated
in a 0.25% trypsin solution (Gibco, Carlsbad, CA, USA)
at 37°C for 30 min. The trypsin-digested pieces were
planted into a cell culture flask and cultured with Dul-
becco’s modified Eagle’s medium/nutrient mixture F12
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Fig. 1 The experimental design of this study

(DMEM/ F12) medium (Hyclone, UT, USA) containing
10% fetal bovine serum (FBS, Gibco), 100 U/mL penicil-
lin, and 100 pg/mL streptomycin (Biyuntian Biotechnol-
ogy, Shanghai, China) in an incubator (Thermo Fisher
Scientific, CA, USA) at 37°C, 5% CO, and 95% air humid-
ity. The medium was replaced every three days, and the
cells were passaged until reaching 90% confluence. Cells
in the third passage were used for further study.

Immunofluorescence was performed to detect neu-
ral crest cell markers and stem cell markers. The third-
passage EMSCs inoculated on cell climbing slices were
fixed with 4% paraformaldehyde (Biyuntian) for 20 min
at room temperature and the cells were incubated with
primary antibodies against various cell markers including
nestin, vimentin, and snail (Proteintech, Wuhan, China).
The slices were then taken out and immunofluorescent
stained with fluorescein isothiocyanate (FITC)-conju-
gated goat anti-rabbit secondary antibody (Proteintech).
The slices were examined with an inverted fluorescence
microscope (Axio Vert Al, Zeiss, Germany).

Hydrogel
treatment

Identification of the multi-directional differentiation ability
of EMSCs

The EMSCs at passage three were seeded in 6-well plates.
When the cells reached 70% confluence (for osteogenic
differentiation) or 90% confluence (for adipogenic dif-
ferentiation), the medium was replaced with osteogenic
differentiation medium including 10% FBS, 0.1 mM
dexamethasone (Aladdin), 10 mM [-glycerophosphate
disodium (Sinopharm, Wuhan, China), and 0.2 mM
L-ascorbic acid (Sinopharm) or adipogenic differentia-
tion medium(Gibco) to induce osteogenesis or adipogen-
esis, respectively. The medium was changed every 3 days
and Alizarin red S (ARS) staining (Biyuntian) was per-
formed on day 14 to estimate the deposition of calcium
phosphate. Oil Red staining (Biyuntian) was conducted
on day 14 according to the manufacturer’s recommenda-
tions to detect intracellular lipid accumulation.

Synthesis and characterization of BPNs

The BPNs were exfoliated from bulk BP (Nan-
jing XFNANO Materials, Nanjing, China) through
an improved liquid phase stripping method [27].
In brief, 20 mg bulk BP was immersed in 20 mL
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N-methyl-2-pyrrolidone (Aladdin, Shanghai, China) and
sonicated in the ice bath for 8 h. The obtained dark grey
suspension was then centrifuged at 4000 rpm for 15 min
to remove the large unexfoliated BP. Then, further cen-
trifugation of the supernatant was performed at 15,000
for 15 min, and the precipitate was collected, washed, re-
centrifuged twice with deionized water, and vacuum des-
iccated to obtain BPNs in powder form.

The morphology and size of BPNs were evaluated by
scanning electron microscope (SEM). The BPNs solu-
tion at a concentration of 1 mg/mL in deionized water
was dropped onto a thin copper sheet and then air dried.
Samples were photographed by SEM (H-7500 Hitachi,
Tokyo, Japan). The mean size of the BPNs was analyzed
by Image Pro Plus software (Media Cybernetics, MD,
USA). The size distribution of BPNs was evaluated by the
particle sizer Zetasizer nano ZS.

Fabrication and characterization of the fibrin-KGM scaffold
KGM (Hefei Bomei Biotechnology, Hefei, China) was
purified according to previous studies [28]. The KGM
flour was stirred with 70% ethanol and then centrifuged
at 4000 rpm for 20 min, washed with absolute ethanol for
three times, and then vacuum dried.

The purified KGM was dissolved in 0.50% (w/v)
Na,COj; solution to prepare a KGM solution by stirring
at 800 rpm for 4 h to achieve complete deacetylation.
Fibrinogen (Shenyang Baiying Biotechnology, Shenyang,
China) was dissolved in PBS. The fibrinogen solution was
mixed well with an equal amount of thrombin (Shenyang
Baiying Biotechnology), and then mixed with the KGM
solution to prepare composite hydrogels according to
Table 1. The composite hydrogels were incubated at
37 °C for 30 min for the formation and stabilization of
the structure of fibrin gels, heated for 30 min, and then
refrigerated for 24 h at 4 C in the refrigerator to form
gels.

To determine the degradation rate of the composite
gel in vitro, the hydrogel samples were immersed in PBS
and cultured in an incubator at 37°C. The solution was
refreshed every 24 h. The surface water of the hydro-
gels was dried by the filters at each measurement time
point. The gel characteristic was evaluated according to
Fan Rui’s method [29]. The texture characteristics of the
hydrogels were determined by a texture analyzer (TA.XT
Plus, SMS, Britain). The texture profile analysis mode and
probe P 0.5 were selected for testing. The parameters of
the test were: pre-test speed 2 mm/s, test speed 1 mm/s,
compression distance 10 mm, and trigger force 5 g.

Table 1 Concentrations of fibrin and KGM in the composite gel
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Cytocompatibility of BPNs/fibrin-KGM hydrogels with
EMSCs

The proliferation of EMSCs on fibrin-KGM scaffolds was
evaluated with the cell counting kit-8 (CCK-8, Biyuntian).
EMSCs were plated in the hydrogel-coated 96-well plates
(3000 cells per well) and cultured in DMEM/F12 medium
for 48 h in an incubator, while EMSCs planted in the
96-well plates were set as the control group. According
to the manufacturer’s instructions, 20 pL CCK-8 reagent
was added to the medium and incubated at 37°C for 1 h.
Optical density (OD) at 450 nm was measured with the
microplate reader.

To access the growth of EMSCs o-n the surface of the
composite hydrogels, EMSCs were inoculated in the
12-well plates coated with the fibrin-KGM hydrogels and
cultured in a complete culture medium for 48 h. The cells
were stained with calcein acetoxymethyl ester and prop-
idium iodide (Calcein-AM and PI, Biyuntian) to discrimi-
nate between viable cells and dead ones. Calcein-AM is
capable of staining viable cells green, while PI stains dead
cells red owing to its inability to penetrate the cell mem-
brane. Fluorescent images were captured by the fluores-
cence microscope.

Characterization of the BPNs/fibrin-KGM hydrogels
According to our previous study, BPNs were mixed with
the optimal proportion of hydrogels at a concentration of
4 pg/mL [26]. To determine the effects of the addition of
BPNs on the properties of the composite hydrogels, the
water-holding capacity (WHC), texture characteristics,
and cytocompatibility of the BPNs/fibrin-KGM hydrogels
were accessed.

Osteogenic differentiation of EMSCs on the BPNs/fibrin-
KGM hydrogels

The BPNs/fibrin-KGM hydrogels were prepared in 6-well
plates as described previously, with EMSCs seeded and
cultured in a complete medium till 70% confluence. The
medium was then changed to an osteogenic differentia-
tion medium without B-glycerophosphate disodium to
avoid the disturbance of exogenous phosphorus sources.
Alkaline phosphatase (ALP) staining (Biyuntian) was
conducted on day 7 according to the manufacturers’
instructions. On day 14, ARS was employed to determine
the presence of calcium deposits. Briefly, after being fixed
with fixation solution for 30 min, the cells on hydrogels
were stained with Alizarin red S solution for 1 h. Then,
the cells were washed three times with deionized water

NF FK, FK, FK, FK, NK
Fibrin% (w/v) 20 16 12 08 04 00
KGM% (w/v) 00 04 08 12 16 20
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and observed under the microscope. Image analysis was
conducted with Image Pro Plus.

Establishment of alveolar bone defect models in rats

The protocol of the animal study was in accordance with
the National Institutes of Health guidelines and approved
by Jiangnan University Animal Care and Ethics Commit-
tee. Six-week-old male Sprague Dawley rats (200 g) were
anesthetized with 1% pentobarbital sodium (40 mg/kg)
and 1% lidocaine was injected near the surgery site to
minimize incision pain. Under sterile conditions, the gin-
giva close to the first upper molar was cut open to expose
the operation area [30]. An alveolar bone defect of 2 mm
in diameter was prepared with a high-speed dental drill
with saline flushing to keep the low temperature of surgi-
cal areas. The EMSCs (5x10° cells per well) were seeded
on the hydrogels in the 6-well plates three days before
the surgery. Fibrin-KGM hydrogels/ EMSCs-fibrin-KGM
hydrogels/ BPNs-EMSCs-fibrin-KGM hydrogels were
implanted in the defect region of three groups of experi-
mental rats (n=6 for each group). A model group sutured
directly with nothing implanted was also set. The incision
was then carefully closed with a 7—-0 silk suture. A stan-
dard diet was provided for the rats and local swelling or
redness or any negative effects on eating were observed
every day after the surgery.

Micro-CT analysis

Animals from three experimental groups and one model
group were sacrificed 4 weeks after the surgery. The
whole maxillae were isolated with soft tissues removed
and washed twice with PBS. Immersed in 75% ethanol,
the samples were scanned with the IVIS SPECTRUM
micro-computed tomography (micro-CT) system (Perkin
Elmer, USA). A three-dimensional reconstruction of the
maxillae was generated. The defect areas were selected
as the region of interest (ROI), with bone mineral density
(BMD) and trabecular parameters of the ROI analyzed.

Histological evaluation
After euthanasia, the target region of maxillae
was isolated from the mandible, immersed in 4%

Table 2 Gene primers

Gene Forward primers (5’-3')

Ocn TCCAATGAAAGCCATGACCAC
Opn GCAAAGCCCAGCGACTCTGA

Reverse primers (5’-3')
ATTCGTCAGATTCATCCGAGT
TAGCGCCGGAGTCTATTCACC

Col ACTGGTACATCAGCCCAAACCC ACTCGAACTGGAATCCAT
CGGT

Bmp2  CATCACGAAGAAGCCATCGAG TTCCTGCATTTGTTCCCGAA

Smadl  TTTCATCCCACCACGGTCTGC — CCCAGCCCTTCACGAAGCTC

Runx2 ~ GCACGACCACCTCGAATGGC  GGCTTCCATCAGCGTCAA
CACC

Gapdh ~ TATGACTCTACCCACGGCAAG  ATACTCAGCACCAGCATCACC
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paraformaldehyde for 24 h, and then incubated in 10%
ethylenediaminetetraacetic acid (Sinopharm) decalci-
fied solution at 4°C for four weeks, with the superna-
tant changed every three days. Once the decalcification
was complete, the samples were washed in flowing water
for 12 h, dehydrated with gradient ethanol, and embed-
ded into the paraffin. The wax blocks were sectioned at
a thickness of 6 pm in the sagittal direction along the
bone defect. After the sections were deparaffinized and
hydrated, hematoxylin-eosin staining (H&E staining,
Biyuntian) was conducted according to the manufactur-
er’s protocols.

RT-gPCR and Western blot analysis

The real-time quantitative polymerase chain reaction
(RT-qPCR) was carried out to evaluate the gene expres-
sion of osteogenesis-related genes. A rapid RNA extrac-
tion kit for bone tissue (Aidlab Biotechnologies, Beijing,
China) was used to extract the total RNA of bone tissue.
The Reverse-Transcriptase Kits (Vazyme Biotech, Nan-
jing, China) were utilized for the synthesis of cDNA and
SYBR Green Kits (Vazyme) were used to quantify gene
expression levels. Primers used for RT-qPCR were syn-
thesized by Genewiz Biotechnology Co., Ltd (Suzhou,
China). The primer sequences are listed in Table 2. The
expression levels of mRNA were normalized to the
expression level of glyceraldehyde-3-phosphate dehy-
drogenase (Gapdh), and the mean values were calculated
based on the formula 2742,

Western blot was conducted to determine the differ-
ences in the expression of osteogenesis-related proteins
between different experimental groups. The maxilla tis-
sues were kept in ice-cold PBS, and the total protein of
the maxillae was extracted with a bone tissue protein
extraction kit (Beijing Baiaolaibo, Beijing, China). The
lysates were harvested by centrifugation at 13,000 g
for 10 min at 4°C and diluted with the loading buffer
(Biyuntian). Protein content was determined with a pro-
tein quantitative kit (Biyuntian). After volume normal-
ization, the extracted proteins were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE, Invitrogen, NY, USA) and transferred
onto polyvinylidene fluoride (PVDF) membranes (Invi-
trogen). The membranes were blocked by 5% bovine
serum albumin in 0.01 M Tris-buffered saline with 0.2%
Tween (TBS-T, Solarbio) at room temperature for 1.5 h.
The primary antibodies (Proteintech) against type col-
lagen (COL, 1:1000), runt-related transcription factor 2
(RUNX2, 1:1000), and BMP2 (1:1000), with GAPDH used
as the internal reference protein, were incubated with the
membranes at 4°C overnight. Then the membranes were
incubated with peroxidase-conjected secondary antibod-
ies (goat anti-rabbit-IgG, 1:10000) on a shaker at room
temperature for 1 h. The results were detected using the
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enhanced electrochemiluminescence (ECL) kit (Biyun-
tian) on the Tanon-5200 Chemiluminescent Imaging Sys-
tem (Tanon Science and Technology, Shanghai, China).

Statistical analysis

The statistical analysis was performed with Origin pro
software (2018, OriginLab). All the data were expressed
as meantstandard deviation (SD) and multiple groups
statistical analyses were performed by one-factor analysis
of variance (ANOVA) tests. The data with p-value<0.05
were considered statistically significant.

Results

Isolation and characterization of EMSCs

The cultured EMSCs at the third passage were rela-
tively homogenous with flattened morphology similar to
fibroblastic cells and proliferated well on plastic plates
(Fig. 2A). The EMSCs were differentiated into osteogenic
cells in an osteogenic medium and stained by Alizarin red
S staining. The adipogenic differentiation of EMSCs in an
adipogenic-induction medium was assessed by Oil red-O
staining. High rates of the positive area were observed
in both Alizarin red S (Fig. 2B) and Oil red-O staining
(Fig. 2C). The cultured cells expressed neural crest cell
and stem cell markers including nestin (Fig. 2D), vimen-
tin (Fig. 2E), and snail (Fig. 2F) strongly.

Preparation and characterization of BPNs and fibrin-KGM
hydrogels

BPNs were exfoliated from bulk black phosphorus by
the liquid exfoliation method. SEM was carried out to
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characterize the morphology and measure the particle
size of BPNs (Fig. 3A, B). The size distribution of BPNs
evaluated by the particle sizer (Fig. 3C) illustrated that
the BPNs were exfoliated from bulk BP successfully, with
the particle size ranging from 60 to 120 nm.

The fibrin-KGM hydrogels were prepared and char-
acterized. The biodegradation of fibrin-KGM hydrogels
in vitro was investigated (Fig. 3D). The retention rate of
hydrogels with high content of KGM was higher than
60% after 21 days of immersing in PBS at 37°C, while the
fibrin hydrogel degraded completely before day 7.

For bone-tissue engineering and cell culture, the scaf-
folds should possess adequate mechanical properties and
good water-holding capacity. A TAPlus texture analyzer
was used to detect the gel strength of the hydrogels.

With the increase of the proportion of KGM, the gel
strength and the WHC of the composite gel increased
first and then decreased, and reached the maximum
when the concentration of KGM was 1.6% (w/v) and the
concentration of fibrin was 0.4% (w/v). Compared with
fibrin gel, the fibrin-KGM composite gel showed better
gel strength and ability of water retention (p<0.0001,
group NF vs. group FK,, Fig. 3E).

Biocompatibility evaluation between fibrin-KGM hydrogels
and EMSCs

To determine the biocompatibility of fibrin-KGM hydro-
gels, EMSCs were planted to the hydrogels and cultured
in DMEM/F12 medium for 3 days. The relative viabil-
ity rates of the EMSCs were assessed by a CCK-8 kit.
The results (Fig. 4A) indicated that the OD values firstly

Fig. 2 Culture and identification of EMSCs. (A) EMSCs at the third passage were relatively homogenous with flattened morphology similar to fibroblastic
cells. (B, €) Cultured in the corresponding medium for 21 days, EMSCs were differentiated into osteocytes (B) and adipocytes (C) cells. (D) Expression
of neural crest cell markers, including nestin, vimentin, and snail, was assessed by immunofluorescence staining. The IgG-FITC (green) was used as the
secondary antibody for the immunofluorescence staining and the nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, blue)
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Fig. 3 Characterization of BPNs and fibrin-KGM hydrogels. (A) SEM image of BPNs. (B, C) Measurement of the particle size of BPNs. (D) Degradation rate
in vitro of fibrin-KGM hydrogels. (E) Water-holding capacity (WHC, the line graph) and gel strength(the column graph) of fibrin-KGM hydrogels. Data were

presented as mean + standard deviation (SD), n=3. (group NF vs. group FK,)

increased and then decreased with the increase in the
proportion of KGM (p=0.0038, group Con vs. group
FK,). The OD values of the NK group decreased com-
pared with the control group, though it was not statis-
tically significant. To further confirm the effects of the
fibrin-KGM hydrogels on the cell viability of EMSCs,
Calcein-AM, and PI staining assays were used to char-
acterize live cells and dead cells in green and red fluo-
rescence, respectively (Fig. 4B). Similar to the results of
CCK-8, there was a trend to increase of the amounts of
viable cells with increases in the proportion of KGM in
the NE, FK,, FK,, and FK; groups. The majority of cells
for all groups were alive except the NK group. In general,
pure NK has some cytotoxicity, which could be reduced
by the blending of KGM and fibrin. FK; showed the best
effects in reducing cytotoxicity and promoting prolif-
eration. Therefore, the FK; hydrogel was used for further
study, because of its excellent biocompatibility, moderate
degradation rate, and fine gel properties.

Evaluation of the effects of BPNs on the gel properties and
bicompaitbility of fibrin-KGM hydrogels

The WHC, gel strength, and biocompatibility of the
BPNs/fibrin-KGM hydrogels were determined to evalu-
ate the effects of the addition of BPNs. The results indi-
cated that compared with the fibrin-KGM hydrogels, the
addition of BPNs had no significant effects on the gel
properties and cytocompatibility of the composite hydro-
gels (Fig. 5A-C).

Osteogenesis of EMSCs on BPNs/fibrin-KGM hydrogels

To confirm the effects of compound hydrogels on the
osteogenesis of EMSCs, ALP (Fig. 6A) and ARS (Fig. 6B)
staining were conducted to identify the expression of

ALP and calcium nodules. After 7 days, the EMSCs co-
cultured with BPNs and BPNs/fibrin-KGM hydrogels
showed a significant increase (p=0.0022, group Con
vs. group BPNs; p=0.0003, group Gel vs. group BPNs/
Gel) in the expression of ALP, with no obvious differ-
ence observed between those two groups (Fig. 6C). The
ARS staining was conducted after 14 days of induc-
tion. The EMSCs cultured on the fibrin-KGM hydrogel
formed unshaped calcium nodules, while the mineralized
nodules of the BPNs-treated EMSCs were much larger
(p=0.0011, group Con vs. group BPNs; p=0.0014, group
Gel vs. group BPNs/Gel) compared with the control
group (Fig. 6D). These results tentatively indicated that
the BPNs/fibrin-KGM hydrogels had a positive effect on
the osteogenesis of EMSCs.

The effects of BPNs/fibrin-KGM hydrogels on bone
regeneration in vivo

The BPNs/fibrin-KGM hydrogels were implanted in the
alveolar bone defect rats, and the rats were sacrificed
after 4 weeks. The maxillary bone tissues were collected
for micro-CT. The micro-CT analysis indicated that the
area of bone defect in the EMSCs/gel and BPNs-EMSCs/
gel groups was smaller than that in the model group and
hydrogel group (Fig. 7A). In addition, the bone histomor-
phometric analysis revealed that the BMD, bone volume
(BV), bone volume fraction (BV/TV), and trabecular
thickness (Tb. Th) of the BPNs-EMSCs/gel group were
significantly higher than that of the model group (Fig. 7B-
E). H&E staining was also conducted to determine the
bone regeneration of the experimental and model groups
(Fig. 8). Histological analysis indicated that the rats
treated with EMSCs-containing hydrogels produced rela-
tively mature bone with consecutive bone structure and
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orderly bone trabeculae, while few mature bones were
observed in the model group and hydrogel-treated.

group. Moreover, the construction of vascular struc-
tures was more active in the BPNs-EMSCs/gel group,
with more new vessels observed.

Osteogenesis-related mRNA and protein expression
Compared with the model group, the mRNA expres-
sion levels of osteopontin (Opn), osteocalcin (Ocn), Col,
Bmp2, Smadl, and Runx2 were all significantly upregu-
lated in the BPNs/EMSCs-gel group (Fig. 9A). Consis-
tently, western blot analysis demonstrated upregulated
protein expression of COL, BMP2 and RUNX2 the
EMSCs-gel group and BPNs/EMSCs-gel sheets group
(Fig. 9B). These results indicated that the BPNs/EMSCs-
containing hydrogels could promote the alveolar bone
regeneration.

Discussion

Despite the rapid development of bone tissue engineer-
ing, the effective regeneration of bone tissue remains a
huge challenge due to the complexity of the microenvi-
ronment of the defect area [31]. An ideal scaffold with
proper mechanical properties and biocompatibility is

a significant part of bone tissue engineering [32, 33].
Hard materials such as polymers, metals, and carbon-
based ceramics [34] have been widely utilized as bioac-
tive scaffolds, though come with the disadvantages of
poor mechanical properties and slow resorption rates
[35]. Hydrogels have received extensive attention in
these years since the network structures of hydrogels are
remarkably similar to the protein-polysaccharide-based
networks of ECM.

In this study, a bone tissue engineering scaffold was
prepared by polysaccharides and proteins of food ori-
gin, incorporated with BPNs. The fibrin-KGM compos-
ite hydrogels were proven to support the proliferation
and osteogenesis of EMSCs in vitro. The alveolar bone
defect model of rats was constructed, and the results of
Micro-CT, histological analysis, RT-qPCR, and Western
blot demonstrated the great potential of EMSCs-loaded
BPNs/fibrin-KGM hydrogels in bone regeneration.

Fibrin offers unique advantages for its multiple interac-
tion sites for cells [36], and has been widely used in bone
tissue engineering [19, 37]. Researchers have investigated
the effects of fibrin hydrogels in the regeneration of cra-
nial defects [38], femur defects [17], and tibia defects
[39]. However, fibrin hydrogels present shortcomings
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such as rapid degradation and weak mechanical prop-
erties, which limit their further application in bone tis-
sue engineering. The degradation rate of the hydrogels
should at least match the forming rate of new bone tis-
sue [40], to meet the requirements of an ideal scaffold
for bone regeneration. How to delay the degradation of
fibrin hydrogels to better adapt to the long-term process
of bone repair is an urgent problem to be solved.

As a natural polysaccharide extracted from Konjac,
KGM possesses excellent gel properties after deacety-
lation [24]. The application of KGM has been extended
from food to biomaterial fields in recent years. Kondo
and his colleagues [41] used KGM and hyaluronic acid
(HA) as scaffolds for cartilage regeneration and found the
cell viability of chondrocytes in KGM/HA hydrogels was
higher than that in agarose hydrogels, demonstrating the
potential of KGM in medical and pharmaceutical areas.
In this study, the addition of KGM greatly slowed down
the degradation rates of fibrinogen hydrogels, improved
the mechanical properties, and promoted cell prolifera-
tion. KGM can combine with protein by the aggregation

of hydroxyl groups, strong hydrogen bonding interac-
tions [42], or the Maillard reaction between the hydroxyl
groups of KGM and amino groups of protein [43], and
form composite gels with lower degradation rates and
better mechanical properties. KGM/fibrin hydrogels can
simulate the structure of the extracellular matrix and
provide a fine extracellular environment for the growth of
stem cells, thus promoting cell survival and proliferation.

Phosphate plays an important role in bone regenera-
tion. The BPNs are an emerging 2D material with bio-
compatibility and the ability to continuously release
phosphate ions [44]. In this study, the BPNs were pre-
pared from bulk BP by liquid exfoliation. SEM images
and the determination of particle size distribution illus-
trated the successful preparation of BPNs. According to
our previous study, 4 pg/mL BPNs were biocompatible
and were able to promote the osteogenesis of EMSCs
effectively. Thus, BPNs at a concentration of 4 pg/mL
was chosen in this study. BPNs at a concentration higher
than 64 pg/mL exhibited cytotoxicity [26]. In addition,
BPNs at a high concentration also had an impact on the
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Fig. 8 Histological analysis of the alveolar bone defect area. H&E staining was performed to determine the bone regeneration (50x and 100x). The black

arrows pointed to the newly formed vessels

mechanical properties of the hydrogels including swell-
ing ratios and compression modulus of the hydrogels
[40]. However, our results indicated that 4 pg/mL BPNs
did not affect the gel properties and biocompatibility of
the composite hydrogels, and can also effectively pro-
mote the osteogenesis of EMSCs. On the one hand, BPNs
can release phosphate ions sustainedly, trapping Ca** to
promote the formation of calcium phosphate and new

bone [45]. Besides, BPNs can upregulate the expression
of transglutaminase 2 (TG2) to accelerate the osteo-
genic differentiation of EMSCs [26]. TG2 could bind to
its target substrates including COL, OPN, fibronectin,
and bone sialoprotein [46], and promote the formation
of bone matrix [47]. Furthermore, TG2 also possesses
ATPase activity and can contribute to improving the lev-
els of Pi, which are essential to mineral deposition [48].
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Fig. 9 Osteogenesis-related mRNA and protein expression. (A)The osteogenesis-related mRNA expression of Ocn, Opn, Col, Bmp2, Smad1 and Runx2.
(B)The protein expression levels of COL, BMP2, and RUNX2 were analyzed by western blotting. Data were presented as mean+SD, n=3

To verify the bone regeneration effects of the EMSCs-
loaded composite hydrogels, the alveolar bone defect
model of rats was conducted. The micro-CT and his-
tological analysis indicated that the repair effects of
EMSCs/gel and BPNs-EMSCs/gel were better than that
of the model group and hydrogel group. The role of

BPNs-containing hydrogels in accelerating bone recon-
struction in vivo could be supporting the adhesion and
proliferation of EMSCs, and the activation of the BMP/
Smad pathway.

BMP2 is a key regulator in bone tissue formation that
regulates the osteogenic differentiation of mesenchymal
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stem cells [49]. BMP 2 is bound to its receptor on the cell
membrane to activate the phosphorylation of SMADI,
SMADS5, or SMADS in cells [50]. The activated Smad
family can be transferred from the cytoplasm to the
nucleus, or act on downstream target genes to activate
the transcription of specific target genes such as Runx2
[51-53]. RUNX2 can regulate the transcription of dif-
ferent genes such as osteocalcin, bone salivary protein,
and other signaling proteins for bone turnover [54]. It
was worth noting that the mRNA expression levels of
Bmp2, Smadl, and Runx2 were significantly upregu-
lated in the BPNs-EMSCs/gel group (p<0.01), while no
similar results were observed in the EMSCs/gel group.
Therefore, the results indicated the possibility that the
BPNs-containing composite hydrogels could induce the
activation of the BMP/Smad pathway to accelerate the
reconstruction of bone tissues. In addition to differen-
tiating into osteoblasts, EMSCs can also promote bone
repair by secreting cytokines, growth factors, and extra-
cellular matrix glycoproteins [55]. In this study, ECM
gene markers including Ocn, Opn, and Col were all up-
regulated in the BPNs-EMSCs/gel group (p<0.05).

Although the results of this study presented signifi-
cant differences in the repair of alveolar bone defects by
BPNs/fibrin-KGM-EMSCs composite hydrogels, there
are still some limitations. Further investigation is needed
to illustrate the specific molecular mechanism of the
repair effects on alveolar bone defects. In the future, the
potential of BPNs/fibrin-KGM-EMSCs hydrogels in the
treatment of clinical alveolar bone defects needs to be
further explored by large animal experiments to deter-
mine the efficacy and safety of this hydrogel.

Conclusions

In this work, EMSCs/BPNs-containing fibrin-KGM
hydrogels were prepared and characterized as scaffolds
for bone tissue engineering, and the treatment effects
were evaluated by the alveolar bone defect model in
rats. The addition of KGM improved the mechanical
properties, water-holding capacity, and biodegradation
characteristics of pure fibrin hydrogels, promoting the
proliferation of EMSCs. The BPNs-containing compound
hydrogel was proved to be capable of enhancing the
osteogenesis of EMSCs. In addition, BPNs/fibrin-KGM
composite scaffolds loaded with EMSCs could effec-
tively up-regulate the expression of osteogenic-related
genes, promote the formation and mineralization of bone
matrix, and accelerate the repair process of alveolar bone
defect in rats. Taken together, the EMSCs/BPNs-contain-
ing compound hydrogel is a promising candidate in the
repair of alveolar bone defects induced by oral diseases
such as periodontitis, tumors, orthodontic, and cysts, etc.
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