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Introduction
A wound is an injury to the skin that can result in pain and 
susceptibility to infection.1 Acute wounds, such as surgical 
or traumatic wounds, abrasions, or superficial burns, are 
commonly encountered.2 However, some acute wounds 
exhibit impaired healing, leading to delayed healing and 
a state of pathologic inflammation.3 Each year, millions of 
people worldwide are affected by delayed acute wounds, 

which occur when the normal healing process is disrupted.4

Over the earlier two decades, regenerative medicine 
and skin tissue engineering (STE) have made significant 
progress in restoring and reconstructing damaged 
tissues, including the skin. Researchers have explored 
various techniques, such as three-dimensional structured 
scaffolds, hydrogels, and growth factors, to facilitate 
the improvement of practical engineered materials and 
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Abstract
Introduction: The purpose of this research was to test the impact of seeding a hydrogel chitosan 
scaffold (HCS) with human adipose-derived stem cells (hADSCs) under the influence of 
photobiomodulation (PBM) on the remodeling step on the wound repairing process in mice. 
Methods: Thirty mice were randomly assigned to five groups (n = 6 per group ): The control 
group (group 1) consisted of mice without any intervention. In group 2, an HCS was implanted 
into the wound. In group 3, a combination of HCS + hADSC was inserted into the wound. In 
group 4, an HCS was inserted into the wound and PBM was applied. In group 5, a combination 
of HCS + hADSCs was inserted into the wound, followed by PBM treatment.
Results: Improvements in the injury closing rate (WCR) and microbial flora were observed in all 
groups. However, the highest WCRs were observed in group s 5, 4, 3, and 2 (all P values were 
0.000). Groups 3-5 showed increased wound strength compared to group s 1 and 2, with group 
2 demonstrating better results than group 1 (P values ranged from 0.000 to 0.013). Although 
group s 3-5 showed increases in certain stereological elements compared to group s 1 and 2, 
group 2 exhibited superior results in comparison with group 1 (P values ranged from 0.000 to 
0.049).
Conclusion: The joined use of HCS + hADSCs + PBM significantly accelerated the wound healing 
process during the maturation phase in healthy mice. This approach demonstrated superior 
wound healing compared to the use of HCS alone, hADSCs + HCS, or PBM + HCS. The findings 
suggest an additive effect when HCS + hADSCs + PBM are combined.
Keywords: Hydrogel chitosan scaffold; Human adipose-derived stem cells; Photobiomodulation; 
Wound healing process; Mice.
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deliver necessary provisions throughout implantation 
in living organisms.5,6 Various techniques have been 
researched to accelerate skin regeneration in STE.7,8 The 
STE process often involves constructing a scaffold from 
different materials, followed by the introduction of cells 
with or without photobiomodulation (PBM) or growth 
factors to promote tissue development.9,10 The main goal 
of STE is to fully recover the structural and functional 
characteristics of a wounded area to its original state 
prior to the injury.8 However, STE currently has limited 
applications in patient treatment, as the procedures are 
experimental and expensive, and only a subset of healing 
purposes can be repaired.11

Mesenchymal stem cells (MSCs) play a role in 
promoting the healing of chronic ulcers during every 
phase of the wound healing process. One significant 
aspect of MSCs is their ability to shorten the duration 
of the prolonged inflammatory stage.12. Stem cells, 
particularly adipose-derived stem cells (ADSCs), show 
a vital role in STE as they have shown effectiveness in 
developing new treatments.13,14 ADSCs undergo cellular 
division and transformation into skin cells in order to 
restore injured cells. Additionally, they stimulate the 
regeneration of cells and facilitate the recovery process 
by means of autocrine and paracrine mechanisms.15 
Recent studies have shown the positive effects of MSCs 
in combination with the denatured acellular dermal 
matrix or photobiomodulation (PBM) on wound healing 
in mice. 16,17 However, the harsh injury location limits 
the engraftment, preservation, and endurance rate of 
transplanted MSCs.18 Various approaches have been 
explored to enhance the therapeutic potential of MSCs, 
such as using different scaffolds to facilitate MSC delivery 
and migration into the wound.19

PBM via near-infrared and red light has emerged as 
a hopeful drug-free method for helping injury repair, 
reducing inflammation, alleviating pain, and restoring 
action. The capability of these lights to enter tissue and 
definitely moderate molecular and biochemical reactions 
has contributed to their effectiveness.20 Latest studies have 
revealed the positive effects of PBM on MSCs,21 as well as 
its ability to modulate antioxidant levels in ADSCs.21

Hydrogels, specifically those composed of chitosan, 
have exhibited potential as effective wound dressings 
due to their compatibility with living tissue, ability to 
break down naturally, high water absorption capacity, 
and water retention properties. Chitosan is a biomaterial 
derived from chitin through deacetylation and possesses 
advantageous characteristics such as easy availability, 
antibacterial and blood clotting abilities, and the 
capability to facilitate skin regeneration. By combining 
chitosan hydrogels with blood clots and PBM, there is 
the possibility to enhance dental pulp regeneration by 
utilizing cell homing techniques.22 In an experimental 
work directed by Moreira et al in 2021, it was hypothesized 

that an experimental injectable chitosan hydrogel could 
promote the spatial arrangement of endogenous MSCs 
in the regeneration of dental pulp without impeding the 
positive effects of PBM.23 The tested chitosan hydrogel 
in their research demonstrated significantly increased 
proliferation, migration, and viability of MSCs in 
laboratory settings while PBM was used, and this was 
consistent with the findings observed in live subjects.23

In this study, we successfully implanted an HCS 
combined with hADSCs into an injury site under the 
influence of PBM on the remodeling phase of injury 
repairing in mice. We hope that our findings can pave the 
way towards a novel approach for effectively treating non-
healing wounds and ulcers in patients.

Materials and Methods
Study Design and Animals
Thirty adult male Naval Medical Research Institute 
(NMRI) mice, aged 3.5 months and weighing around 
25 g, were obtained from the Pasteur Institute of Iran, 
the Production and Research Complex in Tehran. The 
animals were separately housed in standard cages and fed 
with standard mice food pellets from Behparvar Co. in 
Tehran, Iran. Subsequently, they were randomly divided 
into five groups, with each group consisting of six mice.

In this experiment, we first utilized non-invasive 
methods, including the application of acid dyes to mark 
the tail and back skin of mice for grouping purposes. 
Following this, the rats were housed in cages labeled with 
the group name, date, and researcher’s name.24

Group one served as the control group without any 
interventions. In group two, a hydrogel chitosan scaffold 
(HCS) was inserted into the wound. In group three, an 
HCS combined with hADSCs was inserted into the wound. 
In group four, an HCS was inserted into the wound, and 
the wound was subjected to PBM. In group five, an HCS 
combined with hADSC was inserted into the wound, 
and the wound was subjected to PBM. On days 0, 8, and 
16, the wound closure rate (WCR) and microbiological 
examinations were performed. Throughout the duration 
of the study, the weight of the mice was consistently 
tested. On the 16th day, the mice were humanely put to 
sleep, and the samples were taken for further analysis by 
using tensiometrical and stereological methods.

Synthesis of Hydrogel Chitosan Scaffold
A 2% (w/v) solution of medium molecular weight 
chitosan was solved in the solution of acetic acid (0.1 
mol/L) and stirred for 24 hours at 25 °C. The solution 
was then centrifuged for 5 minutes at 3000 × g. A 40% 
(w/v) solution of β-glycerol phosphate (β-GP), used as a 
cross-linker, was provided and filtered by a 0.22 μm filter. 
The β-GP solution was gradually added to the chitosan 
hydrogel while stirring for 15 minutes at 4 °C. The 
thermosensitive property of the hydrogel was examined 
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by a tube formation assay at 4 °C, 25 °C, and 37 °C.25,26

Characterization of the Hydrogel Chitosan Scaffold
The morphology of the synthesized thermosensitive 
hydrogel was controlled under a scanning electron 
microscope (VEGA3, TESCAN, Czech Republic). For 
scanning electron microscopy (SEM) analysis, the samples 
were covered with a tinny coating of gold nanoparticles by 
the sputter-coating method and checked under SEM at an 
accelerated voltage of 15 kV. For the swelling assay, the dry 
samples were weighed, submerged in phosphate-buffered 
saline for about one hour at 37 °C, and then removed. 
The weights of the samples were immediately determined 
and measured again 5 minutes after blotting onto filter 
paper to remove excess water. The swelling ratio was 
determined by applying the following formula: Swelling 
ratio (in percent) = ((Ww - Wd) / Wd) × 100, where Ww 
denotes the weight of the expanded scaffolds and Wd 
corresponds to the weight of the initial dry scaffolds.25

Isolation, Expansion, and Immunophenotyping of hADSCs
Adipose tissue was achieved from an adult female 
undergoing cosmetic breast surgery with informed 
consent. Almost 5 cc of adipose tissue was separated, 
cultured, and expanded following standard methods. 
The MSC markers of the cells were assessed by using 
flow cytometry, following a methodology previously 
documented in a report.27

hADSC Seeding and Transplantation
Immediately after surgery, 1 × 106 passage 4 hADSCs21 
were seeded onto an 8-mm diameter HCS, and the 
scaffold was transplanted into the wounds of the mice in 
group s 3 and 5 (Figure 1).

Surgery
Using a standard punch (as shown in Figure 1), an 8-mm 
diameter circular skin injury was surgically made on 
the upper portion of the animal’s backs. The procedure 
was performed under sterile conditions while the mice 
were under general anesthesia.28 After PBM therapy, the 
wounds were initially dressed with a Vaseline dressing 
and then covered with a cotton dressing. Finally, the 
wound area was covered with leukoplast tape. The mice 
were monitored daily, and the dressings were checked 
regularly.

Photobiomodulation 
In group s 3 and 5, the wounds and their adjacent areas 
were subjected to PBM on days 4, 8, 12, and 16 while the 
mice were under general anesthesia. The specifications of 
the laser used are reported in Table 1.28,29

Measurement of the Wound Closure Rate 
Photographs of the wounds were captured by using a 

digital camera, and the surface site was calculated by 
means of ImageJ-NIH software (USA). The WCR for each 
injury was calculated by the following formula:

[(Surface area at day zero - Surface area at day X) / Surface 
area at day zero] × 100%

Microbiological Test
Swabs were provided from the wounds of the animals on 
days zero, 8, and 16. The samples were analyzed by using 
standard methods to detect Pseudomonas aeruginosa as 
a gram-negative bacteria and Staphylococcus aureus or 
Staphylococcus epidermidis as gram-positive bacteria. 
Müller-Hinton Agar was used to detect all the mentioned 
bacteria, and the Mannitol salt culture medium was used 
to differentiate between S. aureus and S. epidermidis. The 
microbial numbers in each sample of the wounds were 
quantified as the colony-forming unit (CFU).30

Tensiometrical Test
Rectangular samples, with dimensions of 3 mm × 30 mm, 
were obtained from the wounds by using a conventional 
dual-blade cutting tool. These samples were attached to a 
material testing device (SANTAM, Iran) and subjected to 
a constant deformation rate of 10 mm/min. The bending 
stiffness (expressed in MPa) was calculated by dividing 
the maximum force by the displacement at the point of 
rupture. The stress under a high load (in N/mm2) was 
determined by dividing the maximum force by the cross-
sectional area of the sample.28

Stereological Examination Using the Physical Dissector 
Method
To numerical density (Nv) evaluation of fibroblasts, 

Figure 1. hADSC Seeding and Transplanting after surgery. Panel A: Scanning 
electron microscopic photo of a wet hydrogel chitosan hydrogel. Panel B: 
An image of the wound, ring, laser spots, and scaffold. Panel C: wound 
area, Panel D: Scaffold, Panel E: Wound area was covered by a Vaseline 
dressing and leukoplast tape which was circled around the thoracic region 
of the mice
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neutrophils, and macrophages in the wound tissue 
samples, histological examination was conducted on 10 
sections with a width of 5 μm. These slices were stained 
by the hematoxylin and eosin (H&E) technique. A total 
of six fields per section were randomly observed under a 
Nicon light microscope from Japan, with a magnification 
of 40 × 10. 

The calculation for the total surface area tested in all 
the slices from each rat can be performed by using the 
following formula:

Total surface area = 10 (sections) × 6 (fields) × 6 × 6.25 
mm^2 (surface area of each field at a magnification of 40 × )

Substituting the Values
Total surface area = 10 × 6 × 6 × 6.25 mm2 
Total surface area = 2250 mm2.
Therefore, the total surface area tested in all the slices 
from each rat is 2250 mm2.
To calculate Nv, we summed up (ΣQ) the cell number 
(nuclei) for each type of cell. This value was then divided 
by the height of the dissector (h), multiplied by the area/
field (counting frame area), and further multiplied by the 
total number of the counting frames in all fields (Σp).
The total cell count in each sample (N) was obtained by 
multiplying Nv by the total volume (V).

Assessment of Vascular Length (as a Biomarker for 
Angiogenesis)
Measuring the length of blood vessels can serve as a 
potential biomarker for assessing angiogenesis. 

This can be calculated using the formula:

Vascular Length = Total number of vessels counted per rat 
/ (Number of counting frames in all fields * ratio of area 
to field).

To estimate the volumes of new epidermis and dermis, we 
can employ Cavalieri’s method. The formula is as follows:
Volume = Total number of points counted per sample * 

(Area/Point) * Thickness.

In the above equations, ΣQ represents the total number 
of vessels counted per rat, ΣP denotes the number of 
counting frames in all fields, a/f refers to the ratio of area 
to field, Σp signifies the total number of points counted 
per sample, a/p represents the ratio of area to point, and t 
represents the thickness.31

Statistical Analysis
Data representation involved the use of mean and 
standard deviation (SD). The normality of the data was 
assessed through the Shapiro test. To analyze the data, we 
employed the student t-test, one-way analysis of variance 
(ANOVA), and least significant difference (LSD) tests. 
Statistical significance was determined at a P value of less 
than 0.05. 

Results
Mechanical and Swelling Tests
Table 2 displays the outcomes of the mechanical and 
swelling tests of the HCS. It presents the average values, 
along with standard deviations for various weights 
obtained during the mechanical test, as well as the swelling 
ratio of the CHS in the diverse groups under examination. 
The data underwent analysis through the student t test, 
and the significance levels are represented by asterisks (* 
P < 0.05, ** P < 0.010, *** P < 0.000).

Marker Expression
The cluster of differentiation (CD) 34, CD90, and CD105 
were expressed by more than 97% of the hADSCs. 
Approximately 87.2% of the hADSCs expressed CD73, 
while CD11b was expressed by 11.8%, and only 0.68% 
expressed CD45.

Clinical Observations
Based on the clinical observations, it was found that there 
was no injury exudate present in any of the injuries in 
the examined groups. This suggests that there was no 

Table 1. Treatment Parameters of Photobiomodulation 

Parameter (Unit) Value

Beam spot size at target (cm2) 0.14

Irradiance at target (mW/cm2) 0.00625

Exposure duration (s) 800

Energy density or radiant exposure [J/cm 2] for one and 4 shootings 13.84, 55.36

Average radiant power: W × time = energy [J] for one spot (point) 0.001 × 0.8 = 0.8

Number of points irradiated for one wound 4

Area irradiated (cm2) 3.24

Application technique Tip of the LO7 probe was positioned vertically close to the target

Number and frequency of treatment sessions, energy density (J/cm2), or radiant exposure 5 sessions, one time, every 4 days, 276.8

Total radiant energy [J] for one session and 5 sessions 3.2, and 1.6

Exposure duration (s) 800
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excessive discharge or fluid accumulation at the surgical 
sites.

Additionally, there were no important changes in body 
weights among the examined groups on days 0 and 16 
after surgery. This indicates that the interventions or 
treatments being studied did not have a notable impact 
on the body weights of the subjects during this period 
(P > 0.05) (Table 3).

Findings WCR
While all statistical results are shown in the Figure 2, 
Panels 2A and 2B, we only reported significant differences 
without mentioning “significant.” All P values were 
obtained from the LSD test. There were increases in WCR 
from day four towards day 16 in all studied groups (all 
P values: P = 0.000) (Panel 2A). On all studied days, the 
groups with the highest WCRs were groups 5, 4, 3, and 2 
(all P values were equal to 0.000) (Panel 2B).

Microbiological Results
All results are shown in Figure 3. There were decreases 
in CFUs of S. epidermis from day 8 towards day 16 in all 
studied groups (all P values = 0.000) (Figure 3A). There 
were significant decreases in CFUs of S. epidermis in 
groups 1-3 compared to groups 4 and 5 on day 8 (all P 
values: P = 0.000) (Figure 3B). On both days 8 and 16, the 
lowest CFUs belonged to groups 2 and 3 (P values ranged 
from 0.018 to 0.000) (Figure 3B).

Tensiometrical Results
As shown in the Figure 4 A, group s 3-5 exhibited 
increased bending stiffness compared to groups 1 and 2, 
with statistical significance (P vvalues: 0.003, 0.003, 0.000 
and 0.007, 0.006, 0.000, respectively). Group 5 showed 
superior results compared to groups 4 and 3 (both P 
vvalues: 0.009) (Fig. 4A). The noticeable levels are labeled 
as follows: * P < 0.05, ** P < 0.013, *** P < 0.000.

Stress High Load
Groups 2-5 demonstrated an improved stress high load 
compared to group 1, with statistical significance (P 
values: 0.000). The P value between groups 1 and 2 was 
0.001. Groups 3-5 exhibited an increased stress high load 

compared to group 2 (P values: 0.013, 0.011, and 0.000). 
The results of group 5 were superior to groups 4 and 3 (P 
values: 0.005, 0.004) (Figure 4B).

Histological and Stereological Results
Figure 5 displays illustrative histological pictures of the 
wound regions in the five experimental groups on day 
16. The examination revealed no notable variances in 
neutrophil counts among the groups under investigation 
(Figure 6A).

Macrophages
There were fewer macrophages in group 5 compared to 
groups 1, 2, 3, and 4 (P values: 0.000, 0.000, 0.001, 0.002) 
(Figure 6B).

Proliferative Elements, Fibroblasts
From a stereological perspective, groups 2-5 exhibited 
increased fibroblast counts compared to group 1 (P value: 
0.000). The P value between groups 1 and 2 was 0.001. 
Groups 3-5 demonstrated increased fibroblast counts 
compared to group 2 (all P values: 0.000). Results of 
groups 5 and 4 were superior to group 3 (P values: 0.000, 
0.004). Group 5 showed higher counts compared to group 
4 (P value: 0.000) (Figure 6C).

Angiogenesis
Groups 2-5 exhibited increased angiogenesis compared 
to group 1 (all P values: 0.000). The P value between 
groups 1 and 2 was 0.029. Groups 3-5 demonstrated 
significant increases in angiogenesis compared to group 
2 (P values: 0.020, 0.002, and 0.000). The results of group 
5 were superior to groups 4 and 3 (both P values: 0.000) 
(Figure 6D).

Volumes of New Epidermis and New Dermis
While there were similar patterns of changes in the 
volumes of new epidermis and new dermis among the 
studied groups, statistical differences were reported for 
both as new volumes of epidermis and dermis (ED). 
New volumes of ED in group s 5-2 were higher than in 
group 1 (all P values = 0.000). Concurrently, the P value 
between groups 1 and 2 in volume on the new epidermis 
was equal to 0.049, and the P value between group s 1 and 

Table 2. Mean ± Standard Deviation of the Mechanical and Swelling Tests of 
the Hydrogel Chitosan Scaffold in Study Groups on the Surgery (Day 1), (Day 
4), (Day 8), and Sampling Times (Day 16)

Test Day First Weight Second Weight P Value 

Mechanical Day 1 0.0373 ± 0.008* 0.0207 ± 0.009  < 0.05

Mechanical Day 4 0.0443 ± 0.0146** 0.0247 ± 0.014  < 0.01

Mechanical Day 8 0.0407 ± 0.007** 0.0183 ± 0.008  < 0.01

Mechanical Day 16 0.0317 ± 0.009* 0.0137 ± 0.010  < 0.01

Swelling ratio

Results between 
the first and second 

measurements
271.2 ± 19.6***

Results between 
the first and third 

measurements
164.6 ± 12.0

 < 0.000

Table 3. Mean ± Standard Deviation of Body Weights of Mice in Study 
Groups on the Surgery (Day 0) and Sampling Times (Day 16)

Groups
Days

P value 
DAY 0 DAY16

Control  25.2 ± 5.6  25.2 ± 4.8  > 0.05

Scaffold  25.7 ± 4.0  26.0 ± 3.5  > 0.05

Scaffold + Cell 26.0 ± 3.9 27.0 ± 3.5  > 0.05

Scaffold + PBM  23.0 ± 3.1  24.2 ± 4.1  > 0.05

Scaffold + Cell + PBM 24.5 ± 4.6 26.7 ± 4.5  > 0.05

PBM, Photobiomodulation.
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2 in volume on the new dermis was equal to 0.011. New 
volumes of ED in group s 5-3 were higher than in group 
2 (all P values = 0.000). New volumes of ED in group 5 
were higher than in group s 4 and 3 (all P values = 0.000) 
(panels E and F of Figure 6).

Discussion
In our study, significant improvements were observed 
in the WCR and microbial flora from day zero to day 

16 in all groups (P = 0.000). The highest WCRs were 
consistently observed in groups 5, 4, 3, and 2 (P = 0.000 for 
most comparisons). Furthermore, groups 3-5 exhibited 
increased wound strength compared to groups 1 and 2, 
with group 2 showing better results than group 1 (P values 
ranged from P = 0.000 to P = 0.013). Group 5 had fewer 
macrophages compared to the other groups (P = 0.000 
to P = 0.002). Additionally, groups 3-5 showed increased 
fibroblasts, angiogenesis, volumes of new epidermis, and 

Figure 2. The size of the wound area in studied groups on days of 0 to16th. Panel A illustrates the progressive and enhanced healing process of wounds across 
the five study groups, as observed over a specific duration. Panel B compares the mean ± SD of the wound closure rate for each group on days 4, 8, and 16, 
using ANOVA and LSD tests. Panel C compares the mean ± SD of the wound closure rate among groups on each day (days 4, 8, and 16) using ANOVA and LSD 
tests. *** P < 0.000. Description of groups: G1was control group without any intervention; G 2: hydrogel chitosan scaffold (S) was inserted in the wound; G3, 
S+CELL: An S + human adipose derived stem cells were inserted in the wound. G4, S+PHOTOBIOMODULATION (PBM): An S was inserted in the wound, and 
the wound was subjected to PBM. G5: S+CELL+PBM: An S + CELL was inserted in the wound, and the wound was subjected to PBM.

Figure 3. The count of colony-forming units (CFU) in experimental and control groups on the days of 8th and 16th. Panel A compares the mean ± SD of colony-
forming units (CFUs) of S. epidermis between days 8 and 16 in each group using ANOVA and LSD tests. Panel B compares the mean ± SD of CFUs of S. epidermis 
on days 8 and 16 among groups using ANOVA and LSD tests.
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new dermis compared to groups 1 and 2, with group 2 
outperforming group 1 (P values ranged from P = 0.000 
to P = 0.049).

The impact of poor wound healing on the quality of 
life is significant, affecting approximately 2.5% of the US 
population. Wound management also has a considerable 

economic impact on healthcare.32 STE approaches, 
particularly those involving stem cell therapy, have 
shown promise in improving wound healing rates and 
regenerating the skin.33 Nonetheless, the clinical utilization 
of transplanted stem cells faces hurdles due to the limited 
viability of the cells at the specific injury location, as well as 

Figure 4. Comparison of bending stiffness and stress high load level in the studied groups on days 16. Panel A presents a comparison of the average ± SD 
(standard deviation) for bending stiffness among the groups examined using ANOVA and LSD tests. The levels of significance are denoted as follows: * indicates 
P < 0.05, ** indicates P < 0.01, and *** indicates P < 0.000. In Panel B, the average ± SD for stress under high load is compared among the studied groups using 
ANOVA and LSD tests. The significance levels are once again indicated as * for P < 0.05, ** for P < 0.01, and *** for P < 0.000.

Figure 5. Histological images of the injury sites from the five experimental groups. On day 16, Hematoxylin Eosin and staining was considered to get typical 
histological pictures of the injury sites from the five experimental groups. The images depict various cellular components such as fibroblasts (F), macrophages 
(M), neutrophils (N), and blood vessels (V). The magnification used for capturing these images was 40×10.
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their susceptibility to immune responses and diminished 
rates of survival, proliferation, and differentiation.34 
Biomaterials can help overcome these barriers and are 
commonly used in combination with stem cells for STE 
in injury repair treatments.34

The integration of stem cells into organized and 
developed biomaterials improves the healing and repair 
of damaged skin tissue, leading to enhanced injury 
repair factors such as better epithelialization, formation 
of granulation tissue, increased vascularization, and 
promotion of angiogenesis.34-36 

In an animal model of skin damage, MSCs have 
demonstrated the ability to reduce inflammation by 
lowering the levels of neutrophils and macrophages, as 
well as pro-inflammatory cytokines such as IL-1, IL-6, 
and TNF-α, while increasing anti-inflammatory cytokines 
like IL-10 and VEGF. This decrease in inflammation has 
been linked to a reduction in hypertrophic scarring. MSCs 
can transform macrophages from an inflammatory state 
to an anti-inflammatory state, which promotes wound 
healing and decreases MMP-9 levels. Furthermore, 
MSCs can release substances like VEGF that encourage 
angiogenesis and support the development of endothelial 
progenitor cells. Research has indicated that MSCs can 
travel to wound sites and evolve into various cell types, 

including keratinocytes and endothelial cells. Various 
sources of MSCs, such as bone marrow, adipose tissue, 
umbilical cord, and placenta, have been employed in 
treating diabetic wounds, each displaying different 
levels of differentiation potential and pro-angiogenic 
characteristics. Additionally, extracellular vesicles 
derived from MSCs have been found to aid in skin cell 
proliferation and angiogenesis.12

In the current study, the results of groups 2 (HCS) and 3 
(HCS + hADSCs) align with previous research indicating 
that the application of chitosan dermal scaffold alone,37 
collagen + chitosan scaffold,38 or chitosan + hADSCs37 
can induce the rapid growth and maturation of blood 
vessels during injury repair and cause the healing of full-
thickness injuries and the making of an organization 
similar to a typical skin. Furthermore, these treatments 
improve injury repair and promote the differentiation of 
endothelial, fibro-vascular, and epithelial components in 
the renovated tissue.37,39

To our current understanding, there have been no 
investigations conducted on the impact of PBM therapy 
on a hybrid approach involving both scaffold and stem 
cells within a simulated model of skin wound healing. 
However, some other studies have successfully examined 
the combination of scaffold + stem cells + PBM in a 

Figure 6. The stereological findings, among the studied groups on day 16. The comparison of mean±SD of neutrophils count (panel A), macrophages count 
(panel B), fibroblasts count (panel C), new blood vessels (angiogenesis) count (panel D), volumes of new epidermis (panel E), and new dermis (panel F) between 
the studied groups by using ANOVA and LSD tests. *P<0.05, **P<0.010, ***P<0.000.
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femoral critical-size defect simulation in healthy and 
osteoporotic rats. In osteoporotic rats, the combination 
of HCS + PBM + ADSCs was superior to other protocols, 
significantly improving the repairing of critical-size 
femoral deficiencies in ovariectomized rats and affecting 
the expression of some related genes. 40-42 In healthy 
rats, ADSC preconditioning with PBM in vitro + PBM 
in vivo + HCS meaningfully improved bone strength, 
stereological parameters, and several important mRNA 
gene expressions during bone repair.43-45 It was concluded 
that ADSCs play an important role in skin wound repair 
due to their benefits, such as immune compatibility and 
lack of ethical constraints.31,46

While significant differences were observed in almost 
all evaluation methods between group s 3 (HCS + hADSC) 
and 5 (HCS + hADSC + PBM), some authors believe that 
the impacts of stem cell treatment are not affected by the 
lack of biostimulators.47,48 Lin et al introduced an innovative 
method for delivering stem cells by using a combination 
of chitosan and acellular dermal matrix. This unique 
system possesses remarkable capabilities for scavenging 
reactive oxygen species (ROS) and notably mitigating the 
inflammatory response. By acting as a protective barrier 
in the presence of a ROS-rich environment, this delivery 
system effectively eliminates ROS and safeguards MSCs 
against oxidative stress. Furthermore, it controls the levels 
of intracellular ROS in MSCs, thereby reducing cellular 
death induced by ROS. Additionally, this MSC delivery 
system augments the retention of transplanted stem cells 
in vivo, stimulates blood vessel formation, and expedites 
the process of wound healing.49 Therefore, the positive 
and significant results observed in group 2 (HCS) could 
be attributed to the regulation of intracellular ROS levels 
in MSCs, the reduction of ROS-induced cellular death, 
the enhanced preservation of transplanted stem cells, 
the promotion of vessel growth, and accelerated wound 
healing.49

The positive and significant effects observed in group 
3 (HCS + hADSC) can be attributed to the additive and 
combined impacts of stem cell differentiation and their 
paracrine signaling,50 along with the beneficial effects of 
the HCS on the cells within the wound bed.49 Low-level 
laser therapy, using PBM, has demonstrated the ability 
to influence cellular activities, accelerate tissue healing, 
stimulate cell growth, and facilitate stem cell specialization. 
This non-invasive approach effectively alleviates pain, 
reduces inflammation, and supports improved recovery 
and tissue regeneration.51 The positive and significant 
effects observed in group 5 (HCS + hADSCs + PBM) can 
be attributed to the additive and combined impacts of 
stem cell differentiation and their paracrine signaling,43 
along with the beneficial effects of the HCS on the cells 
within the wound bed,42 as well as the positive effects of 
PBM on wound bed cells and ADSCs.51

There are conflicting results regarding the role of S. 

epidermidis in the injury repairing way. While Leonel 
et al52 suggested a positive role for S. epidermidis in 
injury repair, Lindsay et al53 described it as an invading 
microorganism. Leonel et al discovered that the cutaneous 
microbiota act together with cutaneous immune cells, 
and commensal S. epidermidis-induced CD8 + T cells 
accelerate wound closure by inducing epithelialization.52 
On the other hand, Lindsay et al. stated that the virulence 
of invading microorganisms and the host’s immune 
status, rather than a high bioburden level alone, affects 
therapeutic results. Bacteria like P. aeruginosa, S. aureus, 
and S. epidermidis possess virulence factors that promote 
the invasion and destruction of the host tissue, including 
bacterial proteases.53

In conclusion, the combination of HCS, hADSCs, 
and PBM significantly accelerated the wound healing 
process compared to individual treatments (HCS alone, 
hADSCs + HCS, and PBM + HCS) in the maturation 
phase of injury healing in healthy mice. We propose 
that additional research should be conducted in 
human translational studies to explore the potential 
of the combined approach in reducing inflammation 
and infection while promoting repairing. Further 
investigations are required to understand the molecular 
mechanisms involved in the additive impacts of 
HCS + hADSCs + PBM in repairing ischemic infected 
wounds in both healthy and diabetic animals.
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