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Abstract. Tissue‑engineered bones (TEB) are a promising 
strategy for treating large segmental bone defects. However, 
the application of TEB is greatly limited by technical and 
logistical issues caused by the viable cells used. The aim of the 
present study was to devise novel TEB, termed functional TEB 
(fTEB) using devitalized mesenchymal stem cells (MSCs) 
with the functional proteins retained. TEB were fabricated 
by seeding MSCs on demineralized bone matrix (DBM) 
scaffolds. fTEB were prepared with deep hyperthermia 
treatment. Total proteins were extracted from fTEB and condi‑
tioned media (CM) were prepared. The effects of fTEB‑CM 
on the proliferation, differentiation and migration of host 
MSCs were assessed. Following lyophilization, the majority 
of the MSCs were devitalized, but the proteins within the TEB 
were retained in fTEB. Similar to TEB, fTEB outperformed 
the DBM in inducing migration, proliferation and osteogenic 
differentiation in MSCs. The abundance of cytokines in fTEB 
was also determined. fTEB were shown to be a promising 
alternative to TEB. Thus, they might serve as off‑the‑shelf 
tissue engineering products, meeting the high demands for 
bone substitutes in the clinical setting.

Introduction

Treatment of large segmental bone defects (LSBD) remains a 
major challenge in orthopedics. Increasing evidence suggests 
that tissue‑engineered bones (TEB) seeded with osteogenic 
cells, such as mesenchymal stem cells (MSCs), are promising 
alternatives to conventional approaches, such as autologous 

or allograft bone grafting for repairing LSBD (1‑3). However, 
TEB are not widely adopted in practice, due to a variety of 
technical and logistical challenges and the subsequent high cost 
caused by the need to maintain viability during manufacturing 
and transportation. In addition, highly‑trained technicians are 
required, inhibiting large‑scale production of TEB (4).

The role of MSCs in TEB has previously been challenged; 
it was reported that MSCs in TEB were almost undetect‑
able 30 days after transplantation and, eventually, almost all 
newly‑formed bones originated from the host (5‑7). Another 
study suggested that MSCs helped create a favorable microen‑
vironment for tissue regeneration instead of contributing to the 
cellular contents directly (8). MSCs have been shown to secrete 
a variety of growth factors, chemokines and osteogenic factors, 
such as C‑C motif chemokine ligand 5 (CXCL5), CXCL8 and 
stromal cell‑derived factor 1 (SDF‑1) (9). These factors played 
critical roles in modulating bone repair, including inflamma‑
tion, angiogenesis, bone formation and remodeling (10). The 
present study reported a novel strategy, functional TEB (fTEB), 
to harness the benefit of these factors in TEB by disengaging 
from viable cells. fTEB were obtained by freeze‑drying TEB 
fabricated with human umbilical cord MSCs (hUC‑MSCs) 
and demineralized bone matrix (DBM) scaffolds. Conditioned 
media (CM) were prepared from fTEB and their effects on 
the proliferation, differentiation and migration of host human 
bone marrow MSCs (hBMSCs) were further assessed.

Materials and methods

Cell isolation and culture. hUC‑MSCs and hBMSCs 
were isolated, cultured and characterized, as previously 
described (11). All protocols involving human subjects were 
approved by the Ethics Committee of the 960th Hospital 
of PLA (Jinan, China; approval no. JNZY201603), with 
all subjects providing informed consent. Between January 
and December  2016, hUC‑MSCs were obtained from the 
umbilical cords of five volunteers (25‑35  years old) who 
underwent a full‑term pregnancy (38‑40 weeks). hBMSCs 
were isolated from iliaccrest bone marrow aspirates of five 
healthy volunteers. Exclusion criteria included malignant 
tumor or accompanied systemic diseases, such as rheumatoid 
arthritis, systematic lupus erythematosus and diabetes. Cells 
derived from these sources were cultured in DMEM/F12 
(dilution, 1:1; Cytiva) with 10% FBS (Gibco; Thermo Fisher 
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Scientific, Inc.) and 100  U/ml of penicillin/streptomycin 
(Gibco; Thermo Fisher Scientific, Inc.). Cells at passage 3‑4 
were obtained for use.

Preparation of fTEB. Allogenic DBM scaffolds (Beijing 
Datsing Bio‑Tech Co., Ltd.; Fig. 1A) with a volume porosity 
of 76±8.5%  (pore size, 200‑800 µm) were cut into blocks 
(1x1x0.5 cm; 0.417 g/block) and submerged in DMEM/F12 
medium overnight at 4˚C. TEB were fabricated by dropwise 
instillation of an aliquot (20 µl) of single‑cell suspension of 
hUC‑MSCs (density, 1x107/ml) onto two opposite surfaces of 
the scaffolds. After 2 h of incubation at room temperature, 
media were added and replaced every 2 days. The seeding 
efficiency was assayed at 10 h by calculating the ratio of the 
number of cells retained in the scaffold to the number of 
cells seeded. The number of retained cells in the scaffold was 
defined as the difference between the cells seeded and the 
residual cells in the medium. hUC‑MSCs retained on the scaf‑
folds were visualized on days 5 and 10, by scanning electron 
microscopy (SEM; Hitachi, Ltd.). In addition, the cytoskeletons 
and nuclei of hUC‑MSCs were stained with 25 mg/ml rhoda‑
mine‑labelled phalloidin (Biotium, Inc.) for 1 h and 10 mg/ml 
DAPI (Merck KGaA) for 15 min at room temperature, respec‑
tively. Samples were then subjected to confocal laser scanning 
microscopy (Leica Microsystems GmbH). To fabricate fTEB, 
TEB were washed three times with PBS, immersed in 
PBS for 2 h and frozen at ‑80˚C for 2 h. Samples were then 
freeze‑dried using a deep‑hypothermic lyophilizer (Modulyo®; 
Thermo Fisher Scientific, Inc.) for 4 h and stored at ‑80˚C.

Preparation of total protein content and CM. In total, 1 cm3 

fTEB were used for protein extraction. Samples were homog‑
enized in liquid nitrogen. Total proteins were extracted using 
RIPA Buffer (Beyotime Institute of Biotechnology) and protein 
concentrations were determined using a BCA Protein Assay 
kit (Beyotime Institute of Biotechnology). CM were prepared 
by dissolving total protein extracted from 1 cm3 fTEB in 10 ml 
DMEM/F12 complete media. CM of TEB and DBM were also 
prepared using the same method.

Quantitative human cytokine array. A customized 
Quantibody® human cytokine array (QAH‑CUSTOM; 
RayBiotech, Inc.) was performed for 49 cytokines. The cytokines 
of interest are presented in Table SI. The fTEB‑CM (100 µl) 
was assayed according to the manufacturer's instructions. 
Fluorescent signals were detected using a GenePix™ 4000B 
laser scanner (Molecular Devices, LLC). Data were 
extracted and analyzed using RayBio QAM‑TH17‑1software 
(RayBiotech, Inc.).

Migration assay. Migration assays were performed in Transwell 
inserts (8‑µm pores; Corning, Inc.). Briefly, 700 µl fTEB‑CM 
was added to the lower chamber. A total of 2x104 hBMSCs in 
200 µl serum‑free medium (Cytiva) were seeded in the upper 
chamber and allowed to migrate for 48 h at 37˚C. Next, cells 
in the upper chamber (non‑migrating cells) were removed 
using a cotton wool swab. Migrated cells in the lower chamber 
were washed with PBS, fixed with 4% paraformaldehyde 
(Wuhan Boster Biological Technology, Ltd.), stained with 
DAPI for 15 min at room temperature and observed under a 

fluorescent microscope (Olympus Corporation). The number 
of migrated cells was counted from 10 random high‑power 
fields (magnification x100) and the mean taken. TEB‑CM, 
DBM‑CM and DMEM/F12 containing recombinant human 
SDF‑1 (20 ng/ml) served as controls. Migration assays were 
performed on five batches of hBMSCs from different donors.

Proliferation assay. The proliferation of hBMSCs was evalu‑
ated by Cell Counting Kit‑8 assay (CCK‑8; Dojindo Molecular 
Technologies, Inc.). hBMSCs were harvested and resuspended 
with different CMs (fTEB‑CM, TEB‑CM and DBM‑CM) and 
basic culture media (BCM) at a density of 1x105 cells/ml. A 
total of 0.1‑ml aliquots of hBMSC suspension was seeded in 
24‑well plates. At each time point (0, 12, 24, 48, 72 and 96 h), 
CCK‑8 reagent was added and the absorbance was measured 
at 450 nm using a microplate reader. The survival of hBMSCs 
was represented as the optical density (OD) value of each well. 
The growth curve of cells was plotted and population doubling 
time (PDT) was calculated using the following formula: 
PDT=h of exponential phase/[(logN2‑logN1)/log2], where 
N1 is the number of cells at the beginning of the exponential 
growth phase and N2 is the number of cells at the end of the 
exponential growth phase.

Evaluation of osteogenic differentiation. Briefly, hBMSCs 
were seeded into 6‑well plates (density, 5x103/cm2). Osteogenic 
differentiation was induced by incubation with different 
media, including fTEB‑CM, TEB‑CM and DBM‑CM, and 
osteogenic medium (OM; Cytiva). After 14 days, the osteo‑
genic differentiation potential was verified by Alizarin Red 
staining (Cytiva) according to the manufacturer's instructions. 
Osteogenic genes and proteins were analyzed by reverse 
transcription (RT) semi‑quantitative PCR and western blot 
(WB) analysis, respectively.

RT semi‑quantitative PCR. Cells were obtained and total RNA 
was extracted using Qiagen RNeasy Mini kits (Qiagen AB). 
cDNA was prepared from 1 µg total RNA using cDNA synthesis 
kits (Promega Corporation) according to the manufacturer's 
instructions. RT semi‑quantitative PCR was performed using 
SYBR ExScript RT‑PCR kits (PerfectRealTime; Takara Bio, 
Inc.) 18s ribosomal RNA served as the internal control. The 
primers used are presented in Table I.

WB analysis. Cells were collected, lysed with SDS lysis buffer 
[100 mM Tris (Ph 8.0), 10% glycerol and 1% SDS; Beyotime 
Institute of Biotechnology] on ice and then centrifuged 
at 10,000 x g for 1 min at 4˚C. The supernatant was obtained, 
centrifuged at 10,000 x g for 1 min at 4˚C and stored at ‑20˚C. 
Each SDS‑PAGE (Beyotime Institute of Biotechnology) lane 
was loaded with 20 µg protein. The gel electrophoresis condi‑
tions were polyacrylamide (10%,v/v), 80 V and 90 min. The 
gel was then transferred onto PVDF membranes (250 mA for 
60 min; EMD Millipore). After blocking with 5% skimmed 
milk for 1  h at room temperature, the membranes were 
incubated overnight at  4˚C with the primary antibodies, 
including anti‑RUNX family transcription factor 2 (RUNX2; 
cat. no. ab236639; 1:1,000; Abcam), anti‑alkaline phospha‑
tase (ALP; cat. no. ab154100; 1:2,000; Abcam), anti‑amyloid 
fibrils (OC; cat. no. ab133612; 1:4,000; Abcam) and β‑actin 
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(cat. no. ab8227; 1:4,000; Abcam). After washing with TBST 
(Beyotime Institute of Biotechnology) under oscillation for 
15 min for 3 times, the peroxidase‑conjugated secondary anti‑
body (cat. no. AP132P; 1:4,000; SouthernBiotech) was added 
and incubated at room temperature for 1 h. The membrane was 
washed with TBST for 15 min for 3 times and signals were 
then detected by ECL (Kirkegaard & Perry Laboratories Inc.). 
When the bands were developed, images were captured and 
ImageJ V1.8.0 (NIH) used for analysis.

Statistical analysis. All values are expressed as means ± SD. 
Statistical analysis was performed using SPSS 13.0 software 
(SPSS, Inc.). The results of migration, proliferation and differ‑
entiation assays among groups were compared using one‑way 
ANOVA with the Bonferroni correction as a post hoc test, 
where P<0.0083 was considered to indicate a statistically 
significant difference. The results of cytokine antibody arrays 
were analyzed by one‑way ANOVA with Tukey's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

hUC‑MSCs in TEB. The mean efficiency of cell seeding was 
82.4±3.3% (n=10). On day 3 after cell seeding, hUC‑MSCs 
spread and attached well on the pore surfaces of the scaf‑
folds, with dense extracellular matrix deposition (Fig. 1B). 
With the proliferation of hUC‑MSCs and production of the 
extracellular matrix, cells were stacked and superimposed 
over each other on day 10 (Fig. 1C). Confocal microscopy 
further confirmed that hUC‑MSCs were tightly attached to 
the scaffolds after 3 (Fig. 1E) and 10 (Fig. 1F) days. It was 
revealed by SEM that although hUC‑MSCs were devitalized 
by freeze‑drying, the remnant cellular contents were retained 
on the pore surfaces of fTEB (Fig. 1D).

The majority of proteins are retained following freeze‑drying. 
To assess the effect of lyophilization on the protein loss of TEB, 
the protein content was monitored following cell seeding. The 
protein contents of TEB and the derived fTEB increased over 
time and peaked on day 12. Thus, fTEB prepared 12 days after 
cell seeding were harvested for subsequent use. At any given 
time‑point, the protein content of TEB was significantly higher 
than that of fTEB (P<0.05). However, the mean retention rate 
from 10 samples, which was defined as the ratio between 

protein contents of fTEB and TEB harvested following a 
10‑day culture was 64.0% (60.4‑66.7%; Fig. 1G and H).

Certain cytokines in fTEB might be responsible for its 
biological function. To identify the proteins accounting for the 
functions of fTEB, a customized Quantibody® human cytokine 
array (QAH‑CUSTOM; RayBiotech, Inc.) was performed. The 
levels of the majority of proteins of interest were significantly 
higher in fTEB, as compared with DBM (Fig. 1H). Only those 
with concentrations of >10 ng/ml were selected and presented 
in Fig.  1H. The maximal concentration occurred in basic 
fibroblast growth factor (bFGF) with a mean of 525.42 ng/ml 
in fTEB (n=4).

fTEB shows a marked capability in inducing hBMSC 
migration. To investigate the hBMSC‑recruiting capacity of 
fTEB, migration assays were performed. As demonstrated 
in Fig. 2, the chemotactic activity of fTEB was significantly 
higher than that of TEB, SDF‑1 and DBM (P<0.0083).

fTEB exerts positive effects on the proliferation of hBMSCs. 
To evaluate the biological role of fTEB in the proliferation 
of hBMSCs, cell growth kinetics were evaluated. CCK‑8 
assays demonstrated that, after 24 h of culture, fTEB‑CM and 
TEB‑CM promoted the proliferation of hBMSCs, as evidenced 
by the increased OD values when compared to the BCM and 
DBM‑CM (Fig. 3). The proliferation‑promoting capacity of 
fTEB‑CM was not significantly different to TEB‑CM (P>0.05) 
at all time points but 96 h. According to the growth curve, 
hBMSCs cultured with fTEB‑CM and TEB‑CM displayed a 
similar growth pattern, with a lag stage and an extensive log 
phase lasting ~2 and ~4 days, respectively. The subsequent 
platform phase occurred at day  8. Moreover, the growth 
rates of hBMSCs cultured with BCM and DBM‑CM were 
significantly lower than those of the fTEB‑CM and TEB‑CM 
groups (P<0.05). In addition, no apparent difference in the 
mean PDT was observed between fTEB‑CM (28.24±6.51 h) 
and TEB‑CM (26.68±4.32 h; P>0.05). However, both were 
significantly lower than BCM (36.69±8.92 h) and DBM‑CM 
(123.52±13.50 h; P<0.05).

fTEB exhibit comparable osteogenic capacity to TEB. 
Microscopic examination of Alizarin Red staining showed 
clear crimson deposits indicative of mineralization following 
incubation with fTEB‑CM, TEB‑CM and OM, but not with 

Table I. Reverse transcription semi‑quantitative PCR primers.

	 Primer (5'‑3')
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene	 Forward	 Reverse

ALP	 CCCACAATGTGGACTACCT	 GAAGCCTTTGGGGTTCTTC
RUNX2	 CGGAGTGGACGAGGCAAGAG	 TGAGGAATGCGCCCTAAATC
OC	 CACTCCTCGCCCTATTGGCC	 CCTCCTGCTTGGACACAAAG
18s rRNA	 GTAACCCGTTGAACCCCATT	 CCATCCAATCGGTAGTAGCG

ALP, alkaline phosphatase; RUNX2, RUNX family transcription factor 2; OC, osteocalcin; rRNA, ribosomal RNA.
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Figure 1. Adhesion and growth of cells on DBM scaffolds. (A) Gross image of DBM scaffolds. (B) A total of 3 days after seeding, cells adhered to the inner 
surfaces of the scaffolds with dense extracellular matrix deposition (magnification x100). (C) After 10 days of culture, cells were tightly interwoven and 
stacked on top of one another (magnification x100). (D) In fTEB obtained on day 10, the exposed cellular contents had been retained at the pore surfaces. 
(E and F) Confocal microscopy further confirmed that cells were tightly attached to the scaffolds after 3 and 10 days (magnification x100). (G) Total protein 
contents of TEB and fTEB over 10 days. *P<0.001 (H) The top 10 cytokines identified in fTEB (>10 ng/ml). DBM, demineralized bone matrix; TEB, 
tissue‑engineered bones; fTEB, functional TEB; CXCL, C‑C motif chemokine ligand; uPAR, urokinase type plasminogen activator receptor; IGFBP‑3, 
insulin‑like growth factor binding protein 3; IL‑6, interleukin 6; OPG, osteoprotegerin; bFGF, basic fibroblast growth factor.
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Figure 3. Proliferation assays. (A) fTEB‑CM showed comparable pro‑proliferation effects on hBMSCs in TEB‑CM. (B) Growth curves of cells treated with 
fTEB, TEB‑CM, DBM and BCM. (C) Mean PDT of cells treated with fTEB‑CM, TEB‑CM, DBM or BCM. *P<0.0083. TEB, tissue‑engineered bones; fTEB, 
functional TEB; CM, conditioned media; BCM, basic culture media; PDT, population doubling time; hBMSCs, human bone marrow mesenchymal stem cells; 
DBM, demineralized bone matrix.

Figure 2. Migration of human bone marrow mesenchymal stem cells with different conditioned media. (A‑D) Images of in vitro migration assay using the 
Transwell culture system. (magnification x40). (E) Quantification of Transwell results. The bars represent means ± SD (n=10). *P<0.0083. TEB, tissue‑engineered 
bones; fTEB, functional TEB; SDF‑1, stromal cell‑derived factor 1; DBM, demineralized bone matrix.

https://www.spandidos-publications.com/10.3892/etm.2021.10600


CHANG et al:  TISSUE-ENGINEERED BONES WITH DEVITALIZED MSCs6

DBM‑CM (Fig. 4A‑D). The expression levels of osteocyte 
markers were semi‑quantitatively evaluated by RT‑PCR 
(Fig. 4E). ALP mRNA expression levels were similar in cells 
treated with fTEB‑CM and TEB‑CM, but significantly higher 
than those in OM‑treated cells (P<0.05). OM induced a higher 
OC mRNA expression level than fTEB‑CM and TEB‑CM 
(P<0.05). In addition, the difference between RUNX2 mRNA 
expression levels in the fTEB‑CM, TEB‑CM and OM groups 
were not significantly different (P>0.05). A similar expres‑
sion pattern was also observed at the protein level (Fig. 4F). 
In combination, these results demonstrated that fTEB were 
not significantly different to TEB with regard to inducing 
osteogenic differentiation of hBMSCs.

Discussion

The application of TEB in the clinical setting has been limited 
by several crucial hurdles, such as the requirement of long‑term 
in vitro cell culture, high cost, safety concerns and logistical 
challenges (8). In the present study, a novel TEB device, fTEB, 
which is based on the concept that implanted MSCs aid bone 
repair via paracrine modes, rather than direct osteogenic 
differentiation, was introduced (12‑14). Briefly, fTEB were 
prepared by freeze‑drying TEB with allogenic hUC‑MSCs. 
Using a deep‑hypothermic lyophilizer, cells were devitalized 
while most protein content was retained. It is important to note 
that if the major contributing components were retained the 
aforementioned obstacles in the application of TEB could be 
greatly mitigated (15).

The role of exogenous MSCs within TEB in bone 
repair remains unclear. Previous studies indicate that, upon 
implantation, exogenous MSCs recruit host stem cells and 
modulate their biological behaviors viacytokines  (5‑7). 
Moreover, it is widely accepted that the mobilization and 
homing of endogenous progenitor cells (such as MSCs) to 
the injury site is a prerequisite for tissue regeneration (16). 
Our previous study identified a series of chemokines associ‑
ated with the recruitment of host MSCs mediated by donor 
MSCs (9). In the present study, the MSC‑recruiting capacity 
of fTEB was similar to that of TEB, suggesting that most 
of the functional chemoattractants were retained following 
freeze‑drying. It was found that growth‑regulated onco‑
gene (GRO; 46.08 ng/ml), CXCL5 (41.89 ng/ml), CXCL6 
(18.89 ng/ml) and CXCL8 (27.89 ng/ml) might contribute to 
the MSC‑recruiting capacity of fTEB. The GRO subgroup 
belongs to the CXCL8 cytokine family and consists of 
three members, CXCL1/GRO‑α, CXCL2/GRO‑β and 
CXCL3/GRO‑γ  (17). By binding CXCR2, a cell‑surface 
cognate receptor constitutively expressed by hBMSCs, 
these chemokines play crucial roles in cell mobilization and 
homing (18,19). Notably, CXCR2 is not only a co‑receptor 
of the CXCL8 family of cytokines, but also binds to CXCL5 
and CXCL6 (20). Downstream signaling pathways, including 
the PI3K‑Akt and mTOR signaling pathways, are activated 
by CXCR2, thus regulating cell migration (18). In addition, it 
is worth noting that the recruiting capacity of fTEB‑CM was 
more potent than that of a well‑defined MSC chemoattrac‑
tant, SDF‑1, which was demonstrated in the present study.

Figure 4. Comparison of osteogenic differentiation between hBMSCs treated with different CM. (A‑D) Microscopic examination of Alizarin Red staining 
(magnification x40). (E) ALP, RUNX2 and OC mRNA expression levels in cells treated with different CM (n=5). ALP mRNA expression levels were similar 
in cells treated with fTEB‑CM and TEB‑CM, but significantly higher than those in OM‑treated cells (*P<0.05). OM induced a higher OC mRNA expression 
level than fTEB‑CM and TEB‑CM (*P<0.05). In addition, the difference between RUNX2 mRNA expression levels in the fTEB‑CM, TEB‑CM and OM 
groups were not significantly different (P>0.05). (F) Protein expression of ALP, RUNX2 and OC (n=5). Bars represent the mean ± SD. hBMSCs, human bone 
marrow mesenchymal stem cells; ALP, alkaline phosphatase; RUNX2, RUNX family transcription factor 2; OC, anti‑amyloid fibrils; OM, osteogenic medium; 
TEB, tissue‑engineered bones; fTEB, functional TEB; CM, conditioned media.
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During bone defect repair, implanted TEB generate trophic 
factors to modulate the surrounding microenvironment and 
promote tissue regeneration (21). In the present study, it was 
found that fTEB‑CM exerted comparable effects on the prolif‑
eration and osteogenic differentiation of hBMSCs to those of 
TEB‑CM. This was further supported by the cytokine array, 
as the concentrations of certain growth factors associated with 
cell proliferation and differentiation were high in fTEB‑CM. 
According to the literature, bFGF appears to be the main 
facilitator of cell proliferation (21). To further support this 
notion, the proliferation‑promoting effect of bFGF on MSCs 
had been well‑recognized in previous studies (22‑25) and, in 
the present study, a high concentration of bFGF was observed 
in fTEB‑CM (higher than the concentration used in previous 
studies) (22‑25). Conversely, identifying a predominant factor 
accounting for the enhanced osteogenic differentiation was 
challenging. Insulin‑like growth factor‑binding protein 3, 
interleukin 6 and vascular endothelial growth factor (VEGF) 
have all been shown to have the ability to potentiate osteogenic 
differentiation (26‑28). In addition, bFGF has been reported 
to promote osteogenic differentiation in the presence of bone 
morphogenetic protein 2 (BMP‑2) (23), BMP‑2 and VEGF (29) 
or BMP‑4/7 (30), but to inhibit osteogenic differentiation on 
its own or with EGF (31). These results further complicated 
the compound effects induced by cytokine combinations. 
The regulation of osteogenic repair involves multiple factors, 
including cells and various cytokines. Currently, the 
integration of factors into DBM has been limited to no more 
than three factors. However, there are 49 known factors in 
fTEB, indicating its comprehensive and synergetic effects on 
osteogenesis.

It must be noted that the present study had certain limi‑
tations. The immunogenicity of fTEB was not evaluated. 
Furthermore, freeze‑drying damaged the cell membrane, 
which may have exposed immunogenic intracellular proteins 
to the immune system. Additionally, the in vivo safety and 
efficacy of fTEB were not investigated in the present study. 
Obtaining an understanding of this issue is critical to the 
further development of fTEB and relevant animal studies 
are ongoing. Finally, this was a preliminary study, the next 
step will be to verify the key cytokines modulating the 
biological behaviors of MSCs and elucidate the correlation 
between them.

Thus, the present study introduced a prototype of an fTEB 
device, which could easily be fabricated by freeze‑drying 
matured TEB with a widely available deep‑hypothermic 
lyophilizer. These results collectively supported the hypoth‑
esis that compared to TEB, fTEB may be more economical 
and easier to manufacture. However, further validation of the 
efficacy and safety of fTEB is warranted in future studies.
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