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ABSTRACT

This study aimed to evaluate the healing of wounds dressed with Zn-MoF in dogs. The study
was conducted on fifteen clinically healthy mongrel dogs. Each dog has bilateral cutaneous
excisional wounds (2 x 2 cm?). Right-side wounds were dressed with Zn-MOF dressing
(treated wounds) under the effect of 1 mg/kg of xylazine HCL 2% and 10 mg/kg of
ketamine HCL 5% , administered in one syringe intramuscularly (IM), while left-
side wounds were dressed with normal saline (control group). Wounds were undergone to
histopathological evaluation 7-, 15-, and 21-days post-wound induction (5 dogs each
interval). Zn-MOF positively enhanced the re-epithelization of the wound area promoting the
epidermal hyperplasia resulting in reduction of the wound size and epithelial gap that was
completely closed and restored on day 21 post-wound induction. The control wounds were
at a slower healing rate with time leaving epithelial gaps and did not completely close day 21
post-wound induction. Zn-MOF treated wounds’ dermis was pervaded with the inflammatory
cells on day 7 post-wound induction that gradually reduced by time and replaced by
fibroblasts 14- and 21-days post-wound induction. The dermis of control wounds was
severely infiltrated with a larger number of inflammatory cells and excessive hemorrhage
throughout the study. Zn-MOF treated wounds had an augment in the number and size of
newly formed blood vessels in comparison to the control ones, reaching their highest point
on day 14- and declining on day 21 post-wound induction. Collagen deposition increased
obviously 21 days post-wounding in Zn-MOF treated wounds. Zn-MOF accelerated and
enhanced the wound healing process and abundant granulation tissue formation in dogs.
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INTRODUCTION

Wound healing is a natural
physiological process that occurs as a
response to any injury to the tissue.
Wounds have variable causes involving
injuries,  burns, and  pathological
conditions such as diabetes or vascular
diseases. Wounds are classified into acute
or chronic wounds according to their
underlying causes and consequences
(Karimi et al., 2017).

Successful wound management depends
on understanding the healing process, as
well as the properties of the various
dressing materials to maximize the
treatment  efficiency  (Weller  and
Sussman, 2006).

Zinc is an essential trace element and a
vital micronutrient for the function of
more than 10% of
metalloenzymes/proteins required for cell
membrane repair, cell proliferation,
growth, and immune system function.
Therefore, zinc deficiency can cause
impairment in immune function and
wound healing (Lin et al., 2017; Soliman,
2005).

Metal organic frameworks (MOFs) are
among nanotechnology’s most
developing strategies that have been
published in the last ten years (Hinks et
al.,, 2010). MOFs are a group of
crystalline, hybrid, coordinating materials
made up of inorganic clusters (metal ions)
connected Dby organic polydentate
ligands/linkers  (Yu et al, 2018).
Currently, MOFs are getting wider
attention for wound healing due to their
increased drug loading  capacity,
controlled release of the agents/products
of wound healing, lesser toxicity profile,
natural angiogenic and antibacterial

features in comparison to other traditional
nanomaterials (Xiao et al., 2017; Chen et
al., 2019; Zhang S. et al., 2020; Zhang M.
et al., 2020). Zinc can be used as a central
block of MOFs, which helps in the healing
of wounds through its enhancement effect
on proliferation of cells, collagen build-up
and angiogenesis (Hinks et al., 2010;
Rubin et al., 2018; Hou and Tang, 2019;
Kargozar et al., 2019; Yao et al., 2020).

Recent studies demonstrated the potential
of zn-based MOFs as practical drug
delivery system, nontoxic, and bio-
compatible therapeutic agents in the
biological and medical applications
(Kitagawa et al., 2004; Rezwan et al.,
2006; Ye et al., 2015). However, current
literature lacks reports regarding use of
Zn-MOF dressing for wound treatment in
dogs. Therefore, this study aimed to
evaluate the healing of cutaneous
excisional wounds dressed with Zn-MOF
dressing in dogs.

MATERIALS AND METHODS

Ethical approval

The National Ethical Committee of the
Faculty of Veterinary Medicine, Assiut
University, Assiut, Egypt, has approved
all the procedures in this study in
accordance with the Egyptian bylaws and
OIE animal welfare standards for animal
care and use in research and education.

Zinc-MOF(Metal-organic frameworks)
preparation

An appropriate amount of
methylimidazole (2-MIM) was dissolved
in 40 ml DI water and marked as a
solution (A), another 2 mmol of Zn nitrate
was added to 40 ml DI water and named
as a solution (B). Solution (B) was then
poured into solution (A) and stirred for a
few seconds. 5 cm x 5 cm carbon cloth
was immersed immediately into the
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mixture and aged for 4 hours. The carbon
cloth was then taken out and washed with
(deionized water) then dry it in the drying
oven (DHG-9075A) at 60 °C overnight
(Figure 1). Field-emission scanning
electron microscopy (SUPRA 40 ZEISS,
Germany) in the electron microscopy unit,

Assiut  University, was employed to
examine the morphology, the distribution
of Zn-MOF particles on the carbon cloth
fibers, and then investigate the elemental
distribution using Energy Dispersive
Spectroscopy (EDX) (Hoop et al., 2017).
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Figure 1: Zn-MOF carbon mesh wound dressing.

Experimental animals

This study was conducted on fifteen (n =
15) clinically healthy mongrel dogs of
both sexes (7 males and 8 non-pregnant,
non-lactating females), weighing (13 — 15
kg), and aged 2 — 3 years. Dogs were kept
in individual cages with ad libitum access
to feed and water. Each dog has bilateral
cutaneous excisional wounds (2 x 2 cm?).
Right-side wounds were dressed with Zn-
MOF dressing (treated wounds, n = 15),
while left-side wounds were dressed with
normal saline (control groups, n = 15).
Wounds were undergone to
histopathological evaluation 7-, 15-, and
21-days post-wound induction (5 dogs
each interval, n =5).

Wound creation

Dogs were deprived of feed for 12 hours,
but not for water. Wounds were
conducted under the effect of 1 mg/kg of
xylazine HCL 2% (Xyla-Ject, ADWIA
Co., SAE, Egypt) and 10 mg/kg of

ketamine HCL 5% (Ketamine, Sigma-tec
Pharmaceutical Industries, SAE, Egypt),
administered in one syringe
intramuscularly ~ (IM). Dogs were
positioned on the sternum, the bilateral
areas of the midline were prepared for

aseptic  surgery; clipped, shaved,
disinfected several times with betadine
(BETADINE, EI- Nile Co. for

Pharmaceutical and Chemical Industries,
Egypt), and draped except for the surgical
site of wound creation. Using a sterile
template, 2 x 2 cm? full cutaneous
excisional wounds  were  created
bilaterally using a scalpel and scissors, 5
cm from the midline in the thorax region
(Sardari et al., 2006). (Figure 2A).
Hemostasis was achieved by back
pressure with sterile tampon of gauze.
Wounds were digitally photographed with
a sterile ruler included in the photos.

Right-side wounds were dressed with a
sterile Zn-MOF mesh, while left-side
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wounds were dressed with normal saline.
Zn-MOF mesh was secured in situ by four
interrupted stitches (Figure 2B). All
wounds were covered by sterile cotton
pad dressing, gauze, and elastic bandage.
Dogs wore Elizabeth collar to keep them

Day 0 post-wound induction

i
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away from wounds. Wound dressings
were changed weekly. Dogs were
administered pain medication, Carprofen
(Rimadyl, 50 mg/ml, Zoetis), 4 mg/kg,
intravenous (IV), daily for up to three
successive days post-wound induction.
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Figure 2: (A) x 2 cm? full cutaneous excisional wound, (B) Zn-MOF mesh was secured in

situ by four interrupted stitches.

Histopathological evaluation
Macroscopical evaluation

At each interval of wound evaluation (7-,
14-, and 21 days post-wound induction),
wounds were grossly examined for the
presence of abnormal signs e.g.: exudates,
infection, or exuberant granulation
tissues.

Planimetry of wounds

Each wound was photographed on days
zero, one week, two weeks, and three
weeks  post-wound inductions. A
standardized ruler was involved in each
photograph to recognize the digital
calibration of the photographs. pictures
were taken after zooming on the shape of
wounds. wound size’s percentage was
estimated by the ImageJ software analysis
as described before by Sardari et al.
(2009):

The wound size’s percentage at day [X]
compared to day [0] = the size of wound

at day [x] mm? / size of wound at day [0]
mm? x 100.

Microscopical evaluation

At the pre-determined interval of wound
evaluation (7-, 14-, and 21 days post-
wound induction) and under the effect of
the same prescribed anesthetic protocol,
tissue specimens were taken from the
wounds for histopathological evaluation.
Skin samples were collected from each
dog and were fixed in 10% neutral
buffered formalin. The formalin-fixed
samples were proceeded in ascending
grades of ethanol for dehydration, were
cleared in Xylol, and then embedded in
paraffin wax for sectioning. Paraffin
sections were cut at 4 um in thickness and
were stained with the following
histological stains:

1. Ordinary Hematoxylin and Eosin stain
for general histological examination
(Fischer et al., 2008).
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2. Mc. Picrosirius red stain for collagen
identification (Bhutda et al., 2017).

The paraffin-stained sections were
examined under a light microscope
(Olympus, USA) by a histopathologist,
who was blinded to the groups’
arrangement and photos were taken by an
Olympus DP72 camera adapted into the
microscope. Newly formed blood vessels
were counted in 5 images/wound sample

Wounds were left to recuperate following
the harvesting of specimens for
histopathological examination.

Statistical analysis
The values were introduced as Mean +
standard deviation. The data were
examined by one-way ANOVA using
IBM SPSS statistics 20 (SPSS Inc.,
Chicago, IL, USA).
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RESULTS

Clinical evaluation

Throughout the experiment the animals
were alert, exhibiting normal activity,
with normal access to feed and water.
There were no recorded deaths.

Morphology and elemental analysis of
Zn-MOF wound dressing

From the SEM images, 2D nano-wall
configuration with thickness around 150
nm in an axis direction is confirmed as
shown in Figure (3 A - C).

The energy dispersive X-ray images
(EDX) in Figures(4 A&B,5A-C, and
6) show the elemental mapping for Zn-
MOF on carbon cloth sample. The EDX
images  approves the  successful

conjugation of Zn cluster with the organic
linker where Zn, O, C, and N are
coexisted.
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Figure 4: The energy dispersive X-ray images (EDX) showing the elemental mapping for Zn-

MOF on the carbon cloth sample.
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Figure 5: The energy dispersive X-ray images (EDX) showing the elemental mapping for Zn-

MOF on the carbon cloth sample.
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Figure 6: The energy dispersive X-ray images (EDX) showing the elemental mapping for Zn-

MOF on the carbon cloth sample.
Histopathological evaluation

Gross evaluation of wounds

On day 7 post-wound induction, the
wound started to cover with granulation
tissue in both control and Zn-MOF treated
wounds and the percentage of wound size
reduction was non significantly different
in both groups (P < 0.05) (Figure 7). It was
also noticed presence of large amount of
pus and smelly odor in the control
wounds, while the treated ones showed
less amount of pus. On day 14 post-wound
induction, control wounds showed the
presence of hyper-granulation tissue and a
small amount of pus, while the Zn-MOF

treated ones showed signs of healing, a
highly significant decrease in the wound
size (P < 0.0001) compared to control
ones (Figure 7) with less amount of
granulation tissue and there was no pus or
odor. On day 21 post-wound-induction,
there were partial healing signs of control
wounds, and the wounds were still
covered with an unhealed scar with a lack
of hair growth, while the treated wounds
were healed and covered, the wound size
was significantly decreased compared to
control ones (P < 0.05) (Figure 7). Zn-
MOF treated wounds showed new hair
growth with no pus (Figure 8).
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Figure 7: Planimetry of Zn-MOF treated- and control wounds 7-, 14-, and 21 days post wound

induction in dogs.

Day 0

Figure 8: Gross examination of dorsal wounds in dogs treated with Zn-MOF or without.
Representative photographs of the skin wounds of the control- or Zn-MOF treated
wounds on days 0, 7, 14, and 21post-wound inductions.

Microscopic examination:

On day 7 following the wound induction,
there was no notable difference in the rate
of wound healing and epithelization of the
epidermis (20 % of wound size). Re-
epithelization started at the wound edges
but left a big epithelial gap in both control
wounds and Zn-MOF treated wounds
(Figure 9). Deposition of collagen fibers
was more prominent in Zn-MOF treated
wounds than in control ones (Figure 10).
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The dermal layer in both groups was
infiltrated  with  inflammatory  cells
(neutrophils and  macrophages) and
hemorrhages but Zn-MOF-treated wounds
were characterized by a highly notable rise
in the hyperemic new blood vessels’
number (P < 0.0001) (Figure 11 A, B. D, E),
(Figure 12). Destroyed hair follicles
appeared in the dermis of control wounds
but were normal in Zn-MOF treated ones
(Figure 11 C, F).
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Figure 9: Micrographs of wound specimens on day 7 post-wound induction stained with
hematoxylin and eosin stain. A, B, C control wounds, and D, E, F Zn-MOF
treated wounds. The epithelization process started at the wound edges (arrow)

and center of the wound was infiltrated with hemorrhage and inflammatory cells
(star).

Left margin Center Right Margin

Figure 10: Micrographs of wound specimens on day 7 post-wound induction stained with
Sirius red stain. A, B, C control wounds, and D, E, F Zn-MOF treated wounds.
Deposition of red-stained collagen fibers (black arrow) and newly formed blood
vessels (blue arrow) appeared in the dermal layer.
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Figure 11: Micrographs of wound specimens on day 7 post-wound induction. A, B, C dermis
of control wounds A: dermis infiltrated with a large number of neutrophils and
macrophages; B: shows severe hemorrhage; C: demonstrates destroyed hair follicle.
D, E, F dermis of Zn-MOF treated wounds D, E: show the presence of a large number
of hyperemic large-sized new blood vessels (black arrow) and inflammatory cells
(red arrow); F: shows normal non-destroyed hair follicle.
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Figure 12: The number of hyperemic new blood vessels of Zn-MOF treated- and control
wounds 7-, 14-, and 21 days post wound induction in dogs.

The healing process and re-epithelization ~ wound size left also a large epithelial gap
of control wounds after 14 days were  with deposition of a small amount of
incomplete and reached 60 % of the collagenous fiber (Figures 13 and 14 A-
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C). On the other side, the healing process
of Zn-MOF treated wounds after 14 days
was much better. The epithelization
reached 80 % of the wound size and left a
small epithelial gap and epidermal
hyperplasia extended to the center of the
wound (Figure 13 D-F). The collagen
deposition was more pronounced and
extended between the proliferating
epidermis (Figure 14 D-F). The dermal
layer was infiltrated with a great number
of acute inflammatory cells (macrophages

Left margin Center

and neutrophils or PMNL), extravasated
red blood cells and a few newly formed
blood capillaries. Destroyed hair follicles
surrounded by inflammatory cells were
seen (Figure 15 A, B). The dermal layer
was infiltrated with a few acute
inflammatory cells (neutrophils and
macrophages), a highly significant
increased number of new formed blood
vessels (P < 0.0001) (Figure 12) and most
of the hair follicles appeared normal in
structure (Figure 15 C, D).

Right Margin

Figure 13: Micrographs of wound specimens on day 14 post-wound induction stained with
hematoxylin and eosin stain. A, B, C control wounds showed increased epidermal
hyperplasia toward center of the wound (arrow), excessive hemorrhage with severe
inflammatory cell infiltration was still detected in center of the wound (star). D, E,
F Zn-MOF treated wounds showed more pronounced epidermal hyperplasia
extended toward center of the wound leaving a smaller epithelial gap (arrow) and
the center showed less hemorrhage and inflammatory cell infiltration.
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Figure 14: Micrographs of wound specimens on day 14 post-wound induction stained with Sirius red
stain. A, B, C control wounds, and D, E, F Zn-MOF treated wounds. Deposition of red-

stained collagen fibers was more prominent in Zn-MOF treated wounds than in control
ones (arrow).

Figure 15: Micrographs of wound specimens on day 14 post-wound induction. A, B dermis of control
wounds infiltrated with a large number of inflammatory cells, extravasated RBCs and a
few newly formed blood vessels. C, D dermis of Zn-MOF treated wounds infiltrated with
few inflammatory cells and a large number of hyperemic large-sized new blood vessels.
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On day 21 post-wound induction the
healing process of control wounds was not
completed, and the wounds were not
totally closed with the presence of a small
epithelial gap between the epidermal
edges that was covered with a scar formed
of destroyed tissue and inflammatory cells
(Figure 16 A-C). On the contrary, the
healing of Zn-MOF treated wounds on
day 21 was totally completed and the
epithelization and tissue remodeling
reached 100 % of the wound size. The
wound was completely closed and healed
with no epithelial gap and the scar was
completely removed (Figure 16 D-F). The

Left margin

Center

collagen deposition of mature type on day
21 post-wound induction was more
obvious in Zn-MOF treated wounds than
in control ones (Figure 17). The dermal
layer of the control wounds was still
infiltrated with acute inflammatory cells,
extravasated red blood cells and
hyperemic new blood vessels (Figure 18
A, B). While the dermis of Zn-MOF
treated ones was characterized by the
dramatic significant decrease of newly
formed blood vessels (P < 0.001) (Figure
12) and acute inflammatory cells and with
the presence of newly formed hair
follicles (Figure 18 C, D).

Right Margin

Figure 16: Micrographs of wound specimens on day 21 post-wound induction stained
with hematoxylin and eosin stain. A, B, C control wounds showed not
completed epithelization and a big epithelial gap covered with epithelial crust
(arrow) and severe inflammatory cell infiltration in the dermal layer. D, E, F
Zn-MOF treated wounds showed completely covered epidermis and no
epithelial gap (arrow) and very few inflammatory cells and new blood vessels

were detected in the dermal layer.
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Figure 17: Micrographs of wound specimens on day 21 post-wound induction stained with Sirius red
stain. A, B, control wounds, and C, D Zn-MOF treated wounds. Deposition of red-stained
collagen fibers was more prominent in Zn-MOF treated wounds than in control ones (star).
Newly formed blood vessels were more abundant in control wounds than Zn-MOF treated

wounds (blue arrow).

Assiut Veterinary Medical Journal

Figure 18: Micrographs of wound specimens on day 21 post-wound induction. A, B dermis of control
wounds still infiltrated with inflammatory cells, extravasated RBCs and new blood vessels.
C, D dermis of Zn-MOF treated wounds infiltrated with less inflammatory cells and very

few new blood vessels.
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DISCUSSION

Wound healing process depends on the
interactions between different types of
cells, coagulation factors, and growth
factors (Singer and Clark, 1999;
Gurtner et al., 2008; Suarato et al.,
2018; Tottoli et al., 2020). Wound
healing pass through phases that
activated by intra and intercellular
pathways to restore tissue integrity.
These phases include hemostasis,
inflammation,  proliferation, and
remodeling phases (Martin, 1997;
Regan and Barbul, 1999; Gurtner et al.,
2008; Bielefeld et al., 2013; Das and
Baker, 2016).

Any impairment during the sequence
of the healing phases can lead to
chronic wounds, with potential impacts
on the quality of life (Suarato et al.,
2018). Wound persistence leads to the
prolonged hospitalization time, as well
as morbidity and even mortality (Ward
et al., 2019). Chronic wounds are
mainly related to treatment and
management strategies limiting the
wound healing (Borena et al., 2015).
Therefore, several studies are
conducted to achieve more effective
wound treatments and reduce costs
(Schiavon et al., 2016).

Zinc is vital for metabolism, immunity,
and healing process (Roohani et al.,
2013). Moreover, zinc-dependent
proteins are important for DNA repair
and apoptosis (Zheng et al., 2015; Cho
et al., 2016), metabolic processing
(Cronin  and  Walton,  2003),

extracellular matrix (ECM) regulation
(Tomlinson et al, 2008) and
antioxidant effect (Pawlak et al.,
2012). Studies back to 1970 and earlier
have demonstrated the importance of
zinc concentration in healing of
thermal injuries (Henzel et al., 1970).
Zinc is highly important in skin
(Rosten et al., 2002). The skin content
of zinc is a relatively high (about 5% of
body content), mainly, present within
the epidermis (50-70 pg/g dry weight)
(Gupta et al., 2014). Therefore, mild
zinc deficiency can lead to impairment
in wound healing (Lansdown et al.,
2007).

MOFs are characterized by highly
porous surface area, tunable consistent
pore sizes, thermal solidity, great
internal capacities, no adverse effects,
I.e., biocompatible, and easiness in
manufacture. Therefore, they have
been widely researched for application
in biomedicine as drug carriers (Yu et
al., 2017 & 2018).

On the other hand, MOFs are getting
wider application because of their
rapid and economical wound healing
(Yu et al., 2018; Ren et al., 2019;
Zhang S. et al, 2020). The
antibacterial and anti-inflammatory
effects of zinc and the physiochemical
features of MOFs, make zn-based
MOFs  effective to  overcome
difficulties in wound healing. This was
similar to findings reported by Chen et
al. (2022). In another study, Zn-based
metal organic framework (MOF)
explored antimicrobial activity against
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staphylococcus aureus (Restrepo et al.,
2017). The antibiotics can effectively
reduce the chance of bacterial
infection; however, their effectiveness
getting threaten yearly due to drug-
resistant bacteria (Levin-Reisman et
al., 2017). Zn has  good
biocompatibility and is  easy
metabolized without cumulative effect,
therefore, zn-based MOF can be used
as an ideal antibacterial material
(Zhang et al., 2013; Zhu et al., 2019).

Our findings revealed that Zn-MOF
positively  enhanced the re-
epithelization of the wound area
promoting the epidermal hyperplasia
that started from the wound edges
toward the center leading to a reduce in
the wound size and the epithelial gap
that was completely closed and healed
on day 21 post-wound induction. On
the other side, the healing process of
control wounds was at a slower rate
with time leaving epithelial gaps and
the wound did not entirely close on the
third weeks (day 21) post-wound
induction.

Zn-MOF treated wounds’ dermis was
pervaded with the inflammatory cells
(macrophages, neutrophils,) on the
first week post-wound induction which
are essential for removing the dead
cells, microorganisms and clean up the
wound site  (Ackermann, 2017;
Rodrigues et al., 2019). By time, there
were a gradual reduction in the
inflammatory cells’ numbers on the
second and third weeks following the
induction of wounds and replaced by

fibroblasts for collagen formation. On
the other side, the dermis of control
wounds was severely infiltrated with a
larger number of inflammatory cells
and excessive hemorrhage that
continued at a high level throughout
the wound experiment to day 21 post-
wound induction.

The new blood vessels formed in the
site of wound are important during the
process of healing, as they supply the
wound area with, nutrients, oxygen,
and immune cells. additionally, they
clean up toxic waste products
(Logsdon et al., 2014; Honnegowda et
al., 2015). Zn-MOF treated wounds,
had an augment in the number and size
of newly formed blood vessels that
facilitated the healing process in
comparison to the control ones,
reaching the highest point on the
second week (day 14) and afterward
declining on the third week (day 21)
following the induction of wound with
completion of the healing process.
Both Zn-MOF treated and control
wounds, had less collagen during the
very early stage of the process of
healing, on day 7 post-wound
induction due to the wounds being
lately inflamed and at the start of the
fibroblast proliferation. Afterward,
collagen deposition quantity rose
obviously on the third week (day 21)
after the surgical wound induction in
Zn-MOF treated wounds because of
maturation of connective tissue and
remodeling.
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CONCLUSION

Zn-MOF accelerated and enhanced the
wound healing process and abundant
granulation tissue formation in dogs.
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