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ABSTRACT
Wound healing will be enhanced using structures with therapeutic 
effects. This study fabricated a novel nanofibrous scaffold for skin 
tissue regeneration using a coaxial structure polyglycerol sebacate 
(PGS)/platelet-rich plasma (PRP) was embedded in the core and 
two different compositions were selected for the shell; in one 
group, polycaprolactone (PCL), and in the other group, PGS/PCL 
blend was used. The physical, mechanical behavior, drug delivery 
patterns, and cell response of scaffolds were evaluated. Results 
revealed that by adding PRP to the core and PGS to the shell, fiber 
diameters decreased to 260.8 ± 31.3 nm. It also decreased the water 
contact angle from 66° to 32°, that is ideal candidate for cell 
attachment. The drug release showed a burst release pattern in the 
first 30 min, followed by a continuous and slow release during the 
first day. Adding PGS to the shell decreased the elastic modulus, 
and its value reached about 500 kPa, which is near the skin elastic 
modulus and will lead to greater mechanical compatibility for cell 
proliferation. Particularly, the addition of PRP to the fiber structure 
enhanced the cell viability and cell adhesion with a suitable mor-
phology. Based on the results, nanofibrous PGS-PRP/PGS-PCL dress-
ing can enhance skin tissue regeneration.
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GRAPHICAL ABSTRACT

1.  Introduction

The skin tissue provides a physiological barrier against temperature alterations, 
mechanical stresses, and various physiological functions to protect internal organs [1]. 
Healthy skin can damage through chemical and biological agents and induce skin 
defects such as inflammation, chronic wounds, and allergies [2]. A superior wound 
dressing or biological agents are needed to accelerate the wound healing process [3]. 
As a result, it is imperative that novel dressings with bioactive ingredients be devel-
oped in order to speed up wound healing [4]. One ideal candidate for wound dress-
ing is the highly porous nanofibers structure with enhanced water absorption and 
mechanical and biocompatible properties [5,6]. The coaxial electrospinning process is 
an efficient technique for producing micro-nanofibers in various wound dressings 
with a high surface-to-volume ratio. In this method, it is possible to loading poly-
mers, drugs, proteins, and biological agents that cannot be electrospinning [7,8]. The 
core-shell electrospinning process employs an inner needle for the core and an outer 
needle for the shell, with two separate solutions able to creating one fiber at the same 
time [9], as Su et  al. [10] investigated the core-shell fibers of poly caprolactone/poly-
ethylene oxide as shell and keratin/hyaluronic acid as the core of fibers. They demon-
strated that the hydrophilic polymer could not be electrospinning easily, formed in 
coaxial fibers structure, and be suitable for wound healing application.

In recent years, Poly (glycerol sebacate) (PGS) has been the focus of many studies 
as a biodegradable and elastomeric polymer because of its biocompatibility and linear 
hydrolysis degradation profile [11]. PGS has similar mechanical properties to elastin 
and collagen, making it suitable for regenerating soft tissues [12,13]. Frydrych et  al. 
[14] studied the physical and mechanical behavior of PGS/poly lactic acid (PLA) scaf-
folds for soft tissue regeneration application. Their results demonstrated that these 
combinations of polymers have ideal hydrophilic, appropriate mechanical properties 
and increased cell penetration for soft tissue engineering.

A wide range of synthesis polymers have been used for electrospinning due to bio-
degradability, biocompatibility, and suitable formation[15]. Among the synthesis poly-
mers, poly caprolactone (PCL) is an ideal choice for fabricating skin tissue engineering 



Journal of Biomaterials Science, Polymer Edition 3

scaffolds through electrospinning because of its mechanical properties, biocompatibil-
ity, and controllable biodegradability [16–18]. Ehterami et  al. [19] evaluated electro-
spun Collagen/Chitosan/PCL nanoparticle samples for wound healing application. 
They demonstrated that the PCL with electrospinning ability blended with Collagen 
and chitosan provides ideal vapor permeability, wettability, mechanical properties, cel-
lular behavior, and blood compatibility for full-thickness and chronic wound treatment.

In addition to suitable properties of polymers, drugs or biological agents are neces-
sary to accelerate wound healing [20]. Recently, platelet-rich plasma (PRP) has been 
an ideal candidate for wound healing applications and promoting the healing of vari-
ous defects [21]. PRP is interesting for wound healing and tissue engineering, due to 
the high concentration of various substances and growth factors such as transforming 
growth factor (TGF-1), platelet-derived growth factor (PDGF), epidermal growth fac-
tor (EGF), vascular endothelial growth factor (VEGF), insulin-like growth factor (IGF), 
and basic fibroblast growth factor (bFGF) [22]. Zhang et  al. [23] demonstrated that 
dual-network hydrogel with PRP could promote wound healing through 
re-epithelialization, increasing growth factor levels, and early transition of wound heal-
ing, control inflammation response, and angiogenesis stages. Similarly, Shi et  al. [24] 
fabricated a wound dressing of carboxyl methyl cellulose (CMC), gentamycin sulfate, 
and PRP for infected wounds treatment. Its results demonstrated that this wound 
dressing could reduce bacterial infection, inhibit pro-inflammatory factors like IL-6 
and TNF-α, and enhance anti-inflammatory factors like TGF-β. These findings showed 
that PRP has great potential in managing chronic wounds. Accordingly, in this study, 
we fabricated wound dressing based on PGS/PCL and PGS/PGS-PCL coaxial fibers 
containing PRP in the core of fibers. In this regard, after the synthesis of PGS, and 
extraction PRP of human blood, the coaxial electrospinning PGS/PCL and PGS/
PGS-PCL with or without PRP were applied to fabricate ideal scaffolds for skin tissue 
regeneration. Additionally, polymers and PRP were investigated for their chemical, 
mechanical, physical, and biological properties when used in wound dressings.

2.  Materials and methods

2.1.  Materials

In this study, Sebacic acid (99%, Merck, Germany), Glycerol (99%, Merck, Germany), 
poly (3-caprolactone) (PCL) (Sigma-Aldrich), chloroform (Sigma-Aldrich), Acetone 
(Merck, Germany), Dimethyl thiazole diphenyltetrazolium bromide (MTT, 
Sigma-Aldrich), sodium citrate (Vacuette, Switzerland), dimethyl sulfoxide (DMSO) 
(Merck, Germany), fetal bovine serum (FBS), Dulbecco’s Modified Eagle Medium 
(DMEM-high), penicillin, streptomycin (Bioidea, Iran), and phosphate buffered saline 
tablets (PBS, Sigma-Aldrich) were purchased.

2.2.  Synthesis poly glycerol sebacate (PGS)

Polyglycerol sebacate (PGS) has been synthesized, according to previous studies[25]. In 
simple terms, sebacic acid and glycerol monomers were used to condensate polymerize 
the PGS polymer. Sebacic acid and glycerol were combined in a 1:1 molar ratio, and 
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the mixture was heated at 120 °C for 24 h via an N2 environment while the reactant 
was maintained at 40 °C. A white-colored, viscous PGS polymer ultimately resulted [7].

2.3.  Platelet-rich plasma (PRP) preparation

Peripheral blood samples were collected from healthy volunteers in 9 ml tubes con-
taining 3.8% sodium citrate. Extraction and optimization of PRP were done by cen-
trifuge in two steps. Following the first spin at 200 g for 10 min, the liquid supernatant 
was transferred to another tube and the second spin was done at 2500 g for 15 min. 
As a result, the upper two-thirds of the supernatant is removed, and the platelet pel-
lets are suspended in the lower third of the plasma. It’s PRP [26].

2.4.  Preparation of electrospun PGS-PRP/PCL and PGS-PRP/PGS-PCL core-shell 
fibers

To prepare the PGS/PCL scaffolds, PCL and PGS were dissolved separately in chlo-
roform (CF) and acetone solvents (volume ratio of 8:2) at a concentration of 20% wt 
and 10% wt, respectively. Afterwards, the PGS and PCL solutions were mixed for 
30 min at 37 °C on a magnetic stirrer, separately. The PRP was added to the core 
(PGS solution) with 0.5% w/v and was mixed for 10 min. The core and shell flow 
rates, voltage and tip to collector distance were 0.15 mL/h, 2 mL/h, 12 kV, and 18 cm, 
respectively. To fabricate the core-shell samples, the PGS or PGS/PRP solution and 
PCL solution were electrospun on a coaxial needle (G16 outer diameter (OD) = 
1.20 mm and G23 inner diameter (ID) = 0.33 mm).

On the other site, to fabricate the PGS/PGS-PCL and PGS-PRP/PGS-PCL samples, 
the PCL and PGS with 20% wt and 10% wt concentration were prepared and stirred 
for 1 h in chloroform and acetone solvent with 8:2 aspect ratio for applying to shell. 
PGS was then dissolved chloroform and acetone solvent with 8:2 aspect ratio at a 
10% w/v concentration for 30 min for applying to core. To prepare PGS-PRP/PGS-PCL 
fibers, the PRP was added to PGS solution with 0.5% w/v and mixed for 10 min. 
Following that, PGS/PGS-PCL and PGS-PRP/PGS-PCL membranes were developed 
utilizing a coaxial needle (G16 outer diameter (OD) = 1.20 mm and G23 inner diam-
eter (ID) = 0.33 mm). The flow rates of the core and shell, as well as the voltage and 
tip-to-collector distance, were 0.1 mL/h, 1.5 mL/h, 14 kV, and 16 cm, respectively.

2.5.  Materials characterization

2.5.1.  Chemical structure
The functional groups of PGS, PCL, PGS/PCL with or without PRP scaffolds was 
evaluated by Fourier transform infrared spectroscopy (FTIR). The IR beam absorp-
tion peaks were observed at a wavelength in the range of 400–4000 cm−1.

2.5.2.  Evaluation of fibers morphological
Scanning Electron Microscopy (SEM, Philips, XL30) was used to evaluate morphol-
ogy, fiber diameters, and porosity of PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL, and 
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PGS-PRP/PGS-PCL scaffolds. The specimens were gold sputtered in a vacuum before 
SEM photography. Following that, Image-J Software (Version 1.52v, USA) selected 20 
fibers at random, and their average diameter was calculated. Additionally, the 
MATLAB Software’s evaluation of the porosity percentage [7].

The core and shell of PGS-PRP/PCL and PGS-PRP/PGS-PCL fibers have been 
seen via a transmission electron microscope (TEM). In order to prepare the samples, 
the fibers were electrospun on a copper grid whose diameter was 2 mm.

2.5.3.  Evaluation of water wettability, swelling and degradation
The hydrophilicity of PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL, and PGS-PRP/
PGS-PCL scaffolds was evaluated by placing water drops on each sample using a 
contact angle meter (XCA-50, PMC, Iran). The average contact angle was measured 
based on the contact angle values of water drops on at least three points of each 
sample after 5 s at room temperature (n = 3).

By immersing electrospun samples (1 × 1 cm2) in a PBS solution (37 °C, pH 7.4), 
the swelling ratio of the PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL, and PGS-PRP/
PGS-PCL samples was evaluated. To achieve this, the items were weighed before 
being immersed in 5 ml of PBS solution for 24 h. The samples’ weight was measured 
again after being taken out of the PBS solution, and then Equation (1) was used to 
estimate the swelling rate.:

	 Swelling ratio %
W W

W
( ) = −

×2 1

1

100	 (1)

In this equation, W1 refers to the sample weight when it is dry and W2 for the 
sample weight when it is swelled.

For evaluation, the in vitro degradation of PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL, 
and PGS-PRP/PGS-PCL scaffolds, the scaffolds (1 × 1 cm2) were placed in a 10 mL 
PBS solution (37 °C and pH 7.4). the samples before soaking in PBS weighing and 
they were immersed in PBS solution during 60 days. Following the samples’ removing 
from the PBS solution and drying, their weight was determined, and using Equation 
(2), the degradation rate was computed:

	 Degradation ratio %
W W

W
( )= −

×1 2

1

100	 (2)

W2 represents the sample weight after degradation in time points in this equation, 
while W1 represents the sample weight before soaking in PBS.

2.5.4.  PRP release behavior
Bradford kit (Parotocib, Iran) is one of the quantitative spectroscopic techniques used 
to determine the amount of protein (such as PRP proteins) in a solution. The Bovine 
Serum Albumin (BSA) standard sample was used in this test to develop a standard 
curve. To account for this, a stock solution of BSA containing 25 μg/ml was 



6 S. SHAFIZADEH ET AL.

developed, and a standard curve has been generated by adding reagent A (a solution 
of Coomassie Brilliant Blue G-250 dye) to stock solutions at various concentrations 
(20 μL reagent A + 80 μL standard solution). The sample solution, 10 μL at a time, was 
then transferred to a well and diluted with water to an ending amount of 80 μL. The 
wells were subsequently filled with 20 L of reagent A, that was then left to react with 
the proteins for 5 min. Elisa reader (BioRad 680 Instruments, USA) was used to mea-
sure the solutions’ absorbance at 595 nm, and the standard curve was utilized to 
determine the concentration of proteins released at each time point [27,28].

2.5.5.  Mechanical behavior and tensile strength of scaffolds
The strength assay was employed to investigate the mechanical properties of PGS/
PCL and PGS/PGS-PCL with or without PRP scaffolds. The scaffolds were cut 
(30 × 10 × 1 mm3). According to ASTM D638 standard 10 N load cell under a cross-
head speed of 10 mm/min was used[29]. The stress-strain curve’s linear elastic region’s 
slope was used to calculate the scaffolds’ elastic modulus.

2.6.  In vitro cell assay

2.6.1.  Cell viability
The cell viability of wound dressing membranes with or without PRP has been deter-
mined using the MTT test. Samples have been sterilized for this purpose for twenty 
minutes under UV light. L929 cells obtained from the Cell Bank of the Pasteur 
Institute for Medical Research in Iran were utilized to evaluate cell viability. At 37 °C 
and 5% CO2, the L929 cell lines were cultured in DMEM containing 10 v/v% FBS 
and 1 v/v% streptomycin/penicillin. On both the tissue culture plate (TCP) (control) 
and the sample plate,104 cells were added per well. Following that, the samples con-
taining cells were incubated for 5 days, with a 2-day change in the growth medium.

The MTT assay was implemented for examining the cell viability. At days 1, 3, and 5, 
the culture media was removed, and the cell-seeded samples and control were incubated 
for 3 h with 100 μL of MTT solution (5 mg/ml). As a result, when the dark blue formazan 
crystals were dissolved in DMSO, 100 μL of the formazan solution from each sample was 
transferred to a 96-well plate, and the optical density (OD) was measured against DMSO 
at a wavelength of 590 nm using a microplate reader (BioRad 680 Instruments, USA). 
The following equation was used to determine the relative cell survival:

	 Relativecell survival %tocontrol
X X

X X

S d

t d

( ) = −

−
	 (3)

Where XS, Xd and Xt were absorbance of the sample, DMSO as the blank sample 
and TCP as the control group, respectively.

2.6.2.  Cell attachment
Sterilized PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL, and PGS-PRP/PGS-PCL samples 
had been placed in each well of a 12-well plate, and 104 cells in 100 μL of the media 
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were additionally added on the scaffolds in each well. The samples were then incu-
bated at 37 °C with a CO2 concentration of 5% to examine the cell attachment. The 
scaffolds were rinsed with PBS and the cell culture media was removed after a period 
of three days. The cells on the scaffold were subsequently immersed in 2.5 w/v% 
glutaraldehyde to fix cells. During 4 h, the scaffolds were dehydrated with 50%, 60%, 
70%, 80%, and 96% ethanol and the glutaraldehyde was removed. The dried scaffolds 
were covered in a gold coating, and a SEM was used to observe the adhesion of cells 
to the scaffold surface.

2.7.  Statistical analysis

All of the data in this study were analyzed using the one-way ANOVA test. Tukey- 
Kramer post-hoc test with Origin Software (V.2021) was employed to analyze the 
statistical significance between the polymers and hydrogels groups, and pvalue ˂ 0.05 
was considered statistically significant.

3.  Results and discussion

3.1.  FTIR analysis

This study presented a coaxial PGS/PCL with or without PRP membrane to acceler-
ate the wound healing. Figure 1a displays the 400–4000 cm−1 FTIR spectra of PCL, 
PGS, coaxial PGS/PCL, and PGS-PRP/PCL. Peaks around 1170 cm−1 (C–O), 1728 cm−1 
(C = O), and 2947 cm−1 (C–H group) in the FTIR spectrum belonged to the PCL 
polymer [29]. Therefore, the peaks around 1159 cm−1 and 3448 cm−1 were related to 
the C–O and O–H groups of the PGS polymers [7,30]. These characteristic peaks 

Figure 1. C hemical and morphologies of PGS/PCL and PGS/PGS-PCL with and without PRP: (a) FTIR 
spectra of PGS, PCL, electrospun PGS/PCL and PGS-PRP/PCL scaffolds, and (b) SEM images of coax-
ial (i) PGS/PCL, (ii) PGS-PRP/PCL, (iii) PGS/PGS-PCL, and (iv) PGS-PRP/PGS-PCL fibers with fiber diam-
eter size distribution diagrams.
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demonstrated the combination of the PGS and PCL polymers in the PGS/PCL 
core-shell electrospun scaffold. After that, the FTIR spectrum of PGS-PRP/PCL dis-
played a wide band in 1614 cm−1 and 3458 cm−1 areas confirmed to amide I and N–H 
groups from PRP (protein), respectively [31].

3.2.  Fibers morphology and structure

The surface morphologies of PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL, and PGS-PRP/
PGS-PCL fibers are shown in Figure 1b. The PGS/PCL (Figure 1b(i)) and PGS-PRP/
PCL (Figure 1b(ii)) fibers have regular, uniform, and porous network morphology. In 
general, PGS is a synthetic polymer that cannot be electrospun alone because of PGS 
low viscosity [7]. In this study, the PGS can provide electrospun by using the 
core-shell technique in the core part through PCL polymer as shell fibers. SEM 
images were used to measure the diameter of 30 fibers, and the distribution of fiber 
diameter diagram was generated as well. As shown in Table 1, the SEM image of the 
PGS/PCL group demonstrated that the average diameter of the fibers in this sample 
is roughly 1096.7 ± 29.9 nm. By adding PRP to the core fiber, the diameter of the 
coaxial electrospun fibers was reduced to 784.5 ± 26.6 nm, which has been observed 
in similar studies [21]. In electrospinning, thinner fibers are produced as a result of 
the addition of PRP due to their polar properties (the abundant amine groups) [32]. 
Further, according to other studies, adding PRP to core solution (PGS) may alter the 
viscosity, surface tension, and interfacial tension between PGS and shell solution 
(PCL and PGS/PCL). As a result of all these factors, fiber thickness may decrease [33].

In another group, according to Figure 1b(iii) and Figure 1b(iv), by adding PGS in 
the shell of fibers (PGS/PGS-PCL) and adding PRP to the core of this structure 
(PGS-PRP/PGS-PCL), the average diameter of PGS/PCL fibers was reduced to 
764.7 ± 78.3 nm and 260.8 ± 31.3 nm, respectively (Table 1). It seems that by adding 
PRP to PGS/PGS-PCL, the stretch of fibers in the electric field become easier and 
fibers adapt to nanostructure. Whereas PGS is added to the shell, the viscosity of the 
solution decreases, as decreases the diameter of the fibers. It is well-known that the 
electrical conductivity and viscosity of the solution influence the morphology and 
diameter of fibers created via the electrospinning technique. Both of these factors can 
be changed in order to generate perfect fibers with uniform structures [33,34].

Optimizing the scaffold porosity for cell proliferation and migration is a significant 
challenge when designing tissue engineering scaffolds [35]. The porosity of the skin 
facilitates the formation of the ECM and improves cell migration and skin regenera-
tion [36]. As shown in Table 1, the porosity of PGS/PCL, PGS-PRP/PCL, PGS/
PGS-PCL, and PGS-PRP/PGS-PCL core-shell fibrous scaffolds were approximately 
81.33%, 89.67%, 83.12%, and 94.32%, respectively. In fact, by adding PRP to the fiber 

Table 1. F ibers diameter and porosity of electrospun membranes.
Coaxial electrospun samples Fibers diameter (nm) Porosity (%)

PGS/ PCL 1096.7 ± 29.9 81.33
PGS-PRP/ PCL 784.5 ± 26.6 89.67
PGS/ PGS-PCL 764. 7 ± 78.3 83.12
PGS-PRP/ PGS-PCL 260.8 ± 31.3 94.32
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structure and decreasing fiber diameters, the porosity increased. The porosity of 
membranes is an essential parameter in the wound healing process and high perme-
ability, as well as nutrients and oxygen distribution [37]. Previous research concluded 
that the best percentage of surface porosity for skin tissue engineering was around 
85%, providing the conditions for an ideal surface for skin cell interaction [17]. The 
current study demonstrated that the PGS/PGS-PCL containing PRP by nanostructure 
and high porosity can be best sample in comparison with other samples to improve 
cell reaction. In a similar study, Chen et  al. [33] found that adding PRP to fiber cores 
(hyaluronic acid) and changing solution viscosity leads to larger pores in final 
scaffolds.

Figure 2 shows the TEM images of PGS-PRP/PCL (Figure 2a) and PGS-PRP/
PGS-PCL (Figure 2b) core-shell samples after evaluation of fiber morphology. 
PGS-PRP corresponds to the inner dark regions of the nanofiber. TEM images 
demonstrate that a core-shell structure formed in a nanofiber whose core layer was 
darker than its shell layer. There is a contrast between the core and shell layers of 
fiber due to the difference in electron beam transmissibility between PGS and PCL 
regions. As shown in Figure 2, in both PGS-PRP/PCL and PGS-PRP/PGS-PCL sam-
ples, it can be said that the thickness of the core area is approximately 70% of the 
total diameter of a fibers. For example, in the PGS-PRP/PCL membrane, the fiber 

Figure 2. TEM  image of coaxial (a) PGS-PRP/PCL and (b) PGS-PRP/PGS-PCL fibers.
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diameter was 750 ± 23 nm, the thickness of the core region was 530 ± 20 nm. This 
represented the various phenomenon of the core, showing that the volume of the 
core was more than that which could be stretched by viscous drag forces from the 
shell [38]. The physical, mechanical properties, and especially the drug release 
behavior enhanced by increasing the diameter of the fiber core compared to the 
shell [39].

3.3.  Evaluation of water contact angle and swelling evaluations

Hydrophilicity plays a major role in the interaction between biomaterials and cells [40]. 
For instance, super hydrophilic or hydrophobic surfaces are unsuitable for supporting 
cell viability and attachment [12]. Figure 3a shows the water contact angles for PGS/
PCL, PGS-PRP/PCL, PGS/PGS-PCL, and PGS-PRP/PGS-PCL nanofiber scaffolds and 
indicates that their water contact angles were 63.66°±2, 54°±3, 47.33°±5, and 32.66°±3, 
respectively. By adding PGS and PRP to PCL in nanofibers, the water contact angle 
decreased significantly. It is due to hydrophilic OH groups of PGS and amine func-
tional groups of PRP. In other words, by adding hydrophilic PGS and PRP to the 
polymer structure, the interaction between polymers nanofibers and water molecules 
was increased and, as a result, enhanced hydrophilicity. Also, decreasing the fiber 
diameter and thus increasing the specific surface area can be a reason for increasing 
the hydrophilicity of PGS-PRP/PCL and PGS-PRP/PGS-PCL nanofibers compared to 
other samples. According to previous studies, the proper wettability for skin cell 
attachment was around 30–40˚ [41]. This study showed that the PGS-PRP/PGS-PCL 
with a contact angle around 32° could be ideal for cells skin interaction.

The ideal wound dressing should absorb exudate from the wound and prevent it 
from accumulating at the wound site and prevent wound dehydration [42]. The swell-
ing ratio for various samples is shown in Figure 3b. The PGS-PRP/PCL fiber swelling 
ratio was 168.53 ± 12%, higher than PGS/PCL sample (∼138 ± 9%). It may be caused by 
the hydrophilic functional groups present in PRP. Consequently, the PGS-PRP/PGS-PCL 

Figure 3.  Physical evaluation of PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL and PGS-PRP/PGS-PCL:  
(a) contact angle of coaxial samples, and (b) the mass swelling ratio after 24 h drenching in PBS 
solution at 37 °C. All values are characterized as corresponding to the averages (n = 3) ± standard 
deviation (*: p ˂ 0.05).
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fiber scaffold showed a swelling ratio of ∼207.19 ± 8%, which is higher than the sam-
ple without platelet-rich plasma (∼181 ± 4%). The results of the water absorption and 
the water measurement of contact angle were in conformity. This level of hydrophilic-
ity and the presence of hydrophilic functional groups, such as amines and OH, in a 
sample influence the rate that it swells. [43]. The swelling rate in PGS-PRP/PGS-PCL 
is in the appropriate range for absorbing wound exudate [44].

3.4.  In vitro degradation

The degradation process of polymer related to molecular weight, hydrophilicity, 
porosity, crystallinity, and the type of polymer material [45]. In Figure 4a, fiber scaf-
folds made of PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL, and PGS-PRP/PGS-PCL were 
investigated for 60 days following immersion in PBS. The different degradability pro-
cesses occurred for four groups of samples during this period. As shown in Figure 
4a, there were significant differences between the degradation process of PGS/PCL 
and PGS/PGS-PCL fibers during 60 days due to hydrolytic degradation of PGS in the 
shell of fibers. In other words, PGS/PGS-PCL and PGS/PCL membranes exhibited 
nearly linear degradation profile and PGS/PGS-PCL followed the highest weight loss 
compared to PGS/PCL scaffolds. The reason for the fast degradation rate of PGS 
scaffolds may be the hydrolysis of the ester bonds in PGS blends in the shell of 
fibers[46]. As the PCL is alone in the shell, the degradation rate of PGS/PCL scaf-
folds significantly decreased. Despite all these changes in the weight of the wound 
dressing (PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL, and PGS-PRP/PGS-PCL), scaf-
folds had maintained their integrity during 60 days. Similarly, Shilpa et  al. [47] eval-
uated the mechanical and degradation behavior of the PGS/PCL scaffold. Their results 
demonstrated that by adding and increasing PGS concentration, the hydrolytic deg-
radation accelerated compared to PCL scaffolds. Furthermore, our study showed that 
no significant difference occurred between degradation profiles by adding PRP to 
PGS/PCL and PGS/PGS-PCL structure (p > 0.05).

Figure 4.  (a) In vitro degradation evaluation of PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL and PGS-PRP/
PGS-PCL after 60 days soaking in PBS solution at 37 °C, and (b) release profiles of PRP from PGS-PRP/
PCL and PGS-PRP/PGS-PCL coaxial scaffolds in PBS solution at 37 °C. All values are characterized as 
corresponding to the averages (n = 3) ± standard deviation.
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3.5.  PRP release of PGS/PCL and PGS/PGS-PCL scaffolds

In this study, PRP was loaded within the core of PGS/PCL and PGS/PGS-PCL scaf-
folds using coaxial electrospinning. The release of PRP from PGS/PCL and PGS/
PGS-PCL scaffolds was evaluated for one day. In Figure 4b, the cumulative PRP 
release profile from PGS-PRP/PCL and PGS-PRP/PGS-PCL scaffolds after three hours 
was measured to be 69% and 72%, respectively. This burst release of PRP is due to 
the rapid interaction of water molecules with the amide part of this biological com-
pound and the cumulative delivery of small protein molecules of PRP from the scaf-
fold structure [48,49]. Another reason for the fast PRP release was the high volume 
ratio of the core to the shell of the fibers, as shown in Figure 2. This issue leads to 
increasing the probability of the contact surface with water molecules and burst 
release of PRP [50].

In the present work, during five hours, the PGS-PRP/PCL was compared to 
PGS-PRP/PGS-PCL following sustained release due to the hydrophobic structure of 
PCL. In other words, water molecules need time to penetrate the structure of the 
scaffold. Also, by adding PGS to the shell and increasing the swelling ratio and more 
PBS penetration, burst release occurred in PGS-PRP/PGS-PCL during 24 h. 
Approximately 90% of PRP was released from PGS-PRP/PCL, and 98% from 
PGS-PRP/PGS-PCL nanofibrous scaffold during one day. Similarly, Gomez et  al. [21] 
evaluated the released PRP of PCL/PRP scaffolds and demonstrated that more VEGF 
and PRP proteins were released during four hours. Therefore, the PRP release rate of 
PGS-PRP/PGS-PCL can be suitable for skin tissue engineering applications.

3.6.  Mechanical properties of scaffolds

Strength and flexibility are important mechanical properties for an ideal wound 
dressing [51]. A wound dressing must be sufficiently strong for protecting against 
external forces while still being flexible enough to avoid damaging the underlying 
tissues during movement [52]. Meanwhile, favorable mechanical properties are  
essential for stimulating cell growth and differentiation. The chemical composition 
of fibers, average fiber diameter, morphology, and uniformity of fibers affect  
the mechanical properties of electrospun samples [17]. This study investigated  
the stress-strain behavior, tensile strength, elongation, and young modulus of  
PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL and PGS-PRP/PGS-PCL prepared scaffolds 
(Figure 5a–d).

The results showed that the PGS/PCL scaffolds followed the highest stress strength, 
elastic modulus, and elongation value. According to the tensile assay result, elonga-
tion was decreased by adding PRP to core of the samples. A similar trend was 
observed for tensile strength, as shown in Figure 5b, that by adding PRP to the 
scaffolds, the tensile strength was decreased (∼2 times). Interestingly, the young 
modulus of PGS/PCL and PGS/PGS-PCL scaffolds were evaluated 5.17 ± 0.7 MPa and 
2.71 ± 0.3 MPa, respectively. Similarly, Silva et  al. [53] evaluated the effect of PGS 
concentration on the mechanical properties of coaxial PGS/PCL-Kartogenin nanofi-
bers for cartilage tissue engineering. This study demonstrated that by adding PGS to 
fiber and decreasing the fiber diameters, the tensile strength and stiffness were 
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reduced. As shown in Figure 1b and Table 1, loading PRP to the core and adding 
PGS to the shell of fibers resulted in changes in the fiber morphology and diameter, 
which play an essential role in determining the mechanical properties of electrospun 
scaffolds.

Previous studies demonstrated that the tensile and elongation properties were 
reduced by increasing the percentage of porosity [54]. Kim et  al. [55] showed that 
PCL mats with larger average fiber diameters (more than 0.8 m) showed superior 
extensibility and demonstrated that fiber morphology (including average fiber size) of 
electrospun membrane is significantly related to mechanical properties. According to 
the present study, when PRP was added to the core and fiber diameters were decreased, 
the elongation was significantly reduced. It appears that fiber morphology (including 
average fiber size) of electrospun membraned mats is significantly related to mechan-
ical properties, despite the exact relationship still being unclear.

However, Kong et  al. [56] demonstrated that the suitable young modulus for 
wound dressing is 0.5–2 MPa. Therefore, according to the mechanical and physical 
properties, it can be concluded that the PGS-PRP/PGS-PCL is a suitable candidate for 
biological evaluation for skin tissue engineering applications.

Figure 5. M echanical characteristics of PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL and PGS-PRP/
PGS-PCL: (a) stress-strain curves, (b) tensile strength, (c), elongation and (d) elastic modulus of 
samples. All values are characterized as corresponding to the averages (n = 3) ± standard devia-
tion. (*: p < 0.05).
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3.7.  In vitro cell viability and cell attachment

In order to determine the scaffolds’ biocompatibility, we used MTT assay and cell 
adhesion by employing L929 cells to determine the viability, proliferation, adhesion, 
and spreading of cells (Figure 6). The effect of PRP in the core layer of PGS/PCL 
and PGS/PGS-PCL scaffolds on cell survival was investigated in this work. When 
compared to TCP, L929 cell viability on the surface of PGS/PCL, PGS-PRP/PCL, 
PGS/PGS-PCL, and PGS-PRP/PGS-PCL core-shell scaffolds is shown in Figure 6a. 
For PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL, and PGS-PRP/PGS-PCL samples during 
five days, the viability was 105.08 ± 3%, 103.92 ± 5%, 105.36 ± 2%, and 108.3 ± 3%, 
respectively. Despite this, there was no noticeable difference in relative cell viability 

Figure 6. T he viability of cells and the attachment of cells to scaffolds. (a) Evaluation of the viability of 
L929 cells seeded on PGS/PCL, PGS-PRP/PCL, PGS/PGS-PCL, PGS-PRP/PGS-PCL scaffolds, as well as a 
control sample (TCP), and representative SEM images of L929 cell adhesion to the scaffold surfaces after 
3 days of culture on (b) PGS/PCL, (c) PGS-PRP/PCL, (d) PGS/PGS-PCL, and (e) PGS-PRP/PGS-PCL scaffolds. 
All values are characterized as corresponding to the averages (n = 3) ± standard deviation. (*: p < 0.05).
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between scaffolds. According to cell viability results, all scaffolds had suitable cell 
compatibility and no toxicity for skin cells.

Figures 6b–e show the spreading and adhesion of cells on the surface of samples. 
Due to the PRP addition to the core of fibers in PGS-PRP/PCL (Figure 6c) and 
PGS-PRP/PGS-PCL (Figure 6e), by increasing the surface area and porosity as com-
pared to PGS/PCL and PGS/PGS-PCL, increasing cell proliferation and attachment to 
core-shell scaffolds occurred. Similarly, Movahedi et  al. [57] demonstrated that high 
porosity in the structure helps exchange oxygen and nutrients materials and improves 
conditions for cell adhesion. On the other hand, more hydrophilic groups in PGS-PRP/
PCL and PGS-PRP/PGS-PCL and their counterpart without PRP improved cell attach-
ment and proliferation for scaffolds [58]. PRP and its growth factors can also cause 
cell migration, proliferation, and skin tissue regeneration in PGS-PRP/PCL and 
PGS-PRP/PGS-PCL scaffolds [59]. However, according to the SEM images, PGS-PRP/
PGS-PCL demonstrated better cellular behavior.

4.  Conclusion

In conclusion, we successfully fabricated a PGS/PCL and PGS/PGS-PCL with and 
without PRP coaxial fibers to promote wound healing. The obtained scaffolds pre-
sented the core-shell structure, suitable swelling capacity, degradation profile, and 
tunable mechanical and biological properties. By adding PRP to scaffolds, the swell-
ing, degradation ratio, and mechanical behavior would display different profiles. 
PGS-PRP/PCL and PGS-PRP/PGS-PCL wound dressing demonstrated their superior 
bio function by enhancing the biocompatibility and adhesion of L929 cells. Collectively, 
it has been proven that core-shell nanofibers are an effective wound dressing that can 
promote wound healing by releasing PRP at the wound site. In this study, the fabri-
cated PGS/PCL and PGS/PGS-PCL containing PRP scaffold with suitable release of 
PRP could be a potent wound dressing for enhanced skin wound repair.
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