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Abstract Injury from the severe burn is exacerbated

by a persistent inflammatory response. This response

is mediated by cytokines and chemokines, which are

released from various immune cells, including mast

cells. In this study, the ability of the acellular ovine

small intestine submucosa (AOSIS) to load and release

ofMineral Pitch (MP) was first investigated, and it was

found that the preparation of the scaffold by amodified

method enables it to load and release water-soluble

drugs. Then, 32 male Wistar rats were divided into

four groups, a third-degree burn was created, and

except for the control group, the others were treated

with: AOSIS, WJ-MSCs seeded AOSIS, or AOSIS

loaded with WJ-MSCs and MP. Wound sampling on

the 5th day after treatment showed that the number of

intact and degranulated mast cells in the treatment

groups was associated with a decrease compared to the

control group. In the last group, this decrease was the

largest (and statically significant (p\ 0.05)). Also, by

measuring the level of inflammatory factors in blood

serum, it was found that in the treatment groups

compared to the control group, IL-10 was associated

with an increase, and TNF-a was associated with a

decrease. The changes in inflammatory factors were

more significant (p\ 0.05) in the last group. So, our

results indicate that AOSIS loaded withWJ-MSCs and

MP could be used as an innovative tissue-engineered

device to control inflammatory condition during burn

wound healing.

Keywords Mesenchymal stem cells �Mineral pitch �
Scaffold � Tissue engineering � Wound healing

Introduction

Inflammation and subsequent events are complex

biological processes that occur in response to injury or

infection and involve various inflammatory mediators

such as cytokines and chemokines (Orman et al.

2011). In conditions such as severe burns, the persis-

tent inflammatory response is induced, leading to

increased infection and sepsis, which in turn increased

the risk of multi-organ failure and death (Finnerty

et al. 2009). The burn injury dramatically increased

macrophages exposed to lipopolysaccharide (LPS),

increased tumor necrosis factor-a (TNF-a) and inter-

leukin-1b (IL-1b) levels, and decreased IL-10 level
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(Li et al. 2016). In addition to these factors, local

mediators such as reactive oxygen species (ROS) and

nitric oxide are also secreted in burns (Ono et al. 1995;

Summer et al. 2008; Evers et al. 2010). Despite

progress in many aspects of burn healing over the past

decades that have resulted in reduced mortality and

morbidity, general inflammatory condition and sec-

ondary infection still remain serious problems of

severe burns (Church et al. 2006; Ribeiro et al. 2010;

Leclerc et al. 2011). The results of in vivo studies show

that stem cells are both capable of reducing pro-

inflammatory cytokine release and nitric oxide pro-

duction and enhancing the regulation of anti-inflam-

matory cytokines (Weil et al. 2009). The extent of the

immunosuppressive function of stem cells, is induced

by activated immune cells and cytokines, is greater

with human umbilical cord mesenchymal stem cells

(hUC-MSCs) than with other MSCs (Prasanna et al.

2010). Recent studies showed that the release of

soluble paracrine factors from hUC-MSCs can regu-

late the expression of inflammatory factors and

activate the cells to secret kinds of bioactive factors,

that regulated inflammatory and immune responses,

and finally limit burn-induced inflammation (da Silva

Meirelles et al. 2009; Li et al. 2016). Recently, the use

of traditional herbal drugs for wound healing has

attracted the attention of scientific circles, as about

one-third of all traditional medicines are used to treat

wounds and skin disorders (Mantle et al. 2001;

Houghton et al. 2005; Annan and Houghton 2008).

Mineral pitch (MP), also known as shilajit, salajit,

shilajatu, mumie, or mummiyo is a herbo-mineral

drug, which comes from layers of rocks in many

mountains of the world (Agarwal et al. 2007). The

components of MP are as follows: gums, albuminoids,

calcium, potassium, nitrogen, silica, resin, veg-

etable matter, magnesium, sulfur, iron, chloride,

phosphorous, iodine, glycoside, tannic acid, benzoic

acid and several vitamins, enzymes and carrier

molecules including dibenzo-a-pyrones along with

humic, and fulvic acids (Ghosal 1990; Park et al.

2006). In addition to the traditional use of MP,

preclinical researches have also been done on its

activities, and its therapeutic effects such as anti-

inflammatory and antioxidant roles, antiviral and

antifungal activities, analgesic effect, and protection

of mast cells from degranulation have been identified

(Acharya et al. 1988; Ghosal et al. 1989, 1995; Goel

et al. 1990; Bhattacharya et al. 1995; Rachana 2009).

Previous studies have shown that infusion of several

types of cells into the body quickly results in cell

death; or after intravenous injection, MSCs reach the

target organ at low or very low frequencies (Silva et al.

2008; Kang et al. 2012). On the other hand, for some

reason, such as rapid clearance of factor from appli-

cation site or low half-life of them in circulation,

systematical or local application of exogenous factor

is not a suitable option (Liu et al. 1994; Moreno et al.

2005; Ohno et al. 2007). Tissue engineering is a

multidisciplinary field that is designed to repair lost or

damaged tissue through the use of cells, extracellular

matrix (ECM), and signals (Gholipour-Kanani et al.

2012). With the help of tissue engineering, cells and

growth factors can be embedded in a scaffold and then

implanted in the desired anatomic region as a wound

dressing or prosthesis (De La Puente et al. 2011). The

best wound dressing should be able to help regenerate

damaged tissue by protecting the wound tissue from

infection, reducing inflammation, and inducing cell

proliferation (Kulac et al. 2013). In the present study,

to reduce inflammation in burn injury, we innovatively

used the acellular ovine small intestine submucosa

(AOSIS) as the carrier for MP and Wharton’s Jelly

Mesenchymal Stem Cells (WJ-MSCs) and modified it

through MP loading and WJ-MSCs seeding. To

investigate the role of modified AOSIS in inflamma-

tion, the aims of this p were to: (1) determine the

loading and releasing of MP quantitatively, (2)

evaluate the inflammatory effects of modified AOSIS

in the burn model.

Materials and methods

Construction of tissue-engineered AOSIS

Preparation of AOSIS

Fresh small intestines were obtained from several

healthy adult ovines and subjected to a multi-step

modified process based on an established protocol

(Ferdowsi Khosroshahi et al. 2020). Briefly, after

rinsing specimens with tap water in the slaughterhouse

and transferring them in PBS (Medicago, Swedish)

containing penicillin/streptomycin (100 U/ml/

100 mg/ml (Gibco, US)) to the laboratory, they were

immersed in saline for 48 h and then cut longitudinally

into 10 cm pieces. The tunica mucosa and the external
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tunica muscularis, along with the serosa layer, were

removed using wet gauze and a very thin knife,

respectively. After removing the fat from the submu-

cosal layer by putting them in methanol-chloroform

(1:1, v/v for 12 h (Merck, Germany)) and then rinsing

by distilled water (three times), enzymatic digestion

was performed by trypsin 0.05% (BioWest, France)

for 12 h and then washed with 0.09 saline solution

(Samen, Iran) for three times. To remove all types of

cells from the submucosal layer, it was treated with

0.05% SDS (Sigma-Aldrich, US). Throughout this

step, the shaker was used for continuous mechanical

agitation (100 rpm, 37 �C, 6 h). At the end of SDS

treatment, the obtained AOSIS was rinsed three times

with distilled water for 30 min at each time. The

scaffold was sterilized by 90% and 70% ethanol (three

times for 15 min (Golriz, Iran)), PBS/Pen/Strep 2%

(three times for 15 min), and ultraviolet light treat-

ment (20 min) for later uses. To evaluate decellular-

ization process efficiency and the effectiveness of cell

removal, Hematoxylin and Eosin (H&E) (Leica,

Wetzlar, Germany) and 6-diamidino-2-phenylindole

(DAPI) (Sigma-Aldrich, US) staining were done.

Fresh AOSIS samples were fixed on a glass slide,

stained with H&E according to its protocol, and

viewed using a light microscope (Olympus, Japan).

For DAPI staining, the samples were placed in the 12

well plate, and DAPI staining solution was added to

them so that the scaffolds are completely immersed in

the solution. After 5 min incubation, the samples were

rinsed with PBS 3 times and viewed using a fluores-

cence microscope (Olympus-Bx51; Japan), applying

the appropriate filter (Ferdowsi Khosroshahi et al.

2020).

Isolation, expansion, culture,

and immunophenotyping of WJ-MSCs

Isolation, expansion, and culture of WJ-MSCs were

performed as described previously (Sabetkam et al.

2018). Freshly human umbilical cord specimens were

obtained from women undergoing cesarean section at

Alzahra hospital in Tabriz, Iran. The specimens were

immersed in PBS containing Pen/Strep (100 U/ml/

100 mg/ml) and transferred to the cell culture labora-

tory. Under sterile conditions of the laminar flow

hood, the umbilical cords were placed in 70% ethanol

for 30 s and immersed in PBS/Pen/Strep. They were

cut into 5 cm long pieces and then each rinsed several

times by PBS/Pen/Strep to remove any blood and

blood clots. After washing, a section was made on the

outer surface of each pieces, along their length and

opened lengthwise. The exposed vessels were

removed, then the WJ was extracted from the inner

surface of the amniotic sheath and then cut into

2 9 2 mm2 pieces.

For explant outgrowth, several pieces of WJ were

transferred into the 25-T flask. After attachment of

pieces onto the flask, low glucose DMEM (Gibco, US)

supplemented with 20% FBS (Gibco, US), and 1%

Pen/Strep as culture medium was added. The culture

flasks were incubated at 37 �C with 5% CO2, and the

culture medium was changed two times per week.

About the second week after explants attachment,

MSCs were grown out of them. After confluency of

adherent cells, the cells were trypsinized using 0.25%

trypsin–EDTA solution (Gibco, US) and then subcul-

tured at the density of 5 9 105 in 75-T flasks. The

morphology of WJ-MSC in passages 0 and 3 were

examined by an inverted microscope (Olympus-Bx51;

Japan). Surface cell markers of WJ-MSC were

analyzed by flow cytometry. After trypsinization and

resuspension in PBS and 5% FBS, the MSCs were

incubated with peridinin-chlorophyll-protein (PerCP),

phycoerythrin (PE), or fluorescein isothiocyanate

(FITC) conjugated antibodies against CD45, CD34,

CD90, and CD105 at dark room for 30 min.

MP loading and sustained-release profile

First, to provide a standard curve, MP was dissolved

with different concentrations (200, 300, and 400 lg/
ml) in the culture medium, and then their optical

densities (OD) were determined at 235.5 nm spec-

trophotometrically (Cecil BioAquarius CE7250 Spec-

trophotometer; UK) (R2 = 0.977). In the next step, MP

with the concentration of 500 lg/ml was dissolved in

the culture medium and sterilized using a 0.22 lm
filter (Sabetkam et al. 2018). Then the sterilized

AOSIS (2 9 2 cm2) were immersed in the prepared

solution, and incubated at 37 �C. After 24 h, the

scaffolds were removed from the solution, and the OD

of the remaining solution was read by spectrophotom-

etry. Based on the OD analysis, the amount of MP

loaded on the AOSIS was obtained.

To study in vitro sustained-release profile, the

scaffolds loaded with MP were immersed in the

culture medium and incubated at 37 �C with

123

Cell Tissue Bank



continuous shaking for 5 days. The culture medium

was replaced every day, and the amount of MP in the

solution was determined spectrophotometrically and

based on the OD analysis.

Preparation of AOSIS loaded with WJ-MSCs/MP

The sterilized scaffolds were placed in every well (of

6-well polystyrene) dishes and immersed in the

DMEM for 24 h. After that the cell suspension of

WJ-MSCs (1 9 104/mm2) in culture medium was

pipetted slowly directly onto AOSIS. Then the scaf-

folds were incubated at 37 �C in 5% CO2 saturated

humidity to permit cell attachment. One hour later, the

culture medium alone or containing 500 lg/ml of MP

was carefully added to the wells (Sabetkam et al.

2018), and the dishes were returned to the incubator.

Cell attachment and viability assessment

Scanning electron microscopy (SEM) analysis

To observe AOSIS and investigate the attachment of

WJ-MSCs on the scaffold and cell-repopulated scaf-

fold in the presence or absence of MP, the scanning

electron microscopy analysis was used. Sterilized

scaffolds were placed in a 12-well plate and pre-

wetted with DMEM. After 24 h incubation at 37 �C,
the medium was removed from wells, WJ-MSCs

(2 9 104 in 100 ll suspension) were seeded on each

scaffold, then culture medium with or without MP was

added and incubated for 24 h at 37 �C with 5% CO2.

After that the culture media were removed, samples

were washed in PBS and fixed in 10% glutaraldehyde

(Sigma-Aldrich, US) at room temperature. After

90 min, the fixative solution was removed, samples

were rewashed in PBS, and dehydrated in ascending

concentration of ethanol (30%, 50%, 70%, 80%, 90%

and 100%) 10 min each. Finally, the samples were air-

dried, attached to SEM specimen mounting stubs,

gold-sputtered, and analyzed using a scanning electron

microscope (Tescan FE-SEM MIRA3; Tescan, Czech

Republic).

MTT assay

To evaluate the effect of AOSIS on cell viability and

growth in the presence or absence of MP, 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium

bromide (MTT; Sigma-Aldrich) assay was performed.

Sterilized scaffolds were placed in 96-well plates and

pre-wetted with DMEM for 24 h. After removing

DMEM from wells, 2 9 104 WJ-MSCs were seeded

on each scaffold and onto the wells as treated and

control groups, respectively. Then by adding culture

medium with or without MP, the volume of media was

increased to 200 ll, and the plates were incubated at

37 �C in a humidified 5% CO2 atmosphere. After 24

and 48 h, the media were removed from wells, 200 ll
MTT solution (0.5 mg/ml) was added to each, and the

plates were again incubated for 4 h. After that MTT

solution was carefully removed, and 200 ll DMSO

was added to ensure solubilization of formazan

crystals. Supernatants of each group were transported

to 96-well plates, and the optical density (OD) was

analyzed using an ELISA reader (EL 9 808TM;

BioTek) at 570 nm. For each sample, three replicates

were read to ensure reproducibility. Finally, cell

viability percentage was calculated following:

Cell viability percentage ¼ OD sample� ODblankð Þ
ODcontrol� ODblankð Þ
� 100

ODBlank is the recorded optical density of DMEM.

Animal model of the burn wound and treatment

protocol

Grouping of the experimental animals

All the experimental protocols were approved by the

medical ethics committee at Tabriz University of

medical sciences and performed in accordance with

international guidelines for animal welfare. 32 healthy

male Wistar rats (8–12 weeks, weight 200–250 g)

were purchased from the animal center of Tabriz

University of medical sciences and housed in the

animal care services. Rats were divided into four

groups: group 1 (Burn); group 2 (AOSIS-treated

burn); group 3 (WJ-MSCs seeded AOSIS-treated

burn), and group 4 (AOSIS loaded with WJ-MSCs

and MP (modified AOSIS)-treated burn).

Establishment of the burn wound model

All surgical procedures were done under sterile

conditions and general anesthesia by intraperitoneal
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injection with Ketamine and Xylazine (75 mg/kg and

5 mg/kg, (Alfasan, Iran)). The hair on the back of rats

was shaved and cleaned with 70% ethanol. Each rat

was kept in a special box that had a 2 9 2 cm2

window. The box was then placed in the bottom of hot

water (90 �C) for 10 s to create a third-degree burn

wound on the back of the rat. After that, lactated

Ringer’s solution (40 mg/kg, (Shahid Ghazi, Iran))

was immediately administrated intraperitoneally to

prevent shock.

Graft transplantation

After 24 h, burn-created necrotic skin was excised,

full-thickness skin was removed, and generated rect-

angular woundwas filled with the same size of AOSIS,

WJ-MSCs seeded AOSIS, and modified AOSIS in

group 2, 3 and 4, respectively. After that the burn-

injured area was covered with an occlusive dressing to

keep the scaffold in the excision-created skinless

space and protect the wound from pollution and water

loss. In group 1, after excision, the wound was only

covered by the dressing.

Graft explantation and histopathological analysis

On the 5th day after treatment, the rats were deeply

anesthetized with an overdose of ketamine-xylazine,

and the full-thickness of burn wounds with 5 mm of

normal peripheral skin were excised. The specimens

were fixed in 10% neutral-buffered formalin solution

(Cole-Parmer, Canada), embedded in paraffin block

(Razi, Iran), sectioned in 5 lm thickness, and finally

stained with 1% toluidine blue to evaluate the

morphological characteristics (intact or degranulated)

of mast cells.

Cytokine analysis

On the 5th day, after deep anesthesia and before burn

wound excision, the blood samples were collected and

kept on ice. The serum was separated by centrifuga-

tion at 4000 rpm for 10 min at 4 �C and stored at

- 70 �C until analysis. Serum levels of TNF-a and IL-
10 were measured by using the enzyme-linked

immunosorbent assay (ELISA) kit (R&D Systems,

US) according to the instructions of the manufacture.

Statistical analysis

The quantitative data obtained were subjected to

analysis by one-way ANOVA test using SPSS, version

21. All analytical data were expressed as mean ± s-

tandard deviation (SD), and a p value\ 0.05 was

considered as statistically significant.

Results

The efficiency of the decellularization process

The histological and histochemical staining using

H&E and DAPI staining in a non-fixed and paraffin-

embedded manner showed that this protocol was able

to remove a significant number of cells from OASIS

(shown in Fig. 1).

Identification and characterization of WJ-MSCs

TheMSCs were grown out of the explants showed two

distinct cell phenotypes: some of them were flat and

had wide cytoplasmic filopodia (type 1), while other

cells were slender and had long cytoplasmic

Fig. 1 A The scaffold after decellularization (AOSIS). B, C Hematoxylin and Eosin (H&E) and 6-diamidino-2-phenylindole (DAPI)

staining of OASIS
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extensions (type 2) (shown in Fig. 2A, B). The result

of the flow cytometry analysis of WJ-MSCs was

obtained at passage 3. It showed all the cell popula-

tions were positive CD105 (86.3%) and CD90

(99.9%), which are known as MSCs markers, while

they were negative for CD45 (99.6%) and CD34

(99.1%) as the hematopoietic and endothelial lineage

markers (shown in Fig. 3).

MP loading and sustained-release profile

After 24 h of placing AOSIS in the culture medium

containing 500 lg/ml of MP, based on the OD

obtained from these medi and placed them in the

standard curve (shown in Fig. 4A), it was shown that

350.5 ± 66.5 lg of MP remained in 1 ml of culture

medium and the rest was loaded on the scaffolds.

Figure 4B shows the sustained-release profile of MP

from AOSIS over a 5-day period. Indeed, the release

of MP from the first day to 5th day was 4.66 ± 0.3,

4.93 ± 0.12, 5.53 ± 0.05, 8.66 ± 0.25, and

9.33 ± 0.1 lg, respectively.

SEM observation

The SEM results showed that there were abundant

regular fibers with numerous and multifarious space

and without any fibers’ deformations and disruption in

AOSIS (shown in Fig. 5A). After 24 h, adhesion and

expansion of seeded WJ-MSCs were observed on the

scaffold, and cells were linked to the matrix by

filopodia (shown in Fig. 5B). Also, when both MP and

WJ-MSCs were loaded on AOSIS, the number of WJ-

MSCs and their adhesion and expansion were

increased (shown in Fig. 5C).

Cell viability and proliferation evaluation

TheMTT results over 24 h showed although there was

a significant increase among the optical density (OD)

values of scaffold ? cell ? MP group (0.87 ± 0.11)

compared with control (0.54 ± 0.05) and scaf-

fold ? cell (0.63 ± 0.17) groups (p\ 0.05), there

was not a significant difference between control, and

scaffold ? cell groups. On the other hand, the

obtained results within 48 h showed the value of OD

was significantly increased among scaf-

fold ? cell ? MP group (1.59 ± 0.26) compared

with control (0.55 ± 0.05) and scaffold ? cell

(0.9 ± 0.29) groups (p\ 0.05). Also, the comparison

of the OD value between control and scaffold ? cell

groups showed a significant difference (p\ 0.05)

(shown in Fig. 6A). Finally, the results of cell viability

percent in both groups, scaffold ? cell, and scaf-

fold ? cell ? MP groups, showed a significantly

increase in scaffold ? cell ? MP group after 24

(14.38 ± 6.93 and 38.95 ± 8.28, respectively) and

48 h (38.78 ± 5.22 and 65.43 ± 8.09, respectively)

(p\ 0.05) (shown in Fig. 6B).

Cell quantification

The number of intact mast cells (type1), degranulated

mast cells (type2) (shown in Fig. 7A), and the total of

them are shown in Fig. 7B. The number of the type1

mast cell decreased in group 2 (27 ± 2.8), group 3

(20 ± 2.1), and group 4 (18 ± 1.4) compared to

Fig. 2 Two distinct cell phenotypes ofWJ-MSCs: Flat and wide cytoplasmic cells (type 1) and slender and fibroblast-like cells (type 2)

in P0 (A) and P3 (B), which marked as 1 and 2, respectively
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group 1 (33 ± 2.8) so that there was a significant

difference just among group 3 and group 4 compared

to group 1 (p\ 0.05). Regarding the type2 mast cells,

the number of the cells was significantly decreased in

both group 3 (51.5 ± 2.1) and group 4 (43.5 ± 2.1)

compared to group 1 (69.5 ± 2.1) and group 2

(66.5 ± 3.5) (p\ 0.05). In this regard, there was no

significant difference between group 1 and group 2.

Fig. 3 Flow cytometry ofWJ-MSCs surface markers, including

CD105, CD90, CD45, CD34, which are as the MSCs,

hematopoietic, and endothelial lineage markers, respectively.

FITC, fluorescein isothiocyanate; PE, phycoerythrin; PerCP,

peridinin-chlorophyll-protein
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Finally, the number of a total cells was significantly

decreased in both group 3 (72 ± 4.2) and group 4

(63.5 ± 0.7) when separately compared to group 1

(102 ± 0.7) and group 2 (93.5 ± 6.3) (p\ 0.05).

Also, there was no significant difference between

group 1 and group 2.

Cytokine analysis

The results of the anti-inflammatory parameter

showed that the level of IL-10 was increased in

treatment groups compared to group 1. Although the

concentration of IL-10 was significantly increased in

group 4 (121.4 ± 17.25) when compared with group 1

(20.75 ± 7.56), group 2 (33.6 ± 8.48), and group 3

Fig. 4 Standard curve and sustained-release profile of Mineral

Pitch (MP) from AOSIS.A Based on the standard curve and OD

analysis, approximately 150 lg ofMP loaded on the AOSIS was

after 24 h. B Approximately 33.11 lg MP was released from

AOSIS after 5 days

Fig. 5 SEM images of all groups of the study, including A AOSIS, BWJ-MSCs seeded AOSIS, and C AOSIS loaded with WJ-MSCs

and MP

Fig. 6 The absorbance value ofMTT assay (A) and cell viability ofWJ-MSCs (B) in scaffold ? cell and scaffold ? cell ? MP groups
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(54.65 ± 0.77) (p\ 0.05), there was no significant

difference among the first three groups.

On the other hand, the concentration of TNF-a in

treatment groups was lower than group 1, so that this

pro-inflammatory parameter was significantly

decreased in group 4 (14.05 ± 0.91) as compared to

group 1 (38.05 ± 2.75), group 2 (32.5 ± 2.12), and

group 3 (25.35 ± 2.75) (p\ 0.05). Also, a significant

difference was observed between group 3 and group 1

(p\ 0.05). In this regard, there was not a significant

difference between group 1 and group 2 (shown in

Fig. 8).

Discussion

After examining the effect of decellularized ovine

small intestinal submucosa (DOSIS) on wound heal-

ing or skin regeneration, the modified method in

preparation of the scaffold was investigated (Rashtbar

et al. 2018; Ferdowsi Khosroshahi et al. 2020). The

modified method, by removing lipid from the scaffold

and releasing the hydrophobic and polar interaction

submucosal layer, gives it hydrophilic property (Fer-

dowsi Khosroshahi et al. 2020). This property can

increase the capacity of the scaffold to load hydro-

philic and water-soluble drugs (if not cross-linked).

Therefore, in this study, the primary aim was exam-

ination of the loading capacity of MP on the scaffold,

and then the inflammatory effect of this drug on the

burn wound model was investigated.

In order to the DOSIS scaffold could be load of MP,

it was necessary to modify the previous decellulariza-

tion method by examining different times and tem-

peratures. Studies on various scaffolds have shown

that the presence of the hydrophilic part within them

plays a role in the loading factor (Dahlin et al. 2011).

Since the amount of hydrophilicity of scaffold is

effective in conformation and adsorption of adhesion

proteins to the material (Arima and Iwata 2007;

Fig. 7 Two morphology of mast cells: intact cell (1) and degranulated mast cell (2) (A). Quantification of two types of mast cells and

total of them at 5th day after treatment (B)

Fig. 8 The serum level of inflammatory parameters, IL-10 and TNF-a, in treatment groups compared to the burn group on day 5
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Campillo-Fernández et al. 2009), so by adding the

hydrophilic property to the DOSIS, the scaffold was

able to load MP. On the other hand, the rationale for

the sustained release of MP is based on the results of

studies that have shown the hydrophilic property of

scaffold creates a reservoir for the release of factors

and materials (Dahlin et al. 2011) and sustained

release of factor from matrices depends on biomate-

rials’ form and hydrophilicity (Elcin and Elcin 2006).

Finally, since hydrophilicity affects bioactivity, the

scaffold with such a feature is a right choice for tissue

engineering (Karuppuswamy et al. 2014). Burns are a

major source of inflammatory mediators that trigger

and maintain inflammatory response after burn, and

are characterized by hypermetabolism and immuno-

suppression. On the other hand, burn injuries can

suppress mechanical and immunological protection

against infection and sepsis (Chang et al. 2010).

Therefore, to prevent these undesirable changes,

appropriate solutions must be created before the

inflammatory responses reach their maximum level.

The first step in burns management is to remove the

burn wound eschar to reduce wound infection (Tomp-

kins et al. 1986; Peck and Heimbach 1989). Because

the early burn wound excision can be lowered the

more pro-inflammatory cytokines and modulated the

post-burn inflammatory process (Chang et al. 2010); in

the present study, wound excision was performed 24 h

after the burn (Chang et al. 2010). The next step in

burns management is to cover the defect created as a

result of wound excision. For this purpose, a skin graft

or artificial skin substitute should be used (Chang et al.

2010). An ideal burn coverage should have the

following characteristics: (1) adsorb extra exudate to

keep the wound moist; (2) do not elevate the risk of

wound infection; (3) easily attach to surrounding

healthy skin, but do not conglutinate and recreate

granulation tissue; (4) load and sustained-release

drugs and bioactive factors to promote the healing

process; (5) accelerate each step of wound healing

(Liang et al. 2019). First, although in the process of

DOSIS preparation, by reducing the thickness of the

scaffold, its water absorption property was reduced

(Rashtbar et al. 2018), but with the modified method

and giving it hydrophilicity, the scaffold improved and

was able to keep a moist environment around the

wound (Agnes Mary and Giri Dev 2015). Second,

however, human or animal biomaterials can be a

potential carrier for pathogenic microorganisms, to

reduce this risk to a minimum, they should be

subjected to disinfection and sterilization protocols

so that inflammatory responses are not maintained or

reinforced due to possible bacterial attack (Alves et al.

2018). Third, in the present study, no fixation

approaches such as suture were used to fix the

scaffold. Because the use of suture leads to the tissue’s

reaction to suture materials and increases inflamma-

tion (Andrade et al. 2006; Khorramirouz et al. 2018).

On the other hand, it has been shown that the

composition of the suture interacts with bacteria and

cause severe and persistent tissue infection (Katz et al.

1981). AOSIS was attached to the surrounding healthy

skin without any integration and shrinkage. Because

the integration of scaffold into the host tissue, making

them difficult to separate, and shrinkage and folding of

scaffold increase the inflammatory reaction (Khor-

ramirouz et al. 2018), its attachment can be considered

as an advantage of this scaffold. Forth, as mentioned

earlier, through the modified method and creation of

the hydrophilicity property in DOSIS, it was able to

load and keep sustained-release of water-soluble drug

without any cross-linked. Finally, according to the

purpose of this study, it is expected that using AOSIS,

coverage can be made to improve and accelerate the

first stage of the wound healing process, ie, inflam-

mation. To prepare such a coverage, AOSIS was

loaded with mesenchymal stem cells and MP. One of

the reasons for the use ofMSCs in burn wounds is their

ability to downregulate pro-inflammatory mediators,

upregulate anti-inflammatory mediators, and a local

increase in anti-inflammatory cytokines (Liu et al.

2008). The immunomodulatory effects of these cells

are due to secretions (secretomes and/or extracellular

vesicles) that can induce upregulation or downregu-

lation of inflammatory factors (Cruz and Rocco 2017).

Among the various sources of mesenchymal stem

cells, human umbilical cord-derived stem cells have

an important role in controlling inflammation. These

cells can reduce or inhibit pro-inflammatory factors by

secreting proteins or exosomes (Li et al. 2016; Liu

et al. 2016). Another reason for selecting WJ-MSCs is

their low immunogenicity. The immunomodulatory

effect of these cells is related to the very low

expression of Human Leukocyte Antigen (HLA)-

ABC and lack of HLA-DR expression, and on the

other hand, to the inhibition of cytokine secretion by

peripheral blood lymphocyte (Zhou et al. 2011). In our

study, after evaluating the efficiency of the
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decellularization process using the staining method

(Ferdowsi Khosroshahi et al. 2020), the morphologies

and characteristics of WJ-MSCs were first investi-

gated. The WJ-MSCs were grown out of the explants

showed two distinct morphologies: some of them had

widened filopodia with an extremely flattened appear-

ance (type 1). In contrast, other cells had more

fusiform shape and long cytoplasmic extensions (type

2). These morphologies were conserved in early

passages (P1-P3) (Karahuseyinoglu et al. 2007). Flow

cytometry analysis of these cells showed a lack of

hematopoietic markers, such as CD90 and CD105, and

high expression of MSCs surface antigens, such as

CD45 and CD34. In the next step, the condition ofWJ-

MSCs relative to the AOSIS in the presence or absence

of MP, which includes adhesion, migration, and

proliferation, was examined. The MTT assay analysis

showed that WJ-MSCs on the AOSIS in the presence

or absence of MP were viable, and more proliferation

rates were observed in the scaffold groups compared

to the control group on days 1 and 2. Considering the

results of the previous study (Sabetkam et al. 2018),

which showed how MP affects WJ-MSCs prolifera-

tion, it can be concluded that the simultaneous effect

of OASIS and MP on cell proliferation and viability

caused a significant difference between the

cell ? scaffold ? MP group compared to other

groups in the first and second days. Also, the data

obtained from SEM, which represents the effective

attachment of WJ-MSCs to the scaffold and the

existence of cellular filopodia, indicated that the

AOSIS alone or loaded with MP is not toxic to these

cells. Also, in comparing the images of the AOSIS

loaded withWJ-MSCs andMPwith the images ofWJ-

MSCs seeded AOSIS, the difference of the cell

population was visible, which confirms the results of

the MTT assay. Then it was time to investigate the

effect of AOSIS loaded by cells and MP on inflam-

matory factors. The purpose of using MP in this study

was to use its therapeutic effects such as anti-

inflammatory and anti-oxidant roles, antiviral and

antifungal activities, analgesic effect, and protection

of mast cells from degranulation have been identified

(Acharya et al. 1988; Ghosal et al. 1989, 1995; Goel

et al. 1990; Bhattacharya et al. 1995; Rachana 2009).

As mentioned earlier, disinfection and sterilization of

scaffold can prevent the maintain and reinforcement of

inflammatory responses (Alves et al. 2018). Using the

antiviral and antifungal activities of MP, the

possibility of contamination of AOSIS with patho-

genic microorganisms and consequently, inflamma-

tory responses can be further reduced. On the other

hand, considering the fact that there is a feedback

cascade between nociception and pro-inflammatory

cytokines, and it is possible that the experience of pain

may lead to higher levels of these factors (Beilin et al.

2003), the analgesic effect of MP can reduce the levels

of pro-inflammatory cytokines. ROS, one of the

mediators secreted in burns, is the initiator of oxida-

tive stress, which this process leads to pro-inflamma-

tory transcription factors. Antioxidants can reduce the

inflammatory markers or proteins by decreasing the

production of ROS and stopping or weakening the

synthesis of transcription factors such as NF-kB

(Rehou et al. 2017). Therefore, it is expected that

inflammation will be reduced by using MP and its

antioxidant property. Based on the accumulating

evidence from pathological conditions, mast cells, in

addition to having granules containing histamine and

cytokine such as TNF, with granule proteases are

responsible for part of the pro-inflammatory function

(Wernersson and Pejler 2014). Inflammatory

responses can therefore be partially attenuated by

protecting mast cells from degranulation by MP. With

the above in mind, continuing our study on the

population of mast cells and inflammatory cytokines

was conducted. The result of previous studies showed

that, on the one hand, the amount of pro-inflammatory

factors on day five after excision decreased signifi-

cantly, and the amount of anti-inflammatory factor

increased on this day (Chang et al. 2010), and, on the

other hand, the first infiltration of inflammatory cells

into the scaffold, on day five was seen following

application of scaffold (Sun et al. 2011). Based on

these data, the effect of interventions performed on

burn wounds on the population of mast cells and

inflammatory cytokines on day five after excision was

investigated. Mast cells are important cells of the

immune system that can play immunomodulatory

roles in health and disease (Wernersson and Pejler

2014). These cells are commonly found in abundance

at sites that are near to host-environment interfaces

such as skin and act as a member of the first line of

defense against external pathogens and other environ-

mental damages (Marshall 2004; John and Abraham

2013). They can have significantly effects on physi-

ological or pathophysiological events by having

secretory granules and releasing them into the
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extracellular environment (Wernersson and Pejler

2014). These electron-dense cytoplasmic granules

contain a variety of amines, proteases, lysosomal

enzymes, cytokines, and proteoglycans (Moon et al.

2014). Mast cells, with their granules containing

histamine (amines), TNF (cytokines), chymase, and

tryptase (proteases), play a strong role in pro-inflam-

matory responses. Histamine and proteases play their

inflammatory role by inducing permeability and

vasodilation of blood vessels, and by inducing matu-

ration of cytokines, respectively. On the other hand,

considering the degradation of pro-inflammatory

cytokines and chemokines by proteases, mast cells

can be given some anti-inflammatory activity (Wern-

ersson and Pejler 2014). Mediators involved in

inflammation fall into two categories: the pro-inflam-

matory cytokines such as TNF-a and the anti-inflam-

matory cytokines such as IL-10, which their

expression varies during wound healing (Gauglitz

et al. 2008; Kubo et al. 2014). TNF-a is not only an

essential element in the course of the inflammation but

also a potent mediator of the shock-like situation

associated with thermal injury and sepsis (Hristova

et al. 2018). This factor induces a cascade of

inflammatory mediators such as IL-1, IL-6, IL-8, as

well as IL-10 and reinforces the production of ROS by

pro-inflammatory cells (Standiford et al. 1995; Turner

et al. 2007). TNF-a and ROS increase the expression

of NF-kB, which is involved in the production of other

pro-inflammatory factors (Hristova et al. 2018). IL-10,

as a modulator of pro-inflammatory response, is

secreted by cells such as macrophages and mast cells,

inhibits TNF-a and IL-1b, and reduces the expression

of IL-18 mRNA in monocyte (Marshall et al. 1999;

Kim et al. 2019). One of the pathways that this

cytokine is likely to have a modulatory effect is

through inhibition by NF-kB (Schottelius et al. 1999).

We found that the total population of mast cells on

treated groups was lower at 5 days after excision than

the total population of the untreated group, so that a

significant decrease was observed in groups 3 and 4

compared to groups 1 and 2. We further found a

significant decrease in intact mast calls in groups 3 and

4 compared to group 1, and a significant reduction in

degranulated mast calls in groups 3 and 4 compared to

groups 1 and 2. In all cell populations, there was a non-

significant decrease in group 4 compared to group 3.

On the other hand, the level of IL-10 was associated

with an increase in all treated groups compared to the

untreated group, but it was only significantly increased

in group 4 compared to other groups. In the case of

TNF-a, there was a decrease in the level of this

cytokine in all treated groups compared to the

untreated group; so that TNF-a in group 3 was

significantly decreased compared to group 1, and in

group 4 was decreased compared to the other groups.

The decrease in the number of mast cells in group 2

compared to group 1 was due to the use of the AOSIS

scaffold, which is consistent with the results of the

study of Ashley et al. (2009). This cell reduction may

be attributed to the presence of cryptic peptides in the

ECM that have chemotactic effects (Kheirjou et al.

2020), as seen in both intact and degranulated cell

populations. As a result, with a reduction of mast cells,

we expect to decrease TNF-a and increase IL-10. In

group 3, WJ-MSCs indirectly affected the number and

type of mast cells by increasing or decreasing some

factors. As mentioned earlier, MSCs can reduce the

infiltration of inflammatory cells, IL-1, IL-6, TNF-a,
and nitric oxide synthase, and increase IL-10 and ATP

(Liu et al. 2014; Cruz and Rocco 2017). Previous

studies have shown that, on the one hand, the presence

of inflammatory factors such as IL-1 and TNF can

increase the production of stem cell factor (SCF) by

marrow stromal cells (Linenberger et al. 1995), and,

On the other hand, SCF can play an essential role in

promoting chemotaxis and growth of mast cell

precursors in the healing process (Frangogiannis

et al. 1998). It is also shown that IL-10 can disrupt

the function of mast cells by suppressing high-affinity

IgE receptor expression and stabilizing them from

degranulation (Bundoc and Keane-Myers 2007; Nor-

ton et al. 2008). Therefore, it can be concluded that

WJ-MSCs can reduce mast cell accumulation and its

function at the wound healing site by reducing IL-1

and TNF, and consequently by reducing SCF, and

increasing IL-10, respectively. As a result, a decrease

in TNF-a and an increase in IL-10 in group 3 could be

due to the direct and indirect effects of WJ-MSCs on

the factors themselves and the number and type of

mast cells. The reduction of mast cells in group 4,

especially the reduction of degranulated cells, can be

related to the simultaneous effects of AOSIS, WJ-

MSCs, and MP. Since studies have shown that ROSs

have an important role in the degranulation of mast

cells (Chelombitko et al. 2016), so the MP can prevent

the release of granules containing inflammatory fac-

tors with its antioxidant properties. Considering all the
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properties mentioned above, it can be concluded that

MP by strengthening the effects of AOSIS and WJ-

MSCs was able to reduce the types of mast cells and

further reduce the level of TNF-a and increase the

level of IL-10 in the blood. Finally, it should be noted

that the decrease in mast cells and the decrease or

increase in inflammatory factors have interaction with

each other, and it should not be assumed that cell

reduction is just the cause and changes in inflamma-

tory factors are the result. Considering the effect of

MP, it is possible to study how this drug affects other

stages of wound healing in future researches.

Conclusion

This study designed for the first time for loading

(without any cross-linked) and releasing of water-

soluble drugs on and from AOSIS. The modified

method stabilized the scaffold, which has the ability to

load and sustained-release the natural therapeutic

agent, MP. Therefore, by loading this scaffold with

WJ-MSCs and MP and using the properties of this

product, it can be used as an innovative dermal

substitute in the treatment of burns wounds where an

anti-inflammatory compound is required to control it.

Further studies should be conducted to determine the

effect of this product on the other phases of wound

healing, ie, proliferation, and maturation.
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