
ORIGINAL PAPER

Journal of Polymers and the Environment (2025) 33:2515–2536
https://doi.org/10.1007/s10924-025-03543-2

	
 Seyed Amin Kouhpayeh
kouhpayeha@gmail.com

	
 Arash Goodarzi
dvm.goodarzi86@yahoo.com

Fariba Noori
Faribanoori99@gmail.com

Azam Bozorgi
abozorgi1991@gmail.com

Ahmad Reza Farmani
ahmadrezafarmani66@gmail.com

Ali Abbasi
abbasiali936@gmail.com

Jafar Ai
jafar_ay2000@yahoo.com

Alireza Tavassoli
tavaspath790@yahoo.com

Abdolmajid Ghasemian
majidghasemian86@gmail.com

Hassan Morovvati
hmorovvati@ut.ac.ir

Hiva Alipanah
alipanah.hiwa@yahoo.com

Mohammad Reza Ataollahi
ataollahimr@gmail.com

Lida Ebrahimi
lida_ebrahimi56@yahoo.com

1	 Department of Tissue Engineering, School of Advanced 
Technologies in Medicine, Fasa University of Medical 
Sciences, Fasa, Iran

2	 Department of Tissue Engineering, School of Medicine, 
Kermanshah University of Medical Sciences, Kermanshah, 
Iran

3	 -Fertility and Infertility Research Center, Health Technology 
Institute, Kermanshah University of Medical Sciences, 
Kermanshah, Iran

4	 Department of Physiology, Fasa University of Medical 
Sciences, Fasa, Iran

5	 Department of Tissue Engineering, School of Advanced 
Technologies in Medicine, Tehran University of Medical 
Sciences, Tehran, Iran

6	 Department of Pathology, School of Medicine, Fasa 
University of Medical Sciences, Fasa, Iran

7	 Noncommunicable Diseases Research Center, Fasa 
University of Medical Sciences, Fasa, Iran

8	 Department of Comparative Histology, Faculty of Veterinary 
Medicine, University of Tehran, Tehran, Iran

9	 Department of Immunology, School of Medicine, Fasa 
University of Medical Sciences, Fasa, Iran

10	 Department of Pharmacology, School of Medicine, Fasa 
University of Medical Sciences, Fasa, Iran

Abstract
Chronic wounds significantly burden global healthcare systems, necessitating innovative solutions. Hybrid electrospun 
nanofibers are promising for enhancing wound healing and controlled drug delivery. This study focused on developing 
and characterizing hybrid nanofibrous scaffolds made from polycaprolactone (PCL), polyvinyl alcohol (PVA), and chi-
tosan (Cs), infused with squalene (SQ) to improve healing in a rat model of full-thickness wounds. The scaffolds were 
created using coaxial electrospinning, with PCL as the shell and a PVA/Cs mixture as the SQ-loaded core. Characteriza-
tion involved Fourier-transform infrared spectroscopy (FTIR), Scanning Electron Microscope (SEM), mechanical prop-
erties, contact angle measurements, swelling, degradation, drug release, cell attachments and cytotoxicity assays. After 
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Introduction

Skin is the largest organ of the human body, and it has criti-
cal roles in protecting against injuries and pathogens, pre-
venting body dehydration, initiating vitamin D synthesis, 
regulating body temperature, and acting as a sensory organ 
receiving touch, pain, and temperature changes [1]. Skin 
injuries following traumas (cuts, lacerations, and punctures), 
or burns by physical and chemical reagents, and some infec-
tions could cause health issues, thus requiring local and sys-
temic treatments to promote wound healing and prevent scar 
formation [2]. Wound healing involves a series of intricate 

processes that can be categorized into four overlapping yet 
distinct phases: tissue homeostasis, inflammation, prolifera-
tion, and remodeling. The progression through these phases 
is tightly regulated by the interactions of various cell types, 
as well as by the influence of growth factors, cytokines, and 
chemokines [3].

The lack of coordination among the phases of wound 
healing can result in incomplete repair, leading to chronic 
wounds or scarring, both of which are highly undesirable 
and impose significant costs on patients and healthcare sys-
tems [4, 5]. Furthermore, the risk of infection, particularly 
hospital-acquired infections, along with the development of 

implantation in a rat model for 14 days, histopathological assessments evaluated inflammation, re-epithelialization, and 
collagen deposition. The hybrid nanofibers maintained consistent morphology with smooth surfaces and no bead forma-
tion. Diameters were 219 ± 33.4  nm for the neat scaffold and 227 ± 59.7  nm, 167.3 ± 35.9  nm, and 126.7 ± 39.75  nm for 
SQ2%, SQ3%, and SQ4%, respectively. SQ-loaded scaffolds exhibited reduced swelling ratio, hydrophilicity, and degrada-
tion rate, alongside improved tensile strength (194% increase in SQ4% vs. control), sustained SQ release (40% over 14 
days for SQ3%), as well as considerable reducing in wound sizes (90% reduction in SQ2%). The PCL-PVA/Cs/SQ2% 
formulation notably reduced inflammation while promoting re-epithelialization and collagen deposition. The PCL-PVA/
Cs/SQ nanofiber scaffolds demonstrated superior properties that effectively modulated inflammation and promoted wound 
healing. They represent a promising strategy for enhancing wound repair.

Graphical Abstract

Keywords  Wound Healing · Tissue Engineering · Hybrid Nanofibers · Drug Delivery · Squalene
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antibiotic resistance, exacerbates these challenges [6]. Con-
sequently, it is essential to explore innovative strategies for 
accelerating wound healing.

Skin tissue engineering focuses on developing bioma-
terial-based wound dressings and skin substitutes with 
strong antibacterial and anti-inflammatory properties to fas-
ten wound healing and tissue repair and avoiding impaire 
wound healing [7]. Wound dressings should create a 
mechanically stable physical defensive barrier against envi-
ronmental factors to prevent wound infection and dehydra-
tion while enabling cellular attachment and migration at the 
injury site [8]. Among various types of wound dressings, 
electrospun nanofibers attract much attention because they 
can be obtained using simple and cost-effective methods 
and being biomimetics [9]. Electrospun nanofibers own 
appropriate properties like high surface area, microporosity, 
and potential to load various drugs and bioactive molecules, 
encouraging cell proliferation and wound healing [10].

Moreover, electrospun nanofibers have gained significant 
attention as advanced materials for wound dressings due to 
their unique properties, including high porosity, large sur-
face area-to-volume ratio, and structural similarity to the 
extracellular matrix, which collectively promote cell attach-
ment, gas exchange, and moisture management critical for 
wound healing [11–13]. These nanofibers are often biocom-
patible and can incorporate bioactive agents for controlled 
drug release, enhancing antimicrobial properties and tissue 
regeneration [14, 15]. Additionally, the electrospinning pro-
cess allows customization of fiber morphology and com-
position to meet specific clinical needs [9, 16]. However, 
certain limitations persist, such as insufficient mechanical 
strength compared to conventional dressings, sensitivity of 
the production process to environmental conditions, limited 
solubility of some polymers, and higher production costs 
[16–18]. Recent studies have explored innovative solu-
tions to address these challenges. For instance, biodegrad-
able nanofiber scaffolds incorporating carbon quantum dots 
have demonstrated enhanced wound healing efficiency [14], 
while electrospun burn dressings with high porosity and 
drug-loading capabilities show promise in managing burn 
wounds [12, 19]. Another study highlights the antimicro-
bial effectiveness of functionalized electrospun nanofibers 
in wound care applications [15]. Despite their limitations, 
ongoing advancements in electrospinning technology con-
tinue to enhance the efficacy and applicability of nanofiber-
based wound dressings in clinical settings.

Various natural and synthetic polymers are employed 
to fabricate electrospun nanofibers. However, it could be 
benifical if a new hybrid structure based on familiar FDA 
approved polymers could be designed. Polycaprolactone 
(PCL), Polyvinyl Alcohol (PVA), and Chitosan (CS) are 
widely used biopolymers in wound healing due to their 

unique properties. PCL is biodegradable, biocompatible, 
and offers excellent mechanical strength and flexibility, 
though its low hydrophilicity and slow degradation rate can 
limit interaction with biological fluids and potentially cre-
ate acidic byproducts during degradation [20, 21]. PVA is 
highly hydrophilic, biocompatible, and forms strong films 
ideal for hydrogels, but excessive moisture retention may 
lead to bacterial infections, and its mechanical strength 
is lower compared to PCL [22, 23]. Also, CS, a naturally 
derived polymer, is biocompatible, biodegradable, and anti-
microbial, promoting cell migration and wound healing; 
however, it has solubility issues in neutral pH and limited 
mechanical strength unless combined with other materials 
like PVA or PCL [24, 25]. When applied to wounds, PCL 
provides structural support with gradual degradation, PVA 
retains moisture for a hydrated healing environment, and CS 
prevents infections while enhancing cell proliferation [20, 
22]. Compared to other biopolymers like gelatin or alginate, 
these materials offer superior mechanical strength, antimi-
crobial activity, and tailored properties for wound care [21, 
23, 25]. The design of layered wound dressings using PCL 
as the layer ensures structural integrity and prolonged sup-
port, while the PVA/CS layer combines moisture retention 
with antimicrobial benefits to create a multifunctional dress-
ing suitable for dynamic wound environments [24, 25].

Also, the polymeric core coated by an outer polymeric 
shell allows for encapsulating and controlling the release 
of drugs and biomolecules [26]. The core-shell nanofiber 
structure offers significant advantages for drug delivery, tis-
sue engineering, and filtration. This design allows for the 
encapsulation of sensitive biomolecules, such as drugs or 
proteins, within the core, while the shell provides a pro-
tective barrier that preserves bioactivity and enables con-
trolled release. By selecting specific materials for the core 
and shell, researchers can enhance properties like hydro-
philicity, mechanical strength, and biodegradability. Addi-
tionally, core-shell fibers improve mechanical stability and 
surface-area-to-volume ratio compared to monolithic fibers, 
facilitating better adsorption and catalysis. These features 
highlight the potential of core-shell nanofibers in advancing 
material functionalities in biomedical applications [27, 28].

In addition to scaffolds, the employment of natural com-
pounds, particularly biopharmaceuticals with great potential 
in wound healing has gained much attention. The bioactive 
molecules obtained from animal and plant sources have 
excellent anti-inflammatory, antibacterial, and collagen 
synthesis-inducing properties in favor of tissue repair and 
regeneration [29]. Squalene (SQ) is a triterpene with C30H50 
formula produced in animals, plants, and fungi as an inter-
mediate metabolite in the biosynthesis of sterols like choles-
terol and steroid hormones [30]. SQ is the major compound 
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Materials and Methods

Materials

The materials used in this study include Squalene (CAS-
NO:111-02-4, Purity: ≥98%) Polyvinyl Alcohol (PVA,87–
89% Hydrolyzed, Purity: 99%) with a molecular weight of 
89–98 kDa (Catalog #341584, 99%), Sodium Quinate (SQ, 
Catalog #S3626, Purity: 99%), Polycaprolactone (PCL, 
Purity: 98%) with a number-average molecular weight 
of 80  kDa (Catalog #440744), and Chitosan (Cs) with a 
molecular weight of 100  kDa and a deacetylation degree 
of 93% (Catalog #900342, Purity: 99%), as well as beta-
Glycerophosphate Disodium Salt Pentahydrate Calbio-
chem (CAS-NO:13408-09-8, Purity: ≥98%) all sourced 
from Sigma-Aldrich, Germany. Additionally, Dulbecco’s 
Modified Eagle Medium (DMEM, Catalog #11–885-084, 
High Quality Cell Culture grade) and fetal bovine serum 
(FBS, Catalog #17934731, High Quality Cell Culture 
grade) were procured from Gibco Invitrogen. Furthermore, 
antibiotics such as penicillin (High Quality) and strepto-
mycin (High Quality), along with trypsin/EDTA (High 
Quality Cell Culture grade), 3-(4,5-dimethylthiazole-2-
yl)−2,5-diphenyltetrazolium bromide (MTT, Purity: 99%), 
and Dimethyl Sulfoxide (DMSO, Cell Culture grade, Purity: 
99%), were obtained from Merck. NIH/3T3 is a fibroblast 
cell line that was isolated from a mouse NIH/Swiss embryo 
(Purity: Not Applicable) were acquired from the Pasteur 
Institute of Iran.

Scaffold Fabrication

Electrospinning of of PCL-PVA/Cs Hybrid Nanofibers

In the present experiment, blank and SQ-loaded PVA/Cs 
and PCL solutions were prepared according to the following 
instructions. PVA (MW: 89–98 KDa, Cat# 341584, Sigma-
Aldrich, Germany) and Cs (MW: 100 KDa, deacetylation 
degree: 93%, Cat# 900342, Sigma-Aldrich, Germany) solu-
tions were provided separately at 9% (w/v) and 2% (W/V) 
ratios by dissolving solid materials in deionized water (DW) 
and 1% (V/V) acetic acid, respectively, and then mixed at 
the 8:2 ratio. Various concentrations (0, 1, 2, 3, and 4% V/V) 
of SQ (Cat# S3626, Sigma-Aldrich, Germany) were added 
to the PVA/Cs mixture. 10% (W/V) PCL solution (Mn: 80 
KDa, Cat# 440744, Sigam-Aldrich, Germany) was prepared 
by dissolving solid PCL in methanol/chloroform solution 
(1:1).

Brifly, PCL-PVA/Cs hybrid nanofibers were fabricated 
using a hybrid electrospinning method described elsewhere 
[43]. Blank and SQ-loaded PVA/Cs and PCL solutions were 
poured into 10 mL (G18) core and shell syringes bearing 

extracted from the nonsaponificable fraction of virgin olive 
oil (VOO) [31].

Recent studies have demonstrated the beneficial effects 
of SQ in wound healing and skin tissue regeneration. SQ 
enhanced anti-inflammatory cytokines, like IL-10, IL-13, 
and IL-4, in M1 proinflammatory macrophages and reduced 
proinflammatory TNF-α and NF-κB [31]. It also accelerated 
collagen deposition, revascularization, and macrophage 
polarization in the full-thickness burn wound model, indica-
tive of increased tissue regeneration [32].

However, the architecher of designed structure is still 
important. The rationale for electrospinning a core-shell 
structure with polycaprolactone (PCL) as the shell and chi-
tosan/polyvinyl alchol as the core lies in the unique advan-
tages this configuration offers. PCL, known for its superior 
mechanical strength and flexibility, provides structural 
integrity and durability to the nanofibers, making it suit-
able as an outer layer [33–35]. Additionally, the core-shell 
arrangement facilitates the controlled release of bioactive 
agents encapsulated within the chitosan core, ensuring sus-
tained therapeutic effects while maintaining the protective 
properties of PCL [35, 36]. The interaction between PCL 
and chitosan through hydrogen bonding enhances the sta-
bility of the nanofibers during electrospinning, preventing 
phase separation and ensuring uniformity in fiber morphol-
ogy [37–39]. Furthermore, although chitosan is located in 
the core, post-processing techniques such as plasma treat-
ment can modify the surface properties of PCL to improve 
cell interaction without compromising its mechanical ben-
efits [40–42]. This configuration balances the strengths of 
both polymers, offering a promising approach for applica-
tions requiring controlled release and structural resilience.

This study introduces a hybrid scaffold composed of 
Poly(ε-Caprolactone) (PCL), Polyvinyl Alcohol (PVA), 
and Chitosan (CS), integrated with squalene, a natural com-
pound recognized for its beneficial properties in wound 
healing. The incorporation of squalene not only enhances 
the scaffolds’ anti-inflammatory and antioxidant capabilities 
but also represents a novel approach in utilizing squalene-
loaded nanofibers specifically for this purpose. The elec-
trospinning technique employed in the fabrication of these 
scaffolds results in highly porous structures that facilitate 
cell attachment and nutrient exchange while allowing for 
controlled release of squalene at the wound site. Further-
more, the in vivo evaluation conducted in this study pro-
vides essential insights into the scaffolds’ effectiveness 
in biological environments, demonstrating their superior 
mechanical properties, biocompatibility, and enhanced heal-
ing outcomes compared to existing wound care materials.
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Contact Angle

The nanofiber surface hydrophilicity was evaluated using a 
contact angle measurement device (CA-500 A, Sharif Solar 
Co. Iran) to measure the contact angle (θ) between water 
and the nanofiber surface.

In Vitro SQ Release

Specimens of PCL-PVA/Cs/SQ were weighed and subse-
quently immersed in phosphate-buffered saline (PBS) at 
a pH of 7.4, maintained at 37 °C with gentle agitation for 
durations of 1, 5, 10, and 14 days. At each time point, half of 
the PBS solution was removed and replaced with an equal 
volume of fresh PBS. The absorbance of the resulting super-
natant was measured at 220 nm using a UV/Visible spec-
trophotometer (UNICO, Dayton, NJ, USA). The release of 
SQ was quantified by referencing a standard SQ calibration 
curve.

Tensile Strength Measurement

The tensile strength of the scaffolds was evaluated using a 
tensile testing machine (Instron UK model 3345 Single Col-
umn Testing System). In this assessment, a load cell with a 
capacity of 10 N was employed, applying a constant speed 
of 2 mm/min to the samples. The dimensions of the tested 
specimens were 50 × 10 mm², with a thickness of 64 μm and 
an area of 0.64  mm². All experiments were conducted in 
accordance with the ASTM D882 standard based on other 
researcher methods [44–46], which outlines the proce-
dures for determining the tensile properties of thin plastic 
sheeting.

Biological Evaluations

Cell Line Preparation and Culture  NIH/3T3 is a fibroblast 
cell line was purchased from the Pasteur Institute of Iran 
(Tehran, Iran) and cultured in the DMEM medium (Cat# 
11–885-084, Gibco Invitrogen) enriched with 10% fetal 
bovine serum (FBS, Cat# 17934731, Gibco Invitrogen), 100 
units/mL of penicillin, and 100 µg/mL of streptomycin at 
37° C and 5% CO2 pressure. After cells reached 80% conflu-
ency, they were detached using 0.25% trypsin/EDTA solu-
tion, centrifuged at 1800 rpm for 10 min, and subcultured.

Biocompatibility Assessment  Before cell seeding, blank 
and SQ-loaded PCL-PVA/Cs scaffolds were cut into 5 × 5 
mm2 pieces and sterilized by subjecting them to ultraviolet 
(UV) irradiation for 20 min. NIH/3T3 is a fibroblast cell line 
were subjected to trypsinization and subsequently seeded 

stainless steel blunt needles in the electrospinning machine 
(Fnm. Co. Iran). The solution flow rate was adjusted at 0.7 
mL/hour, where the needle-collector distance was 160 mm, 
and the electrical voltage of 21 kV was applied.

Scaffold Characterization

Fourier Transform Infrared Spectroscopy (FTIR)

The scaffold chemical characteristics were evaluated using 
the FTIR (Nicolet iS10 FTIR spectrometer, USA), where 
the spectra were collected as 100 scans in average at 400–
4000 cm−1 with the resolution of 0.4 cm−1 at 400–4000 cm−1.

Scanning Electron Microscope (SEM)

The scaffold morphology was assessed by visualizing gold-
sputter-coated samples in an SEM machine (TESCAN 
ORSAY HOLDING, Brno-Kohoutovice, Czech Republic) 
at an accelerating voltage of 20 kV. The mean diameter of 
nanofibers was computed using Image J software (National 
Institute of Health, USA).

Degradation Measurement

Pre-weighted scaffolds were immersed in phosphate-buff-
ered saline (PBS, pH = 7.4) and incubated at 37° C for 1, 
4, 7, 14, and 28 days. At each time, scaffolds were rinsed 
in DW, dried in the oven at 40° C, and re-weighted. The 
degradation rate was calculated according to the following 
equation:

Degradation rate (%) = W0 − Wt

Wt
× 100

W0 is the scaffold’s dry weight before incubation, and Wt is 
the weight of the scaffold after incubation at the time t.

Swelling Measurement

Pre-weighted scaffolds were incubated in PBS for 1, 3, 5, 
7, 14, and 20 h at room temperature. The water uptake ratio 
was computed following the below equation:

Swelling (%) = Ww − Wd

Wd
× 100

Wd is the scaffold’s dry weight, and Ww is the weight of the 
scaffold immersed in PBS.

1 3

2519

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Journal of Polymers and the Environment (2025) 33:2515–2536

rats were prepared from the Fasa University of Medical 
Sciences and housed at room temperature (25 ± 2°C) and 
12-hour light-dark cycles with free access to food and water 
(n = 30). The animals were anesthetized by the intraperito-
neal injection of ketamine (70 mg/kg) and xylazine (30 mg/
kg), and excisions 2 × 2 cm2 were made at the paravertebral 
region. 30 rats were divided into five experimental groups: 
(1) the control group (wounds covered with sterile gauze); 
(2) wounds treated with PCL-PVA/Cs (blank) scaffolds; (3) 
wounds implanted with PCL-PVA/Cs/SQ2% scaffolds; (4) 
wounds implanted with PCL-PVA/Cs/SQ3% scaffolds; (5) 
wounds implanted with PCL-PVA/Cs/SQ4%. The wound 
area was covered with scaffolds at 2.5 × 2.5 cm2 dimensions 
[47], and then animals were returned to cages and moni-
tored for likely complications, such as infections. In our 
study, mice underwent excision of three skin layers with-
out splinting. Typically, superficial wounds allow for the 
observation of skin appendages during healing; however, 
our experimental groups showed no skin appendages (hair 
follicles, sebaceous glands, sweat glands) at the granulation 
and scar tissue sites. The new epidermis was thinner than 
that of adjacent healthy tissue, resulting in a concave wound 
appearance. Treatment groups were compared to a control 
group under identical conditions, and the methodology 
aligns with our previous research and that of others [47–52].

Wound Surface Area Assessment

On days 5, 10, and 14, macroscopic examination was per-
formed to measure the wound surface area following the 
below equation [53]:

% wound closure

= wound area (day 0) − wound area (particular day)
wound area (day 0)

× 100

Histological Assessments

On day 14 post-implantation, animals were sacrificed by 
intraperitoneal injecting thiopental (90  mg/100  g body 
weight), and the wound areas bearing implanted scaf-
folds were excised for histopathological analyses. The tis-
sue samples were fixed in 10% formaldehyde, dehydrated 
in ascending ethanol (60–96%), and embedded in paraffin 
blocks. Then, 5 μm tissue sections were prepared from tis-
sue blocks, stained with hematoxylin-eosin (H&E) and Mas-
son’s trichrome (MT) and observed using a light microscope 
(Olympus CX 21) carrying a digital camera (TrueChrome 
II). Specimens were histologically examined for inflamma-
tory cell infiltration, granulation tissue formation, collagen 
deposition, and re-epithelialization. The histopathological 

onto sterile scaffolds located at the bottom of a 96-well 
plate, achieving a cell density of 1 × 10^4 cells per well. 
The cells were cultured in complete DMEM for durations 
of 24, 48, and 72 h. At each time point, the culture medium 
was replaced with MTT solution (0.5  mg/ml, 200  µl per 
well) (Cat# M6494, Gibco Invitrogen), and the plate was 
incubated at 37  °C for three hours. Following incubation, 
the MTT reagent was removed, and 200 µl of DMSO was 
added to dissolve the formazan crystals. The optical density 
(OD) of the samples was then measured at 570 nm using an 
ELISA reader (Biorad, Hercules, CA, USA). Cell prolifera-
tion was calculated using the following equation:

Cellproliferation(%) = ODt

ODc
× 100

ODc represents the absorbance of the PCL-PVA/Cs scaffold 
(control), while ODt denotes the absorbance of the PCL-
PVA/Cs/SQ scaffolds.

Cell Attachment  To examine the morphology and adhesion 
of cells cultured on the scaffold, the cells were fixed onto 
the scaffold surface to facilitate imaging using scanning 
electron microscopy. A 4% glutaraldehyde solution was 
used to fix the cells on the scaffold. Initially, approximately 
5000 NIH3T3 fibroblast cells were seeded onto the scaffold 
and incubated for 3 days at 37 °C. The culture medium sur-
rounding the samples was removed, and the samples were 
washed with phosphate-buffered saline. Subsequently, the 
4% glutaraldehyde solution was applied to the scaffolds. 
After one hour, the glutaraldehyde solution was removed, 
and the samples were washed with a graded series of etha-
nol solutions (20–100%), each for 20 min. Finally, the sam-
ples were left to dry under a hood for 2 h. After confirming 
that the samples were dry, they were coated with a layer of 
gold and then imaged using scanning electron microscopy.

In Vivo Study

Wound Model and Experimental Group Design

This study was conducted following the guidelines of the 
Ethics Committee of Fasa University of Medical Sciences, 
Fasa, Iran [Ethics code: I.R.FUMS.AEC.1401.006].In vivo 
experiments were carried out according to the guidelines 
of the ethical committee of the Fasa University of Medi-
cal Sciences [Ethical code: IR.FUMS.AEC.1401.006], and 
reported following the ARRIVE guideline. The blank and 
SQ-loaded scaffolds were implanted into a full-thickness 
wound model for 5, 10, and 14 days. 6–8-week male Wistar 
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Antibacterial Tests

The antibacterial effect of various prepared groups were 
evaluated against Staphylococcus aureus ATCC25923 
(Gram-positive bacteria) and Escherichia coli ATCC25922 
(Gram-negative bacteria) strains. Briefly, after an overnight 
culture of bacterium, a suspension was prepared equal to 
half Mac Farland turbidity and lawn onto Mueller Hinton 
Agar medium (Merk, Germany). Next, One square centi-
meter of nanofibers was placed on a blank disk and incu-
bated an overnight. The growth inhibitory effects of various 
groups were assessed by the measurement of growth inhibi-
tion zone radius.

Statistical Analysis

Quantitative data were collected in triplicates and reported 
as mean ± SD. One-way analysis of variance (ANOVA) fol-
lowed by Tukey’s test was carried out in GraphPad Prism 8 
software at the significant level of P-value ≤ 0.05.

Results

FTIR

FTIR data for Cs, PCL, PVA, SQ, PV/PCL/Cs, and SQ-
loaded PVA/PCL/Cs nanofibers are shown in Fig. 1. Also, 
The main peaks of Cs were detected around 1320  cm−1: 
amide III (C-N stretching), 1575 cm−1: amine groups, and 

changes were qualitatively scored according to the Table 1 
[48]:

Re-epithelialization was calculated according to the fol-
lowing equation [53]:

% Re − epithelialization = A
B

× 100

In the equation, A is the neo-epithelium length from both 
lateral sides of the wound with (mm), and B is the wound 
width (mm).

Table 1  Correlation between qualitative histological observations and 
their conversion into quantitative scores
No Score Granulation tissue Fibrotic 

tissueEdema Vascularity Inflammation
1 0 Not seen Not seen
2 0–1 Slight Slight
3 1 Mild Mild
4 1–2 Mild to 

moderate
Mild to 
moderate

5 2 Moderate Moderate
6 2–3 Moderate 

to marked
Moder-
ate to 
marked

7 3 Marked markedM
8 3–4 Moderately 

marked
Mod-
erately 
marked

9 4 Very 
marked

Very 
marked

Fig. 1  FTIR spectra of Cs, PCL, PVA, SQ, PCL-PVA/Cs, and PCL-PVA/Cs/SQ scaffolds
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stretching (PCL) and 3340 cm−1: O-H and N-H stretching 
(Cs). Subsequently, the characteristic peaks of SQ were 
detected at 1166 cm−1: CH3 scissoring bending, 1363 and 
2940 cm−1: C-H stretching. A detailed explanation for each 
spectrum is described in Table 2.

1656 cm−1: amide I (C = O stretching). The prominent peaks 
of PCL were observed at 1100–1240 cm−1: C-O-C stretch-
ing, 1720  cm−1: C = O stretching, and 2900–2960  cm−1: 
CH2 stretching. The peaks of PVA around 950–1200 cm-1 
belonged to C-O and C-C stretching, and a peak at 1717 cm−1 
stemmed from C = O stretching. Moreover, the peaks 
detected in the FTIR data of scaffolds included 952 cm−1: 
C-C stretching (PVA), 1040  cm−1: C-O stretching (PVA, 
Cs), 1250 cm−1: C-O-C stretching (PCL), 1722 cm−1: C = O 

Wavelength (cm−1) Compound Description
882.8 Cs C-H bending of the aromatic ring
1020.2, 1068.7 Cs Skeletal C − O stretching
1321.2 Cs Amide III, C-N stretching
1371.7 Cs Symmetrical deformation of CH3 group
1575.8 Cs Primary amine, N-H bending
1656.6 Cs C = O stretching of Amide I
2868.7 Cs C-H asymmetric stretching
3353.5 Cs O-H and N-H stretching
1139 PCL Symmetric C-O-C stretching
1240 PCL Asymmetric C-O-C stretching
1366 PCL O-H stretching
1722 PCL C = O stretching
2906 PCL Symmetric CH2 stretching
2957 PCL Asymmetric CH2 stretching
3320 PCL O-H stretching
950, 1166 PVA C − C stretching
1042, 1166 PVA C − O stretching
1358 PVA CH2 wagging
1717 PVA C = O stretching
2863, 2936 PVA Symmetric C − H stretching
1055 SQ C-O-C stretching (ether group)
1166 SQ CH3 scissoring bending
1358 SQ C-H stretching vibration
1722 SQ C = O stretching vibration
2940 SQ C − H stretching (triglyceride structure)
3320 SQ O-H stretching
952 PVA/PCL/Cs C − C stretching (PVA)
1040 PVA/PCL/Cs C − O stretching (PVA, Cs)
1160 PVA/PCL/Cs C − C and C-O stretching (PVA)
1252 PVA/PCL/Cs Asymmetric C-O-C stretching (PCL)
1358 PVA/PCL/Cs O-H stretching (PCL), CH2 wagging (PVA)
1722 PVA/PCL/Cs C = O stretching (PCL)
2936 PVA/PCL/Cs Asymmetric C-O-C stretching (PCL),

Symmetric C − H stretching (PVA)
3342 PVA/PCL/Cs O-H and N-H stretching (Cs)
725 PVA/PCL/Cs/SQ CH2 rocking (SQ)
1050 PVA/PCL/Cs/SQ C-O stretching (Cs)
1166 PVA/PCL/Cs/SQ C − C and C-O stretching (PVA)

CH3 scissoring bending (SQ)
1244 PVA/PCL/Cs/SQ Asymmetric C-O-C stretching (PCL)
1717 PVA/PCL/Cs/SQ C = O stretching
1363 PVA/PCL/Cs/SQ O-H stretching (PCL), CH2 wagging (PVA)

C-H stretching vibration (SQ)
2940 PVA/PCL/Cs/SQ C − H stretching (SQ)
3320 PVA/PCL/Cs/SQ O-H and N-H stretching

Table 2  The detailed descrip-
tion of FTIR spectra of Cs, PCL, 
PVA, SQ, PCL-PVA/Cs, and 
PCL-PVA/Cs/SQ scaffolds
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demonstrating that these cells maintain their morphology 
and adhere well to the surface of the aforementioned sub-
strates (Fig. 2b). Analysis of the images revealed that squa-
lene exhibits high biocompatibility and has a positive effect 
on the adhesion of fibroblast cells. In these studies, it was 
observed that upon seeding the aforementioned cells onto 
the nanofibrous scaffold containing 2% squalene, the cells 
adhered correctly to the surface of the nanofibrous scaffold, 
effectively promoting increased fibroblast cell growth and 
proliferation.

Degradation

The degradation rate of the scaffolds was determined based 
on weight loss over time (see Fig. 3a). The percentage of 
degradation for all scaffolds increased with prolonged 
incubation time (*** P ≤ 0.001). Additionally, the scaffolds 

Morphology and Cell Attachment

SEM micrographs of both blank and SQ-loaded PVA/PCL/
Cs scaffolds are presented in Fig. 2. The scaffold nanofibers 
exhibited smooth surfaces and were uniformly distributed 
in a random orientation without the presence of beads at SQ 
concentrations up to 2% (Fig. 2a). However, increasing the 
SQ content resulted in a non-uniform morphology charac-
terized by the emergence of beads. The average diameters of 
the nanofibers, determined using Image J software (National 
Institutes of Health, Bethesda, USA), were 219 ± 33.4 nm, 
227 ± 59.7  nm, 167.3 ± 35.9  nm, and 126.7 ± 39.75  nm for 
the PCL-PVA/Cs, PCL-PVA/Cs/SQ2%, PCL-PVA/Cs/
SQ3%, and PCL-PVA/Cs/SQ4% scaffolds, respectively 
(Fig. 2c, d). Also, SEM was performed to examine cell adhe-
sion to the scaffolds. These images indicate the adhesion of 
fibroblast cells onto the squalene-containing nanofibers, 

Fig. 2  Morphology and size analysis of hybrid nanofibers. (a) mor-
phology of nanofibers (b) cell attachment on scaffolds (c) size distri-
bution of samples. (d) average size of nanofibers. It was observed that 

increasing the concentration of SQ beyond 2% results in the formation 
of beads and a reduction in the average size of the nanofibers. (ns: none 
significant p-value = p, *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001)
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34.275 ± 0.96, 57.55 ± 0.76, and 90.148 ± 0.8. the data dem-
onstrated that Ɵ values increased remarkedly depending on 
SQ concentration (*** P ≤ 0.001). hydrophilicity of scaf-
folds decreased with increasing SQ content.

Mechanical Properties

The data of mechanical properties of scaffolds in tensile 
mood (Young’s modulus, tensile strength, and stress-strain 
curve) is depicted in Fig. 5a-c, and Table 3. Results revealed 
that tensile strength, and Young modulus values of scaffolds 
were significantly intensified in SQ-loaded scaffolds com-
pared with the control scaffold (***P ≤ 0.001). Also, these 
parameters were magnified in an SQ dose-dependent man-
ner with the highest mechanical strength, and modulus in 
PCL-PVA/Cs/SQ4% scaffolds (***P ≤ 0.001). Moreover, 
the maximum strain of scaffolds were enhanced by increas-
ing SQ content.

loaded with SQ exhibited a slower degradation rate com-
pared to the control group, which was dependent on the 
concentration of SQ (*** P ≤ 0.001, ** P ≤ 0.01, * P ≤ 0.05).

Swelling

The potential of scaffolds to absorb water following immer-
sion in PBS was measured up to 20 h (Fig. 3b). the results 
demonstrated that the swelling ratio enhanced in all scaffolds 
in a time-dependent manner (*** P ≤ 0.001) while it declined 
in SQ-loaded scaffolds dose-dependently (*** P ≤ 001, ** 
P ≤ 0.01, * P ≤ 0.05). The initial swelling ratio for control, 
SQ2%, SQ3%, and SQ4% scaffolds was 145.2 ± 3.7%, 
103.4 ± 3.6%, 50.65 ± 4.4%, and 22 ± 1.8% which finally 
reached 312.3 ± 3.8%, 272.65 ± 1.6%, 175.2 ± 1.5%, and 
134.6 ± 20.35%.

Contact Angle

The hydrophilicity of the scaffold surface was assessed using 
the contact angle measurement (Fig. 4). Ɵ values for con-
trol, SQ2%, SQ3%, and SQ4% scaffolds was 28.48 ± 0.92, 

Fig. 4  Contact Angle of Nanofiber Scaffolds. The hydrophilicity of the scaffolds exhibited a notable decline as the content of SQ increased

 

Fig. 3  Degradation and Swelling of Nanofiber Scaffolds (a) Degra-
dation percentage, (b) Swelling percentage As anticipated, the scaf-
folds loaded with SQ exhibited a slower degradation rate and reduced 

swelling compared to the control group, which was dependent on 
the concentration of SQ. (ns: none significant p-value = p, *p ≤ 0.05, 
**p ≤ 0.01, *** p ≤ 0.001)
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the various groups (*** P ≤ 0.001, ** P ≤ 0.01). At both the 
48-hour and 72-hour intervals, a decline in cell prolifera-
tion was evident in the SQ-loaded scaffolds compared to the 
control scaffold, with this effect being dependent on the 
concentration of SQ. However, no significant differences 
were found between the PCL-PVA/Cs/SQ2% and PCL-
PVA/Cs/SQ3% groups (*** P ≤ 0.001, ns: non-significant). 
A closer examination of the data indicated that throughout 
all time points, the PCL-PVA/Cs/SQ2% scaffolds exhibited 
the highest cell viability when compared to the other hybrid 
scaffolds (PCL-PVA/Cs/SQ3% and PCL-PVA/Cs/SQ4%).

Wound Size Measurement

Wound dimensions were evaluated on days 0, 5, 10, and 14 
post-implantation (refer to Fig. 6). The results indicated a 
significant decrease in wound size across all experimental 
groups over time (*** P ≤ 0.001). Importantly, the reduc-
tion in wound size was more pronounced in the groups that 
received implanted scaffolds compared to the control group, 
with a particularly noteworthy decrease observed in the SQ-
loaded scaffolds when compared to the blank group (*** 
P ≤ 0.001, ** P ≤ 0.01, * P ≤ 0.05). Among all groups, the 
smallest wound area was noted in the PCL-PVA/Cs/SQ2% 
group (*** P ≤ 0.001, ** P ≤ 0.01).

Histological Assessments

Histological assessments were performed on day 14 post-
implantation using H & E and MT staining (Fig.  7, and 

In Vitro SQ Release

The release of SQ was assessed by incubating scaffolds in 
PBS at pH = 7.4 and 37° C for 14 days (Fig. 5d). The results 
showed that SQ was gradually released from scaffolds over 
time, and the amount of released SQ was directly correlated 
with the initial content of SQ incorporated into scaffolds 
(*** P ≤ 0.001).

Cell Proliferation

The proliferation of fibroblasts seeded on scaffolds was 
assessed using the MTT assay at 24, 48, and 72  h (see 
Fig. 5e). At the 24-hour mark, cell proliferation was nota-
bly enhanced in the group with PCL-PVA/Cs/SQ2% scaf-
folds, while a decrease in proliferation was observed in 
the PCL-PVA/Cs/SQ3% and PCL-PVA/Cs/SQ4% groups. 
Statistically significant differences were identified among 

Table 3  Mechanical properties of nanofiber scaffolds. Tensile strength, 
Young’s modulus, maximum strain of scaffolds were significantly 
increased with enhancing SQ content
Sample name Tensile 

Strength 
(MPa)

Young’s Modulus 
(MPa)

Max.Strain (%)

PCL-PVA/Cs 1.5643 ± 0.004 138.5067 ± 0.012 12.2727 ± 0.008
PCL-PVA/Cs/
SQ 2%

2.4032 ± 0.006 145.3167 ± 0.012 20.3397 ± 0.013

PCL-PVA/Cs/
SQ 3%

3.3318 ± 0.021 329.53 ± 1.087 27.0662 ± 0.035

PCL-PVA/Cs/
SQ 4%

4.6202 ± 0.394 342.97 ± 2.741 30.0869 ± 0.002

Fig. 5  Results of the mechanical properties, in vitro release of SQ, and 
cell viability of nanofibrous scaffolds. The results are categorized as 
follows: (a) Young’s modulus, (b) tensile strength, (c) stress-strain 
curve, (d) in vitro SQ release, and (e) cell viability. The mechanical 
characteristics of the nanofibrous scaffolds were improved in a man-

ner that was dependent on the concentration of SQ. Additionally, a 
sustained release of SQ from the scaffolds was noted. Among the 
various hybrid scaffolds tested, the PCL-PVA/Cs/SQ2% scaffolds 
demonstrated the highest levels of cell viability. (ns: none significant 
p-value = p, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001)
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Fig. 6  Wound size progression in an animal model following scaffold 
implantation, observed on days 0, 5, 10, and 14. a) Macroscopic images 
of wounds from the Control, PCL-PVA/Cs, PCL-PVA/Cs/SQ2%, 
PCL-PVA/Cs/SQ3%, and PCL-PVA/Cs/SQ4% groups captured on 
days 5, 10, and 14. Among all groups, the PCL-PVA/Cs/SQ2% group 
consistently demonstrated the smallest wound size at all observed time 

points. b) Quantitative analysis of wound dimensions recorded on days 
0, 5, 10, and 14 post-implantations. Scaffolds containing SQ showed 
enhanced efficacy in reducing wound size compared to the control 
group. Notably, the PCL-PVA/Cs/SQ2% scaffold exhibited the most 
significant reduction in wound area among all tested groups. (ns: not 
significant, p-value = p; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001)
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exhibited the highest impact (*** P ≤ 0.001, * P ≤ 0.05) 
(Fig.  9c). The formation of fibrotic tissue, evaluated by 
collagen deposition, expanded in SQ-loaded scaffolds; 
however, statistical differences were observed between the 
PCL-PVA/Cs/SQ2% group with the control and PCL-PVA/
Cs groups (*** P ≤ 0.001, * P ≤ 0.05) (Fig. 8d). The thick-
ness of newly-formed epithelium showed an outstanding 
increment in SQ-loaded scaffolds, and the epithelial layer 
had the highest thickness in PCL-PVA/Cs/SQ2% groups 
(*** P ≤ 0.001) (Fig. 8e).

Antibacterial Tests

The antibacterial properties of various groups unveiled more 
potent effects by nanofibers containing higher concentrations 
of SQ of 4% and 3% and 2% (Fig. 10a-h). Accordingly, Cs/
BG-SQ4% had inhibitory zone of 30 mm (Fig. 9h) against 
S. aureus ATCC25923 and 22 mm (Fig. 10d) against E. coli 
ATCC25922. It was followed by Cs/BG-SQ3% (24  mm 
against S. aureus and 20 mm against E. coli, Fig. 10g and c), 
Cs/BG-SQ2% (23 mm and 18 mm, respectively, Fig. 9F and 
B). Notably, free nanofibers had no inhibitory zone (2 mm, 
Fig. 10a and e).

Discussion

Wound healing, particularly for chronic wounds, presents 
significant challenges for both patients and healthcare pro-
viders [54]. To enhance healing quality and reduce recov-
ery time, various strategies have been explored, including 
tissue engineering that utilizes engineered scaffolds, stem 
cells, and growth factors [55, 56]. Scaffolds made from nat-
ural polymers like chitosan, alginate, and collagen exhibit 
promising results. However, the advantages of synthetic 
polymers such as polyvinyl alcohol (PVA) and polycapro-
lactone (PCL) have led to the development of hybrid scaf-
folds that combine both natural and synthetic materials [57]. 
Nanofiber scaffolds are particularly noteworthy due to their 
resemblance to the extracellular matrix (ECM) of skin tis-
sue, which is primarily composed of collagen fibers. This 
biomimetic approach aids in creating effective wound dress-
ings [58, 59]. Additionally, continuous drug delivery sys-
tems incorporated into scaffolds can significantly enhance 
wound healing [60]. Scaffolds loaded with biologically 
derived drugs, such as those from thyme or squalene, show 
great potential in accelerating the healing process [47, 61, 
62]. In summary, advancements in scaffold design—partic-
ularly through the integration of natural and synthetic mate-
rials—along with innovative drug delivery methods, are 
paving the way for improved treatments in wound healing. 
The combination of these technologies holds promise for 

Fig.  8) and a summary of histopathological parameters is 
presented in Table 4. In the control group, the long-lasting 
existence of scabs prevented re-epithelialization and fluid 
exudation associated with aggregation of loose fibrin, and 
moderate to high infiltration of acute inflammatory cells 
was observed. Low amounts of granulation tissue and col-
lagen deposition, angiogenesis, and edema reflected early 
stages of tissue repair. In the PCL-PVA/Cs group, re-epi-
thelialization wasn’t observed, and middle-phase granula-
tion tissue, moderate edema, angiogenesis, and collagen 
deposition associated with moderate to severe infiltration of 
chronic inflammatory cells indicated deficient tissue repair.

In the PCL-PVA/Cs/SQ2% group, re-epithelialization 
and stratum layer were completely formed. Edema, con-
gested blood vessels, and inflammatory cells were signifi-
cantly reduced compared to granulation tissue. MT staining 
revealed enhanced collagen and ECM deposition, indicative 
of fibrotic scar repopulated with aligned myofibroblasts. 
In the PCL-PVA/Cs/SQ3% group, the epithelial layer was 
formed but thinner than that of normal tissues. The loose 
granulation tissue, mild edema, and severe acute and chronic 
inflammation were detected in the surface layer. In the 
deeper layer, the moderate infiltration of chronic inflamma-
tory cells and moderate to severe angiogenesis were visual-
ized. Collagen and ECM deposition were negligible in the 
surface layer but increased in the deep layer, identified by 
the formation of fibrotic scars in the middle to late phases. 
In the PCL-PVA/Cs/SQ4% group, the thin epithelial layer 
was formed while early to middle granulation tissue, edema, 
congested blood vessels, and mild to moderate infiltration 
of chronic inflammatory cells were visible in the surface 
layers. Collagen and ECM deposition were higher in deep 
layers, reflecting the scar tissue in the middle to late stages.

Although the epidermis is almost formed, inflammatory 
granulation tissue and scar can be observed. The guide of 
symbols and letters in the figure is as follows: H: Hypoder-
mis, D: Dermis, E: Epidermis, SC: Scab, HF: Hair follicle, 
SG: Sebaceous gland, ST: Scar tissue, REP: Re-epithelial-
ization, Lm: Lymphocyte, Mo: Monocyte, Nu: Neutrophil, 
Ma: Macrophage, Fb: Fibroblast, Fc: Fibrocyte, MF: Myo-
fibroblast, V: Vessel, RBC: Red blood cell, GT: Granula-
tion tissue. The quantitative analysis of histopathological 
assessments is shown in Fig.  9. Re-epithelialization, col-
lagen deposition, and fibrosis parameters improved upon 
wound healing. Edema was lower in PCL-PVA/Cs/SQ scaf-
folds than in the control group, but a significant decrease 
was observed in PCL-PVA/Cs/SQ2% (* P ≤ 0.05) (Fig. 9a). 
Inflammatory manifestations notably declined in SQ-loaded 
scaffolds, with the highest fall in the PCL-PVA/Cs/SQ2% 
group (** P ≤ 0.01, * P ≤ 0.05) (Fig. 9b).

The intensity of blood vessel formation fell off in 
PCL-PVA/Cs/SQ groups, where the PCL-PVA/Cs/SQ2% 
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Hence, in the present study, we fabricated electrospun 
hybrid PCL-PVA/Cs scaffolds loaded with SQ and evalu-
ated their effect on wound healing in full-thickness wound 

addressing the complexities associated with chronic wounds 
and enhancing patient outcomes.
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mixing of oil and water phases, making it a valuable com-
ponent in cosmetic formulations where stability is essential 
[70–73]. The incorporation of squalene as a emollient in 
which has similarity to surfactants significantly reduces the 
diameter of electrospun fibers through several mechanisms. 
It decreases the surface tension of the polymer solution, 
facilitating finer jet formation during electrospinning and 
allowing for more efficient stretching and thinning of the 
solution, which results in smaller fiber diameters [74–76]. 
Additionally, squalene may enhance jet stability by prevent-
ing premature breakup, promoting controlled fiber forma-
tion and uniformity. Furthermore, emollients like squalene 
improve polymer chain mobility, aiding in better alignment 
during fiber formation and contributing to reduced fiber 
diameters. They also affect key electrospinning parameters 
such as voltage and flow rate, optimizing conditions for pro-
ducing ultrafine fibers essential for applications in filtration 
and biomedical fields [77–81]. Previous studies have shown 
that larger nanofiber diameters allow for better drug encap-
sulation and release, characterized by an initial burst release 
followed by a long-term gradual release [82]. Nanofibers 
with smaller diameters share a higher surface area-to-vol-
ume ratio, which is advantageous for cell attachment and 
metabolism [83].

Degradation is a key aspect of tissue engineering scaffolds 
because the gradually- degrading scaffolds provide tempo-
rary support for cellular attachment, survival, and migra-
tion while allowing for tissue regeneration and integration 
[84]. Synthetic polymers like PCL and PVA mainly undergo 
hydrolysis, while natural ones like Cs break down following 
enzymatic reactions [85]. Our findings (Fig. 3a) showed that 
all scaffolds degraded over time in vitro; however, PCL-
PVA/Cs/SQ scaffolds displayed slower degradation, relying 
on SQ concentration. We proposed that incorporating SQ, 
due to long hydrocarbon chains and hydrophobic nature, 
limited the scaffold interactions with the aqueous environ-
ment, reducing the degradation rate [86].

Also, Scaffold swelling (Fig. 3b) is prominent in tissue 
engineering because it makes gas exchange and nutrient 
transport easier in the biological milieu, which is favored for 
cellular metabolism and tissue growth [87]. Our results indi-
cated that PCL-PVA/Cs scaffolds had the highest swelling 
ratio, with approximately 150% initial increment reaching ˃ 
300% at the end of incubation. In contrast, SQ-loaded scaf-
folds exhibited a diminished swelling ratio, dependent on 
SQ concentration. PCL-PVA/Cs/SQ2% nanofibers offered 
higher swelling than other SQ-loaded groups. In addition to 
the swelling, scaffold wettability is a crucial factor reflect-
ing desirable cell-scaffold interactions; such hydrophilic 
surfaces layout better protein adsorption and cell attachment 
[88].

models. Hybrid electrospun nanofibers are promising candi-
dates in skin tissue engineering since they are similar to the 
fibrous compartment of native ECM, providing an appropri-
ate substrate for cellular attachment and survival [63]. Also, 
the core structure enables the incorporation and delivery of 
various bioactive compounds to the defect site, enhancing 
their therapeutic potential and tunable release [26]. FTIR 
analyses (Fig. 1; Table 2) confirmed the presence of SQ in 
the scaffold matrix, where the SQ peaks overlapped with 
those of scaffold components, leading to peak augmenta-
tion. Also, SQ incorporation resulted in the slight shift of 
FTIR peaks into the lower wavelengths [64].

Morphological observations (Fig.  2) showed scaffolds 
shared uniform nanofibrous architecture with smooth sur-
faces without beads and nanometric dimensions less than 
250 nm. Electrospun nanofibers ranging from 50 to 500 nm 
mimic that of native ECM collagen, suited for tissue engi-
neering applications [65]. All nanofibers were arranged 
unaligned randomly, proposed to facilitate gas exchange, 
oxygen permeation, and cell proliferation [66]. The nano-
fiber diameter increased in PCL-PVA/Cs/SQ2%, while a 
remarkable reduction was observed in scaffolds loaded with 
higher concentrations of SQ (3% and 4%), which might 
be due to a decrease in the viscosity of polymeric solution 
[67]. Also, desirable cell attachment was observed, in which 
can be associated to biocompatibility and bioactivity of 
squalene.

Moreover, Squalene exhibits notable surface-active 
properties, characterized by a surface tension of approxi-
mately 32 mN/m, which enables it to effectively reduce 
surface tension at the oil-water interface, akin to traditional 
surfactants [68, 69]. Recognized primarily as an emol-
lient, squalene’s ability to lower surface tension suggests 
its potential to enhance emulsion stability by improving the 

Fig. 7  Hematoxylin-eosin (H&E) staining in the control group and 
scaffold-containing groups. In the Control group, the prolonged pres-
ence of the scab hindered re-epithelialization, with underlying exuda-
tion of fluid accompanied by loose fibrin accumulation and moderate 
acute inflammation, alongside minimal granulation tissue, indicating 
the early stages of healing (40X, 100X, and 1000X). The PCL-PVA/
Cs group also did not demonstrate re-epithelialization, showing mod-
erate granulation tissue and significant chronic inflammation, which 
indicates inadequate healing (40X, 100X, and 1000X). In the PCL-
PVA/Cs/SQ2% group, complete re-epithelialization occurred, with 
reduced edema indicating more effective tissue repair (40X, 100X, and 
1000X). The PCL-PVA/Cs/SQ3% group exhibited a thinner epithe-
lial layer, mild edema, and persistent inflammation (40X, 100X, and 
1000X). Finally, the PCL-PVA/Cs/SQ4% group displayed a thin epi-
thelial layer along with granulation tissue in deeper layers (40X, 100X, 
and 1000X). The legend for the symbols and abbreviations used in the 
figure is as follows: H: Hypodermis, D: Dermis, E: Epidermis, SC: 
Scab, HF: Hair follicle, SG: Sebaceous gland, ST: Scar tissue, REP: 
Re-epithelialization, Lm: Lymphocyte, Mo: Monocyte, Nu: Neutro-
phil, Ma: Macrophage, Fb: Fibroblast, Fc: Fibrocyte, MF: Myofibro-
blast, V: Vessel, RBC: Red blood cell, GT: Granulation tissue
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corresponding to hydrophilic surface. Ɵ values of PCL-
PVA/Cs/SQ3% scaffolds were approximately 60°, indicat-
ing moderate wettability, while PCL-PVA/Cs/SQ4% owned 
Ɵ values 90°, attributed to hydrophobic surfaces. Previ-
ous literature suggested that surfaces with Ɵ values rang-
ing from 40–70° are optimal for cell adhesion [90]. These 

It has recently been suggested that wettability is more 
influential than surface morphology in guiding cellular 
behavior on electrospun nanofibrous scaffolds [89]. We 
evaluated scaffold wettability (Fig. 4) by calculating contact 
angle (Ɵ), and the results intimated that PCL-PVA/Cs and 
PCL-PVA/Cs/SQ2% possessed Ɵ values ranging 20–40°, 
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reactions, higher collagen deposition contents, and the for-
mation of full-thickness stratum epithelium. This trend has 
been corroborated through quantitative analyses of heal-
ing scores, as illustrated in Fig. 9, as well as assessments 
of wound size, depicted in Fig. 6. These analyses provide 
robust evidence supporting the observed patterns, highlight-
ing the relationship between healing metrics and wound 
dimensions.

The trend observed in the present results has been con-
firmed by other researchers. For example, Shanmugarajan et 
al. revealed that squalene-loaded agar-based emulgel scaf-
folds accelerated wound contraction and improved collagen 
deposition, revascularization, keratinocyte proliferation, 
and macrophage polarization [32]. A possible mechanism of 
SQ in promoting wound healing is attributed to modulating 
macrophage polarization. Conventional M2 macrophages 
turn into M1 counterparts during wound healing, with anti-
inflammatory effects contributing to tissue remodeling [98]. 
SQ accelerated the recruitment of phagocytic cells and M1 
macrophage transition and prompted remodeling and repair-
ing signals (TIMP-2), influencing wound healing [31].

Furthermore, angiogenesis is particularly prominent dur-
ing the proliferative phase, where new capillaries invade 
the wound bed and form a microvascular network essential 
for granulation tissue formation. Moreover, macrophages 
release various angiogenic factors that further amplify 
this process, highlighting the dynamic interplay between 
immune response and vascular development [99, 100]. 
Hence, it seems that one of the mechanisms of effectiveness 
of SQ-loaded scaffolds could be its effects on angiogenesis 
[101].

Because, effective angiogenesis is vital for successful 
wound healing. It not only supports tissue repair but also 
influences scar formation. An excess of angiogenesis can 
lead to pathological conditions such as hypertrophic scars or 
keloids, while insufficient angiogenesis can result in chronic 
non-healing wounds [102, 103]. Therefore, understanding 
the balance of angiogenic processes is crucial for develop-
ing therapeutic strategies aimed at improving wound heal-
ing outcomes [46].

Also, the antibacterial analysis demonstrated that higher 
loading of SQ, leads to higher zone inhibition and as results 
higher antibacterial activity (Fig.  10). This result can be 
related to the fact that SQ appeared to own an intense antibac-
terial activity against various gram-positive and gram-neg-
ative bacteria, which could minimize adverse inflammatory 
responses and promote tissue repair [104]. Despite promis-
ing results obtained from PCL-PVA/Cs/SQ2% in vitro and 
in vivo, scaffolds loaded with higher amounts of SQ (3% 
and 4%) revealed fewer wound-healing effects. These find-
ings coordinated with previous studies that discussed SQ 

data manifested that enhanced hydrophobicity of SQ-loaded 
scaffolds, especially at higher SQ concentrations, was cor-
related to the hydrophobic structure of SQ [86].

The spectrophotometric analyses revealed that SQ was 
released moderately as a function of time, and the cumu-
lative release elevated upon loading higher concentrations 
of SQ (Fig. 5d). Hybrid nanofibers entrap biomolecules in 
them, which is advantageous for sustained release and regu-
lating cell signaling [91]. Mechanical strength is essential 
in improving cell proliferation and inducing differentia-
tion into tissues of interest. Nanofibrous scaffolds could be 
adjusted to fulfill the tensile strength close to native human 
skin while maintaining cell survival and infiltration [92]. 
Young’s modulus and tensile strength were expanded in 
PCL-PVA/Cs/SQ scaffolds as the SQ dose increased. This 
might arise from reduced nanofiber diameter, enlarging the 
surface area to volume ratio, and increasing intermolecular 
hydrogen bonds and polar interactions between the scaffold 
components (Fig. 5a-c) [93, 94].

We investigated the cytotoxic effect of scaffolds against 
fibroblast cells using the MTT assay (Fig. 5e). PCL-PVA/
Cs and PCL-PVA/Cs/SQ2% scaffolds had no toxic effects 
on cell proliferation, while PCL-PVA/Cs/SQ3% and PCL-
PVA/Cs/SQ4% scaffolds notably declined cell proliferation. 
The cytoprotective effect might be attributed to the anti-
oxidant property of SQ and its role in reducing intracel-
lular reactive oxygen species (ROS) levels [95]. Although 
the main mechanism of SQ in diminishing cell proliferation 
is not fully elucidated, high concentrations of anti-oxidants 
seem to induce excessive ROS generation, DAN damage, 
and cell cycle arrest in proliferating cells [96, 97].

Our histological evaluations (Figs. 7 and 8) showed that 
PCL-PVA/Cs/SQ2% scaffolds had the most eminent effect 
on wound healing, identified by reduced inflammatory 

Fig. 8  Masson’s trichrome staining in the control and scaffold-contain-
ing groups. In the control group, minimal matrix and collagen fibers 
are observed within the connective tissue, appearing blue, with no con-
version of granulation tissue to fibrotic scar tissue (200X and 100X). 
The PCL-PVA/Cs group shows low to moderate deposition of the 
extracellular matrix and collagen content, indicating incomplete heal-
ing (200X and 100X). In the PCL-PVA/Cs/SQ2% group, increased 
deposition of the extracellular matrix and collagen fibers in the con-
nective tissue indicate the formation of fibrotic scar tissue, with effec-
tive tissue repair (200X and 100X). The PCL-PVA/Cs/SQ3% group 
shows increased deposition of the extracellular matrix and collagen 
fibers in the deeper layers, indicative of fibrotic scar tissue in the mid-
to-late phase, which appears blue (200X and 100X). Finally, the PCL-
PVA/Cs/SQ4% group exhibits a thin epithelial layer along with early 
granulation tissue and increased collagen deposition in the deeper lay-
ers, reflecting ongoing scar formation (200X and 100X). The legend 
for the symbols and abbreviations used in the figure is as follows: H: 
Hypodermis, D: Dermis, E: Epidermis, SC: Scab, HF: Hair follicle, 
SG: Sebaceous gland, ST: Scar tissue, REP: Re-epithelialization, Lm: 
Lymphocyte, Mo: Monocyte, Nu: Neutrophil, Ma: Macrophage, Fb: 
Fibroblast, Fc: Fibrocyte, MF: Myofibroblast, V: Vessel, RBC: Red 
blood cell, GT: Granulation tissue
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specific wound types, such as full-thickness burns, raising 
concerns about the generalizability of findings to chronic or 
diabetic wounds [16, 17]. Furthermore, the in vivo evalu-
ation may not adequately assess long-term effects beyond 
initial healing phases, neglecting factors like scar formation 
and long-term biocompatibility [109, 110]. More research 
is also needed to optimize squalene loading into nanofibers, 
which could influence its release profile and therapeutic effi-
cacy [111, 112]. Lastly, despite employing various charac-
terization techniques, more advanced methods like dynamic 
mechanical analysis (DMA) are necessary to evaluate scaf-
fold properties comprehensively [113, 114]. Moreover, 
despite incorporating antimicrobial properties via chitosan 
and squalene, there remains a risk of bacterial colonization 
and biofilm formation, which is critical for successfulness 
in wound healing applications [115, 116]. Addressing these 
limitations is crucial for enhancing clinical relevance and 
ensuring effective patient outcomes in hybrid scaffold tech-
nology for wound healing.

Conclusion

Hybrid electrospun nanofibers made from PCL-PVA/Cs 
have shown considerable promise as scaffolds for wound 
dressings, significantly enhancing wound healing in vivo. 
The unique biomimetic structure of these hybrid nanofibers 
facilitates the localized delivery and controlled release of 
therapeutic agents, particularly SQ in this study, thereby 
enhancing their positive effects on tissue repair. Notably, 

lost its anti-inflammatory and tissue-reparative characteris-
tics at high concentrations [105].

However, this study has several limitations that require 
careful consideration. Firstly, while polycaprolactone 
(PCL), polyvinyl alcohol (PVA), and chitosan are gener-
ally biocompatible, their interactions within a hybrid scaf-
fold need further investigation, particularly since PCL’s 
degradation products may be acidic and hinder healing [20, 
106, 107]. Although the study aims to enhance mechani-
cal strength through material hybridization, the mechanical 
properties of PVA and chitosan may not provide sufficient 
structural integrity in dynamic wound environments [15, 
108]. Additionally, the scaffolds’ efficacy may be limited to 

Table 4  A summary of histopathological parameters assessed in exper-
imental groups on day 14 post-implantation

Control PCL-PVA/Cs PCL-
PVA/
Cs/ 
SQ2%

PCL-PVA/
Cs/ SQ3%

PCL-
PVA/
Cs/ 
SQ4%

Edema Mild to 
moderate

Slight to 
moderate

Slight Mild to 
moderate

Slight 
to 
moder-
ate

Inflam-
mation

Moderate 
to marked

Mild to 
moderate

Slight Slight to 
moderate

Slight

Vascu-
lariza-
tion

Mild to 
marked

Mild to 
moderate

Slight Slight to 
moderate

Mild to 
moder-
ate

Fibrotic 
tissue

Slight to 
moderate

Mild to 
moderate

Mod-
erately 
marked

Mild to 
moderate 
to marked

Mild to 
moder-
ate to 
marked

Fig. 9  quantitative analysis of histopathological assessments in the 
control group, scaffolds implanted groups. (a) Edema sensivity score, 
(b) Inflammatory sensivity score, (c) vascularity sensivity score, (d) 
Fibrosis sensivity score, (e) Re-epithelialization sensivity score. The 
quantitative analysis of histopathological evaluations indicates that 
wound healing improved with PCL-PVA/Cs/SQ scaffolds, particularly 
in the PCL-PVA/Cs/SQ2% group. Key findings include reduced edema 

levels and significant decreases in inflammatory responses, especially 
in the SQ-loaded scaffolds. Blood vessel formation was less extensive 
in these groups, with the most pronounced effects in the PCL-PVA/
Cs/SQ2% group. Additionally, collagen deposition increased, and epi-
thelial thickness significantly improved in SQ-loaded scaffolds, high-
lighting their effectiveness in promoting healing. (ns: none significant 
p-value = p, *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001)
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