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Functional tissue-engineered bone-like graft made
of a fibrin scaffold and TG2 gene-modified EMSCs
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Abstract
The transplantation of tissue-engineered scaffolds with stem cells is a promising therapeutic approach for bone defect
repair. To improve the therapeutic efficacy of this approach, in this study, a novel biofunctional live tissue-engineered
bone-like graft was designed and constructed using a fibrin scaffold loaded with TG2 gene-modified
ectomesenchymal stem cells (TG2-EMSCs) derived from nasal respiratory mucosa for bone defect repair.
Autocalcification of the cell-free fibrin gel in osteogenic medium with additional alkaline phosphatase (ALP) and the
osteogenic differentiation of TG2-EMSCs on the fibrin scaffold were assessed in vitro. The results indicated that the cell-
free fibrin gel could autocalcify in the osteogenic medium with ALP and that the overexpression of TG2 by TG2-EMSCs
could promote the osteogenic differentiation of these stem cells in the fibrin scaffold. Moreover, TG2 could enhance
the deposition of extracellular matrix proteins in the fibrin scaffold, followed by calcification of the bone matrix in vitro.
After transplantation into critical-sized cranial defects in rats, the functional tissue-engineered bone-like grafts
improved bone regeneration. These results indicate that this tissue-engineered bone-like graft could improve the
process of bone defect repair.

Introduction
The repair of large bone defects in orthopedics is a

significant problem faced by orthopedic surgeons1.
Common causes of bone defects include acute bone
injuries, benign tumors, malignant tumors, bone infec-
tions, and fracture nonunion. The use of autologous bone
grafts is considered the gold standard therapy for bone
defects2. However, this treatment generally requires two
operations, which not only increases the probability of
infection but may also cause deformity, pain, or even
functional problems. These drawbacks of autologous bone
grafts encourage the development of improved strategies

for bone defect repair. The transplantation of autologous
stem cells and tissue-engineered bone-like grafts may
offer a novel therapeutic approach for bone defect
repair3,4.
Bone defect repair and reconstruction are dynamic

processes in which osteoblasts play a critical role because
these cells are responsible for matrix production and
osteoid mineralization5. Thus, one promising therapeutic
approach is the transplantation of stem cells that can
directly differentiate into osteoblasts. The bone marrow
has been shown to contain a population of mesenchymal
stem cells (BMSCs) with osteogenic potential6. However,
the number of BMSCs that can be harvested is too low to
meet the requirements for transplantation. In addition,
the harvesting procedure is painful for the donor and may
lead to bone marrow infection. Therefore, more ideal
autologous stem cells are needed for the repair of bone
defects. Previous studies conducted in our laboratory have
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shown that the lamina propria of the mucosa lining the
respiratory region of the nasal cavity contains neural
crest-derived ectomesenchymal stem cells (EMSCs),
which can differentiate toward ectoderm and mesoderm
lineages7,8. Moreover, EMSCs can be noninvasively and
easily harvested from the respiratory region of the nasal
cavity in adults, avoiding donor discomfort and pain.
Given these favorable properties, strategies using auto-
logous EMSCs may be better accepted by patients.
Our previous study revealed that EMSCs could strongly

proliferate for over ten passages to meet the requirements
for transplantation8. The amplified cells maintained
strong vitality and produced extracellular matrix (ECM)
proteins and cell growth factors. The EMSCs could be
applied as a novel live biomaterial for the construction of
an “all-in-one” niche for the differentiation of stem cells7.
Most importantly, the EMSCs could be induced to dif-
ferentiate into osteoblasts when seeded on a fibrin scaf-
fold8. However, for repairing bone defects, in addition to
ideal seed stem cells, biomaterial scaffolds as carriers and
substrates are needed for stem cell growth and should
facilitate the adhesion, proliferation, and osteogenic dif-
ferentiation of the seed cells; such scaffolds should be easy
to mineralize and transform into 3D bone-like tissue,
allowing osteogenesis, osteoinduction, and osteoconduc-
tion in vivo. Meanwhile, the resulting tissue-engineered
bone-like graft should be inexpensive, readily available,
and easy to produce and handle9,10.
Fibrin scaffolds have several advantages over other syn-

thetic scaffolds11–13. First, fibrin scaffolds provide an ideal
substrate for cellular adhesion, proliferation, and differ-
entiation due to the abundant arginine-glycine-aspartic
acid (RGD) sequences in fibrin. Second, the proteins
secreted by seed cells, including ECM/bone matrix pro-
teins, such as fibronectin (FN), laminin (LN), collagen
(COL), osteocalcin (OCN), and osteopontin (OPN), and
growth factors, such as bone morphogenetic protein 2
(BMP-2) and vascular endothelial growth factor (VEGF),
could be deposited into fibrin scaffolds by transglutami-
nase 2 (TG2) cross-linking. Third, fibrin scaffolds possess a
sponge-like structure that facilitates vascularization and
mineralization14,15. Finally, fibrin scaffolds possess ideal
histological compatibility and can be reconstructed in vivo.
However, rapid degradation of the native fibrin scaffold
in vivo is disadvantageous for its application as a carrier of
stem cells to directly repair large bone defects16. There-
fore, prolonging the half-life and stabilizing the three-
dimensional structure and subsequent mineralization of
gel-like fibrin scaffolds in vitro and in vivo are necessary
for the transplantation of tissue-engineered grafts to repair
large bone defects. It is rational to design and construct a
novel functional tissue-engineered bone-like graft made of
TG2 gene-modified EMSCs and a fibrin scaffold for bone
defect repair in the future.

TG2 is a member of the transglutaminase family that
transamidates and cross-links proteins17. The majority of
the cellular TG2 pool is present in the cytoplasm, but
TG2 is also found in the mitochondria and the nucleus,
and some TG2 is localized extracellularly, including in the
plasma membrane and ECM18. To the best of our
knowledge, TG2 also serves important enzymatic and
nonenzymatic functions. Secreted TG2 can cross-link
various ECM proteins, such as FN, LN, COL, and OPN,
and certain soluble growth factors, such as BMP-2 and
VEGF19. Furthermore, TG2 regulates the interaction
between the ECM and soluble growth factors through
noncovalent interactions with integrins and growth factor
receptors. Maria20 identified highly active TG2 enzymes
in intramembranous bone and osteoblast-like bone cells
in vitro. In addition, current studies have shown that
FXIII can stabilize fibrin scaffolds and reduce the degra-
dation rate; FXIII belongs to the family of transglutami-
nases and serves the same cross-linking function as
TG221–23. Previous studies have demonstrated that TG2
activity is required for the formation of an FN–COL
network, which is essential for further osteoblast differ-
entiation, matrix production, and ultimately mineraliza-
tion24. However, no studies have reported the role of TG2
in the differentiation of EMSCs into osteoblasts or the
transplantation of TG2 gene-modified EMSCs for bone
defect repair. The use of cell therapy combined with tissue
engineering techniques to enhance the regeneration of
injured tissues and organs has become one of the most
active and effective strategies in trauma repair surgery.
Adenoviruses will likely play an important role in paving
the way for effective clinical gene therapy25,26. In this
study, a novel functional tissue-engineered bone-like graft
of TG2 gene-modified EMSCs and a fibrin scaffold was
constructed, and the therapeutic efficacy of this graft in
bone defect repair was evaluated in vivo.

Materials and methods
Reagents
Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12,

Gibco), fetal bovine serum (FBS, Gibco), penicillin/
streptomycin, and trypsin were obtained from Invitrogen
Corporation (Carlsbad, CA, USA). Vimentin, S100, and
nestin primary antibodies were obtained from Santa Cruz
(California, USA). Antibodies against TG2, COL I, OCN,
OPN, LN, BMP-2, VEGF, and FN were purchased from
Abcam (Cambridge, UK). The β-tubulin antibody was
provided by Boster (Wuhan, Hubei, China). Alkaline
phosphatase (ALP), dexamethasone, cystamine (CYS), L-
ascorbic acid 2-phosphate, β-glycerophosphate, 1,25-
dihydroxy vitamin D3, and alizarin red S were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Rat fibrinogen
and thrombin were obtained from Sigma-Aldrich.
Immunofluorescence-related secondary antibodies were
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obtained from Sigma-Aldrich, and Western blotting-
related secondary antibodies were provided by Boster
(Wuhan, China). Nattokinase was obtained from Wake
Pure Chemical Industries (Wako Ltd, Japan). Ad-TG2-
GFP and Ad-GFP adenoviruses were constructed by
Nanjing GenScript Bioengineering Technology and Ser-
vices Co., Ltd (Nanjing, China)

Isolation and identification of EMSCs
Male Sprague–Dawley (SD) rats were obtained from the

Jiangsu University Experimental Animal Center. The
animal experimental protocols were approved by Jiangsu
University. The rats were deeply anesthetized by an
intraperitoneal injection of phenobarbital sodium
(200mg/kg). Tissue-adherent culture was used to obtain
EMSCs7,8. Briefly, the nasal mucosa lining the respiratory
region of the nasal cavity, including the nasal septum and
inferior turbinate, was carefully isolated and completely
cut into pieces. The pieces of respiratory mucosa tissue
were cultured in DMEM/F12 containing 10% FBS, 2 mM
L-glutamine, and 100 U/mL penicillin–streptomycin in
plastic flasks at 37 °C in 5% CO2. After ~14 days, the cells
had migrated from the tissue. The cells were passaged
upon reaching 90% confluence, and cells from the seventh
passage were used in all of our assays. To detect the
expression of stem cell markers, passaged EMSCs were
cultured on poly-L-lysine-coated glass coverslips and fixed
using 4% paraformaldehyde at 90% confluence. The cells
were subjected to immunofluorescence staining with
antibodies against various stem cell markers, including
vimentin, nestin, and S100. Briefly, the cells were fixed
with 4% paraformaldehyde at 4 °C for 12 h, washed with
phosphate-buffered saline (PBS), and treated with 0.3%
Triton X-100/2% bovine serum albumin. Finally, the cells
were incubated with primary antibodies overnight at 4 °C.
After washing three times, the cells were incubated with
secondary antibodies for 2 h at 37 °C. The nuclei were
visualized by counterstaining with DAPI (4′,6-diamidino-
2-phenylindole). The stained cells were observed under an
immunofluorescence microscope (Axio Observer, ZEISS,
Germany).

Construction of TG2-GFP gene recombinant adenoviruses
and transduction into EMSCs
The following primers were designed for PCR to syn-

thesize the rat TG2 (rTG2) gene (2061 bp): TG2-f,
CTAGCTAGCGCCACCatggccgaggagctgaacct; rTG2-r,
GGAATTCttaggccgggccgatgatga. A recombinant rTG2
adenovirus shuttle plasmid was constructed by Nanjing
GenScript Bioengineering Technology and Services Co.,
Ltd (Nanjing, China) and was confirmed by sequencing.
Briefly, TG2 genes were inserted into a pAdShuttle-IRES-
hrGFP2-TG2 vector to prepare the shuttle vector, and the
pAdShuttle-IRES-hrGFP2 vector was set as a parallel

group. The 293A cells were provided by the Shanghai
Institute of Biochemistry and Cell Biology (Shanghai,
China). The 293A cells (2 × 106 cells/well) were seeded in
6-cm2 dishes in DMEM supplemented with 10% FBS and
incubated at 37 °C in 5% CO2 overnight. The medium was
replaced before transfection. The cells were transfected at
80–90% confluence with pacAd5-9.2-100 and the
pAdShuttle-IRES-hrGFP2-TG2 shuttle plasmid using
Lipofectamine 2000 (Invitrogen, CA, USA) according to
the manufacturer’s instructions. Twelve days after trans-
fection, recombinant adenoviruses harboring the TG2
(Ad-TG2-GFP) gene were harvested. All recombinant
adenoviruses were amplified in 293A cells (ATCC, CA,
USA) and purified using double cesium chloride density
gradient ultracentrifugation. Titers of the adenoviral
stocks were determined using a plaque assay in 293A
cells. EMSCs (2 × 105) at passage 7 were infected with Ad-
TG2-GFP or Ad-GFP adenoviruses following standard
infection procedures. TG2-GFP-EMSCs (TG2-EMSCs)
and GFP-EMSCs (GFP-EMSCs) were harvested, and
TG2-GFP and GFP gene expression levels were detected
under a fluorescence microscope. The TG2 protein
expression in the TG2-EMSCs was determined by
immunofluorescence staining. The expression of stem cell
markers, including vimentin, nestin, and S100, in the
TG2-EMSCs was detected by immunofluorescence
staining. The levels of extracellular and intracellular TG2
protein expression were determined by Western blotting
(see Supplementary information for experimental details).

Preparation of the fibrin scaffold and assay of the growth
characteristics of the EMSCs and TG2-EMSCs in the scaffold
The fibrin scaffold was prepared according to the

method described in our previous study8. Briefly, the
fibrin scaffold was formed by mixing two separate solu-
tions at a 1:1 (vol/vol) ratio to obtain a final fibrinogen
concentration of 50 mg/ml: solution A consisted of
100mg/ml rat fibrinogen dissolved in PBS, and solution B
contained 100 U of rat thrombin dissolved in 5ml of PBS.
The fibrinogen/thrombin mixture was immediately and
evenly dropped onto 96-, 48-, or 6-well cell culture plates,
and the plates were incubated at 37 °C for 30min. For cell
seeding, EMSCs and TG2-EMSCs were digested with
trypsin and then transferred to the 48-well (approximately
2 × 104 cells) or 6-well (approximately 5 × 105) plates, and
an adequate amount of fresh medium was added. The
structure of the fibrin scaffold was examined by scanning
electron microscopy (SEM, JSM-6000, Japan) and trans-
mission electron microscopy (Philips-Tecnai12, The
Netherlands). The growth pattern of the EMSCs seeded
on the fibrin scaffold for 7 days was also observed by SEM.
Furthermore, the expression of BMP-2, VEGF, LN, and
FN in TG2-EMSCs was detected via immunofluorescence
staining. The differences in the expression of proteins,
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including VEGF, BMP-2, TG2, FN, and LN, among the
TG2-EMSCs, GFP-EMSCs, and EMSCs in the fibrin
scaffold, were analyzed by Western blotting.
To determine whether the overexpression of TG2

influenced the proliferation of EMSCs, an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay was performed. More details can be found in the
Supplementary information.

Fibrin scaffold calcification in vitro
In this study, a fibrin scaffold was used as the substrate for

the proliferation and osteogenic differentiation of EMSCs.
The calcification of the fibrin scaffold in vitro was examined
to further verify whether the fibrin scaffold was an ideal
functional biomaterial for bone tissue engineering.

ALP-induced calcification of the cell-free fibrin scaffold
in vitro
The cell-free fibrin scaffold was immersed in osteogenic

induction medium containing ALP for 14 days to evaluate
the function of this scaffold as the ideal substrate for
calcium deposition in an osteogenic microenvironment.
Briefly, the fibrin scaffold without cells was prepared as
previously described and then calcified by immersion in
osteogenic medium (15% FBS, 0.1 nM dexamethasone,
10 mM β-glycerophosphate, 0.01 μM 1,25-dihydroxy
vitamin D3, and 50 μM ascorbic acid in α-MEM) con-
taining exogenous ALP (100 U/ml) for 14 days. During
the induction process, half of the medium containing
exogenous ALP was changed every 2 days. After induc-
tion, calcium nodule formation was assessed by alizarin
red S staining. Meanwhile, the cell-free fibrin scaffold
immersed in osteogenic medium without ALP for 14 days
was used as the control.

Osteogenic differentiation of EMSCs and TG2-EMSCs seeded
on the fibrin scaffold
To investigate the promoting effect of TG2 on the

osteogenic differentiation of EMSCs in the fibrin scaffold,
EMSCs and TG2-EMSCs were seeded on 48- or 6-well
plates coated with the fibrin scaffold. Then, osteogenic
differentiation was induced using osteogenic medium
(without additional ALP) for 14 days. After inducing dif-
ferentiation, the expression of BMP-2, VEGF, COL I,
OCN, and OPN in the EMSCs, GFP-EMSCs, and TG2-
EMSCs was detected via immunofluorescence staining.
Differences in the expression of these proteins, including
VEGF, BMP-2, OPN, OCN, and COL I, among the TG2-
EMSCs, GFP-EMSCs, and EMSCs in the fibrin scaffold,
were analyzed by Western blotting.
In addition, to explore the role of TG2 in the osteogenic

differentiation of EMSCs, an inhibition experiment was
performed as follows: TG2-EMSCs were seeded in 48- or
6-well plates with osteogenic medium and allowed to

adhere for 24 h. Then, TG2-EMSCs were treated with
0.5 mM CYS to inhibit TG2 activity27. After 14 days of
inducing differentiation, mineralized nodules were stained
with alizarin red S, and the ALP activity of the cells was
evaluated using NBT/BCIP (nitro blue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate) staining. All images
were captured under a Zeiss microscope (Axio Observer,
ZEISS, Germany). ImageJ software was used to quantify
the stained areas. Differences in the expression of these
proteins, including VEGF, BMP-2, OPN, OCN, and COL
I, among the TG2-EMSCs, TG2-EMSCs+CYS, and
EMSCs in the fibrin scaffold, were analyzed by Western
blotting. Moreover, to investigate which part of TG2
could promote EMSC osteogenic differentiation, we
conducted three additional experiments, which are
described in the Supplementary information.

Preparation and morphological observation of the bone-like
graft made of TG2-EMSCs and the fibrin scaffold
To prepare tissue-engineered bone-like grafts made of

TG2 gene-modified EMSCs and the fibrin scaffold for
transplantation, TG2-EMSCs seeded on the fibrin scaffold
were cultured in osteogenic medium for 21 days, leading
to sufficient calcification of the scaffold. The surface
structure of the calcified fibrin scaffold (bone-like graft)
was observed with a phase-contrast microscope. Mean-
while, the OCN expression of the osteoblasts/osteocytes
in the mineralized scaffold was evaluated by immuno-
fluorescence staining, and calcification was assessed by
alizarin red S staining.

Efficient extraction of proteins from the fibrin scaffold with
seed cells and detection of the expression levels of
proteins of interest by Western blotting
To analyze differences in the expression of proteins of

interest among the groups, including the TG2-EMSC/
fibrin, TG2-EMSC+CYS/fibrin, and EMSC/fibrin
groups, fibrin scaffolds with seed cells were dissolved by
nattokinase for protein extraction due to the specific and
high fibrinolytic activity of nattokinase28. Briefly, a fibri-
nolytic solution was prepared by dissolving 50 FU/mL
nattokinase in PBS containing 1 mM EDTA. Fibrin scaf-
folds containing cells were washed with PBS and subse-
quently dissolved by the addition of 250 μl of the
nattokinase solution and incubation at 37 °C. The incu-
bation times were determined empirically. The dissolved
samples were ultrasonicated at 4 °C, and then the homo-
genates were mixed with equal volumes of RIPA buffer
containing a protease inhibitor cocktail and EDTA. The
above lysates were centrifuged at 12,000 × g for 5 min. The
protein concentrations of the supernatant were deter-
mined using a BCA kit (Thermo Fisher Scientific, Rock-
ford, IL, USA). Finally, the expression levels of the
proteins of interest, including TG2, BMP-2, VEGF, COL I,
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LN, FN, OCN, and OPN, were detected by Western
blotting as follows: The supernatant containing the pro-
teins of interest was mixed with equal amounts of loading
buffer and then heat denatured at 100 °C for 5 min. An
equal amount of protein from each sample was loaded
into 8% polyacrylamide gels, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore, Temecula, CA, USA) by electrophoresis. The
PVDF membrane was incubated with antibodies against
the proteins of interest and β-tubulin (as a standard
control), followed by incubation with horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz).
The protein bands were visualized using a Pierce ECL
Plus substrate (Thermo Fisher Scientific) and scanned
with a Typhoon 9400 Variable Mode Imager (Amersham
Biosciences, UK). β-Tubulin served as the internal refer-
ence. Each experiment was repeated at least three times
for statistical analysis.

Transplantation of the TG2-EMSC/fibrin scaffold for bone
defect repair and evaluation of the therapeutic efficacy
In this study, all animal experimental protocols were

approved by the Jiangsu University Ethics Committee for
the use of experimental animals and conformed to the
Guide for the Care and Use of Laboratory Animals. The
surgical procedures were as follows: SD rats (200 g) were
anesthetized, and then an 8-mm-diameter calvarial critical-
sized defect was created in the calvarial bone using a dental
bur attached to a low-speed handpiece with minimal inva-
sion of the dura mater. The rats were divided into the fol-
lowing three groups, with 10 animals per group: group 1,
transplanted fibrin scaffolds without cells; group 2, trans-
planted EMSC-loaded fibrin scaffolds; and group 3, trans-
planted TG2-EMSC-loaded fibrin scaffolds (tissue-
engineered bone-like grafts). The EMSC-loaded fibrin
scaffolds and TG2-EMSC-loaded fibrin scaffolds were
constructed according to the following procedure. The cells
were seeded on 6-well plates coated with fibrin gel in
normal medium. After 24 h, these cells were cultured in
osteogenic induction medium. After 21 days of osteogenic
differentiation induction, the partially calcified fibrin scaf-
fold was overturned, and fresh EMSCs or TG2-EMSCs were
reseeded on the other surface of the scaffold. Twenty-four
hours later, the fibrin scaffolds loaded with differentiated
(21 days of induction) and undifferentiated cells (newly
seeded) were shaped into a circular pattern with a diameter
of 8mm and then transplanted into the critical-sized cal-
varial defect area. Then, the gap between the fibrin scaffold
and the normal bone around the defect was filled with fresh
fibrin gel, encapsulating the EMSCs or TG2-EMSCs. After
4 weeks, five rats from each group were sacrificed by deep
anesthetization with an intraperitoneal injection of pheno-
barbital sodium (200mg/kg), and skull specimens were

fixed in 4% paraformaldehyde overnight at 4 °C. Then, the
specimens were decalcified in 10% EDTA in phosphate
buffer (pH 7.4) for 7 days at 4 °C. After dehydration in a
graded series of ethanol solutions, the tissue was embedded
in paraffin. Serial longitudinal tissue sections were prepared
and subjected to staining and observation, as follows. Skull
specimens were cut into 5 μm sections, which were stained
with hematoxylin and eosin (H&E) for evaluation of the
reparative effect. The expression of TG2 and OCN in the
new bone over the defect area was detected by immuno-
histochemistry. To evaluate the therapeutic efficacy of these
grafts in defect repair, the thickness of the regenerative
tissue (at the center point) in the defect area in the EMSC/
fibrin group and the TG2-EMSC/fibrin group was mea-
sured, and then the average thickness for each animal (five
sections from one animal for five animals) was calculated
and compared by statistical analyses to show the difference
between the EMSC/fibrin group and the TG2-EMSC/fibrin
group (n= 5).

Examination of the skull by CT and gross observation
The remaining 15 experimental rats (five rats per group)

were examined by computed tomography (CT) at 1, 4, 8,
and 12 weeks postimplantation. Imaging of the skull was
performed using a Gamma Medica X-SPECT small-ani-
mal system (Gamma Medica, Salem, NH) with a peak
voltage of 120 kV and current of 150mA. Three-
dimensional reconstruction software was used for quan-
titative analysis of the therapeutic efficacy of the trans-
planted grafts in bone defect repair. The bone volume
(BV, mm3) and the tissue volume (TV, mm3) were mea-
sured. The percent BV (BV/TV, %) was calculated and
compared by statistical analyses to show differences in
bone defect healing among the TG2-EMSC/fibrin, EMSC/
fibrin, and fibrin groups (n= 5).
Gross examination of the skull was performed following

animal sacrifice after CT analysis. The experimental ani-
mals were sacrificed at 12 weeks after transplantation of
the different grafts, and the gross appearance of the skull
was observed.

Statistical analyses
All values are reported as the mean ± standard deviation

(SD). One-way ANOVA with a Tukey’s multiple com-
parison post hoc test was performed to determine statis-
tically significant differences among conditions. *P < 0.05
and **P < 0.01 were considered statistically significant.

Results
Schematic illustration of the procedure for preparing the
functional tissue-engineered bone-like graft
Figure 1A shows a diagram of the tissue-engineered

bone-like graft, and Fig. 1B presents a schematic of the
transplantation procedure.
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Morphology and stemness of EMSCs isolated from the
nasal mucosa before and after modification with the TG2
gene
The adherent EMSCs from the lamina propria of the

nasal mucosa migrated and expanded easily in vitro, and
the cultured cells progressively exhibited a fibroblast-like
morphology (Fig. 2A). Immunofluorescence staining
revealed that most EMSCs expressed neural crest cell and
mesenchymal stem cell markers, including vimentin, nes-
tin, and S100 (Fig. 2B). Moreover, green fluorescence from
GFP in EMSCs was detected at 48 h after TG2-GFP ade-
novirus transfection. Moreover, TG2 overexpression was
detected by immunofluorescence staining, indicating the
high efficiency of gene transfection (Fig. 2C). To determine
the phenotypical profiles of the TG2-EMSCs, immuno-
fluorescence staining was performed to assess the
expression of stem cell markers, including vimentin, nes-
tin, and S100. The results show that the TG2-EMSCs
expressed both TG2 (Fig. 2C) and stem cell markers (Fig.
2D). The expression levels of intracellular and extracellular
TG2 in TG2-EMSCs were significantly higher than those
in GFP-EMSCs and EMSCs. Representative images of the
levels of intracellular and extracellular TG2 expression in
TG2-EMSCs are shown in the Supplementary information
(Supplementary Figs. 1 and 2).

Biological characteristics of EMSCs and TG2-EMSCs seeded
in the fibrin scaffold
The fibrin scaffolds showed a semitransparent gel-like

appearance (Fig. 3A1). These scaffolds possessed a
sponge-like structure, as observed by TEM Fig. 3A2) and
SEM (Fig. 3A3). The EMSCs mainly grew on the surface
of the fibrin scaffold (Fig. 3A4) due to the presence of
fewer ECM proteins cross-linked to the fibrin gel. The

TG2-EMSCs grown on the fibrin gel migrated into the
fibrin gel (Fig. 3A5), forming 3D tissue composed of the
seed cells and scaffold, because these cells could produce
abundant ECM proteins and TG2, which cross-linked
more ECM proteins to the fibrin gel. EMSCs (Fig. 3B) and
TG2-EMSCs (Fig. 3C) grown on fibrin scaffolds expressed
ECM proteins and cell growth factors, including BMP-2,
VEGF, LN, and FN. The expression levels of these pro-
teins and TG2 were detected by Western blotting, which
showed bands for more proteins of interest with different
molecular weights in the TG2-EMSC group, suggesting
cross-linking by TG2 (Fig. 3D). Quantitative analysis of
the relative content of these proteins (Fig. 3E) indicated
that the content of these proteins was significantly higher
in the TG2-EMSC/fibrin scaffold than in the controls
(GFP-EMSC/fibrin scaffold and EMSC/fibrin scaffold).
Each bar represents the mean value ± SD of measure-
ments made in three independent replicates. Moreover,
the MTT results demonstrate that cell proliferation was
enhanced by TG2 overexpression (Supplementary Fig. 3).

Differentiation of TG2-EMSCs into osteoblasts in the fibrin
scaffold
After 14 days of culture in osteogenic medium, TG2-

EMSCs transformed into osteoblast-like cells, which more
strongly expressed bone matrix proteins (Fig. 4A),
including OPN, OCN, and COL I, and growth factors (Fig.
4B), including BMP-2 and VEGF, than the control cells.
The results of immunofluorescence staining for OCN,
OPN, COL I, BMP-2, and VEGF in GFP-EMSCs are
shown in Supplementary Fig. 4. The OCN, OPN, COL I,
BMP-2, and VEGF protein levels were determined by
Western blotting (Fig. 4C). As shown in Fig. 4D, the
expression levels of these proteins, including VEGF, BMP-
2, OPN, OCN, and COL I, in TG2-EMSCs were sig-
nificantly higher than those in EMSCs. However, there
were no significant differences in protein expression
between the GFP-EMSC and the EMSC groups. In addi-
tion, bands of more proteins of interest with different
molecular weights were observed in the TG2-EMSC
group, suggesting cross-linking of the proteins by TG2.

Mineralization of and ALP activity in the TG2-EMSC/fibrin
scaffold
To detect calcification of the fibrin scaffold, alizarin red

S staining was performed to observe mineralized nodule
formation in the scaffold after 14 days of osteogenic dif-
ferentiation induction. The results showed many miner-
alized nodules in the TG2-EMSC/fibrin scaffold (Fig.
5A1). Meanwhile, the TG2-EMSCs seeded in the fibrin
scaffold exhibited strong ALP activity (Fig. 5B1). To verify
the function of TG2 in osteogenic differentiation, CYS
was employed to inhibit TG2 activity during the induced
differentiation of TG2-EMSCs in the fibrin scaffold.

Fig. 1 Preparation of functional tissue-engineered bone-like
grafts. A Step-by-step procedures for preparing functional tissue-
engineered bone-like grafts. B Schematic drawing of transplantation
procedure.
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Mineralization and ALP activity were significantly inhib-
ited by treatment with CYS (Fig. 5A2, B2). Alizarin red S
(Fig. 5A3) and ALP (Fig. 5B3) staining indicated the
presence of mineralized nodules and ALP activity in
EMSCs after osteogenic induction. Quantitative analysis
indicated that the degree of mineralization and ALP
activity was highest in the TG2-EMSC/fibrin groups
among the TG2-EMSC/fibrin, TG2-EMSC+CYS/fibrin,
and EMSC/fibrin groups (Fig. 5C, D). Furthermore, after
treatment with the inhibitor, the OCN, COL I, OPN,
VEFG, and BMP-2 expression levels were dramatically
decreased (Fig. 5E, F). These results suggest that TG2
played an important role in the osteogenic differentiation
of TG2-EMSCs in the fibrin scaffold. Moreover, our
findings indicate that extracellular TG2 played a major
role in promoting the osteogenic differentiation of EMSCs
(Supplementary Figs. 5–10). More details of the study
design are described in the Supplementary information.

Histological characteristics of the calcified cell-free fibrin
scaffold and the bone-like graft made of TG2-EMSCs and
the fibrin scaffold
The calcification experiment of the cell-free fibrin

scaffold in vitro indicated that the cell-free fibrin scaffold
could calcify in osteogenic induction medium containing
exogenous ALP. Dense gravel-like mineralized nodules
were deposited and uniformly distributed in the fibrin
scaffold (Fig. 6A). However, few mineralized nodules were
observed in the control group without exogenous ALP
(Fig. 6B). These results suggest that the fibrin scaffold was

an ideal substrate for calcium deposition in the osteogenic
microenvironment and that calcium deposition onto the
scaffold was dependent on the activity of ALP, which
could be provided by the seed cells (EMSCs) and/or the
intrinsic osteoblasts around the transplantation area
in vivo.
As shown in Fig. 6C–F, alizarin red S staining, immu-

nofluorescence, and phase-contrast microscopy indicated
that after inducing osteogenic differentiation for 21 days,
the TG2-EMSC/fibrin scaffold was transformed into
bone-like tissue due to deposition and cross-linking of the
bone matrix (osteoid) onto and with the fibrin gel and
calcification of the sponge-like scaffold. There were many
OCN-positive osteoblasts in the bone-like tissue on
immunofluorescence staining. Phase-contrast microscopy
showed that the bone-like grafts possessed a rough sur-
face (Fig. 6G). The image in Fig. 6H shows calcification of
the fibrin scaffold by alizarin red S staining. This bone-like
TG2-EMSC/fibrin graft might support the expected
functions of osteogenesis, osteoinduction, and osteo-
conduction in vivo after transplantation.

Therapeutic efficacy of the TG2-EMSC/fibrin scaffold
(bone-like graft) in calvarial defect repair in rats
Efficiency of intramembranous ossification in the defect area
after graft transplantation
The surgical procedure for implanting the TG2-EMSC/

fibrin graft is shown in Fig. 7A–C. The fibrin scaffold was
cut into a graft 8 mm in diameter (Fig. 7A) and was then
transplanted into a critical-sized calvarial defect (Fig. 7B),

Fig. 2 Expression of stem cell markers in EMSCs before and after modification with the TG2 gene. A EMSCs migrated from the lamina propria
of the nasal mucosa and then proliferated, expressing neural crest stem cell markers, including vimentin, nestin, and S100 (B). C After modification
with the TG2 gene, EMSCs (TG2 gene-modified EMSCs, TG2-EMSCs) expressed GFP (autofluorescence) and TG2 (immunofluorescence staining). D
TG2-EMSCs expressed stem cell markers, including vimentin, nestin, and S100.
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which could be completely filled with the TG2-EMSC/
fibrin graft (Fig. 7C). At 4 weeks after transplantation of
the fibrin scaffold without cells, EMSC/fibrin scaffold
or TG2-EMSC/fibrin scaffold, coronal tissue sections
(stained with H&E) of the skull defect area were observed.
The results indicated that there was no regenerative tissue
over the defect area in the fibrin scaffold group (Fig. 7D).
However, in the EMSC/fibrin scaffold group (Fig. 7E) and
the TG2-EMSC/fibrin scaffold group (Fig. 7F), the defect
was repaired by a membrane bridge or a bone bridge,
respectively. Compared with that in the EMSC/fibrin
scaffold group, the bone bridge tissue in the TG2-EMSC/
fibrin scaffold group (Fig. 7F) was obviously thicker and

more compact and contained more seed cells (blue nuclei
were) and more obvious regenerative bone trabeculae.
The image in Fig. 7G is an enlargement of the area in the
marked box in Fig. 7F, which shows the characteristics of
intramembranous ossification in the graft (TG2-EMSC/
fibrin scaffold). The asterisks indicate the bone trabeculae,
and the arrowheads indicate the periosteum. The statis-
tical analyses indicated that the average thickness of the
regenerative tissue (bone bridge) in the defect area in the
TG2-EMSC/fibrin scaffold group (359 ± 35 μm) was sig-
nificantly thicker than that (117 ± 15 μm) in the EMSC/
fibrin scaffold group (p < 0.01). These results indicate that
transplantation of the TG2-EMSC/fibrin scaffold (bone-

Fig. 3 Biological characteristics of EMSCs and TG2-EMSCs seeded in the fibrin scaffold. An image of the fibrin scaffold (A1). This scaffold
possessed a sponge-like structure, as observed by TEM (A2) and SEM (A3). EMSCs mainly grew on the surface of the fibrin scaffold (A4) due to the
presence of fewer ECM proteins cross-linked to the fibrin gel. The contour profile of the cells was dim due to the large amount of ECM deposited on
the surface of the cells and fibrin scaffold via TG2 cross-linking (A5), forming 3D tissue composed of the seed cells and scaffold, because these cells
could produce large amounts of ECM protein and TG2, which cross-linked more ECM proteins to the fibrin gel. EMSCs (B) and TG2-EMSCs (C) grown
on the fibrin scaffold expressed ECM proteins and cell growth factors, including BMP-2, VEGF, LN, and FN. D The expression levels of these proteins
and TG2 were detected by Western blotting, which showed bands for more proteins of interest with different molecular weights in the TG2-EMSC
group, suggesting cross-linking by TG2. E Quantitative analysis of the relative contents of these proteins indicated that the contents of these proteins
in the TG2-EMSC/fibrin scaffold were significantly higher than those in the controls (GFP-EMSC/fibrin scaffold and EMSC/fibrin scaffold). Each bar
represents the mean value ± SD of measurements of three independent replicates. n= 3, *P < 0.05; **P < 0.01.
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like graft) could promote intramembranous ossification of
the graft for defect repair.

Osteogenic differentiation of TG2-EMSCs and vascularization
of the bone-like graft in vivo
To confirm the in vivo osteogenic differentiation of the

TG2-EMSCs in the regenerative bone bridge (Fig. 8A),
immunohistochemical staining for TG2 and OCN in
adjacent tissue sections (with similar structures and seed
cells) was performed to detect osteoblasts/osteocytes
derived from the TG2-EMSCs in the regenerative tissue.
As shown in Fig. 8B, TG2-positive cells were observed in
the regenerative tissue in the defect area. Moreover, these
cells also expressed OCN (Fig. 8C). This finding suggests
that TG2-EMSCs could maintain the differentiated phe-
notype of osteoblasts/osteocytes and produce bone matrix
in the graft in vivo (Fig. 8D). Moreover, around these cells,

there were densely distributed regenerative blood vessels
(asterisks in Fig. 8D) in the graft, suggesting that the TG2-
EMSC/fibrin scaffold (bone-like graft) could be vascular-
ized in vivo.

CT analysis
New bone formation in the bone defect was dynamically

evaluated using quantitative CT after implantation of the
three kinds of grafts. The 3D reconstructions (Fig. 9A)
indicated obvious new bone formation in the bone defect
at 4, 8, and 12 weeks in the TG2-EMSC/fibrin group.
However, the EMSC/fibrin group showed little bone for-
mation, and the control group (fibrin group) showed poor
bone healing at all time points. Quantitative analysis of
the CT data in Fig. 9B indicated that the ratio of the
regenerated BV to the total (defect) volume (BV/TV) in
the TG2-EMSC/fibrin group was significantly higher than

Fig. 4 Inducing the osteogenic differentiation of EMSCs and TG2-EMSCs in the fibrin scaffold. These differentiated cells expressed bone matrix
(A) and growth factors (B). TG2-EMSCs showed stronger immunofluorescence staining for these proteins than EMSCs. C Western blotting analysis
showed that the expression levels of these proteins, including VEGF, BMP-2, OPN, OCN, and COL I, in TG2-EMSCs were significantly higher than those
in GFP-EMSCs. There were no significant differences in protein expression between the GFP-EMSC group and the EMSC group (D). In addition, bands
for more proteins of interest with different molecular weights were observed in the TG2-EMSC group, suggesting cross-linking of the proteins by TG2.
Each bar in the histogram represents the mean value ± SD of measurements of three independent replicates. n= 3, *P < 0.05; **P < 0.01.
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that in the EMSC/fibrin group, while the BV/TV in the
EMSC/fibrin group was significantly higher than that in
the control group (fibrin group). The BV/TV in the
control group (fibrin group) was the lowest among the
three groups at all time points. Altogether, these data
indicate that the novel functional tissue-engineered bone-
like grafts made of TG2 gene-modified EMSCs and fibrin
scaffolds substantially improved bone regeneration.

Gross appearance of the cranial bone at 12 weeks after graft
transplantation into the defect
In the TG2-EMSC/fibrin group (Fig. 10A), the cranial

defect was almost fully repaired by the regenerative bone.
In the EMSC/fibrin group (Fig. 10B), the cranial defect
was partially repaired, and the translucent area of the

defect was observed due to the smaller amount and
thinner layer of regenerative bone, but the repaired area of
the defect was larger in the EMSC/fibrin group than in the
fibrin group. In the fibrin group (Fig. 10C), almost no
cranial defect repair was present, and a large translucent
area of the defect was observed. Interestingly, in the
EMSC/fibrin group and the fibrin group, there were many
regenerative blood vessels radially distributed in the
regenerative tissue of the defect area, especially in the
fibrin group, and the blood vessels were more densely
distributed. These results demonstrate that transplanta-
tion of the TG2-EMSC/fibrin scaffold resulted in better
bone regeneration than transplantation of the other two
grafts and that the transplanted fibrin scaffold could
promote neovascularization in the regenerative tissue at

Fig. 5 Mineralization of and alkaline phosphatase activity in the TG2-EMSC/fibrin scaffold. Alizarin red S staining was performed to observe
mineralized bone nodules in scaffolds loaded with TG2-EMSCs (A1), TG2-EMSCs+CYS (A2), and EMSCs (A3). Many mineralized nodules were
observed in the TG2-EMSC/fibrin scaffold; however, CYS inhibited mineralization. Meanwhile, the TG2-EMSC/fibrin scaffold groups exhibited stronger
ALP activity (B1) than the other groups (B2, B3). Quantitative analysis of the results shown in (C, D), n= 3, **P < 0.01. E Western blotting results
showing the expression levels of VEGF, BMP-2, OPN, OCN, and COL I in the three groups. F Quantification analysis indicated that the content of
proteins of interest was highest in the TG2-EMSC/fibrin group. n= 3, **P < 0.01.
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the site of the cranial defect. Representative images of
H&E-stained sections (Supplementary Fig. 11) and cor-
onal micro-CT images (Supplementary Fig.12) of the skull
defect area in an experiment animal from each group at
12 weeks are provided in the Supplementary information.

Discussion
Previous studies performed by our group and other

researchers have shown that EMSCs represent a type of
multipotent adult stem cell derived from cranial neural
crest cells7,8. These stem cells can differentiate into

specific phenotypes, such as osteoblasts, adipocytes,
chondrocytes, and neurons, in vitro. Furthermore, the
EMSCs seeded on the fibrin scaffold described in our
previous study demonstrated the capacity to proliferate
extensively and maintain their capacity to differentiate
into multiple cell types in vitro. Based on their stemness,
EMSCs might be applied as seed cells in scaffold
transplantation to repair tissue injuries, such as bone
defects. Among tissue engineering strategies for the
repair of tissue injuries, in addition to stem cell trans-
plantation, genetic therapy has become a promising

Fig. 6 Histological characteristics of the bone-like graft made of TG2-EMSCs and the fibrin scaffold for transplantation. A Calcification of the
fibrin scaffold without cells after induction via an osteogenic medium with ALP by alizarin red S staining. B Little calcium deposition is shown by
alizarin red S staining in the cell-free fibrin scaffold induced via osteogenic medium without ALP. C, F TG2-EMSCs seeded in the fibrin scaffold were
induced to differentiate into osteoblasts/osteocytes, which were buried in bone-like tissue and expressed OCN (C). DAPI staining of the nuclei of the
cells in the graft (D). Observation by phase-contrast microscopy showed the rough surface of the fibrin scaffold due to calcium deposition (E). F
Merged image of (C–E). G An enlargement of the area in the marked box of (E) to show extensive insoluble calcium salt deposition, which formed
the rough surface of the graft. H Calcification of the TG2-EMSC/fibrin graft by alizarin red S staining.
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approach, and adenoviruses have become important
transgenic vectors for effective clinical gene therapy29.
Mounting reports have indicated that TG2 plays an
important role in stem cell differentiation30,31. For

example, Yin et al.32 found that SAOS-2 cells exhibit
high levels of TG2 expression and activity during the
progression of osteoblast differentiation. Moreover,
TG2 could cross-link some soluble growth factors and

Fig. 7 Surgical procedure for TG2-EMSC/fibrin graft implantation and histological observation of the regenerated tissue bridge covering
the calvarial defect. A Calvarial defect 8 mm in diameter. B TG2-EMSC/fibrin graft. C Implantation of the graft into the calvarial defect. At 4 weeks
after transplantation, histological observation of coronal H&E-stained tissue sections of the skull defect indicated no regenerative tissue over the
defect in the fibrin group (D). However, in the EMSC/fibrin group (E) and the TG2-EMSC/fibrin group (F), the defect was repaired by a membrane
bridge or bone bridge, respectively. The bone bridge tissue in the TG2-EMSC/fibrin group (F) was obviously thicker and more compact and contained
more seed cells (blue nuclei) and more obvious regenerative bone trabeculae than the corresponding tissue in the EMSC/fibrin group (E). G An
enlargement of the area in the marked box in (F), which shows the characteristics of intramembranous ossification in the graft (TG2-EMSC/fibrin
scaffold). The asterisks indicate bands of collagen fibers, and the arrowheads indicate the periosteum.
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ECM proteins and then promote the deposition of these
proteins into tissue17. Given these interesting findings,
the present study first investigated the role of TG2
overexpression in the osteogenic differentiation of
EMSCs seeded in a fibrin scaffold and then constructed
a novel functional tissue-engineered bone-like graft
made of TG2 gene-modified EMSCs and a fibrin scaffold
for bone defect repair.
The results demonstrated high levels of both extra-

cellular and intracellular TG2 expression in EMSCs after
TG2 gene transfection. Moreover, immunofluorescence
staining showed that TG2-EMSCs and EMSCs strongly
expressed not only mesenchymal cell and neural crest cell
markers, including vimentin, S100, and nestin, but also
BMP-2, VEGF, COL I, LN, and FN. The results of Wes-
tern blotting showed that the BMP-2, VEGF, COL I, LN,
FN, and TG2 expression levels in the TG2-EMSCs were
significantly higher than those in the controls. Because
ECM and growth factors play significant roles in the

process of bone development, these interesting findings
strongly suggest that the transplantation of TG2-EMSCs
seeded in fibrin scaffolds may provide a new therapeutic
approach for bone defect repair.
In the osteogenic differentiation experiments, the

results of immunofluorescence staining and Western
blotting showed higher expression levels of osteogenic
markers, including COL I, OCN, and OPN, in the TG2-
EMSCs than in the control cells. In the TG2-EMSC/fibrin
scaffold, many mineralized nodules were observed by
alizarin red S staining, combined with strong ALP activity,
suggesting that TG2-EMSCs possessed greater potential
for osteogenic differentiation. Furthermore, the results of
the TG2 activity inhibition experiments indicated that
when TG2 activity was inhibited by CYS, the expression
levels of BMP-2 and VEGF and the osteoblast markers
OCN, OPN, and COL I were dramatically decreased in
the TG2-EMSC group. These effects might be due to the
abrogation of the cross-linking function of TG2 by CYS.

Fig. 8 Observation of the osteogenic differentiation of TG2-EMSCs and regenerative blood vessels in the bone bridge. To confirm the
in vivo osteogenic differentiation of the TG2-EMSCs in the transplanted bone-like graft into osteoblasts/osteocytes, cells coexpressing TG2 and OCN
were detected by the immunohistochemical staining of adjacent tissue sections among continuous coronal plane sections (A–C). At 4 weeks after
implantation of the graft, TG2-EMSCs could express both TG2 (B) and OCN (C) within the regenerative bone bridge (marked box in A). Meanwhile,
there were densely distributed regenerative blood vessels (asterisks) in the graft. Around the vessels, there were many TG2-positive osteoblasts/
osteocyte-like cells observed on immunostaining (D), which might be derived from TG2-EMSCs.
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Similarly, ALP activity and mineralized nodule formation
were also significantly decreased after treatment with
CYS. These results demonstrate that TG2 overexpression
could substantially promote osteogenic differentiation

and maturation, thus suggesting that TG2 might also play
an important role in mineralization of the fibrin scaffold,
which could transform the fibrin gel into bone-like tissue
in vitro before transplantation.

Fig. 9 Evaluation of bone regeneration in SD rat skull bone defect. A 3D CT reconstructions of whole skulls showing the bone defect and the
regenerated bone at 1, 4, 8, and 12 weeks after the implantation of the three kinds of grafts in vivo. B Analysis of the bone volume/total volume (BV/
TV) in the respective groups. **P < 0.01; *P < 0.05.
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To explore whether the fibrin scaffold was an ideal
functional biomaterial for bone tissue engineering, an
experiment of calcification of the cell-free fibrin scaffold
was carried out in vitro. The fibrin scaffold without cells
immersed in osteogenic induction medium with addi-
tional ALP showed obvious calcification, while little
calcium deposition was observed in the fibrin scaffold
immersed in osteogenic induction medium without
ALP. This finding suggests that ALP plays a key role in
fibrin scaffold calcification. These results not only
indicate that the fibrin scaffold is an ideal substrate for
bone tissue engineering but also suggest that EMSC-
derived osteoblasts can enhance fibrin scaffold calcifi-
cation by sustaining active ALP. In other words, the
fibrin scaffolds and EMSCs may complement each other
and, together with the intrinsic osteoblasts around the
transplantation area in vivo, synergistically promote
bone defect repair. In addition, the TG2 secreted by
TG2-EMSCs could cross-link the ALP with the fibrin
scaffold and both prolong the half-life and preserve the
high local concentration of ALP, thereby enhancing
calcification of the fibrin scaffold.
Osteoblast differentiation is initially controlled by var-

ious morphogens, signaling molecules, and transcriptional
regulators. Numerous studies have shown that TGF-β/
BMP and Wnt/β-catenin are involved and strongly induce
osteoblast differentiation in a variety of stem cell types,
including MSCs33. The data of this study reveal that
EMSCs secrete BMP-2, which belongs to the TGF-β

superfamily and acts as a robust osteogenic factor and
bone formation stimulator. Surprisingly, BMP-2 staining
was diffusely distributed in the EMSCs but clustered in
the TG2-EMSCs. This difference in the BMP-2 distribu-
tion may be due to the cross-linkage of BMP-2 via TG2.
Importantly, Beazley and Nurminskaya34 reported that
BMP-2 retains its biological activity after cross-linking via
TG2. In addition, in this study, Western blotting data
showed that TG2 gene transfection significantly increased
the level of BMP-2. Immunofluorescence staining showed
that although the EMSCs synthesized BMP-2, the osteo-
genic capacity of the EMSCs was weaker than that of the
TG2-EMSCs. The secreted BMP-2 may have been rapidly
cleared in the EMSC cultures, but immobilized upon
cross-linkage with the ECM by TG2, prolonging the half-
life and preserving the high local concentration of BMP-2
in the scaffold (graft).
Bone is a highly vascularized connective tissue, and

skeletal vasculature plays a significant role in the process
of bone development. A high local concentration of VEGF
is essential for the coupling of angiogenesis and osteo-
genesis in vivo. VEGF acts as a chemotactic molecule,
attracting endothelial cells to bone tissue and directly
controlling the differentiation and functions of osteoblasts
and osteoclasts, thereby participating in bone remodel-
ing35. The results of this study showed that similar to
BMP-2 expression, VEGF expression was significantly
increased in TG2-EMSCs, which could promote vascu-
larization of the bone-like graft in vivo.

Fig. 10 Gross appearance of the cranial bone at 12 weeks after graft transplantation into the defect. In the TG2-EMSC/fibrin group (A), the
cranial defect was almost fully repaired by regenerative bone, and the surface of the skull was smooth. In the EMSC/fibrin group (B), the cranial defect
was partially repaired, and the translucent area of the defect was observed. Fewer regenerative blood vessels were observed in the regenerative
tissue in the defect area. In the fibrin group (C), almost no repair of the cranial defect was observed, and a large translucent area of the defect was
observed. There were many purplish-red regenerative blood vessels radially distributed in the regenerative tissue in the defect area.
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In addition to seed cells, scaffolds are also indis-
pensable for tissue reconstruction. Tissue-engineered
scaffolds should be rationally designed to act as ideal
carriers and substrates for seed cell growth and differ-
entiation36. Tissue-engineered grafts for the repair of
large defects should support osteogenesis, osteoinduc-
tion and osteoconduction in vivo. The healing of bone
defects is a complex physiological process that involves
an orchestrated series of cellular events. As described in
our previous study, a fibrin scaffold can provide a sui-
table microenvironment for bone regeneration that
allows cell attachment, proliferation, and differentiation.
In addition, the sponge-like structure of the fibrin
scaffold was favorable for ECM deposition and graft
vascularization in vivo, which are excellent properties
for biomaterials used in bone tissue engineering. Engler
and Guilak reported that the mechanical properties of
the ECM exert a significant influence on the determi-
nation of cell fate, which plays a key role in the osteo-
genic differentiation of stem cells37,38. The results of this
study show that induced TG2-EMSCs can secrete high
levels of ECM/bone matrix components, including LN,
FN, COL I, OCN, and OPN, and growth factors, such as
VEGF and BMP-2, in vitro. However, to the best of our
knowledge, the deposition of free bone-associated pro-
tein in bone defects is difficult, and soluble cell growth
factors are rapidly consumed in vivo. Increasing evi-
dence has revealed that TG2 is an important extra-
cellular cross-linking enzyme involved in ECM turnover.
Thus, we forced EMSCs to overexpress TG2, and these
TG2-overexpressing cells were then seeded in the fibrin
scaffold. Specifically, TG2 was secreted into the ECM;
TG2 has been demonstrated to have a high affinity for
FN and promote the adhesion and survival of osteo-
blasts, BMSCs, and many tumor cells39. Moreover, TG2
is a cross-linker of COL I. The cross-linking of COL I by
TG2 has been shown to increase the adhesion and dif-
ferentiation efficiency of human BMSCs without signs of
cytotoxicity40. Bone matrix proteins, including OPN,
bone sialoprotein, and alpha2 HS-glycoprotein, are
TG2 substrates, and the covalent cross-linking of these
substrates via TG2 plays an important role in bone
matrix maturation and calcification41.
The deposition of abundant ECM and bone-related

proteins, such as OCN and OPN, into the TG2-EMSC/
fibrin scaffold was observed in vitro. Moreover, bands of
proteins of interest with different molecular weights were
observed by Western blotting, suggesting that this
deposition might be mediated by linking via TG2. These
results confirm that soluble cell growth factors were
converted to a stable status and were cross-linked with the
scaffold and that free bone-associated proteins and ECM
components were immobilized, resulting in the formation
of a complex network of bone-related proteins, ECM

components, and cell growth factors. The TG2-EMSC/
fibrin scaffold complex can biologically be considered an
osteoid. This osteoid contained abundant fibrin fibers,
ECM components, and cell growth factors secreted by the
seed cells that were cross-linked with the fibrin scaffold
through TG2. In addition, this osteoid could be regarded
as a release system for trophic factors and a 3D scaffold
for cell growth and osteogenic differentiation. Finally, this
sponge-like scaffold was transformed into bone-like tissue
due to mineralization.
This study found that TG2 can promote the osteogenic

differentiation of EMSCs in vitro. To determine whether
the TG2-EMSC/fibrin scaffold can promote the repair of
bone defects in vivo, the TG2-EMSC/fibrin scaffold was
first transformed into functional bone-like tissue in vitro
and then transplanted into a critical-sized cranial bone
defect in a rat model for evaluation of the therapeutic
efficacy of the bone-like graft in bone defect repair. As
expected, the TG2-EMSCs maintained the differentiated
phenotype of osteoblasts/osteocytes and produced bone
matrix in the grafts in vivo. Meanwhile, there were den-
sely distributed regenerative blood vessels in the graft,
suggesting that the TG2-EMSC/fibrin scaffold (bone-like
graft) could be vascularized in vivo. The 3D CT recon-
structions of the whole skull and the appearance on gross
observation of the cranial bone indicated that transplan-
tation of the engineered bone-like graft, made of TG2-
EMSCs and a fibrin scaffold, could promote the healing of
critical-sized bone defects. For scaffold implantation in
load-bearing bone defects, the scaffold should possess
adequate mechanical strength to withstand the mechan-
ical requirements. Thus, the engineered bone-like graft
can only be used as a material for bone defect restoration
in non-load-bearing bone or in combination with internal
fixation.

Conclusions
In summary, in this study, a novel functional tissue-

engineered bone-like graft made of TG2 gene-modified
EMSCs and a fibrin scaffold was designed and con-
structed, and the therapeutic efficacy of the bone-like
graft in bone defect repair after transplantation was
evaluated. The experimental results indicate that the
TG2-EMSCs overexpressed TG2, which strongly pro-
moted the osteogenic differentiation of the TG2-
EMSCs in the fibrin scaffold in vitro. Moreover, TG2
could enhance the deposition of ECM proteins (i.e.,
bone matrix) into the scaffold, followed by calcification
of the bone matrix and transformation of the scaffold
into functional bone-like tissue in vitro. More impor-
tantly, after transplantation into critical-sized cranial
defects in a rat model, the bone-like graft showed
excellent therapeutic efficacy in bone defect repair
in vivo.
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