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ABSTRACT

Background: Fresh stem cell exosomes are usually obtained and reused in the same individual. It cannot be
kept viable for a long period of time regardless of the lengthy preparation time. Freezing is typically used to
preserve the viability of perishable materials and increase their lifetime. Regrettably, normal freezing of
biomaterials leads to cell damage. Therefore, a cryoprotectant can save the cells from the conventional
cryodamage. Sodium carboxymethylcellulose (NA-CMC) is a powdery substance that is used to manufacture
bio-safe hydrofilm gels because of its high viscosity, cytocompatibility, and nonallergenic nature.

Materials and Methods: Sterile CMC hydrogel was prepared, part of which was loaded with exosomal solution
derived from MSCs. The gel was kept at —20°C for preservation. Two bilateral full-thickness circular skin wounds
of 2-cm diameter were created on the back of experimental dogs. The wounds were at least 2.5 cm apart.
Treatment started 24 hours after wound creation. Group I received CMC gel solely, whereas group II received
frozen CMC exosomal gel. The gel was applied 4 times, a single application per day with 1- day interval.
Results: Clinically, the frozen exosomal gel significantly promoted wound healing with no scaring. Histologically,
enhanced dermal fibroblasts and organized collagen deposition were seen in the treated group.

Conclusion: CMC proved to be an efficient cryoprotectant and a suitable vehicle for exosomes. Deep freezing
was proven to conserve the viability, extended the preservation, and facilitated the usage of exosomal gel. This
technique of preserved cell-free therapy is inexpensive, time-saving, and proficient and seems suitable for
treating cutaneous wounds.
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INTRODUCTION

Exosomes are a type of extracellular vesicles (EVs),
which are released from the endosomal
compartment or shed from the surface of many cell
types. EVs include exosomes, ectosomes,
microvesicles, microparticles, apoptotic bodies, and
other subsets but the term “exosomes” is the most
commonly used word to indicate any type of EV 1.
Exosomes play an important role in cell-cell
communication. It behaves as an endocrine and a
paracrine mediator that interacts with neighboring
cells 2. For a long time, these vesicles are considered
to be an artifact under the electron microscope, but
are now recognized as vesicles of a specific structure
that play an important biological cell-cell horizontal
transfer of proteins and RNA 3. The exosome effect is
similar to their originating mesenchymal stem cells
(MSCs) in different experimental models, for
example, as inhibitors to apoptosis and stimulators
to tissue proliferation *. The problem with fresh
exosomal solutions is that they are obtained and
reinjected into the individual and they cannot be
kept for a long period of time, not to mention the
lengthy preparation time. Therefore, it was
appropriate to seek a technique to preserve and
extend the biological effect of these vesicles.
Freezing is a process typically used to preserve
perishable materials; lowering the temperature
inhibits the enzymatic activity and decreases
material decomposition. Sodium
carboxymethylcellulose (Na-CMC) is synthesized by
the hydration of cellulose with sodium hydroxide
and from an alkaline pulp-catalyzed reaction with
chloroacetic acid >. CMC-based hydrogel is used
primarily because of its high viscosity and nontoxic
and nonallergenic properties © CMC-based
hydrogels are cytocompatible considering the in
vitro cell viability responses of more than 95%
toward human embryonic kidney cells used as the
model cell line ’. It also has a strong ability to absorb
and transport fluids and protect the wound from
bacterial exposure of the external environment 8.
This study aimed to evaluate the proficiency of CMC
as a cryoprotectant and a bio-safe vehicle for
heterogeneous exosomes and to establish a base for
long-term preservation of EVs.

Effect of Frozen MSC-Exosomal Gel on Skin Wound

MATERIALS AND METHODS
The study was approved by the Institutional Animal
Care and Use Committee VET-CU-0722019059.

Bone marrow MSC isolation and propagation

One month before the start of the experiment, fresh
bone marrow (BM) was aspirated from the iliac crest
of apparently healthy dogs under a general
anesthesia regimen: premedication with atropine
sulfate (0.1 mg/kg) subcutaneous injection, xylazine
(1 mg/kg) intramuscular injection, and induction
with ketamine (10 mg/kg) intravenous injection. A
total of 9 MSCs were isolated from the BM and were
incubated at 37°C in 5% CO,. The media were
continuously changed to remove nonspecific cells
and to allow MSCs to grow and multiply to form a
confluence sheet.

Identification of BM-derived MSCs

Cells were identified as MSCs by their morphology
and adherence to the tissue culture flask °. Flow
cytometric analysis of cultured MSC surface markers
was performed using CD105, CD90, and CD73 .

Isolation and expansion of canine MSCs-derived EVs
MSCs were cultured in Dulbecco’s modified Eagle
medium (DMEM) deprived of fetal bovine serum and
supplemented with 0.5% of bovine serum albumin
(Sigma). Then, ultracentrifugation of the media was
performed to collect the exosomes 2,

Identification of MSCs-derived EVs

Electron microscopy analyses of the collected
exosomal solution were performed. Purified images
were obtained by secondary electron at a working
distance of 15 to 25 mm and an accelerating voltage
of 80 KV. The Jeol T300 system was used for digital
acquisition and analysis. Cytofluorometric analysis
was performed using CD63, CD44, and CD73. Mouse
nonimmune isotypic immunoglobulin G was used as
a control.

Preparation of CMC gel-loaded MSCs-derived EVs

CMC powder was mixed with DMEM media in a
sterile Petri dish to form a gel, which was left for 30
minutes under a UV lamp for sterilization. DMEM
medium containing exosomes was added to the
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sterilized CMC at a concentration of 22 mg/mL. Each
1 mL of the gel contained exosomes derived from
0.5x106 MSCs. The gel was then stored at —20°C for
1 week after processing and then used for treatment.

Induction of skin wound

This study used 3 apparently healthy dogs (2 males
and 1 female) weighing 15-20 kg aged 1-2 years. The
dogs were obtained from the official animal supplier
to the Faculty of Veterinary Medicine, Cairo
University, for animals used in research and teaching
purposes. The dogs were housed at separate kennels
at the Department of Surgery, Anesthesiology and
Radiology, Faculty of Veterinary Medicine, Cairo
University, given free access to standard food and
water. After overnight fasting, the experimental
dogs were anesthetized using the general anesthetic
regimen: premedication with atropine sulfate (0.1
mg/kg) subcutaneous injection, xylazine (1 mg/kg)
intramuscular injection, and induction with ketamine
(10 mg/kg) intravenous injection. Under aseptic
conditions, 2 bilateral full-thickness circular wounds
of 2-cm diameter were created on the back of each
dog using a dermal punch !4, The wounds were at
least 2.5 cm apart. The day on which the wounds
were created was designated as day 0 °.

Treatment

Topical treatment started 24 hours after wound
creation: group | received CMC gel alone, whereas
group |l received CMC gel-loaded exosomes. The
frozen gel was placed at room temperature (RT) for
thawing before usage. The gel was applied 4 times,
with 1 day interval, single application per day,
starting from the 1st to the 7th day after wounding,
in the equivalence of 1-mL gel per wound. Wounds
were covered with dressing bandages. All animals
received a systemic pain killer and a broad-spectrum
antibiotic agent for 3 consecutive days. Daily
dressing and monitoring of wound healing were
performed.

Evaluation

Physical evaluation of the wounds

Wounds were evaluated and photographed for
standard healing parameters for 4 weeks. Wound-
size reduction was calculated using the following
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equation: wound-size reduction=(A; — A¢)/Ai x 100
(where A; is the initial wound area and Asis the
wound area at days 3, 7, 14, 21, and 28 after
wounding) *°.

Histological and immunohistochemical evaluation
Samples for histological and immunohistochemical
evaluation were taken at the 3rd, 7%, and 14th day
after wounding. According to the schedule, dogs
were sedated and wound biopsy were harvested .
Hematoxylin and eosin (H&E) and Masson’s
trichrome (MTC) staining were used °. The reaction
toward CD31 and alpha smooth muscle actin (a-
SMA) immunofluorescence was studied . Statistical
analysis using t-test for 2 dependent means was
performed (P=0.05) °. All dogs were properly treated
following the study period.

RESULTS

MSCs were identified by its morphology under an
inverted microscope. On the day of collection, BM
mononuclear cells and MSCs were rounded and close
to each other. On the 3rd day, MSCs started to take
their characteristic spindle shape and became
adherent to specific tissue culture flasks. After
repeated washing, more of the nonspecific cells were
continuously removed, which gave wider space for
the MSCs to propagate and multiply as was seen on
the 7th and 10th days. A confluence sheet of 70% to
80% of the tissue culture flask was reached on the
14th day (Figure 1). Flow cytometry using CD90,
CD73, and CD105 surface markers positively
identified MSCs 98.21, 97.1, and 98.44, respectively
(Figure 2).

Figure 1. Serial photographs showing (a) bone marrow cells on
the day of collection; then subsequent MSC’s growths: (b) MSC'’s
growth on the 3rd day (c,d) MSCs took the spindle shape and
adhered to the tissue culture flask; the nonspecific cells (rounded)
were removed by washing at the 7th and 10th day (e) MSCs
multiplied and increased in number until it reached a confluence
sheet of up to 70% to 80% of the tissue culture flask at the 14th
day
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Figure 2. Flow cytometric analysis of MSCs showing the counts of different surface markers

Ultracentrifugation of DMEM media resulted in the
gathering of exosome. Exosomes were identified by
electron microscope. Differently sized well-defined
spherical vesicles were detected (Figure 3). The
cytofluorometric reactions toward markers CD44,
CD63, and CD73 were 99.61, 98.99, and 99.71,
respectively (Figure 4).

Figure 4: Cytofluorometric analysis of the obtained exosomal solution, notice the reaction toward different markers
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Figure 4.Cytofluorometric analysis of the obtained exosomal solution, notice the reaction toward different markers
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Physical evaluation of the wounds

Clinically, wounds treated with preserved CMC
exosome gel showed quicker healing than their
counterparts treated with preserved CMC gel solely
(Figure 5). Wounds were measured at 3, 7, 14, 21,
and 28 days (Table 1). The wound reduction size was

IJHOSCR, 1 July. Volume 15, Number 3

greater in the treated group than the control group.
The wound edges were more corrugated in the
control group than the treated one (Figure 6). No
animals had experienced wound infection or any
other health issues.

Figure 5: Photographs showing wound areas of the 2 groups at 3, 7, 14, 21, and 28 days: the (a-e) control group; (f-j) treated group. Notice the
quicker healing and wound closure in the treated group than the control group with even healed surface

' Figure 6: Histogram showing the wound closure percentage for the treated group compared with the control group during the follow-up period
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Table 1: Mean and percentage of wound reduction size (compared with initial wound size) and the contraction difference between the control
and treated groups. P<0.05 was considered statistically significant
Control Treated Diff Dev

mean cm (%) mean cm (%) (Treated - Control) (Diff - M) Sq. Dev

DO 2 (0%) 2 (0%) 0 0.16 0.03

D3 2 (0%) 1.97 (1.5%) 0.03 0.13 0.02

D7 1 (15%) 1.53 (23.5%) -0.17 -0.01 0

D14 1 (50%) 0.73 (63.5%) -0.27 -0.11 0.01

D21 0.5 (75%) 0.2 (90%) -0.3 -0.14 0.02

D28 0.2 (90%) 0 (100%) -0.2 -0.04 0

Avg.=1.23 Avg.=1.07 M=-0.16 S=0.08

The value of tis 3.21. The value of P=0.01181.
Histological evaluation of wound healing narrow showing developed epithelial cells with
Histologically, H&E sections of the control group at 3 enhanced cellularity and angiogenesis and
days showed epidermal destruction, hemorrhage, subepidermal proliferation of collagen and
and exudate infiltrated with inflammatory cells. This fibroblasts on the 14th day (Figure 7). MTC
was followed by more cellular infiltration and mild histological sections of the control group showed a
angiogenesis on the 7th day. Reepithelization and fibrous tissue deposition on the 3rd day. Few
fibrous granulation tissue were seen on the 14th day. unorganized collagen fibers were interspersed
The treated group showed the same level of between the fibrous tissue bundles on the 7th and
epidermal damage and necrosis on the 3rd day with 14th day. The treated group showed marked
inflammatory cell infiltration, whereas the 7th day deposition of collagen bundles starting from the 3rd
showed early proliferation of fibrous tissues with day that became more organized on the 7th and the

marked angiogenic activity. The wound sites were 14th day (Figure 8).

: g e PO P e e [ 223 3 & ECE SRR
Figure 7. H&E histological skin sections of wound areas: (A) group | at 3 days of treatment disclosing the wound edge, with complete damage
of epidermal layer; the dermis was infiltrated with inflammatory exudate, neutrophils, mononuclear cells, fibrin deposition, and necrotic debris.

x400; (B) group Il at 3 days showing damage of epidermal layer; the dermis at the wound area showed inflammatory exudates mixed with
necrotic tissue debris and deposition of fat cells and hemorrhage x200; (C) group | on the 7th day showing the wound site with hemorrhage,

infiltration of inflammatory cells, fat cells, and formation of new capillaries (angiogenesis). x200; (D) group Il on the 7th day showing the

damage to the epidermis, the dermis at the wound site populated with inflammatory exudate, proliferation of fibroblasts, and formation of new

capillaries. x200; (E) group | on the 14th day showing reepithelization of wound surface with a large amount of granulation tissue formation
over the epidermal layer. The dermis revealed the proliferation of fibroblasts and few collagens. x400; (F) group Il on the 14th day showing ,

contraction of wound edges with narrow wound site, enhanced cellularity, and increased vascularization, with subepidermal proliferation of
fibroblasts and few mature collagen depositions. x100.
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Figure 8. MTC histological skin sections of wound areas: (A) group | at 3 days of treatment showing the dermis at the wound site with few
fibroblastic proliferations. x400; (B) group Il at 3 days showing fat cells, few fibroblasts, and collagen deposition in the dermis. x200; (C) group
| on the 7th day showing fibroblastic proliferation and few disorganized collagens. x100; (D) group Il on the 7th day showing the proliferation of

fibroblasts with few collagen depositions in the dermis. x200; (E) group |, day 14, showing the deposition of disorganized collagen and
fibroblasts x100; (F) group Il, day 14, showing enhanced dermal fibroblasts and organized collagen deposition in the dermis with hemorrhage.

Immunohistochemical evaluation of wound healing
Immunohistochemical staining of skin wound
sections of the control group at 3 days revealed few
expressions of both angiogenesis markers CD31 and
a-SMA. On the 7th day, a mild positive expression of
both markers was observed. On the 14th day, few
positive expressions of both markers were observed.
Alternatively, treated group revealed varying
degrees of CD31 and a-SMA marker expression. The
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3rd day of treatment showed scattered few positive
expressions of the 2 markers. Distinct positive
expression of the markers was more evident on the
7th day of treatment, followed by diminutive
positive expression of a-SMA marker and slight
immunoreactivities against the CD31 marker on the
14th day of treatment (Figures 9 and 10).
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Figure 9. a-SMA-Immunohistochemistry of skin wound sections: (A) group |, 3 days of treatment revealing few expressions of a-SM antigen.
x400; (B) group Il, 3 days of treatment showing scattered few positive expression of a-SM antigen.x400; (C) group |, 7 days of treatment
revealing mild positive expression against a-SM antigen. x400; (D) group Il, 7 days of treatment showing increased positive expression of a-
SM antigen. x400; (E) group | at 14 days of treatment showing few positive expressions against a-SM antigen. x600; (F) group Il, 14 days of

treatment revealing little positive expression of a-SMA. x400
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Figure 10. Avidin biotin immunoperoxidase of skin wound sections: (A) group |, 3 days of treatment showing few immunoreactivities against

CD31 antigen as dense brown granules lining the new capillaries in the subepidermal layer x400; (B) group I, 3 days of treatment showing
few immunoreactivity against CD31 antigen lining few capillaries x400; (C) group |, 7 days of disclosing mild positive immunoreactivity against

CD31 antigen as dense brown granules lining some new capillaries x400; (D) group I, 7 days of treatment revealing increase

immunoreactivity against CD31 antigen lining the neocapillaries x200; (E) group |, 14 days of treatment revealing positive immunoreactivity

against CD31 antigen as dense brown granules lining the dermal new.x400; (F) group Il, 14 days of treatment revealing few immunoreactivity

against CD31 antigen in some new capillaries.x400
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DISCUSSION

Exosomes are small EVs secreted by most cell types
1718 and play an important role in cell-cell
communication %2°. Different exosomal sizes have
been postulated (30-120 nm?!, 30-140 nm??, 40-
100 nm?3), but all fall in the range of 30-200 nm 4.
It was recently discovered that aside from its
differentiation capacity, the effect of MSCs depends
mainly on its exosomal secretion ®!. However,
recent studies suggested that the therapeutic use of
MSCs has several drawbacks, such as poor
engraftment efficiency, potential tumor formation,
undesired immune  responses, nonspecific
differentiation, short half-life, and the difficulty of
quality control before administration 2*. Contrarily,
growing evidence suggests that exosomes derived
from stem cells could be a promising alternative
because they would avoid most of the problems
associated  with  cell-based therapy while
recapitulating the therapeutic efficacy of stem cells
24 For example, because they cannot replicate,
exosomes have no risk of tumor formation. They can
also be sterilized by filtration and have a longer shelf-
life than cells themselves. Being much smaller than
stem cells, exosomes easily circulate through the
body and reach injury sites. In addition, long-term
repetitive administration of exosomes does not elicit
toxicity .
The immunogenicity and toxicity of exosomes
depend both on the animal models used in testing
and on the source and composition of the exosomes.
Although some argue that immortalized cell lines
should not be used for the production of therapeutic
exosomes, because some of the exosomal cargo may
carry toxic or even carcinogenic constituents 2627,
different immortalized cells have been used
commonly as exosome producers owing to the
infinite supply of cells for exosomal production,
increased proliferative rate, and the ease of
genetically modifying these cells 2%, Our results also
showed that repeated administration of
cryopreserved “heterogeneous” exosomes at
0.5x106 mL per dose over a 4-week observation
period from a single donor dog did not induce either
toxicity or any appreciable immune response in
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other recipient dogs. Similar conclusions were
published by >3,

Previous studies proved the effectiveness of MSC
exosomes in  wound management through
intradermal injection 3!, local and systemic
injection %3233, or spray 34 Generally, the topical
methods for skin wounds were statistically more
effective than other routes of administration %,
Nevertheless, the lengthy preparation time,
exosomes cannot be maintained for a long time at RT
at which exosomal proteins and RNA amounts are
mostly reduced. In addition, flow cytometry results
indicated that exosomal population became more
dispersed after 10 days of RT incubation than the
freshly isolated one %, Therefore, it was worthy to
find a preservation method that can maintain longer
exosomal viability and at the same time keep it easy
to use for topical application. Many strategies for
exosomal preservation were suggested, such as
lyophilization, cryopreservation, and spry drying ¥/,
all of which poses some destructive effects on the
biomolecules within the extracellular fluids.
Lyophilization and spy drying of exosomes may
improve their stability at higher temperatures.
However, it is unclear whether different types of
exosomes can be processed by the same
methodology. Further research should be performed
to reveal these points %1,

Cryopreservation in general depends on markedly
lowering the temperature, consequently leading to
inhibition of cellular enzymatic activity and thus
decreasing material rapid decomposition 38,
However, freezing of biomaterials results in ice
crystal formation inside the cell, which leads to
rupture of the phospholipid membrane and osmotic
imbalance *.

The International Society of Extracellular Vesicles
recommended exosomes to be suspended in
phosphate-buffered saline and stored at -80°C *°. It
was previously shown that storage at higher
temperatures decreased the quantity of exosomes
and their contents, whereas storage at —80°C was
associated with fewer changes 2, For therapeutic
application, storage at higher temperatures is
desirable because it does not require special
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equipment 2. It was stated that -20°C was the
highest temperature at which exosomes from MSCs
were stable %, and the freeze-thaw cycles did not
affect their stability that allowed their use and
represervation 4%,

Improvements in the preservation procedures to
further protect the exosomes and their cargo by
adding bio-safe cryoprotectants in the formulation
could be of great value. Cryoprotectants are divided
into 2 main groups: (a) intracellular group that can
penetrate inside the cells and prevent ice crystal
formation and subsequently membrane rupture as
dimethyl sulfoxide and glycerol, and (b) extracellular
group that act by reducing the hyperosmotic effect
during freezing procedure as trehalose, dextrose,
and polyvinylpyrrolidone 3°. The extracellular group
of cryoprotectants as trehalose (natural nonreducing
disaccharide) is used as a cryoprotectant for various
proteins and cell products %. It was revealed that the
addition of trehalose protected exosomes from
cryodamage .

In this study, Na-CMC was used as vehicle and a
cryoprotectant for exosomes during freezing at
-20°C. A suitable cryoprotectant must be bio-safe,
cytocompatible, nontoxic, nonallergenic, and of a
suitable viscosity. CMC has been devised as a
dressing for treating burn wounds. It primarily
maintains an optimal moist environment in the
wound region for extracellular matrix formation and
reepithelialization to occur *, The moist regulation
of the wound has been reported to have multiple
advantages, namely, prevention of tissue
dehydration and death, alleviation of pain sensation,
promotion of angiogenesis, breakdown of dead
tissue and fibrin, and interaction between growth
factors and target cells **°. Furthermore, CMC films
could aid wound healing through early physical
eradication of some microbes from the tissue bed
surfaces “8. In terms of tissue toxicity, ! stated that
there was no significant toxicity on cells cultured
with CMC for 5 days, at a concentration of 10-40
mg/mL, and there was no significant membrane
rupture.

Despite significant efforts into this relatively new
field of research, our understanding of exosomes
remains limited by factors such as inefficient
separation methods, lack of exclusive biomarkers,

Effect of Frozen MSC-Exosomal Gel on Skin Wound

and lack of high-resolution visualization techniques
22 Because some components of biological fluids
such as lipoprotein, chylomicrons, and microvesicles
have size overlaps with exosomes, exosome isolation
from raw biological fluids is challenging 5°3. Isolation
from conditioned cell culture media is less
complicated; however, other types of EVs are often
coisolated 22, In this study, exosomes were detected
by electron microscope ° and cytofluorometric
analysis °. Different vesicular sizes were observed
under an electron microscope ranging from 25 nm to
191 nm.

The CMC gel was placed for 30 minutes under an
ultraviolet lamp to circumvent the bacterial
contamination and to break the medium amino acid
chains, which could affect skin healing >*. The
exosomal solution was added to sterile CMC to have
a concentration of 22 mg/mL, which falls in the safe
range proposed by >1. The formed exosome gel was
kept at -20°C for preservation for 1 week. The
number of exosomes used is the amount obtained
from 2x106 MSCs per wound, similar to 3325, The
treatment was divided by 4 times of topical
application; hence, each time the wound surface was
covered with 1-mL gel, which contained exosomes
obtained from 0.5 x 106 MSCs. Results obtained
after 1 week of preservation followed by topical
application on wounds indicated the proficiency of
the CMC as a cryoprotectant capable of protecting
the integrity of the exosomes; moreover, the
exosomes were viable and exerted their anticipated
effect.

Grossly, wounds treated with frozen exosomal gel
showed early and better wound contraction, early
crustation, and formation of healthy granulation
tissue, consequently resulting in complete healing
and covering of wound with regenerated tissue by
the end of the second week. Alternatively, the
control group exhibited delayed crustation,
unhealthy granulation tissue formation, and delayed
wound closure in the control group. There was no
wound infection in either group, which could be
attributed to the use of systemic antibiotic alongside
the bacteriostatic nature of the CMC 8.

The macroscopic findings revealed that the
percentage of wound-size reduction for the treated
group was 1.5%, 23%, and 63.5% on the 3rd, 7th, and

187

International Journal of Hematology Oncology and Stem Cell Research
ijhoscr.tums.ac.ir



Mohamed M. Bahr, et al.

14th day after treatment compared with the control
group of 0%, 15%, and 50% on the 3rd, 7th, and 14th
day after treatment. The peak of wound reduction
was during the second week after treatment in both
groups. Statistical results showed a significant
improvement in the wound reduction size of the
treated group compared with the control group
(P=0.0118). Compared with single subcutaneous
injection of freshly prepared exosomal solution %, the
wound-size percentage was reduced by 72.5% on the
14th day after treatment compared with 63.5% in
the cryopreserved group. Although the wound
reduction percentage was higher in the fresh group,
the results firmly indicate the existence of viable
exosomes after 1 week of cryopreservation, which
opens the doors for longer preservation tests.

Tissue samples were taken on the 3rd, 7th, and 14th
day after wounding. Because wound area was <0.5
cm that was not suitable for sample preparation, no
samples were taken starting from the 21st day. All
dogs were properly treated until full recovery. The
microscopic findings revealed similar observations
on the 3rd day of both groups, complete damage of
epidermis, and dermal infiltration with inflammatory
exudate, neutrophils, mononuclear cells, fibrin
deposition, and necrotic debris. Starting from the 7th
day, the wound site of the control group maintained
the existence of hemorrhage and the inflammatory
cells, with mild angiogenesis. Group Il exhibited less
hemorrhage, populated inflammatory exudate, and
early proliferation of fibroblasts and moderate new
capillary formation. Sections from group | on the
14th day displayed reepithelization of wound
surface, with a large amount of granulation tissue
formation over the epidermal layer. The dermis
revealed late fibroblastic proliferation with few
collagens. In contrast, group Il exhibited more
contraction of wound edges with narrow wound site,
enhanced cellularity, and increased vascularization,
with more subepidermal proliferation of fibroblasts
and few mature collagen deposition. Similarly, MTC-
stained skin sections of groups | and Il presented the
same picture except the collagen deposition in the
dermis in the second group. On the 7th day, group |
demonstrated fibroblastic proliferation with few
disorganized collagens. Group Il revealed more
proliferation of fibroblasts with few but more
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organized collagen depositions in the dermis.
Sections taken on the 14th day in group | exhibited
deposition of disorganized collagen and fibroblasts,
whereas group |l revealed enhanced dermal
fibroblasts and well-organized collagen deposition in
the dermis. Immunohistochemical staining of skin
wound sections of group | at 3 days revealed few
expressions of both angiogenesis markers that
increased on the7th day to a mild positive expression
reaching a mild to moderate expression on the 14th
day.

Wound sections treated with frozen microvesicle gel
revealed scattered few positive expressions of the 2
markers on the 3rd day of treatment, which
increased to a high positive expression on the 7th
day followed by mild positive expression on the 14th
day of treatment. These findings indicated quicker
angiogenesis and proper collagen deposition in the
treated group than the control group. The
histological and immunohistochemical pictures of
both techniques were substantially similar compared
with a single subcutaneous injection of freshly
prepared exosomal solution °.

CONCLUSION

In summary, cryopreservation with CMC as a
cryoprotectant preserved the biological nature of
the exosomes. There was no evidence of toxicity or
undesirable immune responses from using the
heterogeneous exosomes. The treated group
demonstrated faster and better healing than the
control group. Fibroblastic proliferation and
angiogenesis started earlier in the treated group
than the control group. The quality of healing in the
treated group was better with no scar and organized
collagen. The rapid clinical healing of the control
group could be attributed to the beneficial
properties of the CMC. In addition, the frequent
application of the gel might be a reason for the
better results than fresh, single injection. Prepared
frozen gel was easy to handle and apply without the
need for special equipment. Further studies will be
needed to confirm how much the potency of long-
term cryopreserved exosomes is affected and the
medical possibility of using xenogenous exosomes.
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