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ABSTRACT: Guided tissue regeneration (GTR) is a dental surgical procedure that uses barrier membranes to guide the 
growth of bone, tissue, or gingiva in small places for proper function, beauty, or restoration of the prosthesis. Recently, 
many efforts have been made to accelerate tissue repair by adding agents such as growth factors to the GTR structure in 
a targeted and controlled manner of drug release, which makes the treatment more effective and reduces its side effects. 
The aim of this study was the preparation and evaluation of growth factor-loaded, biodegradable fibers, as a GTR 
membrane in oral cavity disease. In this study, two electrostatic systems of polycaprolactone (PCL) (shell) and platelet-
derived growth factor (PDGF) loaded collagen (core) were fabricated via coaxial electrospinning. Core-shell fibers were 
analyzed by FTIR, SEM, TEM, and ELISA techniques to determine the PDGF release and supplemented via in-vitro 
cytotoxicity, proliferation, and real-time PCR investigation. FT-IR shows that the fiber's constituents do not interfere with 
each other. The diameter of the nanofibers is in the range of 400 nm, and the results of the TEM images show that the 
core-shell structure is formed. PDGF is released from fibers in a controlled manner. The fibers do not show any cellular 
toxicity, have a positive effect on cell proliferation, and increase the number of cells.  

KEYWORDS: Electrospinning; core-shell; collagen; polycaprolactone; platelet-derived growth factor; Guided Tissue 
Regeneration. 

 1.  INTRODUCTION 

Periodontal diseases represent a common health obstacle that can involve millions of people 
worldwide and lead to loss of connective tissue and bone or even tooth loss in its severe form 
“Periodontitis”[1]. Periodontal tissue surgery was the only known method for repairing damaged tissue. 
Recently, the Guided Tissue Regeneration (GTR) and Guided Bone Regeneration (GBR) methods have 
received a lot of attention. These methods use a blocking membrane attached to the epithelium or gums and 
alveolar bone to prevent its early attachment and from becoming defective tissue. The primary (progressive) 
cells left in the cartilage, adjacent to the alveolar bone or blood, can detect the root zone and differentiate into 
a support for the new periodontium, which is associated with the formation of new Periodontal Ligament 
(PDL) and cementum bones [2]. 

GTRs should meet the requirements including biocompatibility that allow the membrane to integrate 
with the host tissue without causing an inflammatory response, proper degradation profile to adapt to the 
formation of new tissue, appropriate mechanical and physical properties to be able to fit in vivo conditions, 
and high durability to prevent membrane collapse and maintain its function [3, 4]. Absorbable GTRs have 
been used to prevent second surgery to remove GTR from tissue. Most synthetic polymers used in 
absorbable membranes have an ester structure such as polyglycolic acid (PGA), polylactic acid (PLA), 
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polycaprolactone (PCL), and their copolymers. Polymers of natural origin, such as tissue-derived collagens, 
are also used in the structure of these membranes [4, 5]. Collagens  as the most abundant protein and the 
main component of the ECM of animal tissue have brilliant advantages such as non-cytotoxicity, good 
proliferation, cell adhesion, biocompatibility, biodegradability, absorbability, and low antigenicity [6-8]. The 
use of Col in guided bone/tissue regeneration is still challenging because of its rapid degradation rate and 
insufficient tensile strength. Therefore, it seems PCL as proper polymer could contribute to the improvement 
of barrier membranes. 

Normal tissue regeneration is the ultimate goal for tissue that has suffered trauma, surgery, or 
infectious disease. Growth factors are proteins that act locally or systemically so that they can affect cell 
growth and function in several ways. The growth factor functions to regenerate damaged tissue through 
biomimetic processes or to mimic the methods used during embryonic and postnatal development for the 
growth and development of the body [9, 10]. Within the last decade, cellular and molecular biology 
provided the context for discovering the role of growth factors and their participation in various stages of 
wound healing [11, 12]. PDGF was the first growth factor to be studied in pre-clinical studies and peripheral 
reconstruction. In the culture medium containing periodontal cells such as gums, PDL fibroblasts, 
cementoblasts, peri-osteoblasts, and osteoblasts that were exposed to PDGF, cell proliferation, migration, 
and matrix synthesis were observed. PDGF-BB is the most effective in the proliferation of PDL fibroblasts 
and matrix biosynthesis [13]. 

In the last two decades, researchers have paid special attention to nanofibers. Its features include a 
high surface-to-volume ratio, flexibility in surface modification, good mechanical properties, low base 
weight, high porosity, favorable economic efficiency, complete coherence, and a micro-scale pore network 
[14]. These structures have a wide variety of applications that are successfully used in medicine and drug 
delivery including wound dressing, scaffolding for tissue engineering, implants, and drug delivery systems 
[15]. Coaxial (two-fluid) electrospinning is one of the most successful modifications that increase the quality 
and performance of the final nanofiber structure. In this method, two different fluids are transferred 
independently through two different pumps and a coaxial nozzle [16, 17]. The outer fluid, like a shell, 
encapsulates the inner fluid [18]. Among the most important applications of core-shell nanofibers are the 
following: Placing an unstable compound as a shell to isolate it and minimize changes in the decomposition 
of the compound due to the active and reactive environment. Release of core material after a certain period 
to be transferred to its special receiver. Increase the mechanical strength of the fiber used by the core. 
Adding biocompatible shells reduces the toxicity of the core material (commonly used in tissue engineering). 
All influential parameters in conventional electrospinning are also effective in coaxial electrospinning. In 
addition, parameters related to shell and core solutions are added (viscosity, surface tension, electrical 
conductivity, etc.) [19-21]. 

Similar research has shown that the release of growth factors in less than 10 days may delay the 
healing of the lesion. So, our aim in this study was to investigate and introduce PCL/Col fiber mats with 
different amounts of PDGF fabricated by the coaxial electrospinning method to prolong the release of 
growth factors from nanofibers (Figure 1). Properties of fabricated nanofibers such as surface morphology 
and chemical properties were fully investigated. We also evaluate nanofibers ability to accelerate cell 
proliferation and osteogenic-related gene expression. 
 

 
Figure 1. The design and preparation of the PCL/Col core-shell membranes loaded with PDGF for guided tissue 
regeneration. 
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2. RESULTS AND DISCUSSION 

Periodontal diseases are one of the prevalent diseases, impacting approximately 30-40% of the 
population [22]. GTR and GBR membranes are used to treat this disease by placing them in the dental cavity. 
There has been extensive research on these membranes, which have shown good profile such as strength, 
biocompatibility, and biodegradability [23-25]. Additionally, they have the capability to act as a drug 
delivery system by loading drugs  [2]. Studies have also shown that using growth factors loaded in mats can 
accelerate the healing process of the lesion [26]. Among the various barrier used to produce these 
membranes, nanofibers have been found to be the efficient and straightforward due to their good release 
profile and the uniformity of the fiber diameter [4]. 

2.1. Optimizing electrospinning parameter 

Collagen electrospinning was challenging thanks to the stability of collagen tertiary structure and also 
the lack of necessary viscoelastic response limited jet stabilization [27]. Hence, developing methods based on 
using polymer support can be useful. Our previous study has shown that PCL/Col core-shell structure 
fibers could provide suitable mechanical properties with proper structure and morphologies. After 
modifying the electrospinning parameter, the optimum conditions were set at 16 kV, 0.25 ml/h, and the flow 
ratio of the core to the shell was 1 to 3 [28]. 

2.2. Characterization of nanofibers 

The morphological properties of the prepared PCL/Col and PDGF@PCL/Col fibers were analyzed 
using SEM and TEM. Results for SEM images of the PCL/Col fibers are shown in Figure 2A, which revealed 
non-uniform fiber morphologies. The swelling of the shell surface indicates the low solvent boiling point of 
the shell (a mixture of dichloromethane and ethanol) led to its rapid evaporation during electrospinning and 
the creation of holes on the fiber surface. This porosity increases the surface-volume ratio, which results in 
better drug delivery and better adhesion to the damaged tissue surface [29]. By TEM imaging (Figure 2B), 
the core-shell structure of nanofiber can be seen, where the core is the Col with a diameter of 203 nm and the 
light grey fiber surrounding the core is the PCL with a diameter of 388 nm. According to Figure 2C, SEM 
was used to evaluate fibers' biodegradation after placing them in an aqueous medium. The distribution 
histogram (Figure 2D) shows that the diameter of fibers (5445 ± 3449 nm [28]) decreased after the treatment 
with the buffer to 814 ± 556 nm. Considering the decrease in the average size after soaking in the buffer, it 
can be concluded that the fibers with large diameters were related to collagen fibers that were dissolved in 
an aqueous medium. In general, smaller diameter nanofibers remained better in the aqueous medium and 
were probably related to the core-shell structure.  

An SEM image of PDGF@PCL/Col is displayed in Figure 2E. Most fibers have the same diameter and 
good uniformity. The shape of a rosary bead is quite clear and shows the swelling of the core and the 
trapping of growth factors in that area. The growth factor of PDGF, with a molecular weight of 24 kDa and a 
relatively large size, appears to cause the nanofiber structure to swell in that area. The mean diameter of 
PCL/Col reached 4991± 2737 nm after the GF was loaded. This increase compared to PCL/Col nanofibers 
related to the PDGF with high molecular weight which was loaded and the observed decrease compared to 
Col fibers due to the increase in charge caused by GF and thus increased the conductivity of the polymer 
solution. 

The influence of the PDGF on the nanofiber chemical structure was also investigated by FT-IR. The 
FTIR spectra of the PCL/Col before [28] and after electrospinning by PDGF were illustrated in Figure 3. As 
discussed in the previous study, the characteristic infrared bands of PCL/Col were observed at 3383 cm-1 
(hydroxyl stretching vibration of Col), 2947 cm-1, and 2873 cm-1 (CH2 stretching vibration of PCL), 1728 cm-1 
(C=O stretching vibration of PCL), 1647 cm-1 and 1546 cm-1 (amine groups of proteins in Col), and 1168 cm-1 
(asymmetric C-O-C stretching vibration of PCL) (28). The FTIR spectrum of PDGF@PCL/Col mats shows a 
similar structure to PCL/Col fibers with different intensities. The characteristic peaks of PCL/Col were 
exhibited no significant shifts ruling out the possibility of covalently bonded between PDGF and Col. 
Furthermore, due to the protein structure of Col and PDGF, the PDGF peak was masked by Col. But the 
slight shifting of 1647 cm-1 peaks toward the lower wavenumber indicates the formation of hydrogen 
interaction between Col and PDGF. 
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Figure 2. Morphology of PCL/Col nanofibers; (A) SEM image with a magnification of 20 μm, (B) TEM image with a 
magnification of 150 nm, (C) SEM image, and (D) Size distribution of PCL/Col nanofibers after immersion in phosphate 
buffer (pH 7.4) for 24 h, (E) FE-SEM images of PDGF@PCL/Col nanofibers, and (F) diameter distributions of the 
PDGF@PCL/Col nanofibers. 

 

 

Figure 3.  FT-IR spectra of the PCL/Col (28) and PDGF@PCL/Col nanofibers. 

2.3. In-vitro Release profile 

Growth factor release from optimal fibers was evaluated at three different concentrations of 0.312, 
0.625, and 1.25 ng/mg of growth factor in a polymer solution. Figure 4 shows the rate of growth factor 
release over 40 days. The prepared nanofibers exhibited good sustained-release properties in vitro. The 
average cumulative release from the nanofibers was 99% at the end of the period and sustained release was 
demonstrated for 40 days. The release behavior of 0.625 and 1.25 fibers are similar while the PDGF release 
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from 0.325 fibers was slower than others in a way that the release rate was still zero after three weeks. The 
concentration of 0.312ng/mg has a delayed-release model due to the low concentration of growth factor and 
has a very low release in the first few days. At a concentration of 0.625ng/mg, the release was controlled and 
at a concentration of 1.25ng/mg, due to the higher amount of growth factor, a burst release occurred first 
and then it became a controlled release. Considering that the structure of the final fiber was in the form of a 
core-shell, the initial burst release in the nanofibers with 0.625 and 1.25 ng of PDGF was related to the areas 
where the collagen fiber did not have a PCL coating and led to the rapid dissolution of collagen and fast 
release of PDGF, especially in fibers with a higher PDGF content. 

 

Figure 4. The release profile of various concentrations of PDGF in PCL/Col nanofibers. 

Different models of release kinetics including zero-order, first-order, and Higuchi models were used 
and drug release in each concentration was reported with the mentioned models. Table 1 shows the linear 
and regression equations of the nanofibers release models. The first-order model is the main release model 
for fibers with a concentration of 0.312 ng/mg of PDGF. The regression of different models is not very close 
to each other and has a large distance from the ideal regression, which is one. It seems to be due to the low 
concentration obtained from the sample. The test error is likely to be high, so this release model is not very 
reliable. Furthermore, it was concluded that the Higuchi model was more suitable than other models for 
PDGF (0.625ng/mg) and (1.20 ng/mg) @ PCL/Col fibers. However, the regression of the Higuchi model is 
very low compared to the ideal regression. 

Owing to the GF release from fibers in all three concentrations, PDGF (0.625ng/mg) @ PCL/Col fiber 
was considered as an optimal concentration. This release followed the Higuchi model and lasted for 40 days. 
The positive point of this study is that on the twentieth day, drug release reaches ~85%, while previous 
studies have shown that 90% release of GF from fiber occurred during the first 24 to 48 hours [30, 31]. 
Considering that the patient takes anti-inflammatory drugs such as non-steroidal anti-inflammatory drugs 
after surgery and these drugs reduce cell migration while GF increases cell migration, the interaction of these 
two drugs must be considered. They were in conflict and had pharmacological interactions with each other. 
The release findings can be promising to reduce this interference due to the sudden decrease in drug release 
in the first week of release [32, 33]. 

Table 1. Linear equation and regression of 0.625ng/mg PDGF fibers in 3 main models. 
Release Model Zero Order First Order Higuchi 

PDGF(0.312ng/mg)@PCL/Col 
nanofibers 

y= 4.1061x-99.632 
R2=0.6565 

y= 2.4802x-13.494 
R2=0.6855 

y= 26.15x-125.27 
R2=0.5896 

PDGF(0.625ng/mg)@PCL/Col 
nanofibers 

y= 1.8454x+26.938 
R2=0.6157 

y= 1.1315x+65.429 
R2=0.2836 

y= 13.562x+8.8609 
R2=0.7363 

PDGF(1.25ng/mg)@PCL/Col 
nanofibers 

y= 2.0686x+35.988 
R2=0.7359 

y= 1.2193x+67.769 
R2=0.2623 

y= 14.822x+16.744 
R2=0.8944 

2.4. MTT assay  
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Since these nanofibers will be planted inside the tissue, they must have no toxic or harmful effects on 
human tissue. For this purpose, the cytotoxicity of prepared nanofibers that were not loaded with GF was 
examined on MG-63 cells (Figure 5). Given that the two polymers of Col and PCL in the manufacture of GTR 
were approved by the US Food and Drug Administration (FDA), we expected that PCL/Col fibers would 
have no toxic effects. As shown in Figure 5, during the 24 h of culturing with PCL/Col nanofibers, the cells 
grew compared to the control, which verified the nanofiber membrane was not toxic to MG-63 cells and had 
good biocompatibility. Many studies have investigated the effect of Col on cell proliferation. This effect can 
be due to cell induction by Col through integrin-mediated [34]. In confirmation of the present findings, 
Khatami et al showed that the addition of Col to alginate-nano-silica microspheres leads to increased cell 
proliferation and the expression of osteocalcin and BMP-2 in MG-63 cells [35]. Furthermore, it was revealed 
that collagen hydrolysates enhance cell proliferation in MG-63 cells up to 130% compared to the control 
group [36]. 

 

Figure 5. Cell viability of MG-63  cells after culturing with PCL/Col nanofibers for 24 h using MTT  assay. Data are 
represented as mean ± SD from three independent tests. (**P < 0.01 vs. control). 

2.5. Cell proliferation 

The proliferation of damaged tissue cells must be increased to accelerate lesion healing. In  vitro cell 
proliferation of prepared core-shell nanofibers was assessed for 40 days. As shown in Figure 6, the results of 
cell proliferation showed that the fibers containing PDGF in all three concentrations increased the 
proliferation of MG-63 cells. The best proliferation rate was for nanofibers with 0.625 ng of PDGF compared 
to other ones. PDGF cumulative release from 0.312 ng/mg PDGF fibers before day 21 is insignificant and the 
induction of cell proliferation changes accordingly. The result of cell proliferation for 0.625 ng/mg PDGF 
and 1.25 ng/mg PDGF fibers is in complete agreement with the results that were obtained from the release 
test. The release chart initially shows a sudden release of growth factor which corresponds to an increase in 
cell proliferation in the early days. A decrease in cell proliferation values in all groups after day 30 could 
related to the completion of  GF release in the last week which did not sufficiently stimulate cell proliferation 
[37]. This excellent result indicates that the growth factor activity was not affected by the electrospinning 
process and when supplied to the cells, stimulates cell division. Studies have shown that the PDGF has no 
cytotoxicity effects either alone or by collagen carriers, which is consistent with the findings of this study [31, 
38, 39]. 

According to the results, nanofiber 0.312 ng/mg had a delayed release due to the low concentration of 
the growth factor. Nanofiber 0.625 ng/mg had a controlled release and had the best cell proliferation results. 
Nanofiber 1.25 ng/mg had a sudden release due to the high concentration of growth factor, which confirms 
the results of release and cell proliferation. Since the patient takes anti-inflammatory drugs in the first few 
days and these drugs interact pharmacologically with the growth factor, it can be concluded that the best 
concentration for the growth factor is nanofiber with a concentration of 0.612 ng/mg, which in the early days 
of the low release of the growth factor and do not delay lesion healing due to controlled release and have the 
best cell proliferation [40].   
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Figure 6. Cell proliferation results of PDGF nanofibers. A phosphate buffer was added as a control group. Data are 
represented as mean ± SD from three independent tests. (***P < 0.05 vs. control). 

2.6. Effect of released PDGF on gene expression of osteogenic markers 

The biological effect of released PDGF on expression levels of osteoblastic differentiation markers, 
RUNX2 and IBSP, and COX-2 in MG-63 cells were evaluated by semi-quantitative RT-PCR [41] at different 
intervals. The osteogenesis ability of nanofibers was evaluated to investigate the PDFG bioactivity and 
function maintenance after release. As shown in Figure 7, PDGF (0.625 ng/mg) @PCL/Col and PCL/Col 
(control group) were used at the first hours (h1), third hours (h3), first day (d1) and seventh days (d2) of 
culture. The expression of Runx2 was significantly higher after 24 hours compared to the first and third 
hours in the scaffolds and then this level was dramatically lower on the 7th day. Runx2 plays a vital role as a 
transcription factor responsible for regulating osteoblast differentiation which reaches its expression peak in 
immature osteoblasts and is subsequently reduced in mature osteoblasts [42]. PDGF (0.625 ng/mg) 
@PCL/Col fibers significantly enhanced the expression and maturation of RUNX-2 during the initial stages. 
Laflamme et al. [43] showed that epidermal growth factor alone or in combination with bone morphogenetic 
proteins plays an active role in osteoblast proliferation and protein (osteocalcin, Runx2, and ALP) 
expression. Currently, the FDA has approved products such as OP-1™ Implants and INFUSE™ collagen 
sponge bone grafts, utilizing BMP7 and BMP2, respectively [44, 45]. Additionally, rhPDGF-BB has received 
approval under the trade name AUGMENT® Bone Graft for clinical orthopedic applications [46]. 

As evidenced by the real-time PCR results, the released PDGF was biologically active and was able to 
induce the expression of two osteogenic factors RUNX-2 and IBSP. The expression was significantly 
increased during the first day of PDGF release. However, in both cases, the expression levels were back to 
normal after the week. The level of upregulation was much higher in IBSP. Results from real-time PCR also 
indicated an increase in COX-2 expression compared to the control group in the very first hours of release. 
The pattern of upregulation was in agreement with the results of the release test in which a burst in the 
release of PDGF was obvious on the first day. 
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Figure 7. The osteogenic-related gene expression of core-shell nanofibers in osteogenic induction at different intervals. 
Data values are presented as mean ± SD from three repeated tests. (***P < 0.05 vs. d1, ###P < 0.05 vs. h3 for RUNX-2 and 
***P < 0.05 vs. h3 for IBSP and COX-2). 

3. CONCLUSION 

In this study, we developed a novel core/shell fiber through electrospinning for use as a GTR 
membrane, enabling sustained-release of PDGF. Loading PDGF significantly changed the fiber morphology, 
with SEM images revealing PDGF entrapment in the swollen parts of the fibers. Incorporating PDGF 
enhanced the cytocompatibility of the PCL/Col membrane, and the PDGF@PCL/Col fibers exhibited 
impressive bone cell proliferation. The enhanced expression of osteogenic genes indicates the fibers' 
potential to support osteogenesis after PDGF integration. The obtained results point out that the membrane 
design in this study presents a new and effective method for delivering growth factors into periodontal 
tissue.  

4. MATERIALS AND METHODS 

4.1. Materials 

Polycaprolactone (PCL, Mw = 80 kDa), and collagen from bovine Achilles’ tendon all were achieved 
by Sigma-Aldrich company of USA. Dichloromethane, MTT (3- (4 and 5-dimethyl thiazole-2-il) -2 and 5 d-
phenyltetrahydramide), and Ethanol were bought from Merck. Human PDGF-BB platinum ELISA kit 

(BMS2071, Invitrogen), Recombinant Human PDGF‑BB solutions: (220-BB, R&D systems), Streptomycin-
Penicillin, FBS, and DMEM culture medium from Gibco of Germany were used. 

4.2. Methods 

4.2.1. Electrospinning 

PCL and Col solutions were prepared separately at 9 and 70 %w/w concentrations. PCL was 
dissolved in a mixture of dichloromethane and ethanol (60:40) at room temperature for 30 minutes to achieve 
the 9 wt. % concentration. The preparation of Col solution (70% w/w) in water was performed at room 
temperature using a laboratory magnetic stirrer for 24 h. To investigate the electrospinning ability of the 
prepared solutions, the applied voltage parameters (8, 12, 16, 20 kV), the feed rate of the core-shell solutions 
(1:1, 1:3, 1:5), flow rate (0.25 ml/h), and tip-to-collector distance (12 cm) were used. By changing the above 
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parameters here PCL/Col fibers were prepared as core-shell. Co-axial nozzles of 14 gauges for shell solution 
and 18 gauges for core solution were used.  

4.2.2. PDGF Loading 

After identifying the optimal fibers, the GF-loaded solutions were prepared by adding 50, 100, and 200 
µl of GF solutions with a concentration of 0.25ng/ml to the core polymer blend solution (equal to 
0.312ng/mg, 0.625ng/mg, and 1.25ng/mg of the polymer(s) weight). This solution was homogenized by 
pipetting to ensure the complete dissolution of the GF [33]. 

4.2.3. Characterization 

The morphology of membranes were evaluated using scanning electron microscopy (SEM; FEI Model 
Quanta 450 FEG, Hillsboro, OR, USA) and field-effect scanning electron microscopy (FE-SEM) -(TSCAN -
Czech nation) at an accelerating voltage of 5-30 kV. Before observation, the membranes were mounted on 
metal stubs by using conductive double-sided tapes and subsequently sputter-coated with gold. The 
morphology and the diameters of fiber samples were also observed by transmission electron microscopy 
(TEM, JEOL 2100F). Then, the fiber's diameters were measured by the Digimizer software at 100 random 
locations for each membrane. The fibers were characterized by using Fourier transform infrared 
spectroscopy (FT-IR) -(Shimadzu IR-prestige 21). To measure the FT-IR spectrum of the fiber’s membrane, 2 
mg of the samples were mixed with 10 mg KBr and compressed into a tablet form. The IR spectra of these 
tablets were obtained in a transition mode and the spectral region of 400 to 4000 cm−1.  

4.2.4. In vitro PDGF release and kinetics study 

5 mg of fiber mats loaded with the desired amount of growth factor (0.312ng/mg, 0.625ng/mg, and 
1.25ng/mg fibers) were immersed in an amicon tube containing a 10 ml phosphate buffer 0.2 M with pH 7.4. 
After different time intervals, 0.5 ml of the release buffer was replaced with fresh buffer and kept in the 
refrigerator. The drug release concentrations were evaluated by the ELISA method at λmax 260 nm. ELISA 
was performed using the Human PDGF-BB platinum ELISA kit (BMS2071, Invitrogen) kit according to the 
manufacturer’s instructions. Briefly, after preparing reagents, working standards, and samples 50 µl of 
sample or standard was added to appropriate wells. Then 50 µl of the Antibody Cocktail was added to each 
well. Plates were sealed and incubated for 1 hour at room temperature on a plate shaker set to 400 rpm. In 
the next step, wells were washed 3 times using 350 µl 1X Wash Buffer followed by decanting after at least 10 
seconds. After the last wash excess liquid was removed and 100 µl of TMB development solution was added 
to each well and incubated for 10 minutes in the dark while shaking for 20 minutes. 100 µl of stop solution 
was added to each well and the OD at 450 nm was recorded. 

All release experiments were carried out in triplicate.  The cumulative release of the growth factor was 
determined by the following equation: 

Cumulative release (%)=
∑ Ci+ 25 × Cn

n-1
i-1

amount of total drug  
 ×100 

where Cn and Ci represent the growth factor concentration measured by UV spectrophotometer at the time of 
n and i, respectively. 

For in vitro release kinetics evaluation, several approaches can be used such as analysis of variance, 
model-independent, and model-dependent approaches. In this study, model-dependent approaches were 
used for the comparison of dissolution profiles. In model-dependent approaches, release data were fitted to 
kinetic models including the zero-order (Eq. 1), first-order (Eq. 2), and Higuchi matrix (Eq. 3) release 
equations to find the equation with the best fit. 

C = k0t (1) 

Log C= Log C0 – kt/2.303 (2) 

Q= kt ½ (3) 
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In (Eq.1) and (Eq. 2), C0 is the initial concentration of the drug, k is the first-order rate constant, and t 
is the time. In (Eq.3), Q is the amount of drug released in time (t) per unit area and k is the Higuchi 
dissolution constant [47]. 

4.2.5. Cell culture and cell viability assessment 

MG-63 cell was obtained from the National Cell Bank of Iran (NCBI, Pasteur Institute of Iran, Tehran, 
Iran). Cells were cultured in high glucose DMEM (BI-1003Idezist Notarkib, Iran) supplemented with 10% 
FBS (BI-1201, Idezist Notarkib, Iran) and PEN-STREP solution (BI-1203, Idezist Notarkib, Iran).  Cells were 
maintained at 37ºC in a humidified incubator supplemented with 5% CO2. The flask media were changed 
every three days. 

Cytotoxicity of fiber was evaluated by 4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide 
(MTT) assay (M2003-1G, Sigma- Aldrich). 100 µl cell suspension (1 × 106/ml) in high glucose DMEM 
supplemented with 10% FBS was seeded in 96-well plates and incubated overnight to reach 90-100% 
confluency. On the following day, 300 µl of Sterilized samples of fiber were added to each well, and cells 
were incubated for 24 h.  According to Füsun Acartürk et al, [48] to obtain sterilized samples of fibers, fibers 
were irradiated with a UV lamp (254 nm) in a UV box cabinet (Sahandazar, Tabriz, Iran) for 3 h followed by 
immersion in sterile DMEM at 37℃ for 24 h. After incubation, fibers were removed from DMEM and the 
supernatant was used. On the next day, the medium was aspirated and 200 μl of fresh DMEM and 20 μl of 
MTT-containing medium (1 mg/ml) were added into each well.  After incubation for 4 hours, the medium 
was aspirated and dimethyl sulfoxide (200 µl/well) was added to stop the reaction. The optical density was 
quantified in a multi-detection microplate reader, SynergyTM HT (BioTek Instruments Inc.) at 570 nm 
wavelength. The percentage of cell viability was calculated by comparing the optical density of each well to 
control (no treatment) cells [31]. 

4.2.6. Cell proliferation assay 

MG-63 cells (5 x 103 cells/wells) were seeded into a 48-well cell culture plate. The 20 μl released MG-
63 cells (5 x 103 cells/wells) were seeded into a 48-well cell culture plate. The 20 μl released samples were 
added to the wells. After overnight incubation, the culture medium was replaced with 200 ml of 1% 
glutaraldehyde and incubated at 37°C in a humidified air 5% CO2 incubator for 15 minutes. The wells were 
washed with 300 µl of 1X sterile PBS with pH 7.4, and 200 ml of 0.02% crystal violet was added to the wells 
and incubated for 30 minutes. The wells were rinsed with sterile distilled water for 15 minutes to remove 
dead cells from the environment due to lack of adhesion, and only living cells were used during the test to 
check for light absorption. The cells were exposed to 360 microliters of 70% ethanol for 3 hours. Sample 
absorption at a wavelength of 578 nm was read by the plate reader device [49]. 

4.2.7. RT-PCR 

To evaluate the ability of the released PDGF to induce the expression of osteoblastic differentiation 
markers to induce cell COX-2 pathway, relative expression of runt-related transcription factor 2 (RNUX-2), 
Homo sapiens integrin-binding sialoprotein (IBSP), and cyclooxygenase-2 (COX-2) were evaluated. PDGF 
(0.625 ng/mg)@PCL/Col fibers (based on containing 100 ng PDGF) and PCL/Col fiber were weighed. 
Collected Release samples from 1 hour, 3 hours, 1 day, and 7 days after the start of the release test were used 
to evaluate the relative expression of the abovementioned genes. One million cells of MG-63 were cultured 
in cell culture plates for 6 hours. After the cells reached 90% density, the supernatant culture medium was 
discarded and the complete culture medium containing 5% bovine fetal serum and 100 μl of each release 
sample was added to each well. The cells were stored in a 37 °C incubator for 5 hours with 5% CO2 and after 
24 hours the total RNA was extracted using the CinnaPure RNA (CinnaGen, Iran) according to the 
manufacturer’s instructions. The quality and concentration of extracted RNA were evaluated by 
spectrophotometer (NanoDrop 2000, USA). Total RNA was then used to prepare cDNA. cDNA synthesis 
was performed using the cDNA Synthesis Kit (YT4500, YTA, Iran) according to the manufacturer’s 
instructions. The relative expression of RNUx-2 and IBSP genes was determined using specific primers 
(Table 2) and Super SYBR Green qPCR mastermix (YT2552, YTA, Iran) [41]. The GAPDH gene was used as 
an internal control. All experiments were repeated at least twice.  
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Table 2. List of primers used for Real-time Quantitative PCR Analysis. 

Num Gene Name  Primer Sequence 

1 RUNX-2 
Forward Primer sequence CGAAATGCCTCCGCTGTTAT 

Reverse primer sequence CGCTCCGGCCCACAA 

2 IBSP 
Forward Primer sequence GCGAAGCAGAAGTGGATGAAA 

Reverse primer sequence TGCCTCTGTGCTGTTGGTACTG 

3 COX-2 
Forward Primer sequence TGCATTCTTTGCCCAGCACT 

Reverse primer sequence AAAGGCGCAGTTTACGCTGT 

Relative quantification PCR was performed by LightCycler® 96 System using the following thermal 
cycling conditions summarized in Table 3. Relative quantification was performed according to the Pfaffl 
method (Eq. 4) and (Eq. 5). 

mRNA expression ratio=2-ΔΔCT                                                                                                 (Eq. 4) 

ΔΔCT= ΔCT sample – ΔCT control                                                                                          (Eq. 5) 

In each calculation, sample refers to cells that were treated with fiber, PDGF containing fiber or PDGF 
and control refers to equivalent no treatment groups. 

Table 3. Thermal cycling conditions for relative quantification PCR performed by LightCycler® 96 System. 
Initial Denaturation 94 ℃ 3 min Hold 

Denature 95 ℃ 10 sec 

40 Cycles Anneal Tm-5 ℃ 10 sec 

Extend 72 ℃ 20 sec 

Melting curve analysis 

4.2.8. Statistical Analyses 

All quantitative results were obtained from triplicate samples. Every data point was expressed as 
mean ± SD. One-way analysis of variance using Tukey’s test was performed to compare the results. The 
statistical significance of variations could be confirmed at P < 0.05. 
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