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This study aimed to investigate the role of a low dose of human umbilical cord blood
mesenchymal stem cells (HUCB-MSCs) with chitosan scaffold (ChSc) on the progress of
the cutaneous wound healing process in male Albino rats. A full-thickness cutaneous wound
with a circular shape with a diameter of about 2 cm was induced on the dorsum of thirty-six
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Plant lectins ChSc. While in the third group, the wounds were treated through injection of the HUCB-
Mast cells MSCs intradermally, and in the fourth group, the ChSc seeded with HUCB-MSCs were

Skin regeneration used together to treat the wounds. The progress of wound healing was monitored by
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increased healing rate more than the other groups and reported an appropriate collagen
deposition without scarring signs, effective mast cell regulation, and well vascularization.
In conclusion, the fourth group (the HUCB-MSCs with ChSc) improved the healing process,
revealing the highest healing rate and performance without complications.
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Introduction

Open wounds may find difficulty in normal healing
processes because they can be infected by microorganisms or
cannot be healed appropriately without scar or fibrotic tissue
formation leading to tissue necrosis (1). Wounds can occur
by wvarious factors, including trauma, surgeries, cuts,
pressure, and burns (2). The wound is damage that results in
injury to the skin. The wound healing process consists of
stages: hemostasis, inflammation, proliferation, and
remodeling. It was found that the healing cascade of healing
stages is interpreted during severe wounds, which might
result in tissue necrosis through the second infection (3).
Open excised wounds did not close spontaneously due to loss
of contact between the edges. Connection of the wound edges
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with medical glue, clips, or sutures helps the edges get in
touch and heal together by primary intention. However, not
all incised wounds close by the primary intention mechanism
due to excessive tissue loss and the risk of infection that
delays the normal healing process. The full-thickness open
wound is usually healed by secondary intention (4).
Therefore, the dressings used to treat skin wounds must be
non-toxic, antibacterial, biocompatible, mucoadhesive,
regulated degradation rate, and cost-effective (5). Chitosan is
a polysaccharide consisting of glucose amine polymer
prepared by deacetylation of chitin, the second most
abundant natural polymer after cellulose (6,7). Chitosan is
extracted from the crustacean’s exoskeleton, considered the
primary source of chitosan, then the insects and the fungal
cell wall (8). Chitosan has several properties which make it
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desirable in many medical applications, such as a good
solubilization rate which facility producing different
pharmaceutical products, such as powders, films,
membranes, hydrogels, or paste (9,10). Chitosan processes
an adhesive property that encourages the direct application
of chitosan to open wounds (11). Skin substitutes are named
biological skin substitutes, bio-engineered skin, tissue-
engineered skin, bio-constructs, artificial skin (12), and
scaffolds (13,14). Skin substitutes are applied for tissue or
organ regeneration and replacement in vivo (13). Chitosan
scaffold (ChSc) has a high capacity to absorb wound exudate,
which keeps the ChSc flexible, and also, the interconnected
porous structure of the ChSc offers good cellular interaction
and migration that promote tissue regeneration (15). There
are different sources of the mesenchymal stem cells (MSCs)
such as bone marrow-derived mesenchymal stem cells (BM-
MSCs) (16), adipose derived mesenchymal stem cells
(ADMSCs) (17), placenta derived mesenchymal stem cells
(PMSCs) (18), Multipotent mesenchymal stromal cells
(MSCs) (19), and the human umbilical cord blood
mesenchymal stem cells (HUCB-MSCs) (17). The HUCB-
MSCs have the potency to regenerate damaged skin tissue
(20). Eylert et al. (16) reported that adminestring a low
number of BM-MSCs in a pig model enhanced healing
compared to the higher applied dose. The HUCB-MSCs
participate in immunoregulation, such as the down-
regulation of pro-inflammatory cytokines and inflammatory
cells (20). Therefore, stem cells were preferable in grafting
therapy (21). Mast cells are tissue-specific immune cells that
originate from the bone marrow and are in high numbers in
external tissues such as the skin (22). In addition, when tissue
mismatches with the grafted foreign body, the mast cell
initiates an inflammatory response and increases collagen
deposition by activating the fibroblasts. This mechanism
resulted in fibrotic tissue where a fibrous capsule formed
around the graft and stimulated tissue rejection response
(23).

This study investigates the combined impact of freeze-
dried ChSc when seeded with a low number of HUCB-MSCs
in enhancing the wound healing process and regulating mast
cells' response against the implanted scaffold and human
stem cells in a rat model.

Materials and methods

Ethical approve

The experimental procedures were performed according
to the Laboratory Animal Care and Use Regulations
guidelines and approved by the Research Ethics Committee
of Zagazig University, Egypt (Approval No: ZU-
IACUCI/2/F/46/2020).

Experimental animals
The experiment was performed on 36 male Wister albino
rats that weighed 200-250 gm. The rats were housed in
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individual cages in the animal house for about one week at a
controlled temperature 25-30°C and fed water to adapt the
animals to the environment before being experimented.

Isolation of HUCB-MSCs

Human umbilical cord blood (HUCB) was collected and
isolated from the umbilical cord as described by Secunda et
al. (17). In brief, the HUCB was collected in a sterile tube
with heparin 1000 units (EMC, UK) as an anticoagulant.
Phosphate-buffered saline (PBS/2mM EDTA) (Lonza
Bioproducts, Belgium) was used to dilute the HUCB in 1:2
ratios. Then an equal volume of Ficoll-paque® (Lonza
Bioproducts, Belgium) was added carefully to the diluted
HUCB. After centrifuging for 20 min at 2400 rpm at 20°C,
the layer containing stem cells and white blood corpuscles
(WBCs) was collected, then transferred into another sterile
tube that was washed twice with sterile (PBS/2 mM EDTA)
(Lonza Bioproducts, Belgium). Then cultured into T25
culture flasks (Falcon, Becton Dickinson, Heidelberg,
Germany) with serum-free Dulbecco's modified Eagle’s
medium (DMEM) (Lonza Bioproducts, Belgium)
supplemented with 10% fetal bovine serum (FBS) (Lonza
Bioproducts, Belgium) in sterile conditions, then incubated
in a 5% CO: incubator at 37°C (Heraeus, Langenselbold,
Germany). The HUCB-MSCs attached to the culture flask
wall reached 80% confluence by the third passage. Cultures
were washed twice with (PBS/2 mM EDTA) (Lonza
Bioproducts, Belgium) and trypsinized with 0.25%
trypsin/EDTA (Lonza Bioproducts, Belgium) for 10 min at
37°C. Afterward, the cells were centrifugated at 2400 rpm
for 20 min. Finally, the cells were suspended in DMEM with
10% FBS, then divided into 3 x 10° cells per 500 uL for each
dose (17).

Immunophenotypic characterization of HUCB-MSCs

The HUCB-MSCs were trypsinized after the 3rd passage
of the culture, then 500,000 cells were incubated with 20pl
of specific monoclonal antibodies CD105 and CD34~ 20pl
(BD Bioscience), and mouse isotype-matched 1gG (BD
Pharmingen) as a negative control for 30 minutes in the dark.
Then washed with 250 pl of Phosphate buffered saline
according to the instructions of the technique and detected by
a FACS flow cytometer (Becton Dickinson, Heidelberg,
Germany) running Cell Quest software (BD, San Joe, USA).
Only 20,000 labeled cells were acquired and analyzed. The
anti-CD105 monoclonal antibody detects the mesenchymal-
specific surface marker, and the anti-CD34 monoclonal
antibody detects hematopoietic stem cells (24).

ChSc preparation characterization

The scaffold was manufactured from chitosan powder
(Chitosan-Egypt®). The chitosan was 90% + 5 deacetylated,
with a viscosity of 250 cps. Two grams of chitosan powder
were dissolved in 2 % glacial acetic acid (Sigma-Aldrich,
USA) with heating. The prepared chitosan hydrogel was
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poured into a flat container and frozen at -80 °C overnight.
The frozen chitosan hydrogel was freeze-dried in a
lyophilizer (Christ, Alpha 1-4 LSC plus) at -60 °C under a
pressure of 0.001 mbar for 18 hours. The yielded freeze-dried
ChSc was cut into 2 cm diameter circle-shaped pieces. The
circle-shaped ChSc was cross-linked and sterilized by
immersion in gradient descending concentrations of ethyl
alcohol (Sigma-Aldrich, USA), 95%, 85%, and 75%,
respectively, for 20 minutes (25).

Characterization of ChSc using scanning electron
microscopy (SEM)

The ChSc was coated with gold (Au) and then examined
by SEM (JSM-6510, Jeol Ltd., Japan) at 30 kV. The images
were taken using the SEM software (JEM-2100F, Jeol Ltd.,
Japan), and the attached digital camera was used to analyze
the surface properties of the ChSc and determine its porous
diameter.

Experimental Design

All rats were anesthetized with Thiopental sodium 500
mg (EMC), with an injection dose of 0.1 ml for each 100 gm
intraperitoneally (26). A full-thickness excisional wound was
performed by cutting a circle-shaped (2 cm diameter) skin
tissue from the dorsum of the rats using sterile scissors, and
the wounds were covered with sterile gauze for protection.
The experimental animals were divided into 4 groups
(n=9/group), as follows: in the first group(control group), the
induced skin wounds were left without treatment; in the
second group (ChSc group), where the wounds were covered
directly with the freeze-dried ChSc; the third group (HUCB-
MSCs), in this group the wound edges, were injected with a
500 pl suspension of 3 x10° of HUCB-MSCs using a specific
needle; and the fourth group is (HUCB-MSCs) ChSc, where
the ChSc was incubated with 3 x10° HUCB-MSCs in the
culture media (DMEM) (Lonza Bioproducts, Belgium)
supplemented with 10% (FBS) (Lonza Bioproducts,
Belgium)for 1 hour at 37 C° and then was directly placed on
the wounds (8). The wound closure rate was calculated using
the measuring ruler to determine the changes in the wound
diameter (mm) on the scheduled days 3, 8, and 21. The
percent change in wound area was calculated using the
following formula (27): [(Area of original wound - the actual
wound area)/the original wound area] x100. The skin tissues
were harvested from the experimental rats on days 3, 8, and
21 post wounding (n= 3 for each scheduled day).

Detection of HUCB-MSCs homing and integration into
rats’ skin by using conventional PCR

HUCB-MSCs homing and integration were detected in
the regenerated skin specimens on day 8 post wounding in
the HUCB-MSCs group and the (HUCB-MSCs) ChSc group
(n=3). The excised skin specimens were homogenized in an
ice-cold 50 mM sodium phosphate buffer (pH 7.4)
containing 0.1 mM EDTA (Sigma, Aldrich). The resulting
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supernatant was separated by centrifugation at 1,000 rpm for
20 minutes at 4°C.

The DNA was extracted from the precipitate using the
TIAN genomic DNA extraction kit (TIANGEN Beijing,
China). The human B-actin gene (a housekeeping gene) was
detected using the conventional PCR by the primer kits
(BIORON) specific for the human B-actin gene; the forward
primer: 5TGCCCATCTACGAGGGGTATG-3', and the
reverse primer: 5’GAAATCGTGCGTGACATTAAGGAG-
3. The amplification protocol was set for the qualitative
detection of the human B-actin gene by conventional PCR
according to the following steps: incubation at 94°C for 10
minutes, followed by 35 cycles of 94°C for 1 minute, 56°C
for 45 seconds, and 72°C for 45 seconds, followed by 72°C
for 7 minutes. The PCR products were loaded on 2% Agarose
gel (Sigma, Aldrich) with the DNA marker (100-1000 bp).
The loaded bands of the Mwt (325 bp) were separated by the
submarine gel electrophoresis system (Pharmacia Biotech by
SEMKO AB, Sweden) with a submarine chamber (Maxicell,
EC360, M-E-C apparatus Co. St Petersburg, FL). The gel
image was taken under ultraviolet transillumination
(Invitrogen, CA, USA). The electric current was set at 100
mA and 70 volts for 1 hour (28).

Detection of epidermal growth factor receptor (EGFR)-
glycan sialyation by the spectrophotometer

The total protein was extracted from the cutaneous
wound samples (n=3) from both the control group and the
(HUCB-MSCs) ChSc group on day 3 and day 21 post
wounding to determine (EGFR) levels at the beginning and
the end of the experiment. The extracted protein samples
were applied in a standard in vitro solid-phase extraction
system (SPE) using asialofetuin (ASF) pre-coated plates to
determine glycan sialylation levels (29). Briefly, various skin
sample lysates were applied to a 96-well microtiter plate.
Then the sialyation reaction was initiated by adding CMP-
Neu5Ac (Sigma-Aldrich). After routine washing and
blocking steps, the sialylated fetuin was allowed to interact
with biotinylated plant lectins (MAL-1 or SNA) (Vector
Laboratories, USA), followed by binding with streptavidin-
horseradish peroxidase (Sigma-Aldrich). The negative
control of the experiment included only the lectin binding to
a sialo-fetuin. At the end of the incubation time, the reaction
was developed for 10 minutes by adding 100ul the substrate
solution (0.03 % H»0,, 2 mg/ml O-phenylenediamine in 0.1
mM citrate buffer, pH 5.5) (Sigma Aldrich) to the skin lysate
samples in the wells of the microtiter plate, and then the
reaction was terminated with 1M H,SO4. The automatic 96-
well spectrophotometer (Bio-Rad, USA) was used to
measure the absorbance range of the reaction at 492 nm.

Immunoblot assay for determination of (EGFR)a2-6
sialylation profile

Skin sample lysates were incubated with agarose-
conjugated SNA lectin, which binds to a2-6 sialylated



Iragi Journal of Veterinary Sciences, Vol. 37, No. 2, 2023 (391-403)

proteins. The total sialylated EGFR and particular 02-6
sialylated EGFR proteins were characterized by
immunoblots of EGFR (Cell Signaling Danvers, MA, USA),
then compared after being treated with neuraminidase and
PNGase F enzymes (New England Biolabs) by a wide range
of molecular weights (10-200 kDa) protein ladder (Cell
Signaling Danvers, MA, USA) to detect the positive a2-6
sialylated EGFR band at (170 kDa) (29).

Histological and immunohistochemical analysis

On each scheduled day, rats from each group were
euthanized, and full-thickness skin specimens, including
about 3 mm of the skin surrounding the wound, were
dissected from each group. The dissected skin specimens
were formalin-fixed, treated with ascending gradient
concentrations of ethyl alcohol (70%, 90%, 95%, and 100%),
and embedded into paraffin blocks (30). Sections of 5 um
thickness were sliced from the paraffin blocks using the
microtome, and the tissue sections were stained with
Hematoxylin and Eosin (H&E) for general histological
analysis. Immunostaining with anti-vascular endothelial
growth factor (VEGF) antibody (Cat. No: 6C0529, VEGF A)
was performed for detection of the angiogenesis progress
(n=3) at day 21 post wounding (31). Masson trichrome
staining was performed on tissues on day 21 post wounding
to determine the maturity and area percentage of the
deposited collagen fibers (n=3). The tissue biocompatibility
was studied by staining skin specimens with toluidine blue
(n=3) on day 3 and day 21 post wounding for counting mast
cells. The stained images were visualized by Olympus BX21
light microscope and captured with a digital Dsc-W800 super
steady cyber shot camera (Sony-Japan).

Image analysis and morphometric studies

Qualitative and quantitative analysis of histological and
immunohistochemical staining were determined by image
analysis software (Image J; 1.51 n, NIH, USA), A standard
measurement tool was used for the measurement of the
migratory epithelial tongue length (um), the regenerated
epidermis thickness (um), the granulation tissue thickness
(um), and ChSc pore diameter (um). Also, the Image J
software applied to determine porosity%, mast cells count, in
addition to measurements of collagen fibers and VEGF
immunostaining area percentage (%).

Statistical analysis

All results were performed by statistical analysis
software (IBM SPSS Statistics, version 26, Chicago, USA).
Data were normally distributed. Parametric tests were done
for comparing means difference using One-way ANOVA,
followed by Tukey's test for means multiple comparisons by
detecting significance between each group and all other
groups. Two-tailed student t-test for comparing two groups.
The analyzed data were presented as the mean * standard
error (SEM) and were considered significant when P < 0.05.
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Results

Morphology and immunophenotypic characterization of
HUCB-MSCs

The attached HUCB-MSCs on the day 3 of the culture
appeared partially elongated with spindle-shaped, while
some of the HUCB-MSCs were still rounded. The cells
showed mesenchymal characteristics as they attached to the
plastic surface of the tissue culture flask (Figure 1a). The
immunophenotype characteristics resulted in the cells
(85.87%) positively expressing CD105 (Figure 1b).

Integration and homing of HUCB-MSCs within skin
tissue

Agarose gel electrophoresis was used to detect the
amplified PCR product of the human f-actin gene by
imaging under ultraviolet transillumination, and the size of
the PCR product was measured based on the DNA markers
(Figure 1c, lane M). As expected, human B-actin bands in
both rat specimens from the HUCB-MSCs group and
(HUCB-MSCs) ChSc group appeared at 325 bp (Figure 1c,
lane C, D). As expected, the samples from the control and
ChSc groups did not amplify the human B-actin gene (no
bands) (Figure 1c, lane A, B). Overall, the results confirmed
the integration and homing of HUCB-MSCs within the rat
skin tissues.
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Figure 1. Stem cells differentiation, characterization, and
integration (a) Photomicrograph for HUCB-MSCs
morphology on the day 3, white arrows: elongated spindle-
shaped mesenchymal cells (10x, scale bar=100 pm). (b)
Immunophenotypic characterization of HUCB-MSCs. (c)
Agarose gel electrophoresis was performed for the
integration and homing of HUCB-MSCs by detecting the
PCR product of human B-actin bands (325bp): (M; DNA
marker 100-1000bp). Negative (lanes A and B) indicate the
absence of human B-actin in both control and ChSc treated
groups, respectively; while positive (lanes C and D)
indicated the presence of human [-actin in both HUCB-
MSCs and (HUCB-MSCs) ChSc treated groups,
respectively.



Iragi Journal of Veterinary Sciences, Vol. 37, No. 2, 2023 (391-403)

Surface characteristics of the Freeze-dried ChSc detected
by SEM

SEM examination of ChSc showed a lamellated structure
with uniform rounded interconnected pores randomly
distributed with different diameters ranging from 25 to
248um (Figure 2). The porosity percentage of the ChSc was
about 75%.
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Figure 2: Scaffold characterization (a) SEM image for ChSc
illustrating the ultrastructure pores size and distribution
within the interconnected lamellated structure; scale bar:
200pum.

Biochemical detection of wound healing and EGFR-
sialylation

The sialylation pattern or change in the amount of sialic
acid capping terminal glycan chains of EGFR proteins during
wound healing is believed to have an essential role in skin
maintenance and repair. On biochemical analyses of
sialyltransferase activities followed by binding with the
biotin-labeled sialic acid lectins, an unusually high binding
of SNA (02-6 sialic acid-specific lectin) (i.e., high
expression of 02-6 sialyltransferase) in the (HUCB-MSCs)
ChSc group on day 21 post wounding was observed
compared to the other groups (Figure 3a). To see if an
increased amount of 02-6 sialylated glycans were added to
the EGFR or the EGFR contains an excess of 02-6 sialylated
glycans during wound repair in the (HUCB-MSCs) ChSc
group, skin extracts of the (HUCB-MSCs) ChSc group on
day 21 post wounding were allowed to bind with the agarose-
conjugated SNA lectin (which binds specifically to 02-6
sialylated glycans). After washing the lectin-agarose beads,
the bound sialylated proteins were detected on a western blot
probed with the anti-EGFR antibody (Figure 3b-I).
Interestingly, the (HUCB-MSCs) ChSc group on day 21 post
wounding showed more 02-6 sialylated EGFR than the
control group. To confirm the sialylation in the EGFR
protein, the skin lysates were treated with neuraminidase first
and then carried out the similar steps described above (SNA-
agarose binding followed by western blot probed with anti-
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EGFR antibody). No bands were detected in the
neuraminidase-treated extract (Fig. 3b-II), confirming the
presence of sialylated glyans in the EGFR. Figure 3b-IlI
shows the glycosylated (total) EGFR (170 kDa) detected
from the whole tissue lysates on a western blot probed with
an anti-EGFR antibody. Although the EGFR from the
(HUCB-MSCs)ChSc group animals contain more a2-6
sialylated glycans, and the molecular weight of the EGFR
glycoprotein from the control group seems higher than that
from the (HUCB-MSCs) ChSc group indicating the higher
glycosylation of the EGFR in the control animals. The higher
glycan content in the EGFR from the control animals is not
due to the presence of higher O-glycans as PNGase F-treated
(specifically cuts N-linked glycosylation) samples from both
(HUCB-MSCs) ChSc and control groups showed EGFR
bands of approximately identical molecular weights
(detected by EGFR antibody on western blot) (Figure 3b-1V).
To further characterize the location of 02-6 sialylation (in the
N-glycan, O-glycan, or both), the skin lysates were treated
with the PNGase F enzyme and then incubated with the
SNA-agarose. After washing the lectin-agarose beads, the
bound proteins were subjected to a western blot probed with
the anti-EGFR antibody. As shown in Figure 3b-V, no bands
in the PNGase F-treated samples that went through the SNA-
agarose binding were detected on the western blot, indicating
that all a2-6 sialic acids are linked only to N-glycans. As
expected, the negative controls for the above step, i.e., the
cell lysates were treated with the buffer only instead of the
PNGase F enzyme and processed identically as described
above showed EGFR bands (Figure 3b-VI). Overall, the
results demonstrated that the excess 02-6 sialylation,
particularly in the EGFR, constitutes vital glycosylation
change associated with the wound healing and repair process
as observed in the (HUCB-MSCs) ChSc group.

A B
3rd day of (hUCB-MSCs)Ch group
215t day of (hUCB-MSCs)Ch group
= 3rd ofcontrol group

1 215t day of control group

wxn

Agarose-conjugated SNA lectin

Neuraminidase

Absorbance 492 nm

170 kDa-

Total Sialylated EGFR
a2—3-ST a2—6-ST

PNGase F

PNGase F treated + SNA-Agarose v

PNGase F control + SNA-Agarose

VI

Figure 3: Biochemical detection of sialyltransferase
activities and EGFR-sialylation (a) Graphical chart showing
sialyltransferase activities in the control and the (HUCB-
MSCs) ChSc at days 3 and 21 post wounding. The data were
expressed as the mean £ SEM. The difference is considered
significant at the P values of <0.05, <0.01, and <0.001,
indicated by one, two, and three asterisks, respectively;
n=3/group. (b) Biochemical evaluation of EGFR-sialylation
by the western blot.
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The macroscopic examination related to wound closure
rate

The macroscopical changes in the wound area of the
experimental groups on the scheduled days are shown in
Figure 4a. Obvious alternations were noticed in the wound
morphology along healing stages; the combined (HUCB-
MSCs) ChSc group revealed more efficient gross healing
progress than other groups. The wound size was measured
during different healing scheduled days 3, 8, and 21 in the
four experimental groups, and the percentage of wound
reduction was calculated (Figure 4). The wound of the
(HUCB-MSCs) ChSc group completely healed at the end of
the experiment.
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Figure 4: In vivo wound healing (a) Representative photo of
the gross morphology of the wound bed showing changes in
healing progress among different groups on days 3, 8, and
21. (b) Wound reduction rate on days 3, 8, and 21. The data
were expressed as the mean = SEM, and the difference is
considered significant at *P < 0.05; n=3/group.

hUCB-MSCs  (hUCB-MSCs)ChSe
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Histological observations

The microscopic observations of the H&E-stained wound
sections revealed that, on day 3 post wounding, a slight
epidermal thickening with a poorly extended migrating
epithelial tongue was observed in all groups except the
control group (Figure 5). the migrating epithelial tongue
developed more clearer in the (HUCB-MSCs) ChSc group
than the other groups (Figure 5a). While in the control group,
the migrating epithelial tongue started visibly by day 8 post
wounding (Figure 5b). On day 21 post wounding, the
migratory epithelial tongue was completely maturated into
the prominent epidermis that was completely regenerated in
the (HUCB-MSCs) ChSc group. In contrast, the migratory
epithelial tongue still grew in the other groups where the
epidermis was still not completely developed (Figure 5c).
Upon quantitation of the epithelial tongue length and the
thickness of the healed epidermis, the (HUCB-MSCs) ChSc
group revealed a more efficient healing progress (Figure 6).
The mean granulation tissue thickness was obtained by
measuring the highest point in the granulation tissue on each
scheduled day. The increased thickness of the upwards-
growing granulation tissue exhibited a significant difference
(p<0.001) among the experimental groups throughout the
healing stages when compared with the control group (Figure
6). On day 3 post wounding, the thickness of the early
granulation tissue in the ChSc and the (HUCB-MSCs) ChSc
groups increased compared to the other groups (Figure 5a).
The granulation tissue thickness decreased on day 8 post
wounding in the (HUCB-MSCs) ChSc group, where the
granulation tissue was replaced by the mature dermis with
appendages, whereas the granulation tissue in the other
groups was still growing (Figure 5b). The microscopic
observation for the implanted scaffold in the wound on day
8 in the granulation stage showed in the ChSc group the red-
stained lamellated chitosan scaffold embedded within the
wound (Figure 7a). Moreover, the day 8 wound section from
the (HUCB-MSCs) ChSc group showed the efficient
adhesion of the cells on the scaffold structure, where some
cells appeared elongated (Figure 7b).

On day 21 post wounding, the wound in the (HUCB-
MSCs) ChSc group was closed entirely, and the granulation
tissue completely matured and was replaced with the mature
collagen Il fibers and prominent appendages in the neo-
formed dermal layer (Figure 5c). In contrast, the wounds in
the other groups were not completely healed and were still in
the active granulation phase and the migratory epithelial
extended downwards for further appendage formation, as the
dermis was not completely maturated (Figure 5¢).
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Conteol group.

WUCB-MSCs group ChSc group

(RUCB-MSCx)ChSe

HUCB-MSCs

(HUCB-MSCs)ChSc

Figure 5: The histological figure of the wound healing progress in the control, ChSc, HUCB-MSCs, and (HUCB-MSCs) ChSc
groups on the different scheduled days, stained with H&E. (a) day 3, (b) day 8, and (c) day 21 post wounding, 5x. Scale bar=
200 um. the red dotted square with an arrow refers to the magnified part of the image (c) showing the microscopic details of
newly regenerated tissue, 40x, and the dotted black arrow refers to the magnification of 40x showing maturation of the dermis
layer along healing days; scale bar=50 pum. The black dashed line borders the granulation tissue (G), black arrows: the migratory
epithelial tongue, black arrowhead: ChSc, blue arrows: migratory epithelia, and white arrows: fibroblasts. (N): necrotic tissue,
(S): scab, (E): epithelia, (ND): neo-dermis. (K) keratin layer, (C) stratum corneum, (Gr) stratum granulosum, (Sp.) stratum

spinosum, (B) stratum Basale (BV) blood vessel, (HF) hair follicle.
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Figure 6: The graphical figures show the difference in the
epithelial layer wound healing parameters during healing (a)
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Figure 7: Microscopical figures of the implanted ChSc in the
rats' wounds on day 8 stained with H&E (a) Histological
micrograph for wound skin covered by ChSc. (b) wound skin
covered by ChSc seeded with HUCB-MSCs. Black arrows:
elongated adherent cells on the lamellated red scaffold. 100x,
scale bar: 10um.
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Immunohistochemical observations

The VEGF immunoreactivity area (%) at the end of the
experiment in the (HUCB-MSCs) ChSc group showed a
minor immunoreactivity area (%), where the wound was
closed entirely, and mature vascularization was observed.
The immunoreactivity area (%) was the highest in the control
group but moderate in the ChSc, and the HUCB-MSCs
groups, respectively, where the wounds were not completely
healed and were still in an active state of angiogenesis
(Figure 8a). The immune reactivity area (%) of VEGF
immunostaining on day 21 post wounding showed a
significant difference (p < 0.01) in the (HUCB-MSCs) ChSc
group when compared to the control group (Figure 8b).
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Figure 8: Immunostaining of the wound skin with the anti-
VEGF antibody on day 21 post wounding; (a) Showing the
control group, ChSc group, HUCB-MSCs group, and
(HUCB-MSCs) ChSc group. Black arrows: dense brownish
immunoreactive stained vascular endothelial cells. 40 x,
Scale bar=50 um. (b) The graphical figure shows the mean
VEGF immunostaining area % in the treated groups
compared with the control group at day 21 post wounding.
The data were expressed as the mean = SEM, and the
difference is considered significant at *P < 0.05; n=3/group.
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Histochemical observations

Masson's trichrome staining was used to detect the
organization of the collagen fibers. In the control group, the
connective tissue of the papillary layer in the dermis showed
fine collagen fiber, while the collagen bundles of the reticular
layer in the dermis were thin and loosely arranged. The
newly formed immature collagen fibers of granulation tissue
occupied a wider area. The (HUCB-MSCs) ChSc and ChSc
groups showed more well-formed collagen fibers in the
papillary layer, while the dense connective tissue in the
reticular layer appeared well-oriented with dense bundles of
collagen fibers, which were more than the HUCB-MSCs
group (Figure 9a). The area (%) of the collagen fibers was
measured on day 21 post wounding and revealed a significant
difference among the groups (Figure 9b).

[
Aaf
-

= |
WB?MSCS EhSc
132G

-

ChSe hUCB-MSCs ~ hUCB-MSCs(ChSc)

60 b

50
30
20
10

0

Control

Mean collagen area % at day 21
&

Figure 9: Masson’s trichrome staining of the wound skin on
day 21 post wounding (a) showing the control group, ChSc
group, HUCB-MSCs group, and (HUCB-MSCs) ChSc
group. Black arrows: collagen bundles and (G) granulation.
10 x, Scale bar=100 pum. (b) The graphical figure shows the
mean collagen area (%) in the treated groups compared with
the control group at day 21 post wounding. The data were
expressed as the mean + SEM. The difference is considered
significant at *P < 0.05; n=3/group.
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The mast cells number at the late stage of healing
responded to the quality of the healing and the in vivo
biocompatibility with the implanted ChSc and cultured
HUCB-MSCs. Mast cells were stained with toluidine blue to
detect the active degranulated cells (Figure 10 a and b). The
mast cells were up-regulated in the treated groups at day 3
post wounding, especially in the (HUCB-MSCs) ChSc
group, where the mast cell number was significantly
increased compared to the other groups (Figure 10c). On day
21 post wounding, the mast cells were significantly (P
<0.001) down-regulated in all treated groups, especially in
the combined (HUCB-MSCs) ChSc group, while in the
control group number of mast cells remained high number
when compared to the day 3 (Figure 10c).

Discussion

The significant finding of the current work is studying the
role of the low dose of HUCB-MSCs with chitosan on the
cutaneous wound healing process, especially by topical
application. Here, we showed the highest healing progress in
the combined (HUCB-MSCs) ChSc group. The biochemical
investigations of EGFR sialylation revealed that the elevated
epidermal growth factor EGF in the (HUCB-MSCs) ChSc
group stimulated epidermal regeneration because the EGF
promotes cell infiltration and collagen regulation (32,33). In
the current study, we also showed that the skin regeneration
rate in the ChSc group was lower than both the HUCB-MSCs
and the (HUCB-MSCs) ChSc groups. The possible
explanation is that when the plain ChSc is filled with the
extracellular matrix (ECM) and fibroblasts, ChSc may act as
a guiding structure that directs the migrating cells and
growing tissue in the direction of the active regenerating
tissue (34). This may promote the angiogenesis mechanisms
to direct the vascularization towards the scaffold, which was
integrated into the ECM. All of this may make the integrated
ChSc mimics the histogenesis state of the tissue (35). In the
case of (HUCB-MSCs) ChSc, where the ChSc was seeded
with MSCs, the ChSc acted more spontaneously as a natural
tissue where the seeded HUCB-MSCs enhanced the
proliferation and activation of angiogenesis, which increased
the degradation rate more than that of the plain ChSc (36). In
the previous studies, a large number of HUCB-MSCs (about
one or two million cells) that were intradermally
administered in a single dose enhanced and accelerated
wound healing (16,37).

In this study, the intradermal administration of a low dose
of HUCB-MSCs exerted the same levels of wound healing
progress as evidenced by decreased scarring and fibrosis and
enhanced re-epithelialization and angiogenesis (16,37). This
might change the paradigm that the higher the cell count, the
better wound healing. Sorg et al. (38) mentioned that wound
healing could not be established without the epithelial
stratification ~mechanism. In this study, the re-
epithelialization was observed at day 3 post wounding in the

treated groups earlier than that of the normal healing process
in the control group, where the re-epithelialization often
started at the proliferation phase after 3-4 days post
wounding (39).

Mean mast cells count
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Figure 10: Wound skin stained with toluidine blue (a) day 3
and (b) day 21 post wounding; showing the control group,
ChSc group, HUCB-MSCs group, and (HUCB-MSCs) ChSc
group. Black arrows: indicate mast cells. 40 x, Scale bar 50
pm. (c) The graphical figure shows the mean number of mast
cells counted in a fixed section standard field. The data were
expressed as the mean + SEM, and the difference is
considered significant at *P < 0.05; n=3/group.
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The early proliferative phase started on day 3 post
wounding in the ChSc group, promoted skin regeneration,
well-organized granulation tissue deposition, remodeling,
and the active re-epithelialization, which was continued with
migrating epithelial tongue extension through day 8 (40,41).
It was reported in a previous study that the proliferative stage
might fail to be established after the inflammatory stage due
to high levels of pro-inflammatory cytokines that
aggressively delayed the healing process (42). The current
findings indicated that the inflammatory phase declined more
rapidly and started re-epithelialization in the early stage in
the HUCB-MSCs group, as the HUCB-MSCs resulted in the
desired down-regulation of pro-inflammatory cytokines and
inflammatory cells (43). Hence, the inflammatory phase
declined, followed by increased tissue regeneration and
promotion of the healing process (44).

The treated groups, which started early deposition of
granulation tissue before day 3 post wounding, would start
re-epithelialization earlier. Whereas in the normal wound
healing process in the control group, the granulation and
remodeling stages occur at day 5 to day 7 post wounding due
to the down-regulated activity of inflammatory cells (40,45).
This may be due to the role of chitosan and the HUCB-MSCs
in promoting and improving collagen secretion by
stimulating differentiated fibroblasts for early collagen
secretion, which contributes to granulation tissue deposition
after the inflammatory stage, almost 3-4 days post wounding
(46,47). On day 21 post wounding, the HUCB-MSCs group
showed complete epidermal healing, but the dermis layer still
appeared in the granulation stage (48). Furthermore, the
mature blood vessels were noticed in the remaining
granulation tissue and the active migratory epithelia, which
migrated downwards from the epidermis into the dermis.
This indicated that the regenerated skin was still in an active
remodeling state to avoid scar tissue formation with the aid
of the HUCB-MSCs (49,50). Although Luo et al. (51)
suggested that the HUCB-MSCs enhanced the regeneration
of dermal appendages, the current findings are considered the
slower rate of appendage regeneration in the HUCB-MSCs
group might be due to the low injected cellular dose not
proportional to the induced large wound area.

Scarring represented the excessive granulation of tissue
in the final stage, where the wound healing process was
stopped at a particular phase and discontinued shifting to the
following stages, and the absence of appendages may occur
(52). As shown in a previous study, ChSc, after one weak
post-wounding, decreased the expression of the TGF-B,
which is responsible for the hypertrophic scarring factor (47).
Krasnodembskaya et al. (53) reported that the BM-MSCs
were accompanied by the secretion of specific immune-
modulatory factors, which also regulated fibrotic tissue
formation and reducing the scarring of tissue (54).

After day 21 post wounding, the collagen fiber deposition
was detected in all experimental groups by Masson trichrome
staining. A delay in collagen remodeling was noticed in the
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control group. These results could be attributed to the initial
secretion and deposition of immature collagen type 111 with
thin fibrils, which were replaced later with mature collagen
type | of thick and condensed bundles (55-57). In the HUCB-
MSCs group, collagen was denser, well remodeled (55). In
the ChSc and (HUCB-MSCs) ChSc groups, an efficient
deposition and organization of collagen fibers were
observed, which might be attributed to the chitosan polymer
that enhanced fibroblasts to increase collagen secretion and
deposition (58). Therefore, we detected that the ChSc seeded
with HUCB-MSCs together, resulted in increased collagen
density and well-orientated fibers.

It was previously found that full-thickness wounds
treated with BM-MSCs stimulated angiogenesis by
expressing high levels of VEGF (59). The ChSc also
stimulated VEGF secretion to start the angiogenesis pathway
(35). Regarding the current results, the VEGF levels
proportionally decreased with the decrease in wound area
during healing. Furthermore, in the (HUCB-MSCs) ChSc
group, where the wound was completely healed, a lower
VEGF level was detected, which might be attributed to the
combination of the HUCB-MSCs and the ChSc that
enhanced early VEGF stimulation and neo-vascularization
(60).

The current finding agrees with the previous studies,
which reported that VEGF and neo-vascularization declined
after 21 days beyond injection with BM-MSCs (52,57) and
Hematopoietic Progenitor Cells (HSCs) (61). This
phenomenon may be related to the decline in blood oxygen
supply in the healed skin tissue. In the wounded skin, the
injury stimulated the up-regulation of VEGF production and
a subsequent increase in vascularization during the
proliferative phase (62). Hence, the VEGF levels decreased
throughout the wound healing, and neo-vascularization
stability occurred.

Ud-Din et al. (63) found that mast cells in open wounds
increased by two folds within two months of the initial count
found in non-wounded skin. Mast cells play an essential role
in controlling wound healing during the presence of foreign
implanted material through the inflammatory response
towards the implant (64). At the beginning of the
implantation of foreign materials, the mast cells activated
and degranulated to release their pro-inflammatory
mediators (65). A high increase of degranulated mast cells
was noticed after grafting in cases where the tissues were
mismatched compared to the non-treated group (65). The
increased degranulated mast cells released chemotactic
macrophages and neutrophils (66). This mediated the
inflammatory response within the implanted material or
transplanted tissue and triggered the rejection process
consequently (67).

Furthermore, the depletion of mast cells and blocking of
the degranulation process delayed the rejection, which
supported the graft during the acute inflammatory phase. The
current study also observed this phenomenon as the mast cell
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count was higher in the (HUCB-MSCs) ChSc group during
the inflammatory phase (66). The current finding revealed
that, after three weeks beyond complete healing, a dramatic
decrease in mast cells in all groups was noticed except in the
control group. The (HUCB-MSCs) ChSc group was the least
counted due to the combined role of both HUCB-MSCs and
ChSc, where the HUCB-MSCs were characterized by
suppressing the infiltration of mast cells and deactivating the
degranulation mechanism at the end stages of healing
(68,69), and the ChSc reduced the inflammatory response of
mast cells and decreased neutrophil infiltration (70) within
the first week (64). ChSc induced a reduction of mast cell
stimuli for fibroblasts; therefore, it displayed a decline in
fibroblasts' number and decreased fibrotic tissue formation
(71).

Conclusion

The low dose of HUCB-MSCs resulted in significant
healing progress compared to the previous studies with a
high dose. However, the healing was significantly enhanced
when the HUCB-MSCs were seeded with ChSc.
Furthermore, the treated groups with either HUCB-MSCs or
ChSc reported a noticeable effect on mast cell regulation.
The (HUCB-MSCs) ChSc group exhibited a significant
healing rate and performance improvement compared to the
other groups. This was observed by appropriate collagen
deposition without scarring signs, well-formed blood
vessels, and EGF increasing, and mast cell numbers
regulation during the healing process.
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