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Introduction
Several pathological conditions such as trauma, tumors, 
inflammation, etc., can lead to progressive bone defects. 
To date, the reconstruction of bone defects is a challenging 
issue in clinical settings.1 The craniofacial bone defect 
can influence the patient's health condition and also 
may cause difficulties in medical treatments. Although 
autograft and allograft substitutes are effective treatments 
for bone reconstruction they face some limitations such as 
morbidity of the donor site or the restricted availability of 
bone volume for transplantation purposes.2,3 Besides, the 
osteogenic and osteoinductive properties of commercial 

grafts are poor and their applications cannot efficiently 
reconstruct large-size defects.4 In this regard, bone tissue 
engineering is a promising and de novo therapeutic 
modality that attempts to eliminate the limitations and 
difficulties associated with traditional medication.5 
Nowadays, it has been indicated tissue engineering 
can appropriately restore the function of injured bone 
tissues via the combination of formulated biomaterials, 
stem cells, and several cytokines and growth factors.6,7 
In conventional tissue engineering, constructs are used 
as supporting platforms for transplanted cells for in 
vivo implantation purposes.6,8 These strategies require 
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Abstract
Introduction: To date, different strategies 
have been used for co-transplantation 
of cell-loaded biomaterials for bone 
tissue regeneration. This study aimed 
to investigate the osteogenic properties 
of adipose-derived-mesenchymal stem 
cell (AD-MSC) sheets combined with 
nanofibrous poly-caprolactone (PCL) 
mat and Gelfoam in rats with calvarial 
bone defect. 
Methods: Calvarial critical-size defects were induced in male rats. Animals were classified 
into Control, Gelfoam, Gelfoam/PCL nanofiber, Gelfoam/AD-MSC sheet, and Gelfoam/PCL 
nanofiber/AD-MSC sheet groups. After 3 months, rats were sacrificed and the regeneration rate 
was evaluated.
Results: Almost all groups showed bone regeneration properties, but the volume of newly formed 
bone was higher in groups that received Gelfoam/AD-MSC and Gelfoam/PCL nanofiber/AD-MSC 
sheets (P < 0.05). The application of Gelfoam/PCL nanofiber/AD-MSC sheets not only increased 
bone thickness, bone volume/total bone volume (BV/TV) ratio, strong Hounsfield Unit (HU), but 
also led to the formation of ossified connective tissue with wrinkled patterns.
Conclusion: The current study indicated that the Gelfoam/PCL nanofiber/AD-MSC sheet provides 
a suitable platform for effective osteogenesis in calvarial bone defects.
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specific biomaterials-based formulations with proper 
morphologies and physicochemical properties for efficient 
regenerative outcomes. For example, the existence of 
regulated porosity can contribute to suitable mechanical 
strength under load-bearing conditions,9  supporting 
infiltration and dynamic growth of the seeded cells.9,10 It 
was suggested that scaffolds with certain geometries dictate 
the differentiation of mesenchymal stem cells (MSCs) 
toward specific lineages.11,12 Electrospun nanofibrous 
membranes are common scaffold types that are widely 
used for the fabrication of different types of natural and 
synthetic grafts.13 Electrospun collagen nanofibrous 
membrane is an example that could mimic the natural 
osteogenic extracellular matrix (ECM) and promote bone 
regeneration.8,14-16 Moreover, the electrospun nanofibers 
with a great surface area provide a favorable micro-
environment for the adhesion and proliferation of cells. 
Of note, the role of topography and surface properties of 
scaffolds on stem cell fate is undeniable.16 

To date, several synthetic and natural substrates 
have been used as electrospun nanofibers for tissue 
regeneration purposes,17 with different synthesis protocols 
and formulas.18 In clinical settings, electrospun nanofibers 
can be used as orthopedic fixation devices, drug delivery 
systems, resorbable sutures, and tissue engineering. It 
should be noted that polyesters are attractive members 
of synthetic polymers due to their optimal degradation 
rate and cytocompatibility.19 Poly-caprolactone (PCL),17,20 
poly L-lactide and its copolymers,17,21 chitosan,22 silk 
fibroin,23 etc, are commonly used in the fabrication of 
scaffolds with the potential to improve bone healing 
by promoting the proliferation and differentiation of 
seeded cells.6 Polymers can be designed with favorable 
mechanical properties, degradation rates, and chemical 
functional groups that all can affect cell behavior and 
function.19 PCL as a linear aliphatic polyester, flexible, 
hydrophobic,17,24 nontoxic, low-cost,8 osteogenic,25 and 
biocompatible polymer, is one of the suitable candidates 
for tissue engineering.24 Compared to the other polymers 
such as polyglycolic acid, polylactic acid, and poly 
lactide-co-glycolide, PCL possesses a suitable framework 
for bone regeneration due to its flexibility, long-term 
stability, and specific microenvironment that supports 
the primary coagulation of blood, infiltration of cells, 
and osteo-angiogenesis in a long time.26,27 The high-rate 
toughness of PCL is due to its semi-crystalline structure 
at physiologic temperatures.25 Besides, the promotion of 
physiologic endochondral ossification and chondrogenic 
differentiation are other advantages of PCL that lead to 
proper bone formation.17

In recent decades, cell sheet bioengineering appeared 
as a unique, efficient, and scaffold-free approach that 
keeps the cell-cell junctions via the production of native 
ECM.28 Until now, several studies have been conducted to 
investigate the eligibility and efficacy of MSC sheets alone 

or in combination with biomaterials in craniofacial bone 
regeneration.28 Ascorbic acid or vitamin C (Vit C) and 
dexamethasone (Dex) are two common agents that were 
used for MSC sheet bioengineering.29,30 It is thought that 
the presence of Vit C not only leads to higher expression of 
mitogenic growth factors but also increases collagen type 
I (Col-I) secretion into the ECM.31 Vit C in combination 
with Dex can stimulate Col-I/α2β1 integrin-mediated 
intracellular signaling.32 Notably, the absence of Vit C 
reduces the expression of alkaline phosphatase (ALP) 
and also inhibits calcium deposition.31 Along with these 
descriptions, Dex induces bone differentiation via the 
regulation of FHL2 expression. In support of this notion, 
the complete elimination of Dex from the human MSCs 
culture medium blunted differentiation capacity.33 To be 
specific, the expression of Runx2 happens by Dex through 
FHL2/βcatenin-mediated transcriptional activation. Dex 
also could increase the activity of Runx2 by up-regulating 
TAZ and MKP1.32 For calvarial defects, Gelfoam®, an 
FDA-approved gelatin-based sponge, is used as substrate 
for filling the defects. Gelfoam® has been extensively used 
as a wound dressing and contact hemostat to control 
bleeding in the surgical process.34,35 Gelfoam® is a cost-
effective, absorbable, porous, and sterile material that 
was obtained by boiling some tissues with water such as 
ligaments, tendons, bones, and skin.34,35 In several studies, 
Gelfoam was used as a space filler,36,37 delivery vehicle 
(a carrier matrix of cells34,38 or exogenous cytokines,39 
a sealant of bone cement,40 artificial periosteum,41 an 
inhibitor of radial micro-movement of the bone scaffold,42 
and as a cellular scaffold to maintain the transplanted 
cells into the defect region without significant effect on 
osteogenesis.34,43 Beside positive reports around MSC 
sheets, PCL, and Gelfoam® on calvarial surgeries, in the 
current study we investigated the efficacy of a novel triple 
construct including allogeneic rat AD-MSC (rAD-MSC) 
sheets, PCL electrospun membrane, and Gelfoam on 
regeneration of critical-size calvarial bone defects (CSD) 
in rats. It was hypothesized using combination form of 
these objects would gather effective properties of them 
so lead to enhanced bone regeneration (study groups 
containing double constructs would be more effective 
than single constructs). Especially, the expectation of 
the triple structure was more than the others (group 
containing triple construct would be effective than double 
and single constructs).

Materials and Methods
Materials
PCL, N, N-dimethylformamide tetrahydrofuran, 
tetrahydrofuran, and methyl thiazolyl tetrazolium were 
procurement from Sigma-Aldrich. DMEM/LG culture 
medium and Trypsin-EDTA solution were purchased 
from Gibco. Fetal bovine serum (FBS) was obtained 
from Biosera. Commercial Gelfoam® (Gelita-Spon, Gelita 
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Medical, Germany) was used in the current study.

Electrospun nanofiber production
Dimethylformamide and Tetrahydrofuran were used at a 
ratio of 1:1 to solve 0.6 g/9.5 ml PCL polymer. To prepare 
the homogeneous solution, the mixture was stirred for 
12 hours and then placed into the syringe connected to 
a metal needle with an inner diameter of 0.3 mm. For 
electrospinning, a voltage of 25 kV was used. The space 
between the constant collector and the metal needle was 
adjusted to 14 cm and the flow rate was set to 2 mL/h. The 
surface of the collector was covered with aluminum foil to 
collect the nanofibers.44 

Characterization of nanofibrous membrane
SEM analysis
To evaluate the microstructure of the nanofibrous 
membrane, a sample was prepared with an area of 5 
mm × 5 mm after electrospinning. After gold sputtering, 
a scanning electron microscope (SEM; Model: Mira 3T 
scan, Philips XL30 ESEM) was used to analyze the surface 
of the nanofibrous membranes. ImageJ software was used 
to calculate the mean nanofiber diameter and pore size.44 
For this purpose, 100 random fibers were used for the 
calculation of mean nanofiber diameter. 

Contact angle measurement
The contact angle measurement system (Dataphysics, 
OCA 15 plus) was used to assess wettability. The 
nanofibrous membrane was cut into a quadrangular 
shape and placed on the stage. About 4 μL distilled water 
drops were placed on the surface of the membrane by 
a motorized syringe at room temperature. The system 
included a CCD camera to calculate the contact angle 
using the images (analysis software PGX, Thwing-Albert 
Instrument Co., USA). This analysis was performed in 
triplicate random surface areas.44

 
Tensile strength analysis
The stress-strain test was applied using an Instron® 
machine (Model: Instron Z010, Zwick/Roell). The 
nanofibrous membrane was cut into a quadrangular shape 
(≈20 mm length × ≈5 mm width). The test was performed 
under the cross-head speed of 10 mm/min three times. 
Young’s modulus was calculated using the equilibrium 
(Eq) 145:

( ) ( )
( ) ( )stress 

Young modulus E      Eq. 1
strain 

σ
ε

=

 
Animals
Adult male Wistar rats [8-week-old] weighing between 
200-300 g were used for the isolation of stem cells and 
in vivo transplantation. This study was approved by the 
Local Research Ethics Committee of Tabriz University 
of Medical Sciences (Ethical code: IR.TBZMED.VCR.

REC.1399.055). Rats were kept in standard cages under 
pathogen-free conditions with free access to chewing 
pellets and water. After one week, animals were used for 
in vivo analyses. 

Cell isolation and expansion
rAD-MSCs were isolated and expanded as described 
according to standard protocols. Briefly, adipose samples 
were washed with PBS and digested enzymatically 
(collagenase I, 1 mg ‎/mL) at 37°C. The pellet containing 
rAD-MSCs was obtained after centrifugation at 1300 
rpm for 5 minutes, and cells were plated in cell culture 
flasks. rAD-MSCs were cultured in low-glucose content 
DMEM (DMEM/LG; Gibco) culture medium with 10% 
fetal bovine serum (FBS; Biosera) and 1% Penicillin-
Streptomycin. Freshly isolated cells were maintained at 
37°C under 5% CO2 and 95% relative humidity. rAD-
MSCs in passages 3-6 were used. In this study, 0.25% 
Trypsin-EDTA solution (Gibco) was applied to sub-
culture the rAD-MSCs at 70-80% confluence. 

MTT assay
The PCL nanofibers mats were punched roundly and 
sterilized under UV irradiation followed by floating in 
the 70% EtOH solution for 30 minutes. Then, samples 
were washed with phosphate-buffered saline (PBS) three 
times and placed on the bottom of 96-well plates. After 
that, about 3 × 103 rAD-MSCs were seeded in each well. 
The plates were maintained for 24, 48, and 72 hours 
under standard culture conditions. After the completion 
of incubation time, 20 μL methyl thiazolyl tetrazolium 
(MTT; dilution: 5 mg‎/mL; Sigma Aldrich) solution was 
added to each well and incubated at 37˚C for 4 hours. 
The procedure was continued by supernatant removal 
and the addition of 100 μL DMSO solution to dissolve 
the formazan crystals. The viability of rAD-MSCs was 
evaluated by measuring the absorbance at 490 nm using a 
microplate reader (BioTek, Model: ELx808). The viability 
of rAD-MSCs in different groups was expressed as % of 
control cells plated on the plastic surface.44

Cell sheet fabrication
An approximate number of 5 × 105 rAD-MSCs were 
seeded in each well of 12-well plates and incubated in an 
osteogenesis medium supplemented with 10% FBS, 50 
µg/mL Vit C, and 10 nM Dex.46 Cells were maintained 
under these conditions until a confluent single rAD-
MSC layer was achieved. The osteogenesis medium was 
replaced every 3-4 days. Imaging was done every few 
days to monitor sheet formation.47 The cell sheet was 
harvested physically after two weeks using a cell scraper 
and assembled on the Gelfoam® sponge surface.
 
SEM imaging and H & E staining
The cell sheets were fixed using 2.5% glutaraldehyde 
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solution at 4°C for 24 hours and dried at room temperature. 
The imaging was performed after gold sputtering using 
SEM analysis as above-mentioned. We also performed an 
ultrastructural analysis of commercial Gelfoam® (Gelita-
Spon, Gelita Medical, Germany). To see the microscopic 
thickness of the constructed cell sheet, H & E staining was 
performed as described previously.47

Implantation of constructs on calvarial bone 
Fifteen rats were randomly placed into five groups (each 
in 3) as follows; Control, Gelfoam, Gelfoam/Nanofibers, 
Gelfoam/rAD-MSC sheet, and Gelfoam/Nanofibers/rAD-
MSC sheet. In the current study, graft composition from 
the bottom to the top includes rAD-MSC sheet, Gelfoam, 
and PCL nanofibrous mat. In the control rats, calvarial 
defects were left untreated. After 12 hours of fasting, 
rats were anesthetized using halothane. For anesthesia 
induction, rats were exposed to inhale 3% halothane. 
The procedure was continued with the exposure of rats 
to 2% halothane for the maintenance of deep anesthesia. 
The procedure was done under a minimum alveolar 
concentration of 32%. Then, the skin was disinfected, 
and incised, and the native periosteum was removed to 
avoid simultaneous bone regeneration. The calvaria bone 
was exposed using trephine (~8 mm diameter) carefully 
under the extensive irrigation of sterile saline. The round 
full-thickness defects were performed on all animals in 
the same way. The same size prepared scaffolds were 
gently placed on the target sites and cutaneous tissue 
was sutured using 4-0 nylon strings. In postoperative 
care, animals received 8 mg/kg gentamicin and 1 mg/kg 
tramadol subcutaneously. Besides free access to water 
and food, all rats were observed and monitored diurnally 
for any complications or unusual behaviors during the 
three-month follow-up period. After that, animals were 
sacrificed after cardiorespiratory arrest using an overdose 
of sodium thiopental (Nesdonal®; 200 mg/kg) via the 
intraperitoneal route. The procedure was done according 
to the AVMA guidelines.
 
CBCT radiographic analysis
After a three-month follow-up, the calvarial bones were 
fixed in a 10% neutral buffered formalin solution and 
subjected to a scanner to take CBCT images using the 
NewTom VGi machine (Verona, Italy). A cone-shaped 
x-ray with a 360° rotation, 0.3-mm voxel size, and 
18-second scan time at kVp = 110 was performed. The 
pixel size was 1920 × 1536 and the exposure condition was 
regulated automatically. 3D modeling of CBCT images 
was performed using mimics 21.0. (Materialise Leuven, 
Belgium). A round area (about 8 mm diameter) was 
placed in the central region of the initial defect area as the 
region of interest (ROI). The lateral view of newly formed 
bone/ROI was analyzed and applied contour surrounding. 
The new bone is also modeled inside the contours. For 
quantitative analysis, the volume of the demarcated 

defect region along with area, thickness, volume, and the 
Hounsfield unit (HU) of regenerated bone was assessed 
using mimics software.48 The percentage of new bone 
volume (bone volume/total bone volume (BV/TV)) was 
calculated using Eq. 2. New bone area was performed 
using Eq.3.49 The average bone thickness of five circular 
regions (4 points on each of the five regions) was 
compared qualitatively on the heat map.

( ) ( )
( )

     
   % 100             2

     
Volume of newly formed bone BV

New bonevolume Eq
Total volume of defect region TV

 
= ×  
 

( )       %  100             3
     
Areaof new boneNew bone area Eq

Total areaof the defect region
 

= × 
 

Histological analysis
After the completion of CBCT scanning, the fixed samples 
were dehydrated using an ascending concentration of 
ethanol, embedded in paraffin, and then cut into 5 μm 
thickness sections using a microtome.50 Then, the H&E 
staining was performed on the specimens. 

Raman spectroscopy 
Molecular vibration of samples and Raman spectra 
were collected from 200-2000 (cm-1) using a Raman 
spectrometer51 (Handheld Raman Analyzer, Rigaku, 
FirstGuard) at the laser wavelength of 1064 nm. Samples 
were in the form of 20 μm thick sections on slides that 
were obtained using a microtome.

Statistical analysis
All data were reported as mean ± SD originating from 
three independent replicates. The statistical analysis 
was done based on ANOVA with post hoc Tukey using 
Graph Prism software version 8.02. P values < 0.05 
were considered significant statistically. All assays were 
performed blindly.

Results
SEM imaging, contact angle, and tensile strength 
analyses
The SEM morphology of the electrospun PCL nanofibers 
is shown in Fig. 1A. Ultrastructural analysis revealed that 
PCL mats possess nano-sized fibrous structures ranging 
between 163 to 600 nm. To evaluate the wettability of PCL 
nanofibers, the water contact angle value was measured. 
An average water contact angle value of 121.5 degrees was 
achieved (Fig. 1B), indicating prominent hydrophobicity 
of developed PCL nanofibrous mats. To calculate the 
mechanical strength, the tensile stress of the electrospun 
nanofibrous PCL membrane was also determined. The 
stress-strain chart indicated that Young’s modulus of the 
nanofibrous sheet reached 6.66 MPa with an ultimate 
tensile stress of 1.91 (Fig. 1C).

Survival rate of rAD-MSCs on the PCL nanofibrous mats
The cytocompatibility of the electrospun PCL nanofibrous 
was measured using an MTT assay at different time 
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points (24, 48, and 72 hours). Data revealed the lack of 
cytotoxicity of PCL nanofibers at all-time points (Fig. 1D). 
Compared to the rAD-MSCs plated on the plastic surfaces, 
the culture of rAD-MSCs on PCL nanofibrous mats did 
not affect the survival rate after 72 hours, indicating the 
lack of possible cytotoxicity in the PCL scaffold.

Cell sheet formation and morphology
Bright-field imaging revealed the formation of a rAD-
MSCs sheet after a 14-day culture time (Fig. 2A-E). 
The density of rAD-MSCs was increased over time and 
a single confluent rAD-MSC layer was achieved on 
day 14 (Fig. 2E). The physical detachment of confluent 
rAD-MSCs did not affect sheet structure (Fig. 2F). SEM 
imaging revealed that the rAD-MSC sheet represented 
a thin membrane with a tangled cellular network (Fig. 
2G). Similarly, H & E staining indicated the existence of 
a close cell-to-cell network sheet structure after a 14-day 
(Fig. 2H). According to the data, the condensed matrix 
with a large number of rAD-MSCs can be detected in the 
lateral view of the sheet structure. A dense composition 
background indicates an appropriate production of 
ECM by rAD-MSCs. SEM analysis of Gelfoam was also 
performed in line with cell sheet analyses (Fig. 2I). Based 
on the data, numerous pores with suitable porosity were 
detected in the structure of Gelfoam.  

Radiographic examination
To assess de novo bone formation at the target site, the 
regenerated region was modeled in 3D using CBCT files 
(based on performed defects (Fig. 3).

3D-reconstructive modeling of the regenerated bony area
According to the data, bone regeneration was observed in 
all study groups after 3 months compared to the control 
group. The larger area of bone formation was detected in 
the sequence of groups Gelfoam/rAD-MSC sheet (Fig. 
4D) and Gelfoam/PCL nanofiber/rAD-MSC sheet (Fig. 
4E) > Gelfoam/PCL nanofiber (Fig. 4C) > Gelfoam (Fig. 
4B) > Control (Fig. 4A). These data exhibit the prominent 
osteogenic properties of the rAD-MSC sheet when 
transplanted simultaneously with Gelfoam. It was noted 
that the thickness of the regenerated region was in different 
groups. 3D modeling of target sites is shown in Fig. 4 
rows i and ii. The coronal and sagittal views indicated the 
existence of radiopaque and radiolucent areas in the defect 
sites (Fig. 4F-J). Contour analysis revealed the radiopaque 
bone formation in the center of calvarial defects in rats that 
received Gelfoam/PCL nanofiber/rAD-MSC sheet while 
the application of Gelfoam/PCL nanofiber/rAD-MSC 
sheet induced de novo bone formation at the margins of 
defect areas. These data showed that the rAD-MSC sheets 
have a higher osteogenic capacity with Gelfoam compared 

Fig. 1. SEM imaging of PCL nanofibrous membrane (A) Contact angel (B) and mechanical strength of nanofibrous PCL membrane (C). MTT assay revealed 
the lack of cytotoxicity in rAD-MSCs plated on the PCL nanofibers surface over 72 hours (D).
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Fig. 2. In vitro culture of rAD-MSC for 14 days (A: day 2; B: day 5; C: day 8; D: day 11 and E: day 14). Bright-field images of rAD-MSCs culture led to the 
formation of a continuous sheet structure (A-E; Magnification: 4X; F: images taken from 15 cm of 6-well plates). SEM imaging confirmed close cell-to-cell 
interaction in the structure of the rAD-MSC sheet, scale bar: 100 μm (G). H & E staining showed the thickness rAD-MSC sheet structure with a dense ECM 
matrix. Scale bar: 100 μm (H). The porous view of the Gelfoam sponge was approved by SEM imaging, scale bar: 200 μm (I).

Fig. 3. Defect site. After cutting the skin of the target site (A) and removing the periosteum (B), an 8 mm diameter bone defect was induced (C), and the 
exposure and exclusion of bone (D-F).

Gelfoam/PCL nanofiber group. Of Note, the combination 
of Gelfoam and PCL nanofiber mat provides a platform to 
induce the activity of native osteoblasts in calvarial defects 
to deposit bone mineral components from the periphery 
of injured areas. Bone morphometric parameters such as 
the ratio of bone volume (BV)/total tissue volume (TV) 
were also calculated in this experiment (Fig. 5A). Data 
showed an increased BV/TV ratio in rats that received 
Gelfoam/rAD-MSC sheet and Gelfoam/PCL nanofiber/

rAD-MSC sheet compared to the other groups (Fig. 5A; 
P < 0.05). Non-significant differences were obtained in 
terms of the BV/TV ratio between the Gelfoam/rAD-
MSC sheet and Gelfoam/PCL nanofiber/rAD-MSC 
sheet groups (P > 0.05). The values of the BV/TV ratio 
in Control, Gelfoam, and Gelfoam/PCL nanofiber were 
about half of the other groups. Again, we found non-
significant differences in the BV/TV ratio between the 
Control, Gelfoam, and Gelfoam/PCL nanofiber groups 
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(Fig. 5A; P > 0.05). The area is considered as the two-
dimensional parameter that avoids the role of thickness. 
Non-significant differences were found in terms of area 
(%) in all groups (Fig. 5B). Relative radiodensity analysis 
(HU) revealed higher values in Gelfoam/PCL nanofiber/
rAD-MSC sheet groups compared to the other groups 
(P < 0.05). Transplantation of the Gelfoam/rAD-MSC 
sheet did not yield significant HU values compared to 
the Control, Gelfoam, and Gelfoam plus PCL nanofiber 
groups (P < 0.05). According to the heat map analysis, 
peripheral sites of newly formed bone were the thickest 
parts. From peripheral regions to central parts, the 
thickness of new bone was decreased. Qualitative analysis 
indicated that rats that received rAD-MSC sheets in 
combination with Gelfoam and PCL nanofibers exhibited 
newly thick bone formation (Fig. 5D).

Histologic evaluation 
Bright-field imaging revealed that the calvarial defects 
were left empty in control rats after 12 weeks (Fig. 6A). 
Histological examination revealed bone regeneration 
at the peripheral region of the defect coincided with 
thin, loose connective tissue and three or four layers of 

cells. Data indicated intramembranous ossification and 
the progression of the periosteum in the control group. 
Compared to the control rats, higher loose connective 
tissue with irregular collagen fibers can be detected in the 
Gelfoam group (Fig. 6B). The pattern of bone formation 
in the Gelfoam group is similar to the control group. In 
the Gelfoam/PCL nanofiber group, thick, high-rate cell 
density with more heterogeneous connective tissue and a 
wrinkled pattern can be detected (Fig.  6C). Based on the 
data, connective tissue was covered with periosteum which 
is the continuation of the adjacent bone tissue periosteum. 
It seems that immature newly formed bone had numerous 
round-shaped cells with irregular Haversian systems. 
In defects filled with Gelfoam/rAD-MSC sheet, higher 
amounts of connective tissue with parallel collagen fibers 
were indicated (Fig. 6D). However, the new bone with 
round cells was immature, and Haversian systems were 
at primary stages. Again, ossification was observed in 
the growing edges. The transplantation of the Gelfoam/
PCL nanofiber/rAD-MSC sheet led to the formation of 
ossified connective tissue with wrinkled patterns (Fig. 6E). 
Microscopic analysis indicated highly heterogeneous 
cellularity with thicker connective tissue in comparison 

Fig. 4. 3D modeling of the CBCT pictures illustrated the defect region and regenerated bone [Control (Ai); Gelfoam (Bi); Gelfoam/PCL nanofiber (Ci); Gelfoam/
rAD-MSC sheet (Di); and Gelfoam/PCL nanofiber/rAD-MSC sheet (Ei)]. The second row (ii) shows the thickness of new bone in correspondence groups. 
Panels from F to J demonstrate radiologic sections of correspondence groups in two views coronal and sagittal. The first row (i) showed simple images, the 
row ii showed the same views with contouring separated new and old bone. The red and yellow color of the contours showed new and old bone, respectively. 
Row iii showed modeled correspondence tissues. In the lateral view of the calvarium, radiopacity, and transparent regions were seen at the defects. Using 
contour, host and newly formed bone was evident separately (F-J). Coronal and sagittal views of regenerated defects were shown in three rows. The first row 
(i) showed the radiologic image of the calvarial. In the second row (ii), old and new bones were shown with contour, and the third row (iii) showed 3D modeling 
of upper rows with old and new bones.
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with the other groups. The newly formed bone was 
immature with high cell densities. Based on the data, it 
seems that ossification occurred primarily at the bottom 
surface and continued to the top layers. 

Raman spectroscopy 
Raman spectroscopy was used to obtain data about the 
molecular structure of newly formed bone. The analysis 
was done in approximate ranges within the molecular 
vibration associated with bone structure.52 The molecular 
vibration of generated regions is shown in Fig. 6A-E. 
The bands in the range of ≈ 957-962 cm−1, 422–454 cm−1, 
and 568–617 were associated with ʋ1 stretching of the 
P-O bond, ʋ2 bending of the O-P-O, and ʋ4 bending 
of phosphate tetrahedral (PO4

−3) respectively53 that are 
represented on the spectrums with blue color (Fig. 6). The 
band of CO3−2 was indicated around 1065-1071 cm−1 in 
light red color. Bands of collagen matrix included bonds 
of proline ≈ 851-855 cm−1 (purple color), hydroxyproline 
≈ 870-873 cm−1 (light green color), Amide III ≈ 1200-
1320 cm−1 (light purple color), C-H (CH2 deformation is 
related to protein wagging) ≈ 1447-1452 cm−1 with light 
pink highlight, and amide I ≈ 1595-1720 cm−1 at yellow 
highlight.52-55

Discussion
In the current study, we investigated the osteogenic 

properties of allogeneic AD-MSC sheets in the form of 
different constructs in rats with CSD. It has been elucidated 
that the reparative effects of MSCs in the reconstitution 
of bone defects are associated with paracrine activity, 
differentiation capacity toward target cell lineages, and 
regulation of immune cell function.1,3,56 Compared to 
the direct and static seeding of the cells on the surface 
of scaffolds or onto the substrates, the application of 
cell sheet technology can help us to transplant more cell 
numbers into the defect sites. It is believed that secreted 
ECM by cells could act as a potent regulator of cellular 
function and differentiation after transplantation into the 
injured bone areas.57 Cell sheet technology using MSC 
sheets alone or in combination with other biomaterials 
is an eligible approach to accelerate the healing of bone 
defects.57 As reported before, the application of both Vit 
C and Dex significantly can increase the expression of 
Col-I, osteocalcin, and proteoglycan, and this strategy is 
more efficient when cells are closely attached within the 
sheet structure.58 The critical role of ECM on osteoblast 
differentiation was previously indicated by Xiao and co-
workers. It was suggested that the close interaction between 
cell integrins (α2β1) and surrounding ECM components 
such as Col-I is initiated. Inside the cells, the activation of 
relevant downstream signaling pathways such as MAPK2 
and Runx2 phosphorylation contributes to osteoblast 
differentiation.32,59 The existence of organized ECM in 

Fig. 5. Percentage of new bone volume to total bone volume at the defect region (A). Bone area (B). Hounsfield unit of new bones (C). The heat map chart 
showed the qualitative comparison between groups a-e (D). The regions of defect were described by numbers from the center to peripheral parts (ring-like 
areas starting from the center to the periphery). Number 1 referred to the center of the defect, and number 5 referred to the most peripheral ring. According 
to the colors, the peripheral regions were the thickest in all groups. Groups d and e (containing rAD-MSC sheets) looked thicker than the others. One-way 
ANOVA with post hoc Tukey; * P < 0.05, and **P < 0.01).
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the cell sheet structure not only could affect transplanted 
MSCs differentiation potential but also probably affect 
the activity of host osteoblasts to form the new bone units. 

In this study, we used MSC sheet units in combination 
with Gelfoam and Gelfoam/PCL membrane in rats with 
CSD. As reported previously, Gelfoam is a hemostatic 
agent and can preserve the osteogenic potential of 
cells.34,60 According to our results and related previous 
reports, Gelfoam alone had no significant effect on bone 
regeneration. Therefore, one could hypothesize that 

Gelfoam acts as a hemostat and physical platform that 
facilitates the attachment of MSC sheets to the target 
sites. It was shown that co-administration of the Gelfoam 
sponge and PCL nanofibrous membrane led to lower 
osteogenic properties. One reason would be related to 
the specific entity of Gelfoam and PCL nanofibrous mats 
with high hydrophilicity and hydrophobicity which were 
reported previously by previous studies.43,61 Besides, rapid 
degradation of PCL can affect regenerative outcomes. Of 
note, a rapid mass loss of PCL-based scaffolds has been 

Fig. 6. Histologic views and spectroscopy of new bone. The upper part of the figure showed H & E staining at the magnification of 10X and 40X. The 
black arrows: are connective tissues; the red arrows: are newly formed bone; the blue arrows: are old (host) bone; the green arrows: are the remains of 
the Gelfoam; the black head arrows: are osteocytes in lacunae (there were some empty lacunae); and the yellow head arrow: the Haversian canals. The 
lower part compared spectrums of new bone at the defect regions. The new bone of all groups showed molecular vibration information of phosphate (light 
blue highlights), Amide I and III (yellow and light purple highlights), Carbonate (light red highlight), collagen matrix (purple and light green highlight), and 
deformation of protein (light pink highlight).
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reported from 0 to 3 months after transplantation into the 
target sites.62 Zhang et al showed that the higher porosity 
and surface area could lead to a higher hydrolysis rate 
and acid byproduct production.63 The co-administration 
of Gelfoam and its artificial clot might prevent the easy 
diffusion of PCL degradation products.64,65 So, acidic 
products aggregate at the internal surface of the defect 
site and possibly make tissue regeneration difficult. 
As the usage of Gelfoam is common during surgical 
procedures, the authors proposed to notice the synergic 
effect of Gelfoam with other biomaterials in terms of bone 
formation. Gelfoam and PCL are two safe and effective 
materials however simultaneous transplantation did 
not yield a regenerative outcome. In other groups, the 
combination of Gelfoam/MSC sheet and Gelfoam/MSC 
sheet/PCL membrane was applied for induction bone 
formation. To date, several strategies have been used 
for the successful production of cellular sheets.6,46,56,66,67 
Previously, N-isopropyl acryl amide-methacrylic acid 
hydrogel was used as a thermo-responsive polymer to 
harvest the cell sheet through temperature reduction 
below the lower critical solution temperature of the 
copolymers.47 In this study, a more straightforward 
method, a cell scraper, was used to harvest the cell 
sheet structure. Consistent with other experiments; the 
present data suggested that placement of MSC sheets on 
the bone injury sites significantly enhances new bone 
formation.3,6,29,68,69 The co-transplantation of rAD-MSC 
sheets with Gelfoam and PCL nanofibers led to higher 
HU, and BV/BT ratios compared to groups that received 
Gelfoam alone and Gelfoam/PCL nanofiber mat. It 
was shown that PCL nanofibrous mats can increase the 
density of regenerated bone.70 Along with data from a 
study conducted by Zhang et al, both transplanted MSC 
sheets and host tissue cells successfully participated in 
the formation of de novo bone units.71 It should not be 
forgotten that native and intact ECM in the form sheet 
structure can increase the osteogenic activity of laden 
stem cells before and after transplantation.59 According 
to data from the H & E staining panel, intramembranous 
bone formation was detected at the edge of defect 
regions. The construction of new bone units continued 
from the inner areas of the skull to the outer areas. By 
the activation of the osteogenic process, the rAD-MSC 
sheet can be gradually degraded by the artificial clot and 
thus PCL membrane-derived acidic degradation products 
are diffused. The degradation of ECM compounds such 
as proteins and glycoproteins is one of the biological 
functions of MMPs secreted by transplanted stem 
cells.72-74 It has been indicated that MMPs function 
in several biologic processes such as migration, cell 
mobility, etc.72 Lozito et al claimed that the secretion of 
MMP-2 and -10 by AD-MSCs increases cell migration 
and ECM remodeling.75 These features can stimulate the 
migration of stem cells and native osteoblasts toward 

the injured sites and relatively reduce the disadvantages 
of Gelfoam/PCL nanofibers. Besides these effects, the 
release of several signaling biomolecules via MSC-
derived exosomes can also accelerate osteogenesis.76,77 
Using Raman spectroscopy, non-destructive screening 
of chemical composition and microstructure of target 
tissues became possible.55 In this technique, vibrational 
details and information were provided based on scattered 
monochromatic laser light.52 The numerate of scattered 
photons are peaks of the spectrum and the intensity of 
peaks shows the concentrations of a particular chemical 
bond.78 Information on the collagen backbone can be 
achieved based on two spectral bonds of amide groups 
(I and III).78,79 Amide I bonds exhibit carbonyl stretching 
(1560 and 1725 cm-1). Two vibrational modes were 
responsible for the bond of amide III, including stretching 
and bending. The first one was related to stretching 
between carbon and nitrogen atoms, and the second one 
was the bending of a secondary amine (1210 and 1350 
cm-1 ).78 As amide bonds are involved in the backbone of 
collagen, loss of relative intensity (at 1245 cm−1) is integral 
to collagen fragmentation.78 The main distinct mineral 
bond in the bone spectrum is phosphate stretching at 960 
cm−1.78 Under poorly-preservation conditions, the peaks 
of amide III, I, and CH2 were remarkably reduced, but 
inorganic-related peaks remained unchanged, indicating 
protein degradation.80 Notably, a reduction of the peak 
intensity of amide III was reported in those specimens 
that were maintained under poor preservation.78 In de 
novo bone units similar typical peaks of bone tissue can be 
indicated due to appropriate bone mineralization.51,78 All 
results obtained from Raman spectroscopy results were 
aligned with the previous studies.78-80

Here, we faced some limitations that need to be 
addressed in future studies. Only three rats were allocated 
to each experimental group. An adequate sample size, at 
least six animals per group, can improve scientific validity 
and accuracy. It is suggested that therapeutic properties of 
varied stem cell types such as bone marrow and umbilical 
cord MSCs be examined in terms of cell sheet technology 
and osteogenesis.   

Conclusion
In summary, this study showed the osteogenic potential 

What is the current knowledge?
√ Stem cell sheets have been used as a novel cell-based 
therapeutic approach in bone tissue engineering.

What is new here?
√ Combination of MSC-sheet with PCL nanofibers, and 
Gelfoam improved bone regeneration in rats with calvarial 
bone defect.

Research Highlights
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of the rAD-MSC sheet in combination with Gelfoam and 
PCL nanofibers in rat CSD. It seems that the rAD-MSC 
sheet could reduce the negative synergic effect of Gelfoam/
PCL nanofibers on bone formation. The presence of the 
rAD-MSC sheets beside PCL nanofiber and Gelfoam 
improved bone regeneration and HU index. In short, this 
study proposes the usage of cell sheets as a potentially 
efficient cell-based therapeutic option for calvarial bone 
reconstruction in the clinical setting.
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