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Introduction
Skin plays an important part in many physiological 
functions, such as environmental protection, fluid balance, 
sensory input detection, metabolizing vitamin D, and self-
healing.1 Skin infections potentially delay recovery and 
increase patient morbidity and mortality.2 

Healing a wound involves several steps, including 
hemostasis, inflammation, proliferation, and remodeling. 

Cell therapy has sparked much attention because of its 
application in skin tissue regeneration.3 Cell therapy using 
autologous cells speeds up wound healing by decreasing 
the duration required for host cells to enter the damaged 
tissue and by promoting early skin regeneration.4 

In tissue engineering, human adipose-derived 
mesenchymal stem cells (ADSCs) were discovered as a key 
cell source, due to their hypoimmunogenic characteristic, 
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Abstract
Introduction: Wound healing is a major 
therapeutic concern in regenerative medicine. 
The current study  aimed to investigate the 
second-degree burn wound treatment in rats 
using rat adipose- derived stem cells (ADSCs) 
and manganese nanoparticles (MnO2–NPs) in a 
 polycaprolactone/gelatin electrospun nanofiber 
scaffold.  
Methods: After the synthesis of nanoparticles 
and electrospinning of nanofibers, the SEM 
 analysis, contact angle, mechanical strength, 
blood compatibility, porosity, swelling, 
 biodegradability, cell viability, and adhesion 
assays were performed. According to the results,  the PCL/Gel/5%MnO2-NPs nanofiber (Mn-5%) 
was determined to be the most suitable  scaffold. The ADSCs-seeded Mn-5% scaffolds were applied 
as a burn wound dressing. The  wound closure rate, IL-1β, and IL-6 level, hydroxyproline, and 
glycosaminoglycans content  were measured, and the hematoxylin and eosin, Masson’s trichrome, 
and  immunohistochemistry stainings were carried out. 
Results: Based on the results, in Mn+S (ADSCs+PCL/Gel/5%MnO2-NPs nanofiber) and N+S 
  (ADSCs+PCL/Gel nanofiber) groups, the IL-6 and IL-1β levels were reduced, and the  percentage 
of wound closure, glycosaminoglycans, and hydroxyproline content were  increased compared to 
the control group (P<0.05). Also, the lowest amount of α-SMA was  observed in these two groups, 
demonstrating stem cells' role in reducing α-SMA levels and  thus preventing fibrosis.      Moreover, 
the amount of α-SMA in the Mn+S group is lower than in  the N+S group and, is closer to healthy 
skin. According to histology results, the best type of  treatment was observed in the Mn+S group.  
Conclusion: In conclusion, the ADSCs-seeded PCL/Gel/5%MnO2-NPs scaffold demonstrated 
 considerable therapeutic effects in burn wound healing. 
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experiment, the synthetic MnNPs@ZC (green synthesized 
manganese nanoparticles using Ziziphora clinopodioides 
Lam leaves) exhibited antifungal, antibacterial (gram-
negative and positive bacteria), antioxidant, non-
cytotoxicity, and skin wound healing activities. These 
manganese nanoparticles can be employed in humans to 
treat skin and infectious disorders if confirmed in clinical 
trials.26 

The purpose of the present study was to use the 
rat ADSCs and manganese nanoparticles in PCL/Gel 
electrospun nanofiber to treat second-degree burn 
wounds in rats. This new combination (ADSCs-seeded 
PCL/Gel/MnO2-NPs nanofiber) was investigated for the 
first time in this study and the obtained results confirmed 
the effectiveness of this treatment strategy.

Materials and Methods
Synthesis of manganese dioxide nanoparticles
The manganese dioxide nanoparticles (MnO2-NPs) 
were synthesized using the co-precipitation method 
according to the published paper by Cherian et al.27 
Aqueous solutions of 1 M manganese sulfate (manganese 
(II) sulfate monohydrate) and 2 M sodium hydroxide 
were used as reactants.100   mL of 2 M NaOH solution 
(freshly prepared) was incorporated dropwise to 100 mL 
of 1 M manganese sulfate solution. To precipitate the 
nanoparticles, the obtained solution was continuously 
stirred at 60 °C for 2 hours. Following that, the precipitate 
was separated using centrifugation (4000 rpm, 10 
minutes), washed with deionized water, and then finally 
dried at room temperature.

Polycaprolactone/gelatin nanofiber
To make PCL/Gel nanofiber, the 14% (wt/v) 
polycaprolactone (PCL) and 20% (wt/v) gelatin solutions 
were prepared separately. A mixture of formic acid and 
acetic acid (1:9) was used as the solvent. Then both 
solutions were mixed at the ratio of 50:50. The process 
of electrospinning was performed at the flow rate of 0.5 
mL/h, 20 kV voltage, and a distance of 12 cm between the 
nozzle and collector for 6 hours.

In this experiment, PCL/Gel nanofibers containing 
5%, 10%, and 15% MnO2 nanoparticles were fabricated. 
Different concentration of MnO2-NPs (5, 10, and 15%) 
was added to the PCL/Gel solution and stirred overnight. 
Then the electrospinning process was conducted.

To cross-link the nanofibers, they were attached to the 
inner wall of a desiccator containing 25% glutaraldehyde. 
The desiccator was put in a 45 °C oven for 24 hours. 
Nanofibers were crosslinked in the glutaraldehyde vapor.

Scanning electron microscopy
The scanning electron microscopy (SEM) images of the 
morphologies of gold-sputter-coated MnO2 nanoparticles 
and electrospun nanofibers were acquired after being 
coated. (SEM; FEI, Quantum 450, USA). The diameter of 

ease of isolation, and broad proliferation capabilities.5 
It has also been demonstrated that ADSCs help during 
different stages of wound healing by releasing various anti-
inflammatory cytokines and growth factors, stimulating 
the formation of new blood vessels and resurfacing with 
new epithelium, and balancing fibroblast characteristics 
and extracellular matrix (ECM) deposition.6 Furthermore, 
studies have indicated that administering ADSCs 
decreases scarring, although the processes are not entirely 
understood.7, 8 ADSCs have become an important element 
in cell-based skin bioengineering due to their outstanding 
proliferation and differentiation capabilities.

Using stem cells with biomaterials is becoming very 
important in regenerative medicine.9 A suitable tissue 
scaffold must exhibit good mechanical qualities and high 
biocompatibility for wound healing applications.10 

The interconnected porous structure forms a significant 
portion of the electrospun nanofibrous mesh.11,12 
Electrospinning is successful in creating continuous 
polymer nanofibers with diameters ranging from micron 
to nanoscale and with great surface-to-volume ratio to 
provide better characteristics for wound treatment.13 

Electrospun nanofibers have several benefits over 
standard dressings, including the capacity to simulate 
the native extracellular matrix, appropriate oxygen 
permeability, porosity, evaporation of water, and sustained 
discharge of active compounds.14 

Many electrospun meshes have been employed for 
wound regeneration, notably polycaprolactone (PCL)-
based mats, which have FDA approval and have high 
mechanical qualities.15,16 

PCL (a synthetic polymer) has attracted many 
considerations due to its interesting mechanical 
characteristics and cytocompatibility. However, the 
hydrophobic nature of PCL restricts its use for wound 
dressing. For better hydrophilic characteristics, 
biocompatibility, and mechanical integrity, PCL has been 
combined with gelatin methacryloyl (GelMA).17 

Gelatin is one of the most commonly used natural 
polymers and is produced by partially hydrolyzing the 
original collagen. Due to its lower molecular weight than 
collagen, gelatin is more easily and steadily electrospun. 
Additionally, it has a lot of integrin binding sites for cell 
motility, adhesion, and differentiation.18 According to 
Seokwon's study,19 combining gelatin and PCL is an 
effective way to overcome their weaknesses. It has also 
shown promises for use in the building of various tissues, 
including skin,20 nerves,21 muscles,22 and dental works.23

It has been revealed that manganese levels rise within 
scars, emphasizing the significance of antioxidant 
function in the process of wound treatment (including 
mucopolysaccharide and glycoprotein formation, 
as well as mitochondrial antioxidant defense via 
manganese superoxide dismutase (Mn-SOD).24 
Manganese improves wound healing by activating matrix 
metalloproteinase-2/9.25 According to the findings of an 
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nanofibers and MnO2 nanoparticles was measured using 
ImageJ software (National Institutes of Health, USA). 
For MnO2 nanoparticles and each of the nanofibers, 
one hundred diameter measurements were performed 
on different regions of the SEM images. The diameter 
distribution histograms were generated by Origin 2022 
software. Also, the obtained data were fitted with Gaussian 
distribution.

Energy dispersive X-ray spectrum (EDX) analysis was 
used to assess the presence and distribution of MnO2 
nanoparticles in nanofibers.
 
Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FT-IR) 
spectrum of PCL, Gelatin, and MnO2 NPs, and the 
chemical interaction of different functional groups were 
revealed by FT-IR spectrophotometer (IR prestige-21, 
Shimadzu Co., Japan) using potassium the bromide disk 
method. The scanning range was 400–4000 cm-1 with 
a spectral resolution of 4 cm-1. 5–6 mg of samples were 
mixed and triturated with potassium bromide (100 mg) 
and placed in the sample holder. 
 
Mechanical properties
The mechanical characteristics of different nanofibers 
were determined using the tensile strength method, 
following the ISO 5270:1999 standard test techniques. 
Tensile testing was performed at a strain rate of 1 mm per 
minute using a uniaxial tensile testing apparatus (Santam, 
Iran). For each nanofiber, the stress-strain curve was 
reported.

Contact angle 
To determine the hydrophobic/hydrophilic nature of the 
nanofibers, the water contact angle was evaluated with 
a static contact angle goniometer (Jikan CAG-20, Jikan 
Surface Nano-Engineering Company, Iran). In each 
sample, the deionized water droplet (5 µL) was poured 
onto three different points. Contact angles between the 
droplet and the sample surface were measured via Jikan 
Assistant software. The average angle was reported.

Porosity
The liquid displacement process was used to assess the 
nanofiber's porosity. Briefly, the samples were soaked in 
hexane until they reached saturation. Once all trapped 
air had been eliminated, the samples were removed from 
hexane. Tests were performed in triplicate. Equation 1 was 
used to calculate the porosity.

Porosity (%) = (W2 – W1 / W2 – W3) × 100                   (1)

Where W1 is the weight of dry nanofiber in the air, W2 
is the weight of hexane-impregnated nanofiber in the 
air, and the weight of nanofiber suspended in hexane is 
indicated by W3.28

Swelling test
The swelling tests were conducted in distilled water. 
Briefly, dry nanofiber samples (1 cm × 1 cm) were 
weighed and then submerged in distilled water. After 
the specified time, samples were removed from the water 
using spatulas, excess water was collected using tissue 
paper, and samples were weighed again. Monitoring of the 
nanofiber's swelling was performed until equilibrium in 
weight gain was achieved. The following formula was used 
to calculate the swelling ratio:

Swelling ratio = [(W – W0)/W0] × 100 

where W0 and W refer to the weights of dry and swollen 
samples, respectively.

Biodegradability test
An In vitro degradation test of the prepared nanofibers 
was conducted in PBS on days 7,14, 21, and 42. Briefly, 
each nanofiber was cut into 1 × 1 cm2 pieces and the 
initial weight (W0) was measured and then submerged in 
3 mL PBS. The samples were removed from the PBS at 
certain intervals and dried at 45 °C for 24 hours before 
being weighed. (W1). All the biodegradability tests were 
performed in triplicate. The percentage of weight loss was 
calculated using the following equation:

Weight loss (%) = (W0 - W1/ W0)×100

The morphology of degraded nanofibers was also 
observed using SEM photography.

Blood compatibility
The hemocompatibility test was performed using human 
fresh anticoagulated blood diluted with normal saline 
(1:1). Nanofibers were punched and incubated with 
150 µL of the diluted blood for 60 minutes at 37 °C 
before centrifugation at 1500  rpm for 10 minutes. The 
absorbance of the supernatant was measured at 545  nm 
by a microplate reader (BioTek, Synergy H1, USA). Blood 
diluted with normal saline (1:1) and blood diluted with 
deionized water (1:1), were accounted as the negative and 
positive controls, respectively. Equation 2 was used to 
calculate the hemolysis percent:

Hemolysis (%) = (Dt−Dnc / Dpc−Dnc) × 100                 (2)

Where Dt, Dnc, and Dpc are the sample, negative 
control, and positive control absorbances, respectively. 

Isolation, expansion, and characterization of ADSC
Rat ADSCs were extracted from fresh subcutaneous 
adipose tissue of male Wistar rats. The adipose tissue 
was isolated under sterile circumstances, rinsed with 
phosphate-buffered saline (PBS; Kiazist Life Sciences, 
Iran) containing 5% penicillin/streptomycin (pen/strep), 
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and cut into small pieces. Then, enzymatic digestion was 
performed with 1 mg/mL collagenase type I solution 
in PBS followed by incubation and shaking at 37 °C for 
2 hours. Centrifugation was carried out at 800 ×g for 
5 minutes following collagenase neutralization using 
DMEM (Kiazist Life Sciences, Iran) containing 10% fetal 
bovine serum (FBS; Gibco). The cell pellet was cultured 
in DMEM supplemented with 10% FBS and 1% pen/
strep (Kiazist Life Sciences, Iran) at 37 °C, 98% humidity, 
and 5% CO2.29 ADSCs of passage four were used for all 
experiments.

Immunophenotyping of rat ADSCs
The surface markers of ADSCs were assessed using flow 
cytometry analysis. Fourth-passage cells were trypsinized 
and resuspended in PBS at a density of 1 × 105 cells per 
1.5 mL. ADSCs were incubated with the FITC-conjugated 
antibodies for 2 hours at room temperature. Anti-CD73, 
anti-CD45, anti-CD34, anti-CD105 and CD90 antibodies 
were used (1:50; all from BIOSS). After two PBS washes, a 
flow cytometer was used to evaluate the cells (Attune NxT, 
Thermo Fisher Scientific, USA).30 

Tri-lineage differentiation 
The ADSCs capacity of tri-lineage differentiation 
including adipogenesis, osteogenesis, and chondrogenesis 
was evaluated. Rat ADSCs at the fourth passage with 80-
90% confluency were used for cell differentiation analysis. 
ADSCs differentiation was induced using adipogenic, 
osteogenic, and chondrogenic differentiation kits (Cyagen 
Bioscience Inc., Guangzhou, China) based on the 
manufacturer's instructions. Alcian Blue (chondrogenic), 
Alizarin Red (osteogenic), and Oil Red O (adipogenic 
stains were used to confirm the tri-lineage distinction. 

Cell viability assay
The viability and proliferation of ADSCs on the nanofibers 
were determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) test. Nanofibers 
were cut into 1×1 cm2 squares, sterilized  via ultraviolet 
(UV) irradiation and immersion in 70% ethanol, washed 
thrice with PBS, and incubated with DMEM medium 
for 24 hours. Then, 2 ×104 ADSCs were seeded on the 
nanofibers. MTT solution was introduced to the wells 
after 24, 48, and 72 hours and incubated for 4 hours before 
the absorbance was measured at 570 nm.

ADSCs adhesion and morphology analysis
To assess the cell adhesion and morphology on the 
scaffold, the SEM image of ADSCs seeded on the Mn-
5% nanofiber (the final selected scaffold) was obtained. 
To this end, 2 ×104 ADSCs were seeded on the 1×1 cm2 
nanofiber according to the steps mentioned in the MTT 
assay.

The cells seeded on the nanofiber were washed three 
times with PBS after the 48-hour incubation period, 

then fixed for 2 hours at room temperature with a 2.5% 
glutaraldehyde solution, and then rinsed again with PBS. 
The sample was subsequently dehydrated for 10 minutes 
in gradient concentrations of ethanol (50%, 70%, 80%, 
95%, and 100%), freeze-dried, and the SEM image was 
recorded.

Burn model
First, 15 male Wistar rats (200 g) were anesthetized with 
ketamine (10%, 100 mg/kg BW) and xylazine (2%, 10 
mg/kg BW) intraperitoneally. The second-degree burn 
model was developed using the approach described in the 
publication of Cai et al publication.31 The device which 
was used to create the burn model has a circular metal 
disk of 1.5 cm diameter, that is heated to a temperature 
of 100 °C using an electrical heating element. To create 
a burn model, this device was placed vertically on the 
rat skin (on its weight) for 10 seconds. Around the burn 
wound, the piroxicam was injected subcutaneously (5 mg/
kg). Rats were anesthetized one day after the burn model 
was created, and nanofibers (seeded with 3×106 ADSCs 
(N+S/Mn+S groups) or without cells (N/Mn group)) were 
sutured to the wound sites. Wounds were covered with a 
piece of sterile gauze impregnated with PBS (containing 1% 
pen/strep and 1% amphotericin B) and then a transparent 
adhesive bandage (good air permeability) was used. The 
group model abbreviation is according to below:
In vitro assays
Mn-0%: PCL/Gelatin nanofiber
Mn-5%: Nanofiber (PCL/Gelatin/ 5% MnO2 nanoparticles 
(NPs))
Mn-10%: Nanofiber (PCL/Gelatin/ 10% MnO2 NPs)
Mn-15%: Nanofiber (PCL/Gelatin / 15% MnO2 NPs)
In vivo assays
Control: No treatment
N: Nanofiber (PCL/Gelatin)
Mn: Nanofiber (PCL/Gelatin/ 5% MnO2 NPs) 
N+S: Nanofiber (PCL/Gelatin) + Stem cell (ADSCs)
Mn+S: Nanofiber (PCL/Gelatin/5% MnO2 NPs) + Stem 
cell (ADSCs)

Wound closure rate
The wound closure rate was determined by imaging 
the wound on days 0 and 21 post-burn induction. The 
wound area was measured using the ImageJ software. The 
following formula32 was used to calculate the percentage 
of wound closure:

Percentage of wound closure = [(wound area on day 0 - 
wound area on day 21) / wound area on day 0] × 100

On day 21, the rats were sacrificed under ether anesthesia 
to collect skin biopsies from the burn site for further 
analysis. Excised skin was divided into four pieces. One 
part was fixed in 10 % formaldehyde for histological 
studies; The remaining three parts were kept in microtubes 
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at -80°C until use for ELISA (IL-1, IL-6), hydroxyproline, 
and glycosaminoglycan (GAG) analysis. 

Enzyme-linked immunosorbent assay 
The level of IL-1β and IL-6 in the burn wound area was 
determined using Enzyme-linked immunosorbent assay 
  (ELISA) kits (Karmania Pars Gene Company Kerman, 
Iran) according to the manufacturer's instructions. 

The total protein content was estimated using the 
BCA protein assay kit (Kiazist Life Sciences, Iran) by 
the instructions of the manufacturer to normalize the 
amounts of IL-1 and IL-6.

Hydroxyproline and glycosaminoglycans content
The hydroxyproline content of the skin samples was 
measured using a hydroxyproline assay kit (Kiazist 
Life Sciences, Iran) based on the instructions of the 
manufacturer. Moreover, the dry weight of samples was 
used to normalize the data.

The amount of GAGs present in the healed skin 
was determined using the GAG assay kit (Kiazist Life 
Sciences, Iran) based on the manufacturer's instructions. 
The concentration of GAGs was calculated using the 
chondroitin sulfate standard curve.  Also, the DNA 
concentration of samples was used to normalize the data.

Haematoxylin and eosin and Masson’s trichrome staining
A series of graded ethanol solutions were used to dehydrate 
the fixed 10% formalin skin specimens. Samples were then 
washed in xylene and embedded in paraffin. Sections of 5 
m thickness were cut and stained with hematoxylin and 
eosin (H&E) and Masson's trichrome (MT). Finally, the 
stained slides were evaluated by an optical microscope 
(Olympus).

Immunohistochemistry staining
Immunohistochemistry (IHC) staining was used to 
identify the positive expression of α-SMA in the skin 
tissue. This staining was conducted on 5 µm sections 
of paraffin-embedded skin specimens using an α-SMA 
IHC kit (Medaysis Company, USA; Zytomed Systems, 
Germany) based on the instructions of the manufacturer.

Statistical analysis
GraphPad Prism 9 (version 9.0.0 (121), USA) was used 
to analyze the data using one-way or two-way analysis 
of variance (ANOVA) and the post hoc Tukey's test. The 
results are reported as mean standard deviation (SD), and 
a P<0.05 level of significance was considered statistically 
significant.

Results
Characterization of MnO2-NPs
 The surface shape and size of MnO2-NPs were determined 
using SEM images (Fig. 1A). According to the histogram 
and SEM image, the synthesized manganese dioxide 

nanoparticles have favorable size, Poly Dispersity Index 
(PDI), and morphology (spherical shape) with a mean 
particle size of 46.91 nm (Fig. 1B).

Morphology of nanofibers
According to SEM images (Fig. 1C), the nanofibers are 
almost uniform fibers without beads and deformities 
and MnO2-NPs are easily detectable. The presence of 
these nanoparticles in the nanofiber may be more clearly 
detected by increasing the nanoparticle concentration. 
Based on the results of this analysis, adding nanoparticles 
to nanofibers and increasing the concentration of 
nanoparticles did not have an adverse impact on the 
morphology of nanofibers.

SEM image analysis with ImageJ and Origin 2022 
software indicates that the mean diameter of nanofibers 
with 5%, 10%, and 15% nanoparticles are 548.838, 834.622, 
and 912.158, respectively. Fiber diameter distribution 
histograms are presented in Fig. 1D. The average diameter 
of nanofiber without MnO2 NPs (Mn-0%, 1440.849) is 
higher than the mean diameter of nanofibers containing 
MnO2-NPs. 

X-ray energy dispersive spectroscopy 
The presence of nanoparticles in the structure of the 
nanofibers was confirmed by EDS point and map 
analysis. Since the oxygenated species are manganese 
dioxide, by increasing the percentage of nanoparticles, 
the concentration of manganese and oxygen atoms has 
increased (Supplementary file 1, Fig. S1).

FTIR spectroscopy analysis
The PCL/Gel/MnO2 NPs nanofiber was synthesized 
through the reaction of the amine group of Gel and OH 
group of MnO2. The spectrum of PCL (Fig. S2) revealed 
sharp bands at 1732 cm−1 which was characteristic of the 
C=O stretching vibration of the ester, and the peaks at 
1180 and 1045 cm−1 were related to the C-O stretching 
vibration of the ester. Also, the sharp peak at 3099 cm−1 

described C-H cycloalkane of PCL, and the peaks at 
2927 and 2862 cm−1 corresponded to C-H symmetric and 
asymmetric stretching vibrations. 

The gelatin spectrum (Fig. S2) showed peaks at 3402, 
3043, 2927, 2854, 1685, 1604, and 1118 cm−1. The broad 
peak at 3402 cm−1 was a feature of OH and NH stretching 
vibration. The peaks at 2927 and 2854 cm−1 corresponded 
to C-H aliphatic stretching vibration. The peaks at 1734 and 
1654 cm−1 were a feature of the C=O stretching vibration 
group of the ester and amid from Gel, respectively. The 
peaks at 1639 (N-H bending vibration of primary amine) 
and 1564 cm-1 (N-H bending vibration of second amine) 
disappeared. The peak at 1544 cm-1 corresponded to 
-N=C- stretching vibration of Gel. Also, the peaks at 1170 
and 1047 cm−1 were related to C-O stretching vibration. 

The spectrum of MnO2 NPs (Fig. S2) showed the peaks 
at 3423, 2924, 2854, 1739, 1633, 1389, 1111 and 636 

https://www.sciencedirect.com/science/article/pii/S1877117310930019
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cm−1. The broad peak at 3423 cm−1 was a feature of OH 
stretching vibration. The sharp peaks at 1389 and 636 cm−1 
were a feature of Mn-O stretching vibration and bending 
vibration of MnO2 NPs.33 

Fig. S2 indicates the IR spectrum of PCL/Gel/MnO2 
NPs nanofiber. This spectrum revealed sharp bands at 
3287, 2943, 2866, 1726, 1643, 1588, 1458, 1344, 1396, 
1294, 1240, 1170, 1047 and 655 cm−1. The sharp peaks at 
2943 and 2866 cm−1 were a feature of C-H symmetric and 
asymmetric stretching vibrations of PCL, Gel, and MnO2 
NPs. The sharp peaks at 1726 and 1643 cm−1 described the 
C=O ester and amide stretching vibration of PCL and Gel. 
The peak at 1588 was a feature of the NH second amine 
bending vibration of the Gel unit. The peaks at 1396 and 
655 cm−1 were a feature of Mn-O stretching vibration 
and bending vibration of MnO2 NPs. Also, the peaks at 
1174 and 1047 cm−1 were a feature of the C-O stretching 
vibration of the ester from the PCL and Gel unit. 
The presence of peaks at 1726 and 1643 cm−1 correlated 
to C=O from the PCL and Gel group, and the peak at 
1588 cm−1 was a feature of N-H second amine bending 
vibration of the Gel which can confirm the synthesis of 
PCL/Gel/MnO2 NPs nanofiber. Also, the presence of 
the peaks at 1344 and 655 cm−1 was a feature of Mn-O 
stretching vibration and bending vibration of MnO2 NPs 
which can confirm the synthesis of PCL/Gel/MnO2 NPs 
nanofiber. In addition, the omitted sharp peak at 3423 cm−1 
corresponded to the OH of MnO2 NPs and NH primary 
amine of Gel, which confirms the synthesis of PCL/Gel/
MnO2 NPs nanofiber. Also, the FT-IR spectrum of PCL/

Ge/MnO2 NPs nanofiber showed prominent shifting of its 
peaks in comparison to those of PCL, Gel, and MnO2 NPs. 
The changes in the peak positions were observed in 1732 
to 1726, and 636 to 655 cm-1. These results confirmed the 
presence of PCL, Gel, and MnO2 NPs in the spectrum 
of PCL/Gel/MnO2 NPs nanofiber. Also, the peaks in the 
spectrum of PCL/Gel/MnO2 NPs nanofiber had lower 
intensity than the peaks of PCL, Gel, and MnO2 NPs.

Tensile strength
The mechanical test findings show that the nanofiber 
without nanoparticles has a high elongation percent, low 
UTS, and high elasticity. As a result of adding the MnO2-
NPs, the mechanical characteristics of the nanofiber have 
changed. In nanofibers containing nanoparticles, the 
elasticity and the percentage of elongation have decreased 
and the UTS value has remarkably increased (Fig. S3). 
During our animal experiments, the Mn-5% nanofiber 
was determined to be an appropriate choice for use as a 
wound dressing. This nanofiber has good elasticity and 
tensile strength, and it maintains its original structure 
throughout the wound-healing process.

Water contact angle
The water contact angle of nanofibers was determined to 
determine the hydrophilic/hydrophobic characteristics of 
scaffolds. 

Our results demonstrate that the contact angle of the 
nanofiber without nanoparticles is less than 90 degrees, 
indicating the hydrophilic nature. The water contact 

Fig 1. (A) SEM image of MnO2-NPs. (B) Histogram of diameter distribution of MnO2-NPs. (C) SEM  image of nanofibers. (D) Histogram of diameter distribution 
of nanofibers. 
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angle of nanofibers increases (above 90 degrees) with the 
addition of MnO2 nanoparticles compared to the Mn-
0% nanofiber, showing that these nanoparticles decrease 
the hydrophilic property of nanofiber. However, the 
hydrophilic characteristic of Mn-5% nanofiber (the final 
selected scaffold for animal study) was slightly reduced 
(Fig. 2A, C).

Porosity
In nanofibers containing nanoparticles, the percentage 
of porosity has increased significantly compared to the 
nanofibers without nanoparticles. Among the nanofibers 
containing 5, 10, and 15% nanoparticles, there is no 
significant difference in terms of porosity (Fig. 2B) 
(P>0.05).

Water absorption test (swelling test)
Based on the results of the swelling test, in nanofibers 
containing MnO2-NPs, the percentage of swelling has 
significantly increased compared to the nanofibers without 
nanoparticles. The addition of MnO2 nanoparticles to the 
nanofiber structure increased porosity and, as a result, 
increased water absorption rate (Fig. 2D).

Biodegradability analysis and weight loss
The SEM images of the degraded samples and the 
graph of the weight loss on different days are shown in 
Fig. 3. According to the SEM images, the diameter of 

the nanofibers has increased over time, and the type of 
nanofiber structure has shifted from fibrous to ribbon 
form. Indeed, nanofibers have hydrolyzed and fused. As 
a result, the rate of biodegradability has increased in all 
types of nanofibers over time. ANOVA statistical analysis 
showed that the incorporation of nanoparticles into the 
nanofiber structure significantly increased the weight loss 
or degradation rate compared to the Mn-0% nanofibers. 
Moreover, by increasing the percentage of nanoparticles, 
the degradation rate has also increased (Fig. 3A).

Blood compatibility
The results of the hemocompatibility tests revealed that 
none of the nanofibers induced significant hemolysis 
(Fig. 4A).

Immunophenotyping of ADSCs
Flow cytometry analysis was used to evaluate the 
expression of MSCs-specific cell surface markers (CD105, 
CD73, CD90) and hematopoietic markers (CD45, CD34). 
The findings revealed that a high percentage of cells 
expressed CD105, CD90, and CD73 markers (97.2, 94.2, 
and 94.4, respectively), whereas a minor number of cells 
exhibited CD45 and CD34 markers (3.4% and 1.8%, 
respectively) (Fig. 4B).

Tri-lineage differentiation
Oil red O, alcian blue, and alizarin red staining revealed 

Fig 2. (A) The water contact angle of nanofibers. (B) The average contact angle of nanofibers. (C)  Porosity (%) of nanofibers (D) Swelling ratio (%) of 
nanofibers. 
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that the isolated ADSCs had the capacity of adipogenic, 
chondrogenic, and osteogenic differentiation. Flow 
cytometry analysis and differentiation results indicated 
that ADSCs were successfully isolated from the rat 
adipose tissue and could differentiate into three lineages 
fat, cartilage, and bone (Fig. 4C).

Cell viability assay
The MTT test findings demonstrated that the addition 
of 5% nanoparticles to the nanofiber structure (Mn-
5%) had no significant influence on the viability and 
metabolic activity of ADSCs compared to nanofiber 
without nanoparticles. The absorption rates of these two 
groups were nearly identical at 24, 48, and 72 hours. In 
comparison to the Mn-0% and Mn-5% groups, increasing 
the percentage of nanoparticles to 10% and 15% resulted 
in a significant drop in cell viability at 24, 48, and 72 hours 
(P<0.05). In the Mn-15% group, the cell viability was 

significantly reduced at 48 and 72 hours in comparison to 
the Mn-10% group (Fig. 4D).

Cell adhesion assay
According to the results, ADSCs have favorable adhesion 
and growth on the Mn-5% scaffold, and the mitotic 
process can be easily observed. Furthermore, ADSCs are 
attached to the scaffold in a three-dimensional manner, 
demonstrating that the constructed scaffold creates an 
appropriate condition for cell growth and proliferation 
that is similar to the environment seen in the body (in 
vivo).

Based on the findings of different tests conducted 
on nanofibers, the most suitable scaffold for animal 
investigations was found to be the nanofiber containing 
5% MnO2 NPs (Mn-5%). ADSCs seeded on the Mn-5% 
scaffold were utilized for animal study (in vivo) (Fig. 4E).

Fig 4. (A) Blood compatibility tests. (B) Flow cytometry analysis of ADSCs. (C) Tri-lineage differentiation  of ADSCs: (I) Oil Red O (adipogenic), (II) Alcian Blue 
(chondrogenic), and (III) Alizarin Red (osteogenic)  staining. (D) Cell viability assay. (E) Cell adhesion assay (Mn-5% nanofiber). 

Fig 3. (A) weight loss (%) of nanofibers. (B) SEM images of degraded samples. 
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In vivo evaluations
Wound closure
The results of Fig. 5 show that the control group had the 
lowest percentage of wound closure. The wound closure 
percentage was increased in the Mn and N groups in 
comparison with the control group (without treatment) 
and the Mn group compared to the N group, although 
the difference was not statistically significant (P > 0.05). 
Also, the percentage of wound closure was significantly 
raised in the Mn+S and N+S groups than in the control 
group. In these two groups, wound healing was faster 
than in the other groups. In the Mn+S group, the wound 
closure increased in comparison to the N+S group, but 
this increase was not significant. In addition, the wound 
closure percentage was higher in the Mn+S group 
compared to the N group (P <0.05) (Fig. 5).

Inflammatory factors (IL-1 and IL-6)
The IL-1 and IL-6 level in the N and Mn groups was 
lower compared to the control group, although was not 
significant. The level of these two factors in the Mn+S 
and N+S groups decreased significantly compared to the 
control group. Although IL-1 and IL-6 levels were lower in 
the Mn+S group than in the N+S group, the difference was 
not statistically significant. In the Mn+S group compared 
to the N group, as well as in the Mn+S group compared to 
the Mn group, the levels of IL-1 and IL-6 were significantly 
reduced. (Fig. 6A, B).
Hydroxyproline content
According to the findings, there is an increase in the 
quantity of hydroxyproline in the N and Mn groups in 
comparison to the control group, and in the Mn group 
compared to the N group, although the difference between 

Fig 6. (A) The levels of IL-1(A) and IL-6 (B). Hydroxyproline (C) and Glycosaminoglycans (D) content .

Fig 5. (A) Representative photographs of wounds on days 0 and 21. (B) The percentage of wound closure. 
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the groups is not statistically significant. Compared to 
the control group, the quantity of hydroxyproline in 
the N+S and Mn+S groups has increased significantly. 
Furthermore, as compared to the N+S group, the quantity 
of hydroxyproline in the Mn+S group has increased, 
although this increase is not significant (Fig. 6C)
Glycosaminoglycans content
As shown in Fig. 6D, the quantity of glycosaminoglycan 
was increased in the N and Mn groups in comparison 
to the control group, and in the Mn group compared to 
the N group, although this increase was not statistically 
significant. Compared to the control group, the amount 
of glycosaminoglycan in the N+S and Mn+S groups 
has a significant increase. The Mn+S group has more 
glycosaminoglycan content than the N+S group, although 
the difference is not statistically significant (Fig. 6D).
H&E and Masson's trichrome staining
Different parts of healthy skin, the epidermis (E), and 
dermis (D) with appendages and the connective tissue 
fibers along with cells are detectable. The tissue structure 
was irregular and unclear in the control group, the necrotic 
tissue (N) was developed in the surface area of the wound, 

inflammatory phase cells were present under the necrotic 
tissue, and the collagen fibers had less density and were 
irregular in the extracellular matrix.

Tissue disorganization was decreased in the N treatment 
group in comparison to the control group. Also, less 
inflammatory cells and necrotic tissue were observed. In 
the Mn group, tissue alterations were improved compared 
to the N group. As a consequence, the necrotic tissue and 
the inflammatory cell accumulation were decreased, and 
the collagen fibers were detected. The results indicate 
that in the S+N group, the skin damage was reduced in 
comparison to the control, N, and Mn groups. Also, the 
epidermis was formed in a band shape in a wide area, 
and the connective tissue cells and filaments appeared 
normal. In the Mn+S group, the skin tissue structure was 
improved compared with the other treatment groups and 
had better treatment status. Overall, no skin appendages 
were detected at the site of tissue injury, in any of the 
groups (Fig. 7).
Immunohistochemical staining for α-SMA 
According to the results of immunohistochemical 
staining, the level of α-SMA in the control group is higher 

Fig 7. Representative images of skin sections stained with H&E and Masson’s trichrome (MT) (F: hair  follicle, D and asterisk: Dermis, S: Sebaceous glands, 
E: Epidermis, C: collagen fibers, N: Necrosis). 
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than in all other groups. Considering that the wound 
closure percentage in the control group is less than in 
other groups, there is a higher amount of α-SMA to help 
the wound closure. 

The amount of α-SMA in the N group is lower than in 
the control group, and also in the Mn group is less than in 
the N group. The presence of MnO2 nanoparticles in the 
nanofiber structure has reduced the amount of α-SMA. 
The lowest amount of α-SMA is observed in the Mn+S 
and N+S groups. In these two groups, the wound closure 
percentage was higher than in the other groups, therefore, 
the level of α-SMA has decreased and, subsequently, the 
possibility of fibrosis formation has been prevented. 
In the Mn+S and N+S groups, ADSCs inhibited fibrosis 
formation by reducing the α-SMA levels. The amount 
of α-SMA in the Mn+S group is lower than in the N+S 
group and, is closer to healthy skin. The treatment in the 
Mn+S group was better than all other groups. Indeed, the 
presence of MnO2 nanoparticles in the nanofiber and 
stem cells in this group has made the treatment more 
appropriate and faster (Fig. 8).

Discussion
According to the SEM images, due to the addition of 
5% MnO2 nanoparticles, the diameter of nanofibers 
has significantly decreased compared to the Mn-0% 
nanofibers. The inclusion of nanoparticles in the solution 
caused a buildup of high charge density on the ejected jet 
surface and a significant increase in total electric charges 
during electrospinning. As a result, the diameter of the 
nanofibers was decreased.34,35 In addition, by increasing 
the percentage of MnO2-NPs to 10% and 15%, the 
diameter of nanofibers has increased compared to Mn-5% 
nanofiber, owing to an increase in the solution viscosity. 
These findings are similar to the findings of the Mpukuta 
et al research, which revealed enhanced nanofiber 
diameters by increasing the percentage of nanoparticles.36 

In the SEM images, the MnO2 NPs can be detected 
in the nanofiber structure. EDX analysis additionally 
identified the presence of MnO2 NPs in the PCL/
Gel nanofiber. The results of mechanical tests showed 
that the nanofiber without nanoparticles has a high 
elongation percent, low UTS, and high elasticity.  While, 
in the nanofibers containing nanoparticles, the elasticity 

Fig 8. Immunohistochemistry staining of a-SMA (F: hair follicle, asterisk: Dermis, S: Sebaceous glands,  E: Epidermis). 
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and the percentage of elongation have reduced and 
the UTS value has remarkably increased. Our findings 
are consistent with previous studies. Hivechi et al 
synthesized polycaprolactone–gelatin hybrid nanofibers 
and incorporated cellulose nanocrystals (CNC) into the 
nanofibers to improve their characteristics. The results 
of the mechanical test indicated that CNC incorporation 
caused a significant increase in tensile strength and 
modulus (P<0.05).37 According to Augustine et al.38 results, 
the addition of a high concentration of nanoparticles 
(0.5%) to scaffolds reduced the  elasticity due to high 
surface energy and easy aggregation of nanoparticles.

Our results demonstrate that the contact angle of the 
nanofiber without nanoparticles is less than 90 degrees, 
indicating the hydrophilic nature. The addition of 
MnO2 nanoparticles raises the water contact angle of 
nanofibers (above 90 degrees) compared to the Mn-0% 
nanofiber, indicating that these nanoparticles decrease 
the hydrophilic characteristic of nanofiber. Indeed, 
the addition of MnO2 nanoparticles to the structure 
of nanofiber increases the surface roughness of the 
nanofiber, and as a result, raises the water contact angle 
(decreases the hydrophilicity nature). However, the 
hydrophilic characteristic of Mn-5% nanofiber (the final 
selected scaffold for animal study) was slightly reduced. In 
accordance with the present results, previous studies have 
indicated that the addition of nanoparticles to polymeric 
solutions can change the surface characteristics of the 
scaffolds. Jiang et al indicated that the surface roughness 
of PVDF nanofiber increases by adding the Fe3O4 
nanoparticles, therefore the hydrophobicity characteristic 
of the membrane increases.39 

Dressings with higher porosity are useful in absorbing 
excess exudates and increasing the gas and liquid 
exchange at the wound sites.40 The results of the current 
study showed that the diameter of the nanofibers dropped 
when MnO2 nanoparticles were added, and as a result, the 
percentage of porosity was increased. These results reflect 
those of Yanilmaz et al who explained that the higher 
porosity can be attributed to the reduced fiber diameter 
and increased roughness caused by increasing SiO2-NP 
concentration.41 

The dressing materials should have a great capacity 
for water absorption to absorb wound secretions and 
keep the wound environment moist.42 We indicated that 
the addition of MnO2 nanoparticles into the nanofiber 
structure increased the porosity and, as a result, the 
water absorption rate was increased. This finding was 
also reported by Khorasani et al, who indicated that 
the vacancies and pores in the hydrogel network were 
increased, due to the increase of ZnO concentration. Thus 
the water absorption and swelling rate of hydrogel systems 
were increased.43

Biodegradation analysis demonstrated that the addition 
of MnO2 nanoparticles into the nanofiber structure caused 
a significant increase in the weight loss or degradation 

rate compared to Mn-0% nanofiber. The presence of 
nanoparticles in nanofibers reduces the interactions 
between polymer chains and therefore increases the 
degradation rate. Moreover, by adding nanoparticles, the 
porosity of the nanofibers has also increased, and more 
water has penetrated the fiber. As a result, the degradation 
rate has increased. This finding was also reported by 
Dosstmohammadi et al44 who reported that PCL/GEL/
Selenium NPs had increased weight loss in comparison 
to PCL/GEL nanofibers. The reduced crystallinity of the 
scaffolds may be the cause of the high degradation rate of 
scaffolds containing Se nanoparticles. 

Zhang et al45 indicated that the PCL/Gel complex fibrous 
membrane with high fiber density could be a hopeful 
scaffold for the adhesion and growth of bone marrow 
stromal cells. Thus, the porous nature of the PCL/Gel 
fiber membrane with high fiber density may be suitable 
for cell adhesion and proliferation, and provides enough 
exchange of nutrients and gas for wound healing. 

It is worth noting that no significant difference was 
seen in the viability of ADSCs seeded on nanofibers 
containing PCL/Gel and PCL/Gel/ 5% MnO2 NPs at 24, 
48, and 72 h. This result is consistent with the findings of 
Doostmohammadi et al44 who reported that no significant 
difference in cell proliferation was seen between cells 
seeded on PCL/GEL and PCL/GEL/Selenium NPs 
after 24, 48, and 72 hours. In our study, increasing the 
concentration of MnO2 nanoparticles to 10% and 15% 
caused a significant decrease in cell viability at 24, 48, and 
72 hours in comparison to the Mn-0% and Mn-5% groups. 
Alipour et al45 discovered a slight decrease in cell viability 
of HSFPI18 fibroblast cells seeded on PVA/PVP/Pectin/
Mafenide acetate scaffolds comprising 0.7% AgNPs. 
In another study, Aktürk et al46 discovered a significant 
decrease (down to 67%) in the viability of 3T3 cells seeded 
on Au-containing collagen/PEO nanofibres.

As wound dressings interact with blood, particularly 
in severe burn damage, hemocompatibility is an essential 
feature.47 All of our synthesized nanofibers had no 
hemolytic effects. These findings are consistent with earlier 
research which demonstrated the high hemocompatibility 
of PCL and PCL/Gel nanofibers.48 

IL-6 and IL-1, which are proinflammatory mediators, 
are essential in stimulating the formation of scars. In 
the present study, the use of nanofibers containing PCL/
gelatin, 5% MnO2 NPs, and ADSCs as wound dressing led 
to a significant reduction in the inflammatory responses. 
The IL-1 and IL-6 levels in the N+S and Mn+S groups 
were significantly decreased compared to the control 
group. In addition, the amount of these interleukins in 
the Mn+S group has significantly decreased compared to 
the N group. Considering that these factors in the N+S 
group have not decreased significantly compared to the 
N group, it can be concluded that the treatment with the 
combination of MnO2-NPs and ADSCs is effective in the 
significant reduction of IL-1 and IL-6 levels. According 
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to these findings, which are in line with earlier studies, 
ASCs have anti-inflammatory impacts by reducing pro-
inflammatory cell recruitment as well as decreasing 
inflammatory cell activation and growth.49 It has been 
demonstrated that entering an inflammatory environment 
and being exposed to inflammatory cytokines such as 
interferon-gamma, IL-1, and tumor necrosis factor-
alpha activates the immunomodulatory phenotype of 
mesenchymal stem cells.50 

Reducing the pro-inflammatory cytokines minimizes/
prevents hyper granulation tissue and fibrosis formation. 
Our findings are consistent with the findings of Liu et 
al,51 who discovered that mesenchymal stem cell therapy 
reduced scar tissue formation through regulating the 
inflammatory cytokines. The results of the study by 
Manning et al52 showed that there is minimal evidence 
to support the idea that ASCs can directly inhibit IL-1 
production. They hypothesized that ASCs may regulate 
macrophage activity and encourage their transition to 
the M2 phenotype, which is a potential explanation for 
the decrease in pro-inflammatory cytokines and growth 
factors, including IL1 and TGF-1.

Mahdavi et al reported that MnNPs@ZC (manganese 
nanoparticles synthesized using Ziziphora clinopodioides 
Lam) ointment significantly reduced the wound area, the 
total number of cells, lymphocytes, and neutrophils, and 
caused a significant increase in wound closure, hexuronic 
acid, hexosamine, hydroxyl proline, fibrocytes, and 
fibrocytes/fibroblasts in comparison to other treatments. 
Based on the results of this experiment, the synthesized 
MnNPs@ZC showed dose-dependent antifungal, 
antibacterial (gram-positive and negative bacteria), 
antioxidant, non-cytotoxicity, and skin wound healing 
effects.26 

In the present research, the percentage of wound 
closure, glycosaminoglycans, and hydroxyproline content 
in the Mn+S and N+S groups has significantly increased 
in comparison to the control group. The ADSCs-
treated groups indicated a significant increase in the 
hydroxyproline expression, which proves the significant 
increase in collagen synthesis. These findings were 
previously presented by other studies, which reported 
that combining ASCs  with Aloe vera and Honey can 
significantly promote the healing of burn wounds through 
stimulating mesenchymal cell proliferation, collagen 
formation, re-epithelialization, and angiogenesis.53, 54 

The histology report of the current study indicates that 
the wound healing status and the tissue structure of the 
groups treated with PCL/Gel nanofibers (N group) were 
better than the control group, which was possibly owing 
to wound moisturization, wound protection from outside 
contamination, and the healing properties of gelatin.55 
In the Mn group, results demonstrated the reduction of 
necrotic tissue and inflammatory cells, as well as a rise 
in the collagen fibers in comparison to the N and control 
groups, proving the healing effects of MnO2 NPs. In the 

S+N and Mn+S groups, the skin damage was further 
reduced, the epidermis was formed in a band shape in a 
wide area, and the connective tissue cells and filaments 
appeared normal. Overall, the best type of treatment 
was observed in the Mn+S group. In this group, the skin 
tissue had the highest recovery rate and the best structure 
in comparison to other treatment groups. In line with 
these reports, Doostmohammadi et al demonstrated 
that the number of inflammatory cells was significantly 
reduced in the wounds treated with PCL/GEL/Selenium 
nanoparticles compared to the wounds treated with PCL/
GEL and normal saline. Also, in the group receiving 
treatment with PCL/GEL/Se NPs/Vitamin E scaffold, 
full re-epithelialization, moderate inflammation, a mild 
degree of edema, low fibroblast density, and the maximum 
amount of collagen deposition were found.44 Also, in 
another study, it was reported that the Aloe vera/ASCs 
treatment improved the re-epithelialization compared to 
other treatments on day 7 post-wounding. In addition, the 
histopathological investigations revealed more organized 
and altered bundles of connective tissue in the dermis of 
the Aloe vera/ASC-treated group in comparison to the 
rest of the groups after 28 days post-wounding.54 
Fibroblasts enter the wound from the edges and also 
migrate toward the center in response to growth factors 
and cytokines. Some of these fibroblasts differentiate into 
myofibroblasts, which contain α-SMA and have enhanced 
contractile activity. Myofibroblasts help in wound 
closure by pulling their margins toward the center.56 In 
our experiment, there is a reverse relationship between 
the wound closure percentage and the level of α-SMA. 
In the control group, the percentage of wound closure 
was less than in other groups, and therefore, there was 
a higher amount of α-SMA to help the wound closure. 
The amount of α-SMA in the Mn group was decreased 
compared to the control group and N group, indicating 
the role of MnO2-NPs in increasing the percentage of 
wound closure, decreasing the α-SMA expression, and 
reducing the possibility of scar formation. The highest 
rate of wound closure and the lowest amount of α-SMA 
was observed in the Mn+S and N+S groups, which 
demonstrate the greater role of stem cells in reducing 
α-SMA levels and thus preventing fibrosis.  The amount 
of α-SMA in the Mn+S group is lower than in the N+S 
group and, is closer to healthy skin. The treatment in the 
Mn+S group was better than all other groups. Indeed, the 
presence of MnO2 nanoparticles in the nanofiber and 
stem cells in this group has made the treatment more 
appropriate and faster. The inverse relationship between 
the amount of α-SMA and wound healing is demonstrated 
by prior studies which found that a reduction in α-SMA 
after HMSC administration is related to optimal wound 
healing.57 

Conclusion
In this study, MnO2-NPs were synthesized and the 
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electrospinning process of nanofibers containing Pcl/
Gel/MnO2-NPs was performed. Results of different 
experiments indicated that the addition of MnO2-NP to 
the nanofiber structure causes a reduction in the average 
nanofiber diameter, elasticity, and hydrophilic properties. 
Also, it causes an increase in the UTS value, water contact 
angle, porosity, water absorption rate, and degradation 
rate. The PCL/Gelatin/5%MnO2-NPs nanofiber scaffolds 
demonstrated the best physical, chemical, and mechanical 
characteristics for burn wound healing. 

The present research showed that a dressing composed 
of PCL/Gel, 5% MnO2-NPs, and ADSCs can successfully 
enhance burn wound healing by increasing the collagen 
synthesis, GAGs content, and wound closure rate, and also 
reducing the IL1, IL6, and α-SMA levels, and as a result, 
preventing the scar formation. This wound dressing seems 
to be a success in regenerative medicine.
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What is the current knowledge?
√ Stem cells and biomaterials are crucial in regenerative 
medicine. They are widely used for  wound healing, with 
various nanoparticles and nanofibers. 

What is new here?
√ For the first time, the combination of ADSCs and PCL/Gel/
MnO2-NP nanofiber was used for  burn wound healing, and 
considerable therapeutic effects were observed. 
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