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Introduction
Unlike small bone defects that can improve spontaneously 
or with minimal treatment, a critical-size bone defect 
requires extensive interventions.1 The treatment of these 
lesions is still a challenge for surgeons. Annually over half 
a million cases of patients need bone procedures to correct 
such defects in the USA, which is expected to be double 
by 2020 in the United States and worldwide because of 
the growing needs of the baby-boomer population and 

increased life expectancy.2 Annually more than 2 million 
bone grafts are performed worldwide and the annual 
treatment cost in the US only is estimated to be $5 billion. 
This makes bone the most frequent tissue transplantation 
after blood transfusion.3-6 Traditional treatments including 
autografts, allografts and biocompatible prosthetic 
devices, have a unique set of drawbacks.7,8 Although 
autologous bone grafts is a gold standard treatment for 
these lesions,8-11 the growing demand and limitation of 
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Abstract
Introduction: Tissue regenerative medicine 
strategies, as a promising alternative has become of 
major interest to the reconstruction of critical size 
bone defects.  This study evaluated the effects of the 
simultaneous application of polycaprolactone (PCL), 
amniotic fluid mesenchymal stem cells (AF-MSCs) 
and platelet-rich plasma (PRP) on the repair of rat 
cranial bone defects.
Methods: The AF-MSCs were isolated at the end of 
the second week of pregnancy in rats. PRP obtained 
from rat blood and the random PCL fibrous scaffolds were prepared using the electrospinning 
method. Circular full thickness (5 mm) bone defects were developed on both sides of the parietal 
bones (animal number=24) and the scaffolds containing AF-MSCs and PRP were implanted in the 
right lesions. Thereafter, after eight weeks the histological and immunohistochemistry studies were 
performed to evaluate the bone formation and collagen type I expression.
Results: The spindle-shaped mesenchymal stem cells were isolated and the electron microscope 
images indicated the preparation of a random PCL scaffold. Immunohistochemical findings 
showed that collagen type I was expressed by AF-MSCs cultured on the scaffold. The results of 
hematoxylin and eosin (H&E) staining indicated the formation of blood vessels in the presence 
of PRP. Additionally, immunofluorescence findings suggested that PRP had a positive effect on 
collagen type I expression.
Conclusion: The simultaneous application of fibrous scaffold + AF-MSCs + PRP has positive 
effects on bone regeneration. This study showed that PRP can affect the formation of new blood 
vessels in the scaffold transplanted in the bone defect.
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(21°C; 12:12 light cycle). They had ad libitum access to 
drinking water and a standard laboratory rat food pellet 
diet. 

AF-MSCs isolation and culture
AF-MSCs were isolated as previously described by Nadri 
and colleagues.35 Amniotic fluid samples were collected 
from pregnant Sprague-Dawley rats at the end of the 2nd 
week. After anesthesia, the female rats were sacrificed by 
diaphragm incision and the uterus containing multiple 
embryos was removed. The uterus was placed in a petri 
dish and washed with phosphate-buffered saline (PBS). 
The amniotic fluid was then drawn from the bag using an 
insulin syringe. An amniotic fluid sample was cultured in 
6-well plates in a medium consisting of Dulbecco's modified 
Eagle medium (DMEM; Gibco-BRL Grand Island, NY, 
USA) supplemented with 15% FBS (Sigma, St Louis, MO, 
USA), 100 U/mL penicillin, 100 U/mL streptomycin, 2 
mM L-glutamine, 1.25 mg/mL amphotericin (Sigma), 
and incubated at 37°C with 5% humidified CO2 and 95% 
humidity for 2 weeks. The culture medium was changed 
after 2 days and subsequently every 3 days. Then, the cells 
were trypsinized and transferred to new 6-well plates.

Characterization of mesenchymal stem cells
In this study, we used bone, cartilage and fat differentiation 
test to identify the nature of the isolated cells. The 
confluent cells were cultured in an osteogenic (DMEM 
including 50 µg/mL ascorbic acid 3-phosphate (Sigma 
Chemical Co. St Louis, MO, USA), 10 nM dexamethasone 
(Sigma Chemical Co.), 10 mM β-glycerol phosphate 
(Sigma Chemical Co.), and adipogenic (DMEM 
supplemented with 50 µg/mL ascorbic acid 2-phosphate 
(Sigma Chemical Co), 100 nM dexamethasone (Sigma 
Chemical Co.), 50 µg/mL indomethacin (Sigma Chemical 
Co), chondrogenic (DMEM supplemented with 50 µg/
mL ascorbic acid 2-phosphate (Sigma Chemical Co), 10 
nM dexamethasone (Sigma Chemical Co.), transforming 
growth factor-ß3 (TGF-ß3; Sigma Chemical Co), 
bone morphogenetic protein- 6 (BMP-6), and insulin– 
transferrin– selenium (ITS; GIBCO- BRL) medium. At the 
end of the differentiation period, the cells were evaluated 
by alizarin red staining for osteoblasts, alcian blue staining 
for chondroblasts and oil red staining for adipocytes. 

PRP preparation
Initially, rats were anesthetized by the injection of xylazine 
(6 mg/kg) and ketamine (70 mg/kg). A total of 3-mL 
volume of arterial blood was obtained from the heart. The 
blood was transferred to a 5 mL silicone tube containing 
0.35 mL of 10% sodium citrate. For the preparation of 
PRP, two-stage centrifuges were performed on samples. 
In the first stage, the blood was centrifuged at 200 g for 
20 minutes at 22°C to separate plasma from the red cells. 
In the second stage, plasma was drawn off the top and 
centrifuged at 22°C for an additional 8 minutes at 400 g 

autografts such as the restricted amount of bone supply, 
graft failure, infection, donor-site pain and morbidity have 
made this field to require new techniques with appropriate 
features.7,8,10

Tissue regenerative medicine strategies, as a promising 
alternative, have become of major interest to the 
reconstruction of critical size bone defects.4,6,12,13 The first 
step in bone tissue engineering is understanding the bone 
structure, bone mechanics, and tissue formation. A bone 
tissue engineering system includes four main players: the 
scaffold, cells, morphogenic signals and vascularization.2 
The extracellular matrix (ECM) is composed of both 
structural and functional proteins that play many 
critical roles in the cell and tissue.14-17 The scaffold can 
be considered as an artificial ECM that provides matrix 
biological functions and mechanical strength for each 
tissue and organ.16 Features of a scaffold vary according to 
the type of tissue. 

A perfect scaffold should possess all the qualities of a 
native ECM. Biocompatibility, biodegradability, adequate 
mechanical strength, nontoxicity, nonimmunogenicity 
and porosity with interconnected pores are some of the 
features of an appropriate scaffold.18,19 Polycaprolactone 
(PCL) is a biodegradable polymer with good thermal 
stability, good mechanical strength, miscibility with a wide 
range of other polymers and long degradation time.20-23 

In the last decade, many studies have been conducted 
on the placenta, the fetal and amniotic fluid stem cells.24 
For the first time, Kaviani et al introduced amniotic 
fluid stem cells as a new source for tissue engineering.25 
These cells can be collected during amniocentesis, a safe 
procedure for the prenatal diagnosis without harm to the 
fetus. Therefore, AF-MSCs are ready accessible.26,27 Unlike 
embryonic stem cells, the amniotic fluid stem cells are not 
tumorigenic potential after in vivo transplantation and do 
not have an ethical problem related to these cells.28

In tissue engineering, growth factors are routinely 
used to accelerate the regeneration process.29,30 Platelets 
play a major role in the healing process by having 
multiple growth factors.31 Platelet-rich plasma (PRP) is 
by definition, a high concentration of platelets in a small 
volume of plasma which is a rich source of autologous 
growth factors.32 Therefore, PRP can potentially improve 
the repair process through the release of various growth 
factors and cytokines in alpha granules.30,33,34

The present study aimed to evaluate the effect of the 
simultaneous application of AF-MSCs, PCL scaffold with 
PRP in the repair of critical-sized bone defects of rats.

Material and Methods
Animals
Twenty-four Sprague-Dawley male rats (4-8-weeks old), 
mean weight of approximately 525 g, were used following 
a protocol approved by the Institutional Animal Care and 
Use Committee, Pasteur Institute, Karaj, Iran. They were 
housed one per plastic cage in a monitored environment 
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to separate the platelets. PRP was settled at the bottom 
in a 5-ml layer. Next, the amount of platelet in PRP and 
peripheral blood was measured using a cell counter.

Fabrication of electrospun fibrous PCL scaffold
Fibrous PCL scaffolds were fabricated using an 
electrospinning technique. We dissolved 1.22 g PCL (MW: 
80000, sigma) in 9 mL chloroform (Sigma, Steinheim, 
Germany) and 1 mL Dimethylformamide (DMF). The 
solution was transferred to a pump syringe and used 
a thin polyethylene tube to transfer the solution from 
syringe to nozzle. Random fibrous scaffolds were obtained 
at the voltage of 24 kV, high (2500 rpm) speed rotating 
disk, feed rate 0.3 mL/h and the distance between the 
tips of the needle 17 cm. To increase the compatibility 
and hydrophilicity of scaffolds, surface modification was 
performed using plasma treatment. We used scanning 
electron microscopy (SEM) and contact angle methods 
to evaluate the diameter, shape and hydrophilicity of the 
fibrous structure, respectively. The dried–scaffolds were 
sputter-coated with gold and observed by an SEM (Seron 
technology, AIS2100).

MTT assay
The cell viability of AF-MSCs on the scaffold and 
tissue-culture polystyrene (TCPS) dishes was assessed 
by colorimetric MTT assay. The cells (3000 cells) were 
cultured in the TCPS and the scaffold. The samples (After 
2, 4, and 6 days of cell seeding) were incubated with 
MTT solution (5 mg/mL in DMEM) for 3 hours at 37°C. 
Following that, the supernatant (remained MTT solution) 
was removed, the DMSO solvent was added to cultivated 
cells on TCPS and scaffold, and the absorbance of the final 
solution was read at 570 nm using a microplate reader 
(ELX800; BioTeK, Winooski, VT). To remove all the 
purple dye inside the scaffold, the scaffold was vortexed 
violently and several times. 

Implant preparation
Before cell transplantation, AF-MSCs were labeled with 
lipophilic tracer CM-Dil (Invitrogen, UK) according 
to the manufacturer's protocol and scaffold sterilized 
by its immersion in alcohol 70% for 30 minutes and 
treated under UV irradiation for 10 minutes. Briefly, AF-
MSCs were immersed in 1 µL Dil for 5 minutes at 37°C 
and then 15 minutes at 4°C. Then, 18 000 cells and PRP 
were loaded onto sterilized scaffolds in target groups. 
Grafting materials were maintained for 6 hours in DMEM 
medium supplemented with 15% FBS and antibiotic 
at 37°C and 5% CO2. Then, the cultured medium was 
changed to an osteogenic medium for 12 hours before 
in vivo implantation. The cell viability and adherent on 
the scaffold were investigated via MTT assay and SEM 
imaging. The cell scaffolds were fixed in glutaraldehyde, 
dehydrated by increasing concentrations of ethanol (70-
100%), dried, sputter-coated with gold and observed by an 

SEM (Seron technology, AIS2100).

Surgical procedure
The animals were anesthetized with an intraperitoneal 
injection of ketamine (70 mg/kg) and xylazine (6 mg/kg). 
The 24 rats were divided into eight equal experimental 
groups. The scalp was shaved and disinfected with iodine 
1%. An incision of about 2 cm was made along the sagittal 
suture. Following the reflection of the periosteal flap, two 
symmetric full-thickness cranial defects (5 mm) were 
created by a dental bur under saline irrigation (Fig. 1). The 
right defect was filled with grafting materials according to 
Table 1 and the left one remained empty as the control. 
The incision was sutured with 4-0 silk (Supa, Iran). Local 
tetracycline was used to prevent infection. 

Histological evaluation
Animals were sacrificed at week 8 post-implantation. 
Calvarial specimens were fixed in 4% paraformaldehyde 
for 1 week. The samples were decalcified in 10% nitric 
acid and then dehydrated with increasing concentrations 
of ethyl alcohol (70-100%) infiltrated with paraffin. A 
serial section was cut (5 µm) parallel to the midsagittal 
suture from the center of each defect using a microtome 
and stained with hematoxylin and eosin (H&E). The most 
central portion of each defect was identified and subject to 
histologic analysis.

Immunohistochemistry analysis
Immunohistochemical procedure was performed on 5 µm 
sections of calvarial specimens. The section constructs 
(section from microtome) were permeabilized with 
0.5% Triton X-100 for 10 minutes and then stained with 
antibody for collagen type I (the most abundant protein 
in bone) as primary antibody (sc‐59772; 1:1000; Santa 
Cruz Biotechnology, USA). Goat anti-mouse secondary 
antibody-fluorescein conjugate (ab97022; 1:250; Abcam, 
USA) was added to enable colored presentation. Images 
were captured using a fluorescent microscope.

Table 1. Treatment Groups

Group Rat number Graft at right defect Graft at left defect

1 3 AF-MSCs + pPCL + PRP Empty

2 3 AF-MSCs + PCL + PRP Empty

3 3 AF-MSCs + pPCL Empty

4 3 AF-MSCs + PCL Empty

5 3 pPCL + PRP Empty

6 3 PCL + PRP Empty

7 3 pPCL Empty

8 3 PCL Empty

AF-MSCs: Amniotic fluid-mesenchymal stem cells; pPCL: plasma-
treated PCL scaffold; PCL: plasma-untreated PCL scaffold; PRP: platelet-
rich plasma.
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Statistical Analysis
Two-way ANOVA was done for MTT (sample number=3) 
and contact angle (sample number =3) analysis.

Results
In vitro differentiation of AF-MSCs
In this study, we isolated the spindle-shaped morphology 
cells based on the ability of adhesion to TCPS (Fig. 2). 
After 3 weeks of differentiation in the induction medium, 
specific staining confirmed the nature of the isolated cells. 
A few days after the treatment with adipoinduction media, 
fat droplets were visible. Over time, in some cells, all of 
the cytoplasms slowly accumulated from lipid droplets, 
proved with oil red staining. Alizarin red staining showed 
the formation of mineralized nodules. This structure 

presented bone differentiation of mesenchymal cells. 
Alcian blue staining demonstrated the chondrogenic 
differentiation capacity of AF-MSCs, as a result of this 
coloring ECM was stained dark-blue (Fig. 3). 

Platelet count
Platelet count was performed by an automated cell 
counter. The platelet number of the rat whole blood 
concentrates was 340 000 platelets/µL; the platelet count in 
PRP was 896 000 platelets/µL. Platelet number in PRP rose 
compared with the whole blood, which was on average a 
2.6-fold increase. 

Fabrication of fibrous PCL scaffold
SEM images demonstrated that PCL-based fibers resulted 
in a scaffold were composed of uniform fibers without 
any beads (Diameter Mean =1526 nm) which the cells 
were spread on those (Fig. 4). The contact angle gained 
from the untreated PCL scaffold and the plasma-treated 
scaffolds were 120°± 6° and zero°, respectively (Fig. 
5). This established that the surface of the scaffold was 
hydrophilic.

Cell viability
We used the MTT assay to assess the cell viability of AF-
MSCs on the PCL fibrous scaffold and TCPS after 2, 4 
and 6 days of cell culture. The cell proliferation on TCPS 
was significantly higher than that on PCL fibrous scaffold 
(Fig. 6).

Histological analysis
Representative images of histologic observations for the 
cranial defect at 8 weeks post-implantation are described 
in Fig. 7. We analyzed a total of 21 experimental rats 
for histological and immunohistochemical evaluation 
of defect sites. Blood vessel formation was observed in 
some groups. Our findings showed that the blood vessel 
was formed in all groups with PRP versus groups without 
PRP. It can be seen from Fig. 7 that the presence of PRP 
had a positive effect on the blood vessel formation in the 
transplanted scaffold.

Fig. 1. Rat cranial bone defect. Two symmetric full-thickness cranial 
defects (5×5 mm) were made on the skull.

Fig. 2. Spidle-shape morphology of isolated cells from rat amniotic fluid 
(AF).

Fig. 3. Nature of mesenchymal stem cells confirmed by oil red (A), alizarin red (B) and aclian blue staining (C).
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Immunohistochemical observation
Histological methods were used to assess the bone 
regeneration at the site of rat calvarial defect. Dil 
staining and immunostaining were employed to detect 
transplanted AF-MSCs and determining collagen content, 
respectively. Eight weeks after transplantation, AF-MSCs 
were recognizable in all groups embedded with cells. 
Positive immunoreaction for collagen type I was observed 
in some groups. The highest collagen type I expression (as 
the main marker of bone reconstruction) was documented 
in the rats that were cured with AF-MSCs+scaffold+PRP 
8 weeks after implantation (Fig. 8). Improved collagen 
type I deposition was detected in animals that were 

given AF-MSCs+scaffold+PRP compared to animals 
given AF-MSCs+scaffold. Immunofluorescence results 
demonstrated the collagen type I expression in implanted 
cells. Additionally, it can be seen from Fig. 7 that the 
presence of PRP had a positive effect on collagen type I 
expression in the transplanted scaffold. 

Discussion
Medical progress and improved living condition have led to 
an increase in life expectancy. However, the increasing life 
span will be accompanied by new challenges such as age-
related diseases and poor quality of life. Cardiovascular 
disease, dementia, cancer, stroke and osteoarthritis are 
among the serious diseases whose prevalence is increasing 
with age.36,37 In addition to the mentioned disorders, 
bone fracture and associated complications are one of 
the debilitating problems which can affect the general 
health of the elderly. Autologous bone graft is a gold 
standard of bone repairing treatment, but in the aged 
patients' prognosis of this treatment, modality is poor 
due to reduced or nearly disappeared differentiation and 
proliferation capacity of stem cells.12 In order to meet bone 
formation demands, tissue engineering has introduced de 
novo methods.38

Tissue engineering deals with the usage of a 
mixture of cells, as well as biomaterial, biochemical or 
physicochemical factors to recover or replace functional 
tissues and organs. Amniotic fluid stem cells have been 

Fig. 6. Cell viability assay of Amniotic Fluid-Mesenchymal Stem Cells (AF-
MSCs) cultured on polycaprolactone (PCL) scaffold and tissue-culture 
polystyrene (TCPS)  at days 2, 4 and 6 (sample number = 3; P≤0.05).

Fig. 4. SEM images of the electrospun fibrous scaffold of PCL polymer (A), the size distribution of fiber (B) and cell-seeded on the scaffold (C). The arrow 
shows the seeded cells on the scaffold. 

Fig. 5. The contact angle of the scaffold before (A) and after (B) plasma treatment (sample number=3).  

https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Biochemistry
https://en.wikipedia.org/wiki/Biology
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of great interest for many reasons, including the ability of 
differentiation into various cell types, lack of ethical issues 
and tumorigenicity after transplantation and expression of 
immunosuppressive factors (such as CD59) which might 
make AF-MSCs resistant to rejection, thereby inhibiting 
the proliferation of T Lymphocytes.39 As a result, AF-MSCs 
can survive after allogenic transplantation compared to 
other cells without using suppressive therapies. It seems 
that these cells are an excellent alternative for allogeneic 
transplantation because of their low immunogenicity.39 
Also, tissue engineering considers the use of a scaffold 
as a sub-field of biomaterials, for the cell support and 
formation of new practical tissue. Biocompatible fibrous 
scaffolds are increasingly employed for tissue engineering 

due to advantages such as higher surface-to-volume ratio 
than traditional scaffolds that enhance the cells-scaffold 
interactions.40 Biocompatible and fibrous scaffold, PCL 
that can be a good choice for medical applications. 
With a combination of inherent features and unique 
fibrous structure, PCL can be a useful scaffold for tissue 
engineering.41 

In the present study, the AF-MSCs were cultivated on 
a PCL scaffold and transplanted in the defected site of 
a bone in the rat model. We demonstrated the presence 
of collagen type I with a great expression in cell-scaffold 
groups. Im et al reported developed bone formation in 
hydroxyapatite (HA) scaffold seeded with MSCs compared 
to the empty and scaffold-only groups.42 In a previous 
study, the stem cell-collagen constructs were maintained 
in the osteogenic medium for 1 week before in vivo 
implantation. Four weeks after the cranial implantation 
they reported new bone formation in all groups but the 
most relevant differences in defect correction were shown 
by stem cell-collagen samples.4 In our work, after 8 weeks 
of transplantation, the most successful formation of new 
bone tissue was seen in the cell-scaffold construct (AF-
MSCs + PCL scaffold) compared to the PCL scaffold 
alone.

One approach to tissue engineering is the use of 
growth factors. Researchers have employed the growth 
factor to boost repair and bone regeneration in tissue 
engineering.29,43 In this regard, platelet-rich plasma (PRP), 
as a rich source of growth factors, has attracted many 
scientists. Due to the different methods for PRP isolation 
and the inherent differences between blood transducers 
in the terms of platelet size and concentration, there are 
controversies between scientists about the therapeutic 
capability of PRP.44-46 Numerous researches have shown 

Fig. 7. Histological results of Hematoxylin and Eosin (H&E) staining. Cranial 
defect filled with A) AF-MSCs+pPCL+PRP B) AF-MSCs+PCL+PRP C) 
AF-MSCs+pPCL D) AF-MSCs+PCL. Blue, black and purple arrows show 
respectively host bone, blood vessel and scaffold. Scale bar = 100 µm.

Fig. 8. Immunohistochemical analysis for collagen type I detection. Fluorescent microscope images showing the signals from anti-collagen I (green), Dil (red) 
and DAPI (blue) in constructs of the A) AF-MSCs + pPCL + PRP, B) AF-MSCs + PCL + PRP, C) AF-MSCs + pPCL, D) AF-MSCs + PCL. Scale bar = 200µm.

https://en.wikipedia.org/wiki/Biomaterial
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What is the current knowledge?
√ Bone regeneration and new blood vessels form in the bone 
defect site by the simultaneous application of PCL fibrous 
scaffold + AF-MSCs + PRP 

What is new here?
√ The simultaneous application of nanofibrous scaffold + 
AF-MSCs + PRP for bone regeneration medicine.
√ Positive effects of scaffold, stem cells and growth factor for 
repairing of bone defect.

Research Highlightsthat PRP does not enhance new bone formation in a 
critical size bone defect.47,48 Unlike the above results, 
several studies reported that the PRP has positive effects 
on bone regeneration.49-51 In our study, histological results 
indicated the formation of blood vessels in groups with 
PRP. It seems that the growth factors present in PRP30-

33 increase the viability and bone differentiation of 
transplanted cells, contribute to the formation of blood 
vessels, and promote nutrient exchange at the site of 
the lesion. In the previous study, the PCL scaffolds were 
coated with PRP and showed that this construct improves 
MSCs adhesion and proliferation.52 However our results 
confirmed that the PRP treatment has positive effects on 
bone repair and on blood vessel formation in vivo.

One of the most important approaches to bone tissue 
engineering is the simultaneous use of cells, scaffolds 
and growth factors. In the present study, the effect of 
AF-MSCs, PCL scaffold and PRP were studied. Results 
showed that the higher level of new blood vessels and 
collagen were expressed in AF-MSCs, PCL fibrous scaffold 
and PRP group. Kasten et al reported that the bone 
regeneration was enhanced with the combination of bone 
marrow-derived MSCs, scaffold and PRP.53 Agacayak and 
colleagues demonstrated that the combination of BM-
MSCs, PRP and biphasic calcium phosphate was found 
to be more effective in inducing osteogenesis in critical 
size bone defects.54 However, it seems that the formation 
of blood vessels in the site of lesion is caused by the growth 
factors released by PRP, which provides a ground for food 
metabolism, increased viability, and bone differentiation 
of grafted cells.

Conclusion
In this study, the simultaneous application of PCL scaffold, 
AF-MSCs and PRP has a positive effect on the regeneration 
of bone tissue. Furthermore, the PRP can affect blood 
vessel formation and collagen type I expression in the 
transplanted scaffold. 
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