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Abstract
The utilization of biomaterial scaffolds may promote the regeneration of cutaneous wounds. The investigation focused 
on fabricating an innovative type of scaffold for skin tissue regeneration through the coaxial electrospinning technique. 
The scaffold consisted of two segments: the core layer accommodated a combination of polyglycerol sebacate (PGS) and 
curcumin (Cur), while the shell layer contained poly(3-hydroxybutyrate) (PHB) and ciprofloxacin (CIP). An evaluation 
was conducted on the physical and mechanical properties, drug release characteristics, and cellular responses of the scaf-
folds. The assessment revealed that the fiber diameters and porosity of PGS/PHB and PGS/PHB-Cur/CIP were measured 
at 400–480 nm and 83–86%, respectively. The transmission electron microscopy (TEM) findings exhibited distinct core 
and shell structures in the PGS/PHB-Cur/CIP specimens. The specific aspects of the PGS/PHB-Cur/CIP scaffold, such as 
its controlled degradation (below 50% over 21 days), sustained drug release behavior of Cur and CIP (over 5 days), and 
optimal strength attributes (stress strength ~ 0.104  MPa), differentiate it from traditional wound coverings. Specifically, 
the incorporation of CIP and Cur into the fiber configuration enhanced the viability and adhesion of cells, resulting in an 
appropriate morphology. Therefore, the coaxial PGS/PHB-Cur/CIP demonstrates a heightened potential for wound dress-
ing application or as a skin substitute.
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1  Introduction

The integumentary system consists of the skin, a type of 
connective tissue that acts as the body’s largest organ and, 
in addition to maintaining physiological and biochemi-
cal conditions, shields it from external elements and harm 
[1, 2]. Notably, human skin functions as an intermediary 
between the body and its surroundings [3]. Various factors 
such as burns, traumas, diabetes, lacerations, and congeni-
tal irregularities, pose threats to the structural cohesion of 
the skin tissue, consequently impeding its physiological 
operations [4]. In addition, they lead to loss of body water, 
increased metabolism, and decreased body protein levels 
[5]. The wound healing process typically involves four pri-
mary stages: hemostasis (initiated immediately post-injury 
with platelet aggregation and blood clotting), inflamma-
tion (neutrophil migration to the wound site and release of 
inflammatory cytokines), tissue formation (granulation tis-
sue formation at the wound site, fibroblast proliferation, and 
epithelialization), and tissue regeneration (collagen regen-
eration and scar tissue formation) [6–8]. If skin wounds 
are widespread, they lack the capacity for autonomous 
regeneration [9]. Thus, in order to mitigate inflammation 
and hemorrhaging, enhance cellular motility and prolifera-
tion, and ultimately enhance the process of wound healing, 
alternative methodologies must be employed [10]. One such 
approach involves the utilization of skin absorbable scaf-
folds fabricated through various techniques [11]. To ensure 
that these scaffolds serve not only as a conducive setting for 
cellular proliferation and attachment, but also as a means to 
establish an aseptic milieu through the eradication of excre-
tions resulting from wounds and exudates, they are required 
to possess distinctive attributes including biocompatibility, 
antibacterial characteristics, biodegradation ratio, mechani-
cal strength tailored to dermal specifications, and poros-
ity conducive to cellular infiltration and nutrient diffusion 
[12–14].

Porous scaffolds are manufactured utilizing various 
methodologies such as phase separation, salt leaching, 
3D printing, and electrospinning. Electrospinning, among 
the techniques mentioned, has been identified as a viable 
approach for the swift fabrication of micro/nano fibers 
according to electrohydrodynamic fundamentals [15, 16]. 
On the contrary, enhancements in the mechanical charac-
teristics of electrospun nanofibers are achievable via the 
technique of coaxial electrospinning [17].Through this 
particular method, a broader spectrum of materials, natu-
ral or synthetic, can be utilized in fiber production, thanks 
to the variation in polymer compositions between the 
core and shell. Consequently, the establishment of a more 
robust electrospinning process is feasible, attributable to 
the generation of interface and adhesion phenomena [18]. 

Furthermore, the core-shell configurations offer the capa-
bility to encapsulate the medication into two components 
[19]. Due to the existence of the inner part, they have the 
potential to function as drug delivery systems for sustained 
release purposes [20]. Coaxial electrospinning provides sig-
nificant advantages through facilitating the development of 
nanofibrous scaffolds using polymers and materials that are 
naturally unsuited for direct electrospinning. In addition, 
coaxial electrospinning eliminated the requirement for the 
same solvent for both polymers, hence reducing the like-
lihood of compatibility problems and changes in material 
characteristics caused by the solvent. This method allows 
the separate choice of solvents for each polymer, facilitat-
ing the modification of electrospinning conditions for both 
elements. Utilizing solvents that are specifically designed 
for each polymer guarantees the most efficient dissolving of 
the polymer and reduces the risk of unintended reactions or 
phase separation inside the electrospun fibers [19, 21, 22].

Poly-3 hydroxybutyrate (PHB), a member of the poly-
hydroxyalkanoates (PHAs) group, is a natural polymer 
derived from bacteria’s sources such as Ralstonia eutropha, 
Zoogloea ramigera, Escherichia coli, and Methylobacte-
rium, commonly utilized in tissue engineering, drug deliv-
ery, and medical applications [23, 24]. Biocompatibility, 
biodegradability, piezoelectric properties, high degree of 
crystallinity, and cell growth support are identified charac-
teristics of PHB [25]. Its hydrophobic nature, low mechani-
cal strength, and brittle structure limit its suitability for 
wound dressing application. Therefore, these limitations 
can be overcome by the incorporation of PHB with other 
polymers [26].

Poly(glycerol sebacate) (PGS) is a type of biodegradable 
polyester that is synthesized based on a polycondensation 
reaction involving sebacic acid and glycerol, demonstrating 
biocompatibility characteristics [27, 28]. The degree of syn-
thesis significantly influences the chemical properties and 
degradation behavior of a material. In the synthesis of PGS, 
a flexible elastomer with nonlinear stress-strain behavior 
and shape memory, natural precursors such as glycerol and 
sebacic acid are utilized [29]. Owing to its limited specific 
surface area, the utilization of PGS within nanofiber con-
figurations offers increased space for the migration of cells 
[30]. Selecting suitable biological materials and incorpo-
rating appropriate antibiotics can significantly enhance the 
efficacy of wound inflammation reduction and speed up 
wound healing. Although the PGS contain desirable physi-
cal and biological characteristics, it is limited in processing 
due to its low viscosity. This low viscosity prevents direct 
electrospinning, which is necessary for creating stable jets 
and continuous nanofibers that are essential for scaffold 
assembly. To address this difficulty and develop perfect con-
trol over the degradation kinetics, it is particularly beneficial 
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to combine polyesters and synthetic polymers that have dif-
ferent degradation profiles [31, 32].

In addition, the utilization of natural agents as medi-
cine has received much attention due to their lesser side 
effects compared to chemical drugs, availability, and cost-
effectiveness [33]. Curcumin (Cur), as a natural polyphenol 
derived from the rhizome of the turmeric plant, has been 
utilized in traditional Indian and Chinese remedy for numer-
ous decades as an anti-inflammatory remedy for various 
ailments, such as liver disorders, rheumatoid arthritis, dia-
betes, and local ulcers [34, 35]. The antioxidant, antiseptic, 
anti-inflammatory, and favorable pharmacological charac-
teristics of Cur have rendered it a potent and extensively 
employed substance in the domain of wound healing [36, 
37]. Through the activation of cells to generate granulation 
tissue and assisting in collagen deposition, Cur exerts a cru-
cial influence on the wound repair and the rejuvenation of 
impaired skin, thereby expediting the wound healing pro-
cess [38].

Ciprofloxacin (CIP) is characterized as a hydrophobic 
antimicrobial agent possessing minimal toxicity and a sub-
stantial block concentration suitable for application in sus-
tained drug delivery [39]. This drug has been selected as an 
appropriate antibiotic for wound healing due to its effect on 
a wide range of Gram-negative and positive bacteria and is 
encapsulated in electrospun membranes [40, 41].

In this investigation, nanocomposite scaffolds of PGS/
PHB were developed using the core-shell electrospinning 
method, incorporating Cur and CIP drugs. In connection 
with this, following the PGS synthesis, the coaxial elec-
trospinning of PGS/PHB with or without CIP and Cur was 
performed with the aim of fabrication of optimal scaffolds 
tailored for the regeneration of skin tissue. In addition, 
we conducted an examination of the chemical, mechani-
cal, physical, and biological characteristics of polymers 
and medications to assess their suitability for utilization in 
wound dressings.

2  Materials and methods

2.1  Materials

PHB, sebacic acid monomer (99%), glycerol (99%), CIP, 
Cur, and glutaraldehyde were purchased from Sigma 
Aldrich (USA). Trifluoroacetic acid (TFA) and dimethyl 
sulfoxide (DMSO) were acquired from Merck (Germany). 
Phosphate-buffered saline, Dulbecco’s Modified Eagle 
Medium-High Glucose (DMEM-High), penicillin/strepto-
mycin, trypsin- ethylenediaminetetraacetic acid (EDTA), 
and methylthiazolyldiphenyltetrazolium bromide (MTT) 

kit were obtained from Bioidea (Iran). Fibroblast cell line 
(L929) was obtained from the Pasteur Institute (Iran).

2.2  Synthesis of PGS polymer

According to previous investigations, Sebacic acid (SA) and 
glycerol (Gly) were measured in equal molar amounts, fol-
lowing a 1:1 ratio by weight. The monomers were thorough 
vacuum drying at 60 °C for 24 h to remove any remaining 
moisture. The dehydrated monomers were moved to a three-
necked round-bottom flask that was provided with a mag-
netic stirrer, a nitrogen input, and a condenser. To provide 
an environment free of reactivity, the flask was subjected to 
a 30 min purge of nitrogen gas. The flask was subsequently 
heated to a temperature of 120 °C while being continuously 
stirred, and it was kept at this temperature for a duration of 
24 h. Throughout this period, the reaction mixture under-
went continual purging with nitrogen gas to avoid oxidation 
and enhance the efficiency of polymerization. Following a 
period of 24 h, the combination undergoing the reaction was 
then cooled to a temperature range of 50 ± 5 °C. In the end, a 
PGS polymer with a white hue and a high level of viscosity 
was successfully produced [19].

2.3  Fabrication of coaxial electrospun scaffolds

The coaxial electrospun scaffolds construction involved 
dissolving PHB and PGS separately in trifluoroacetic acid 
(TFA) solvent at concentrations of 9% wt and 18% wt, 
respectively. Subsequently, CIP was incorporated into the 
shell (PHB solution) at a concentration of 3% w/v, followed 
by stirring for 10  min. Conversely, Cur was added to the 
PGS solution (considered as the core) at the concentration 
of 2% w/v and mixed for 20 min. Both solutions, shell and 
core, were electrospun at 0.2 mL/h flow rates and 1 mL/h, 
respectively, under a voltage of 27 ± 4 kV and a tip-to-col-
lector distance of 17 cm, using a coaxial needle with specific 
dimensions. The core-shell samples were fabricated by elec-
trospinning a solution of PGS or PGS/Cur and PHB or PHB/
CIP onto a coaxial needle with an outer diameter (OD) and 
an inner diameter (ID) of 1 mm, and 0.4 mm, respectively.

2.4  Evaluation of coaxial wound dressing’s 
morphology

The morphology of the PGS/PHB and PGS/PHB-Cur/CIP 
wound dressings was analyzed through scanning electron 
microscopy (SEM) utilizing a Philips XL30 system. The 
specimens were coated with gold prior to imaging, and 
images were taken at 12.0 kV under varying levels of mag-
nification. Surface morphology analysis was conducted 
using ImageJ software (NIH&LOCI, USA) to ascertain 

1 3



Emergent Materials

electrospun scaffolds. This approach adheres to the ASTM 
D882 standard, providing regularity and comparability with 
previous research. To this end, rectangular samples (3 cm 
x 1 cm) were precisely cut from the electrospun scaffolds. 
Then, the thickness of each sample was meticulously mea-
sured using a micrometer to ensure proper estimation of 
stress values. The specimens were firmly fixed in the grips 
of the tensile testing device, providing precise alignment 
and little movement during the experiment. The tensile test 
was performed at a consistent crosshead speed of 10 mm/
min, a rate that biomaterials commonly use to replicate 
physiological loading conditions. The load cell, calibrated 
with a maximum value of 10 N, measured the force applied 
during the experiment, thus providing data on the scaffold’s 
load-deformation characteristics. Specialized software 
examined the collected information, including the applied 
force and related elongation, to determine the scaffold’s 
tensile strength, which is the highest level of stress that the 
scaffold may tolerate before it fails [43].

2.8  Drug delivery

To evaluate the delivery of CIP and Cur, we used a coaxial 
scaffold with or without drugs (2.5 × 2.5 cm2). The scaf-
fold was cultured in 10 ml of PBS (pH ~ 7.4), placed in a 
shaker incubator. The drug entrapment efficiency was then 
calculated over a period of 2 days at a temperature of 37 °C. 
Subsequently, the PGS/PHB-Cur/CIP sample and PGS/
PHB (used as the control the specimen) were surrounded 
in a dialysis bag of a 10 kDa cut off. In the next step, after 
tightly sealing the bags, they were inserted into a flask 
filled with 100 mL of phosphate-buffered saline (PBS, pH 
7.4). The flask was then subjected to continuous stirring at 
a speed of 100 revolutions per minute (rpm) at a tempera-
ture of 37  °C. A 100 µL sample of the medium that was 
removed was collected at specific times and examined using 
a UV-visible spectrophotometer at 360 nm and 272 nm to 
measure the concentrations of Cur and CIP, respectively. 
Subsequently, a refresh PBS was launched at consistent 
time intervals. Using the calibration curve, the quantities of 
Cur and CIP that were released at each specified time period 
were determined.

2.9  Cell viability and morphology

The L929 murine fibroblast cell line was cultured in 
DMEMF High Glucose Media supplemented with 10% v/v 
FBS and 1% v/v streptomycin/penicillin. The preserving of 
cells was performed under controlled conditions at a steady 
temperature of 37 ◦C and a humidified environment that 
contains 5% CO2. For cell passaging, the cells in the culture 

fiber diameter and distribution. A random selection of 25 
fibers was analyzed to determine the average diameter and 
standard deviation. The pore size percentage of the scaffolds 
has been assessed using MATLAB (R2020a) software for 
the respective surfaces [21].

Transmission electron microscopy (TEM) images were 
employed to validate the presence of core-shell nanofibers 
and accurately measure their sizes. Fibers were electrospun 
onto a copper grid on the collector surface, and TEM images 
were captured using a Philips EM 208 S microscope from 
the Netherlands.

2.5  Chemical characterization

The examination of the chemical compositions of the PGS, 
PGS/PHB, and PGS/PHB-Cur/CIP sheets was conducted 
utilizing a Fourier transform infrared spectroscopy (FTIR) 
spectrometer (Bruker model; Karlsruhe company; Ger-
many). The spectral analysis encompassed a range from 
4000 to 400 cm−1.

2.6  In vitro biodegradability assessment

Following the ASTM-F1635 standard, the dehydrated scaf-
folds were segmented into 1 × 1 cm2 units and their initial 
weight were assessed. Subsequently, after immersing the 
scaffolds in 5 ml of phosphate-buffered saline (PBS) with 
a pH of 7.4, incubation was applied at 37 ± 3 ◦C for a dura-
tion of 21 days. At specific intervals (days 1,3,5,7,14,21), 
the scaffolds were extracted from the PBS solution, rinsed 
three times utilizing distilled water to effectively eliminate 
adsorbed pollutants, remove any remains from their surface 
and then subjected to a drying process in an oven for 5 h at 
a temperature of 37 ± 3 ◦C. After recalculating the weight, 
the weight loss percentage resulting from the biodegrada-
tion process was determined using Eq. 1.

Remaining weight (%) =
W2 − W1

W1
× 100� (1)

In this equation, W2 denotes the weight of scaffolds upon 
degradation at particular times, while W1 reveals the weight 
of the objects prior to being immersed in PBS [42].

After 21 days, SEM assessments had been done on the 
PGS/PHB and PGS/PHB-Cur/CIP specimens to evaluate 
the morphological changes observed during the degradation 
process.

2.7  Mechanical assay

A ZwickRoell electromechanical tensile tester (Germany) 
was used to measure the mechanical characteristics of the 
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3  Results and discussion

3.1  Morphological assessment

3.1.1  SEM

The PGS/PHB electrospun skin dressing had a thickness 
of 442 ± 30 μm, indicating a strong and durable structure. 
After addition of CIP and Cur, a decrease in thickness to 
327 ± 30  μm was observed. The reduction in thickness 
implies a possible alteration in the structure or compactness 
of the scaffold, which may impact its mechanical properties 
and physical and biological activity [45].

Relevant parameters such as the distribution of fiber diam-
eter, the percentage of porosity, and the uniformity determine 
the cell behavior in electrospun wound dressing. Figure 1 A 
displays SEM images of PGS/PHB and PGS/PHB-Cur/CIP 
scaffolds, with two scale bars measuring 50 μm and 10 μm, 
respectively. The SEM images provide conclusive proof 
that, when using the specified electrospinning settings, the 
process successfully produces uniform fibers without any 
bead developments. Nevertheless, the inclusion of drugs 
resulted in a decrease in the diameter of the fiber. The aver-
age diameter of the PGS/PHB sample was 486.6 ± 20 nm 
but the diameter of the fibers in samples containing Cur 
and CIP was measured to be 400.2 ± 14  nm. This shows 
that the difference is statistically significant (p < 0.05) when 
compared to the fibers in samples without drugs, using the 
PGS/PHB scaffold. Numerous investigations demonstrated 
a decrease in viscosity of polymeric solutions when drugs 
such CIP and Cur are added. Some drugs have the ability 
to disrupt the intermolecular connections inside polymers 
and position themselves along the polymer chains [46, 47]. 
Consequently, the chemical connection between polymer 
chains would be interrupted. These occurrences may lead to 
a decrease in viscosity and have an impact on the diameter 
of the fibers [48]. Porosity is an essential feature, along with 
fiber diameter, to assess the structure of skin tissue engi-
neering scaffolds. Interconnected porous scaffolds enhance 
nutrient delivery to deeper layers, enabling cell viability in 
these areas [49, 50]. In this work investigated the porosity of 
the PGS/PHB and PGS/PHB-Cur/CIP scaffolds by utilizing 
SEM images and MATLAB software. The porosity percent-
ages of PGS/PHB and PGS/PHB-Cur/CIP were determined 
to be 83.2 ± 4% and 86.1 ± 3%, respectively. The results 
showed that the PGS/PHB based wound dressing had a 
porosity of above 80%, and there was no significant differ-
ence between the dressings with or without Cur/CIP drugs. 
Moreover, the interconnectedness of pores creates hydro-
dynamic microenvironments through which diffusion pro-
ceeds. A surface that has the right amount of porosity also 
creates a mechanical connection between the scaffold and 

plate were rinsed with PBS and eventually treated using a 
0.25% Trypsin/EDTA solution for 2 min.

Using a skin punch with a diameter of 7  mm, circular 
samples were prepared from PGS/PHB and PGS/PHB-Cur/
CIP scaffolds. They were then sterilized in three steps: first, 
by washing with PBS, followed by ethanol treatment, and 
lastly exposed to UV radiation for was carried out to pre-
vent contamination before the scaffolds on 48-well plates 
for cell culture. Therefore, a total of 104 cells were placed in 
each well of the samples and tissue culture plate (TCP) as 
the control. Subsequently, the cell-containing samples were 
subjected to a 7-day incubation period, during which the 
culture medium was refreshed every 2 days.

The MTT assay was applied to determine the relative cell 
viability. The growth medium was taken away on days 1, 3, 
and 7, and 100 µL of MTT solution (5 mg/mL) was added 
to the samples with cells and the control. The samples were 
then incubated for 4 h. Upon dissolution of the dark blue 
formazan crystals in DMSO, 100 µL were subsequently dis-
pensed from each sample into a 96-well plate. The optical 
density (OD) of the solution was then determined at 490 nm 
via an ELISA reader (Biorad-USA). Equation 2 was imple-
mented to ascertain the percentage of relative cell survival:

Relative cell survival (%control) =
ODSample − ODBlank

ODControl − ODBlank
× 100� (2)

Where ODsample was the optical densities of PGS/PHB and 
PGS/PHB-Cur/ CIP samples, and the ODblank and ODcontrol 
were the optical densities of DMSO (blank) and TCP (con-
trol), respectively [44].

To examine the adherence and spreading of L929 cells on 
the membranes, the specimens were washed with PBS solu-
tion and then treated with 1.5% glutaraldehyde for 4 h at a 
temperature of 4 °C, three days after the cells were seeded. 
Following the PBS wash, the samples were subsequently 
immersed in alcohol solutions with increasing concentra-
tions, ranging from 50 to 100%, to facilitate dehydration. 
The specimens were observed utilizing SEM (Philips); 
however, prior to this procedure, a layer of gold was depos-
ited onto the specimens.

2.10  Statistical analysis

The data was analyzed by statistical analysis using the 
ANOVA test. The Tukey-Kramer post hoc test was utilized 
with GraphPad Prism Software (Version 9) to identify the 
significant difference between groups. A p-value below 0.05 
was utilized illustrate statistical significance.
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illustrated in Fig. 1B, the PGS/PHB-Cur/CIP wound dress-
ing encompasses a core region that represents roughly 30% 
of the total diameter of the fibers. Within the PGS/PHB-
Cur/CIP membrane, the diameter of the fibers was recorded 
at 405.2 ± 23 nm, whereas the core area had a diameter of 
130.5 ± 20 nm. The distinction in electron beam transmis-
sibility between the PGS and PHB regions gives rise to the 
contrast observed between the core and shell layers of the 
fiber [19]. In this study, results demonstrated the different 
occurrences within the core, indicating that the core’s vol-
ume was smaller than what could be elongated by the shell’s 
viscous drag forces. Enhancing the size of the core fiber in 
comparison to the shell one, enhances its physical, mechani-
cal, and drug release behavior [21].

3.2  Chemical characterization

The study developed a coaxial PGS/PHB composite with 
or without Cur/CIP membrane to accelerate the procedure 
of wound healing. The FTIR spectra of coaxial PGS/PHB, 
and PGS/PHB-Cur/CIP scaffolds, in the range of 400–
4000 cm−1, has been depicted in Fig. 2. The peaks seen in 
the FTIR spectrum at around 1044 cm−1 (C-CH3 stretching), 
1054  cm−1 (C-O), 1130  cm−1 (CH3 rocking), 1224  cm−1 
(C-O-C stretching), 1287  cm−1 (CH), 1380  cm−1 (CH3), 
and 1450 cm−1 (C = O stretching) can be attributed to the 
PHB polymer. Hence, the peaks seen at 1159  cm−1 and 
3448 cm−1 can be attributed to the C-O and O-H functional 
groups present in the PGS polymers [19]. The presence of 
the PGS and PHB in the structure of core-shell electrospun 
scaffold was confirmed by the presence of these specific 
peaks. Subsequently, the FTIR spectra of PGS/PHB-Cur/
CIP exhibited a broad band, which proved the presence of 
Cur/CIP in the designed wound dressing. The peak seen at 
1277 cm−1 corresponds to the bending vibration of the C-O 
phenolic band of Cur. On the other hand, the peak observed 
at 1624 cm−1 is associated with CIP [19, 22].

3.3  Degradation behavior

The degradation properties of a scaffold are crucial and 
indispensable factors to consider when evaluating wound 
dressing agents. The physicochemical characteristics and 
porous structure of the scaffold have a substantial impact 
on its degradation performance [52]. There is an accepted 
theory that non-degradable biomaterials within the human 
organism can result in a prolonged inflammatory response 
over time, which could be due to a failure in the implanta-
tion process [53]. An optimal biomaterial scaffold for tis-
sue regeneration should possess a uniform degradation rate 
when combined with the regeneration of new tissue [54]. 
Nevertheless, the process during which PGS/PHB and PGS/

the surrounding tissue during the process of regeneration. 
This connection improves the entire mechanical stability at 
the border. Based on the literature, a minimum necessary 
value of 80% porosity is reported for the development of 
a 3D matrix that allows cell penetration in scaffolds [51]. 
Hence, the incorporation of Cur/CIP into PGS/PHB fibers 
leads to a reduction in the fibers’ diameter while still offer-
ing adequately porous structure for tissue engineering 
applications.

3.1.2  TEM

One of the most appropriate assays to evaluate the internal 
structure of nanofibers and nanoparticles is the use of TEM 
images. Figure 1B presents the TEM pictures of PGS-PHB-
Cur/CIP core-shell specimens following the morphological 
evaluation of fiber. PGS-Cur exists within the internal dark 
regions of the nanofiber. The TEM images reveal the forma-
tion of a coaxial structure within a nanofiber, where the core 
layer a darker appearance compared to the shell layer. As 

Fig. 1  A  SEM images of coaxial PGS/PHB and PGS/PHB-Cur/CIP 
fibers with various scale bar such as  10 μm  and  50 μm  and B TEM 
image of PGS/PHB-Cur/CIP coaxial wound dressing fiber (scale bar: 
500 nm)
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22]. These wound dressings, based on PGS/PHB, have the 
required biodegradable characteristics to be absorbed by 
nearby tissue and generate their own extracellular matrix 
(ECM) [57].

The impact of a 21-day immersion in PBS on the scaf-
folds was analyzed using SEM analysis (Fig. 3B). The mor-
phology of all the electrospun fibers exhibited fractures in 
the scaffolds, however, a greater quantity of break-in fibers 
were observed in the PGS/PHB-Cur/CIP membranes in 
comparison to the PGS/PHB samples.

3.4  Mechanical assay

Optimum wound dressings require both strength and flex-
ibility, which are mechanical critical qualities. A wound 
dressing must possess enough resilience to provide pro-
tection against external pressures, while also maintaining 
sufficient flexibility to prevent damage to the underlying 
tissues during movement [58]. Furthermore, possessing 
desirable mechanical characteristic is requisite for facili-
tating the growth and specialization of cells. It should be 
noted that the mechanical features of electrospun samples 
are influenced by the average fiber diameter, chemical com-
position, fiber form, and their homogeneity [59, 60]. The 
current work investigated tensile strength, the stress-strain 
characteristics, and elongation of scaffolds constructed with 
PGS/PHB and PGS/PHB-Cur/CIP (Fig. 4A-C). The results 
indicated that the PGS/PHB scaffolds exhibited the high-
est stress strength value in comparison with PGS/PHB-Cur/
CIP. The stress strengths of PGS/PHB and PGS/PHB-Cur/
CIP scaffolds were determined to be 0.133 ± 0.04 MPa and 
0.104 ± 0.07 MPa, respectively. This study revealed that by 
adding drugs into fiber and the reduction of fiber diameters 
resulted in a decrease in tensile strength. Figure  4B and 
SEM analysis revealed that incorporating Cur and CIP into 
the core and shell of fibers led to alterations in fiber shape 
and diameter. These modifications are crucial in defining the 
mechanical characteristics of electrospun scaffolds. Previ-
ous research has shown that reducing the diameter of fibers 
leads to a decrease in their tensile capacity [21]. Kim et 
al. [61] observed that PCL mats with higher average fiber 
diameters exhibited greater strength. They also established a 
substantial correlation between the mechanical characteris-
tics of electrospun membranes and their fiber shape, includ-
ing average fiber size. Based on the current investigation, 
the addition of Cur and CIP to the core and shell of fiber 
resulted in a decrease in diameter, as well as a considerable 
reduction in strength.

According to the tensile assay results, adding drugs 
to the structure did not result in significant differences in 
elongation. Similarly, Dorri et al. [13] showed that the opti-
mal stress strength for wound dressing is about 0.09 MPa. 

PHB-Cur/CIP degrade in a biological environment remains 
very intricate due to the presence of several active com-
ponents inside cells and extracellular fluid, as well as the 
complex structure of the polymer. When studying the heal-
ing of skin wounds, the usual method to assess the durabil-
ity of a scaffold is by conducting an in vitro degradation 
test. This involves measuring the change in weight of the 
samples immersed in PBS at 37 °C, under certain pH con-
ditions that simulate the physiological environment [52]. 
Figure  3 A displays the degradation characteristics of the 
PGS/PHB and PGS/PHB-Cur/CIP in PBS at 37 ◦C during a 
21-day period. The coaxial electrospun scaffold exhibited a 
consistent and regulated degradation rate during the whole 
21-day incubation period. Our investigation revealed a deg-
radation profile consisting of three distinct stages: the first 
stage, which covers the first day; the second stage, which 
includes days 1 to 3; and the third stage, which extends from 
day 3 to 21. During the 1st and 2nd stages, the rate of weight 
loss was slowed. This slight degradation can be attributed to 
the chemical reaction of the polymer’s backbone [55]. This 
degradation created an opportunity for the release of drugs 
and the penetration of water molecules into the chemical 
structure [56]. After 7 days of incubation, the PGS/PHB and 
PGS/PHB-Cur/CIP scaffolds weight loss of 90.04 ± 4% and 
81.23 ± 2%, respectively. It can be said at the last degra-
dation stage, the PGS/PHB-Cur/CIP saw significant weight 
loss due to the breakdown of polymers, Surface degradation 
of PGS and rapid degradation under simulated physiological 
conditions. This stage resulted from the severe physical and 
chemical breakdown of the polymer network, in addition 
to an inadequate amount of remaining unreacted compo-
nents. In addition, it was demonstrated that the inclusion of 
drugs such as Cur and CIP resulted in an increased degrada-
tion rate of the samples as the fastest degradation was seen 
in the case of PGS/PHB-Cur/CIP. The result was entirely 
consistent with the findings of the prior investigation [19, 

Fig. 2   FTIR of PGS/PHB and PGS/PHB-Cur/CIP scaffolds in the 
region of 1100–1700 cm−1

 

1 3



Emergent Materials

to a prolonged release of Cur at a physiological pH of ~ 7.4 
[62]. While the rapid release of CIP can be attributed to the 
significant shell-to-core volume ratio of the fibers, this prob-
lem results in a greater probability of the contact surface 
having water molecules and the quick CIP release [63].

Previous studies indicated that the initial release of the 
antibacterial drug effectively inhibited bacterial growth. 
Additionally, the sustained release of the anti-inflammatory 
and antioxidant drugs accelerates the wound healing pro-
cess and improves overall wound healing [22, 42].

3.6  Skin cell behavior

The L929 cell line is widely used for wound healing appli-
cations [64]. The present study evaluated the biocompatibil-
ity of PGS/PHB, PGS/PHB-Cur, PGS/PHB-CIP, and PGS/
PHB-Cur/CIP using the L929 cell line (Fig. 5B). In order to 
examine the biocompatibility of the items, L929 cells were 
cultured over the scaffolds. According to the data shown 
in Fig. 5B, PGS/PHB, PGS/PHB-Cur, PGS/PHB-CIP, and 
PGS/PHB-Cur/CIP had comparable cell viability. The cell 
viability of these samples was much greater than that of a 
tissue culture plate (TCP, negative control). Following a 
7-day incubation period, the cell survival rates exhibited a 
considerable rise in all wound dressings. This indicates that 

Considering their mechanical and physical properties, PGS/
PHB and PGS/PHB-Cur/CIP composites appear to be suit-
able candidates for skin tissue engineering applications.

3.5  Drug delivery

The nanofibers containing Cur and CIP had drug loading 
efficiencies of 95% (680 ± 12  µg) and 92% (51.3 ± 6  µg) 
respectively, indicating the remarkable efficiency of core-
shell fibers in encapsulating drug molecules (1 × 1  cm2 of 
wound dressing).

The release patterns of PGS/PHB-Cur/CIP were shown 
in Fig. 5A, exhibiting the Cur and CIP release rates. Nano-
fibers fabricated of hydrophobic PHB and Cur were able 
to release Cur continuously without a burst release at the 
beginning. The rate at which CIP was released was quicker 
than Cur, mostly because to the enhanced hydrophilic prop-
erties of CIP within the fiber shell. The rapid release of CIP 
can be attributed to the significant shell-to-core volume ratio 
of the fibers, as seen in Fig. 1B. According to the continu-
ous release Cur profile from the PGS/PHB scaffold profile, 
it can be said that it is Due to the hydrophobic nature of the 
polymer PHB, the shell layer of nanofibers exhibited hydro-
phobic properties. This hydrophobic surface prevented the 
medium from easily penetrating into the core layer, leading 

Fig. 3  A weight loss (%) of 
PGS/PHB and PGS/PHB-Cur/
CIP scaffolds during 21 days of 
degradation in PBS pH ~ 7.4 and 
37 °C temperature and B SEM 
images of coaxial PGS/PHB and 
PGS/PHB-Cur/CIP fibers after 
21 days degradation with various  
scale bar  such as  10 μm  and  
50 μm. All values are defined as 
being representative of the means 
(n = 3) ± standard deviation
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cell survival of human keratinocytes and fibroblast cells for 
wound healing applications. 

Based on these results, we can say that the PGS/PHB-
Cur/CIP coaxial electrospun scaffold can help cells grow 
and would be good for more experiments that take place in 
living things. In future studies, it is necessary to assess the 
safety of wound dressings and their by-products when they 
dissolve and degrade during in vivo characterization. The 
next step is to develop a suitable animal model to assess the 
safety and efficacy of PGS/PHB-Cur/CIP for use as a wound 
dressing or skin substitute.

4  Conclusion

The present investigation successfully developed a novel 
coaxial PGS/PHB-Cur/CIP electrospun scaffold, demon-
strating its potential in accelerating wound healing appli-
cation. The developed wound dressing had the uniform 
structure based on nanofibers, controlled degradation 
rate,  and desirable mechanical properties, as well as the 

our developed PGS/PHB, PGS/PHB-Cur, PGS/PHB-CIP, 
and PGS/PHB-Cur/CIP samples do not possess any adverse 
effects.

The findings also indicated that the rates of cell growth 
and cell adhesion in PGS/PHB-Cur/CIP were notably 
greater than those observed in PGS/PHB samples (Fig. 5C).

The cellular response demonstrated that PGS/PHB, with 
or without Cur/CIP, exhibited excellent cell viability and 
cell growth within the L929 cell line. Following a 7-day 
incubation period, the cell survival rates exhibited a con-
siderable rise in all wound dressings. This indicates that our 
developed PGS/PHB and PGS/PHB-Cur/CIP samples do 
not possess any adverse effects.

Remarkably, the combination of drugs with PGS/PHB 
demonstrated comparable or even superior cell biocompat-
ibility when compared to PGS/PHB wound dressing. This 
might be because of the sustained release of Cur, which 
improved skin cell growth. Similarly, Vater et al. [65] set 
up an evaluation of nanoemulsions containing lecithin, both 
with and without Cur. They demonstrated that the release 
of Cur resulted in an improvement in the proliferation and 

Fig. 4   Mechanical characteristics 
of PGS/PHB and PGS/PHB-Cur/
CIP: A Stress-strain curves, B ten-
sile strength, and C elongation of 
samples. Each of the values are 
classified as being representative of 
the means (n = 3) ± standard devia-
tion. (*:  P < 0.05)
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wound care has immense potential for enhancing patient 
results and might have a substantial influence on the field of 
regenerative medicine.
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