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Treatment of burn injuries with Mesenchymal stem cells (MSCs) is a great promise due to their unique

properties. As two natural and functional wound dressing, Chitosan and Aloe-Vera gel assist wound
regeneration by providing a proper environment. In the current study, we aimed to compare the effect of
encapsulated BMSCs in Chitosan-based gel and Aloe-Vera gel on the healing of grade-II burn injuries
compared to other groups in the rat. After creation of a 2 x 2 cm grade-II burn on dorsal skin of rats,
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treatments were performed for each group. The wound closure rate and healing properties were eval-
uated by histopathological analysis on 7, 14, 21 and, 28 days post-treatment. The expression rate of VEGF,
Collagen-I and Collagen-III genes was also assessed on days 3, 7, 14, 21 and 28 performing qRT-PCR. The
full wound healing with inconsiderable scar formation was achieved for Aloe-vera/BMSCs and Chitosan/
BMSCs group on 28th day post-treatment. Pathological results also demonstrated the highest angio-
genesis and granulation tissue formation for Aloe-vera/BMSCs and Chitosan/BMSCs groups respectively.
The expression level of VEGF, Collagen-I, and Collagen-III genes was significantly higher in these groups
on days 14 and 21, compared to other groups. Results demonstrated the synergistic effect of BMSCs when
combined with Chitosan or Aloe-vera gel enhanced the healing process of wound healing more than
chitosan gel treatment. Therefore, this gel can be considered as effective approaches for treatment of
burn injuries.

© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
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1. Introduction

Burn wounds are of serious devastating traumas with significant
cost for both individuals and the health care system [1]. Debride-
ment, dressing and skin grafting are of traditional and usual
treatments for burn treatment. However, these approaches come
with delayed wound healing, tissue necrosis and scar formation [2].
Nowadays, stem cell-based regenerative medicine has become a
growing interest among scientists. It's been reported that Mesen-
chymal stem cells (MSCs) have a great potential in tissue repair to
regenerate many damaged tissues such as myocardium, blood
vessels, cartilage, bone, and skin [3]. MSCs are self-renewal cells
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with a wide range of differentiation capacity and multi-potency to
differentiate into mesoderm lineage including osteocyte, adipose,
and chondrocyte [4,5]. MSCs contribute in each phase of normal
wound healing including inflammation, proliferation and remod-
eling phase. In brief, MSCs contribute to wound healing mostly by
differentiation into keratinocytes, fibroblasts and, epithelial cells.
Also, their well-known paracrine activities decrease inflammation
and enhance angiogenesis, re-epithelialization and, collagen syn-
thesis [6]. One of the main sources for MSCs is bone marrow
(BMSCs), however similar populations are also obtainable from the
umbilical cord, peripheral blood, adipose tissue etc. [7].

The therapeutic effects of herbal drugs have been reported for
many years. In comparison to synthetic medicines, Herbal medi-
cines/products are less expensive comprising moderate efficiency
without toxicity or low toxicity [8]. Aloe vera is a tropical plant from
the Liliaceae family, growing easily in hot and dry climates. In the
center of each leaf, there is mucilaginous tissue which is called Aloe
vera gel. Aloe vera gel has widely been used for cosmetic, medical
and, even general health purposes for centuries. Wound and burn
treatment is one of the major Aloe vera indications. It has been
reported that Aloe vera possesses anti-inflammation, anti-micro-
bial, and anti-oxidant properties which accelerates wound healing.
Furthermore, the bradykinin and thromboxane found in Aloe vera
relieve pain and by increasing the dead cells fall-off, they accelerate
wound healing [9].

Chitin is a natural biopolymer that is the basic component of the
crustacean exoskeleton. The N-deacetylation of chitin creates a
cationic polysaccharide known as chitosan. Chitosan is a conspic-
uous biopolymer due to its unique properties including being non-
toxic, non-antigenic, biologically adhesive, biocompatible, biode-
gradable with a hemostatic effect [10,11]. Furthermore, chitosan
possesses anti-microbial functions by its poly-cationic character
which facilitates interaction with negatively-charged microbial
cell-wall and membrane [12]. Chitosan also increases the synthesis
of collagen type-IIl and the recruitment of fibroblast cells to pro-
mote granulation tissue formation. It also offers some immuno-
logical properties such as inhibition of pro-inflammatory cytokines
[13]. Taken together, these and other positive properties such as
promoting wound contraction and cell differentiation make
chitosan-based hydrogels as suitable candidate for stem cell-based
wound therapy [14]. Since advances in MSCs delivery to the burn
site using biological scaffolds have opened up new avenues to
manipulate the functionality and the fate of stem cells; we selected
Aloe vera and chitosan gel as two unique scaffolds with the ability
to encapsulate cells with the aim of wound healing accelerants.
Therefore, we aimed to compare the therapeutic effects of 6
treatment groups including a) Aloe vera/BMSCs, b) Chitosan/
BMSCs, ¢) BMSCs alone, d) Aloe vera gel alone, e) Chitosan-based
gel alone and, f) Control (Vaseline gauze) on the regeneration of
grade-II burn wounds in the experimental rat model.

2. Methods
2.1. BMSCs isolation, culture, and characterization

In brief, animals were anesthetized before sacrificing then both
femur excised and after removing surrounding tissues, each bone
marrow was aspirated by a syringe containing 2 ml Dulbecco's
Modified Eagle Medium-low glucose (DMEM-LG) (Sigma, USA)
supplemented with 10% FBS (Gibco, Life Technologies, USA) and
100 U/ml Penicillin (Sigma, USA), 100 pg/ml streptomycin (Sigma,
USA) and 25 ng/ml Amphotericin (Sigma, USA) and introduced to a
culture flask. Cell culture was performed with the same media and
kept at 37 °C in a 5% CO2 incubator. Cultured cells were monitored
for adherent cells regularly and non-adherent cells were removed.
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When cells reached 90% confluency, cell passages were carried out
using Trypsin—EDTA solution (Gibco, USA).

2.2. Preparation of Aloe vera gel

Fresh Aloe vera was prepared from a commercial plant nursery
and the Aloe vera gel was extracted from fresh leaves and after
homogenizing with blender, the pH was adjusted to 7.4 + 0.2 and
stored at 4 °C refrigerator.

2.3. Preparation of chitosan-based gel

The 5% chitosan (Sigma—Aldrich, USA) solution in 43% acetic
acid was prepared and placed on stirrer with a magnet for 48 h to
achieve a homogenous gel.

2.4. Animals and experimental groups

A total of 48 Wistar-albino male rats (300—340 g weighting and
3—4 months old) were purchased from the animals’ nests of
Shahrekord University of Medical Sciences for making grade-II burn
wounds. The rats used in current study were housed for 1 week
under an air-conditioned environment with a temperature at
22-26 °C and relative humidity of 40—60%. This research was
approved by the Shahrekord University of Medical Sciences and
carried out according to the ethical guidelines. All animals included
in the study were clinically healthy and were randomly divided into
6 groups (each one contained 8 rats) including (A) Aloe vera/BMSCs
(receiving 40 g Aloe vera gel+ 2 x 10° cells), (B) Aloe vera (receiving
40 g Aloe vera gel alone), (C) Chitosan/BMSCs (receiving 40 g
Chitosan-based gel+ 2 x 108 cells), (D) Chitosan (receiving 40 g
Chitosan-based gel alone), (E) BMSCs (Injection of 2 x 10° Cell
around the wound) and, (F) Control (receiving routine treatment
including Vaseline gauze) (Fig. 1).

2.5. Creation of grade-II burn wound

All groups were kept under the same condition such as free
access to food and water before or after making the burn wound.
Animals were anesthetized using intraperitoneal (IP) injection of
xylazine (Sigma Aldrich) (10 mg/kg) and ketamine hydrochloride
(Sigma, Germany) (50—100 mg/kg). A grade-Il burn wound was
created using hot plate (diameter: 2 x 2 cm) at 190 °C temperature
which placed for 20 s on the dorsal skin of rats with equal pressure
[15].

2.6. Wound healing assessment

For evaluation of wound closure rate and healing efficacy, the
wound site of each treatment group was imaged by a digital camera
on days 7,14, 21 and, 28 post-treatment. The images were evaluated
by Image ] software (NIH Image ] Software) and the percentage of
wound closure was calculated based on wound size at any interval
using the following equation:

%Wound closure = (AOW-AAW)/AOW x 100%

Whereas AOW is the area of original wound size and AAW is the
area of actual wound size at each interval.

2.7. Histopathological assessments
Rats were sacrificed on days 7, 14, 21 and, 28 post-treatment and

the wound site with approximately 1 x 1 cm of surrounding skin
were harvested and fixed in 10% formalin (Sigma-Aldrich) [16]. The
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Fig. 1. Schematic diagram of experimental groups for treatment of grade-II burn injury in the rat model. All groups received their treatment plus Vaseline gauze while the control
group received Vaseline gauze only. BMSCs: Bone marrow-derived Mesenchymal Stem Cells.

paraffin-embedded tissue sections were prepared on a rotary
microtome and stained with Hematoxylin—Eosin as standard pro-
tocols [17]. All sections were examined by a pathologist under light
microscopy for the survey of inflammation, epithelialization,
angiogenesis, and formation of granulated tissue.

2.8. Gene expression analysis by Real-Time qPCR

The expression rate of VEGF (vascular endothelial growth factor)
and collagen genes (type 1 and 3) was examined by Real-Time qPCR
[18]. Total RNA was extracted from burned skin tissues which were
taken on days (3, 7, 14, 21 and, 28) post-treatment for qRT-PCR
section. RNA extraction was performed using Trizol Reagent (YTA,
Iran) according to the manufacturer's protocol. The purity and
concentration of the extracted RNA were determined by NanoDrop
2000 Spectrophotometer (Thermo Scientific, Germany), and the
RNA was treated with DNase-I (EN0521, Fermentas, Germany) for
elimination of probable DNA contamination. The cDNA was syn-
thesized according to the Takara kit (TaKaRa, Japan) protocol and
the qRT-PCR was carried out using a Real-time PCR devise (Corbett
Rotor-Gene 6000, Germany). The sequences of utilized primers are
presented in Table 1. The GAPDH gene was used as control and fold
changes were calculated by 2724 method.

Table 1
Designed and utilized primers in Real-time qPCR.

Gene Primer Sequence (5' to 3') T™MC Product Size (bp)
VEGF F  ATCAAACCTCACCAAAGCC 55.65 76
R  TCTTTGGTCTGCATTCACATCT 57.97
Collagen-I F  CAAGAACGGAGATGATGGGGAA 60.09 146
R CACCATCCAAACCACTGAAACC 59.96
Collagen-1l  F  GTAATAGACCTCAAGGCCCCAA 5949 128
R  TGATTCACAGATTCCAGGGGAG 59.49
GAPDH F  GGCAAGTTCAATGGCACAGT 59.32 151
R  TGGTGAAGACGCCAGTAGACTC 61.71
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2.9. Statistical analysis

All data were expressed as means + SD. All statistical analysis
was performed by SPSS software version 22 (SPSS, Chicago, IL)
using two-way ANOVA for multiple group comparisons. Graphs
were created by Graph pad Prism Software, version 8 (Graphpad
Software, California, USA). A p-value of less than 0.05 was consid-
ered statistically significant.

3. Results
3.1. Wound closure rate

The images of wound sites demonstrated that all treatment
groups accelerate the wound closure rate compared to the control
group receiving only Vaseline gauze. However, among treatment
groups, the Chitosan, Chitosan/BMSCs, Aloe vera and, Aloe vera/
BMSCs groups had a higher wound healing effect on days 21 and 28
post-treatment. The full wound healing with negligible scar for-
mation was seen for Chitosan/BMSCs and Aloe vera/BMSCs on day
28 post-treatment (Fig. 2a). The statistical analysis of wound
closure also confirmed the highest wound closure rate of these two
groups after treatment compared to other groups (Fig. 2b).

3.2. Histopathological assessments

All H&E stained samples were evaluated by a pathologist who
was blinded for treatment groups. The parameters of, inflamma-
tion, epithelialization, granulation tissue formation and, angio-
genesis were evaluated. All groups were almost similar in terms of
inflammation and had a moderate level of inflammation especially
during the first days post-treatment. However, more inflammation
was seen for Chitosan/BMSCs and Chitosan groups, and the lowest
inflammation was seen for BMSCs alone group (Fig. 3a and c). In
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Fig. 2. The wound closure rate of burn wounds treated with BMSCs, Chitosan, Chitosan/BMSCs, Aloe vera, Aloe vera/BMSCs and, Control on days 7, 14, 21 and, 28 post-treatment. (a)
Macroscopic images of wound sites. (b) Analytical graph of wound closure rate: all treatment groups had a higher wound healing effect compared to the control group (#p < 0.05,
##p < 0.01, ###p < 0.001, ####p < 0.0001). The highest wound closure rate was seen for Chitosan/BMSCs and Aloe vera/BMSCs on days 21 and 28. Error bars refer to SD. (*p < 0.05,
*+p < 0.01, #*+p < 0.001, **+*p < 0.0001).

regards to epithelialization, samples were almost similar, but a
relatively ascending rate was detected for Aloe vera/BMSCs from
day 7—28 post-treatment (Fig. 3a and b). On the contrary, the
angiogenesis and granulated tissue formation rate was different
between groups. The newly formed endothelial tubes are corre-
sponding to angiogenesis and the higher number of them was seen
for Aloe vera/BMSCs and Aloe vera group (Fig. 3a and d). On the
other hand, the thicker granulated tissue has been formed for
Chitosan/BMSCs and Chitosan groups (Fig. 3a and e). Taken
together, the pathological images demonstrated an improved
structurally formed epidermis for Chitosan, Chitosan/BMSCs and,
Aloe vera/BMSCs post-treatment (Fig. 3).

3.3. The expression rate of VEGF, Collagen-I and, Collagen-IIl genes

The expression rate of VEGF, Collagen-I and, Collagen-III genes
demonstrated almost a similar pattern. As shown in Fig. 4a, the
peak expression rate of VEGF was seen in Aloe vera/BMSCs group
on day 14 post-treatment (fold change: 14.5 + 0.4) and Chitosan/
BMSCs on day 14 (fold changes: 11.1 + 0.2) (p < 0.0001) (Fig. 4a).
After that, the Chitosan/BMSCs group showed a higher VEGF
expression rate among groups (p < 0.001, not shown in the figure).
Collagen-I gene had also the higher rate in Aloe vera/BMSCs on day
14 (fold change: 16.5 + 0.3) and Chitosan/BMSCs on day 14 (fold
change: 12.9 + 0.2) (p < 0.0001) (Fig. 4b). On the other side, the
Collagen-III gene almost showed an ascending rate from day 3 to
day 21 post-treatment and the peak expression rate of it was seen
on day 21 for the Aloe vera/BMSCs group (fold change: 12.4 + 0.1)
(p < 0.0001) (Fig. 4c). After 28 days post-treatment, all gene ex-
pressions were decreased, however, the higher expression of each
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gene was still detected for the Aloe vera/BMSCs group compared to
the other groups.

4. Discussion

Skin is the greatest organ in our body with numerous functions
such as thermoregulation, fluid hemostasis, metabolic functions,
and protecting against pathogens. One of the severe skin damages
with high mortality, morbidity, and costs are burn injuries. There-
fore, many scientists and researchers investigate to achieve an
efficient approach to accelerate the wound healing process and
decrease the risk of infection [19]. In this study, we evaluated the
therapeutic effects of 6 treatment groups including bone marrow-
derived-MSCs (BMSCs), Chitosan-based gel, Aloe vera gel, encap-
sulated BMSCs in chitosan-based gel, encapsulated BMSCs in Aloe
vera and Vaseline gauze as the control group on the healing of
grade-II burn wound in a rat model (Fig. 1). For the last years, re-
searchers had focused on the application of a different sources of
Mesenchymal stem cells which effectively accelerates the wound
healing through its unique characteristics. MSCs possess anti-
inflammatory and immunomodulatory properties, they also in-
crease the expression and secretion of growth factors such as VEGF
(Vascular endothelial growth factor), bFGF (basic fibroblast growth
factor), TGF-B (transforming growth factor-f), FGF (fibroblast
growth factor) etc, which enhances angiogenesis and formation of
granulation tissue [20]. Rasulov et al. were the first who used
BMSCs for the treatment of burn wounds in humans. They applied
BMSCs on the surface of burns which accelerated the wound
healing through increasing angiogenesis [21]. Results of the appli-
cation of BMSCs on a rat model of burn injury demonstrated
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Fig. 3. The H&E images of treated wounds with BMSCs, Chitosan, Chitosan/BMSCs, Aloe vera, Aloe vera/BMSCs and, Control groups after 7, 14, 21 and, 28 days post-treatment. Scale
bar = 100 um (a). Scoring of Epithelialization (b), Inflammation (c), Angiogenesis (d) and, Granulation tissue formation (e) extracted from the H&E results which represent a
quantitative and qualitative assessment of burn wound healing. The black arrows demonstrate the epithelialization and the white arrows show angiogenesis. A thicker granulated
tissue was seen for Chitosan/BMSCs and a higher angiogenesis rate was seen for Aloe vera and Aloe vera/BMSCs groups compared to other groups.

reduced cell infiltration and, increased angiogenesis which is
similar to our discoveries [22]. Our result showed that the injection
of BMSCs around the wound site increases the wound closure rate
compared to the control group (Fig. 2). The pathological results also
confirmed the anti-inflammatory function of BMSCs. The BMSCs
alone group had a lower level of inflammation and a relatively high
percent of epithelialization among groups (Fig. 3). It also assists
wound healing by increasing VEGF, Collagen-I and Collagen-III
expression rates especially on days 7 and 14 post-treatment
(Fig. 4). Since the application of natural substrates such as Chito-
san and Aloe vera gel has shown promising results in wound
treatment, the major aim of this study was to combine BMSCs with
these substances to compare their beneficial effects.
Chitosan-based gels possess unique properties such as being
antimicrobial, biocompatible, non-toxic, biodegradable and, having
biological activities that make them ideal materials for accelerating
the wound healing process [16]. It has been shown that chitosan-
based gels promote wound healing mostly by reducing high
levels of inflammation and wound infection [23]. In a recent study,
Shabunin AS et al., designed and utilized a wound dressing based
on chitin and chitosan nano fibers for treatment of grade-IIl burn
injury. This scaffold increased epithelialization significantly within
28 days as well as elevated levels of microvesicles [24]. El Sadik
et al. compared the effect of chitosan gel either with systemic and
intradermal injection of MSCs for the treatment of the full-
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thickness wound. They reported accelerated wound healing for
intradermal injection of MSCs rather than other groups. The full
healed wound was seen for this group by 15th day post-treatment
[25]. Combining MSCs with Chitosan-based gel was one of our goals
in this study; however Chitosan-based gel and BMSCs (in the form
of direct injection around the wound) groups were also investi-
gated separately. Based on our results, both treatments increased
wound closure rate similarly but pathological assessments showed
differences in terms of inflammation, angiogenesis and, the for-
mation of granulated tissue (Fig. 3). The Chitosan group had the
highest inflammation rate while the BMSCs group showed the
lowest inflammation level. We suggest that, when the BMSCs are
injected directly into the wound margins, the wound receives a
high percentage of cells which benefits wound healing through
modulation of inflammation. This is possibly due to the anti-
inflammatory and immunomodulatory function of MSCs through
interaction with immune cells and proinflammatory factors such as
TNF-o. (tumor necrosis factor-a.), IL-1 (interleukin-1) and, IFN-y
(interferon-y) [26]. Also, our results showed higher angiogenesis
and formation of granulated tissue in the combination of BMSCs
with Chitosan-based gel than the application of each group alone.
One of the suggested reasons is the higher viability rate of BMSCs in
Chitosan-based gel which is also investigated by Soriano-Ruiz JL
et al. They reported that MSCs viability in a chitosan/glycosami-
noglycan scaffold reached to approximately 100% by day 5 and 7,
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Fig. 4. The gene expression rate of VEGF (a), Collagen-I (b) and, Collagen-III (c) of wounds treated with BMSCs, Chitosan, Chitosan/BMSCs, Aloe vera, Aloe vera/BMSCs and, Control
groups after 3, 7,14, 21 and, 28 days post-treatment. The most expression rate of VEGF and Collagen-I was seen on day 14 and the peak expression of Collagen-IIl was seen on day 21
for Aloe vera/BMSCs group. Error bars refer to SD. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

indicating high cell viability [14]. Our results also showed a high
expression rate of Collagen-I and Collagen-III genes in Chitosan/
BMSCs group which is consistent with another study by Maged A
et al., who applied a rosuvastatin-loaded chitosan scaffold in
combination with MSCs [27]. This method enhanced fibroblast
proliferation and promoted wound healing by regulating collagen
deposition and distribution in the epidermis. Therefore, in this
section, we conclude that the combination of BMSCs with Chitosan-
based gel enhances the therapeutic effects of BMSCs and Chitosan
rather than the application of each one alone.
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To discuss Aloe vera, it is noteworthy to mention multiple
studies that have investigated and reported the effects of Aloe vera
gel and/or extract in wound treatment. Akhoondinasab MR et al.
compared Aloe vera extract and silver sulfadiazine for treatment of
grade-III burn injury in a rat model. Their result showed the shorter
healing time in the Aloe vera group than silver sulfadiazine [8].
Chrubasik JE et al. who had reviewed the clinical trials on the
application of Aloe vera, confirmed the shorter healing time in the
Aloe vera treatment group by approximately 8 days than control
groups [28]. In a recent study, Rahman MS et al. designed a new
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study to combine Aloe vera extract and amnion membrane to
prepare a gel for the treatment of burn injuries. This combination
resulted in increased wound closure, wound recovery time, re-
epithelialization, epidermis thickness, proliferating of keratino-
cytes and, angiogenesis rate than control groups [29]. In another
study, the honey-milk-Aloe vera ointment was utilized which led to
higher angiogenesis, wound closure rate and the density of collagen
fibers as well as reduction of inflammation and scar formation [29].
All these studies are similar to our findings in the application of
Aloe vera gel. We found that Aloe vera gel/BMSCs treatment in-
creases the wound closure rate, as the wound is fully healed on the
28th day with a negligible scar (Fig. 2a). Also, based on our pa-
thology assessments, the Aloe vera/BMSCs group had a higher rate
of angiogenesis and a relatively ascending rate of re-
epithelialization among groups (Fig. 3). This was also in agree-
ment with the peak expression rate of VEGF, Collagen-I and,
Collagen-III genes on day 14 at the wound site (Fig. 4) which is
similar to another study by Oryan A et al. They reported that
combination of Aloe vera gel with adipose-derived stem cell (ASCs)
reduces inflammatory response by decreasing expression of TGF-$1
and IL-1B genes at day 7 post-treatment. They also detected the
higher angiogenesis and re-epithelialization rate on day 14
compared to the other groups [30].

5. Conclusion

The present work suggested that wound healing could be
accelerated by a method (BMSCs combined with Chitosan or Aloe-
vera gel). Chitosan gel was found to enhance wound healing.
However, BMSCs showed even higher promotion of wound healing
as compared to the acceleration effect of chitosan. Our results
indicated the synergistic effects of Chitosan and Aloe vera gel when
combined with BMSCs for the treatment of grade-II burn injuries.
Both composite groups acted much better than the application of
each treatment alone. They remarkably promoted wound healing
through increasing wound closure rate, angiogenesis and, the for-
mation of granulated tissue. Although discovering the exact
mechanism of wound healing by these composites needs further
investigations, this study introduces Chitosan/BMSCs and Aloe
vera/BMSCs as two effective composites for the treatment of burn
injuries.
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