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Abstract

Background: The aim of the present study was to investigate the potential of Nano-
chelating-based copper to accelerate the wound healing process and prevent infection in
burn wounds.

Methods: Six to eight-week- old female BALB/c mice were burned with a 1 cm? heated
copper plate on the left flank and then divided into four treatment groups, treated with
C8 (nanochelating-based CuNPs), cold cream (supplementary materials) as a control
drug, Silver Sulfadiazine and no treatment, respectively. Skin tissue samples were taken
from the mice on days 0, 3, 8, 15 and 24. One piece was fixed in 10% neutral buffered
formalin for pathological examination and the others were stored at -80°C until used for
pro-inflammatory and growth factor gene expression.

Results: The healing process in the group treated with 10 mg/ml C8 was significantly
faster, and the survival rate of the mice in this group was significantly higher than in the
other groups. The pro-inflammatory genes were expressed and down-regulated earlier in
the C8 treated mice. Histopathology confirmed the higher cure rate in the group treated
with 10 mg/ml C8 compared to other control groups.

Conclusion: C8 has beneficial effects on the healing of burn wounds and the effective
dose of this compound should be further investigated. The present study demonstrates
the anti-inflammatory properties of nano-chelate-based copper particles' on mouse skin
burns. This research opens up new possibilities in dermatology and burn therapy and
highlights the potential of copper-based formulations in the treatment of burn injuries.
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Introduction

Burns are one of the most common injuries charac-
terized by severe skin damage resulting in cell death in
the affected tissues; but depending on the cause of the
burn, most people recover without serious consequenc-
es 1. The destruction of skin structures requires imme-
diate medical care to ensure regeneration and restora-
tive functions. Healing of cutaneous burns is a complex
biological process involving four phases: hemostasis,
inflammation, proliferation and tissue repair 2. In the
hemostasis phase, platelets trigger chemical signals and
activate the fibrin cascade in the blood vessels to form
a clot that prevents bleeding and seals the injury 3. The
inflammation phase consists of two overlapping steps;

Copyright © 2025, Avicenna Journal of Medlical Biotechnology

in the first step, phagocytic cells remove cellular debris
in a process called phagocytosis *. After burn trauma,
the expression of proinflammatory and growth factor
genes is severely impaired. In the late inflammatory
phase (after 48-72 hr) the process of phagocytosis is
continued by macrophages at the wound sites .

These cells also secrete tissue growth factors, in par-
ticular Platelet-Derived Growth Factor (PDGF), Trans-
forming Growth Factor 1 (TGF-B1), Fibroblast
Growth Factors (FGF), and collagenase, which are
required for the activation of fibroblasts, endothelial
cells, and keratinocytes. PDGF plays a crucial role in
wound healing and its expression is essential for nor-
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mal repair. However, excessive PDGF production may
be associated with the formation of hypertrophic scars
and keloids due to its stimulatory effect on fibroblasts
and extracellular matrix production. TGF-B1 is imme-
diately released in large quantities from platelets after
injury. Neutrophils, macrophages, and fibroblasts ac-
tive TGF-1 from platelets acts as a chemoattractant,
and these cell types subsequently increase TGF-p1
levels in other cell types. Latent TGF-B1 is produced
in the wound matrix alongside the active forms and
enables prolonged release by proteolytic enzymes.
During the healing process, proliferation phase, fibro-
blasts migration, collagen synthesis, angiogenesis, and
tissue granulation this combination of multiple cellular
sources and short-term storage maintains a steady sup-
ply of TGF-B1 &7. Current treatment of burn wounds
includes immunization of patients with tetanus prophy-
laxis and cleaning of the burn wound with 0.25%
chlorhexidine, 0.1% cetrimide solution or any other
mild, non-alcohol-based antiseptic 8.

Studies have shown that the introduction of copper
into wound dressings would improve wound healing
910 Approaches are being considered for the benefits
of copper particles based on nanochelating in the
treatment of bure wounds. The use of Copper Nanopar-
ticles (CuNPs) has been shown to stimulate the for-
mation of new blood vessels and skin regeneration,
thereby accelerating the healing of chronic wounds.
The presence of copper oxide in wound dressings has
been shown to promote angiogenesis and skin regener-
ation, contributing to the overall healing process. In
addition, CuNPs support the release of growth factors
that promote the anti-inflammatory healing of wounds,
thereby significantly enhancing their antibacterial and
antioxidant properties 12, CuNPs exhibit pronounced
anti-inflammatory properties and heal burn wounds by
reducing inflammation. Researchers have shown that
copper ions can promote the mechanisms of skin re-
generation and wound healing depending on their con-
centration. Wounds treated with CuNPs showed in-
creased collagen content, accelerate re-epithelializa-
tion, and increased capillary formation indicating anti-
inflammatory and regenerative functions 2.

Nanotechnology has introduced particles of a varie-
ty of materials, typically ranging in size from 10-1000
nm . In recent years, nanomedicine and nanotechnol-
ogy have been heavily utilized in burn infections and
wound healing 5. This technology provides a range of
engineered nanostructures that can be used for both
therapeutic and diagnostic applications in burns 6.
With the breakthrough of nanotechnology in various
medical fields, several studies have reported the effica-
cy of CuNPs in wound healing "8, Nanochelating
technology is a modern method to synthetize various
nanostructures and previous studies have confirmed the
efficiency of this technology in various medical field,
e.g. in the treatment of chronic diseases 1°2!, increasing
the quality and quantity of stem cells ??, the antibacte-

rial and antibiofilm activity of nanochelating-based
silver nanoparticles (AgNPs) against various nosocom-
ial pathogens 23 and other studies have also shown that
AgNPs have antibacterial effects against Pseudomonas
aeruginosa (P. aeruginosa) strains 24, Clinical data
support the use of copper in the treatment of chronic
wounds healing .

The clinical usefulness and efficacy of nano-copper
solution is an antibacterial wound cleanser, accelerates
healing of chronic wounds and has low toxicity 252,
The use of CuNPs to accelerate the wound healing pro-
cess, reduce inflammation, stimulate collagen produc-
tion, and remodel tissue as well as their incorporation
into scaffold materials for dressing to provide antibac-
terial and healing properties, represents a notable po-
tential of copper nanostructures in the treatment of
burn injuries. By adapting or further implementing
copper nanostructure, various avenues can be explored
in the field of dermatologic and burn therapy 327, The
effects of CuNPs synthesized based on nanochelating
technology on wound healing were measured for the
first time in this study, and no article has yet been pub-
lished on the effects of these nanoparticles on wound
healing.

Author’s previous research has shown that pro-
inflammatory genes (IL-7p and IFN-y) are expressed in
wound, spleen and neutrophils of mice with burn
wounds, but Silver Sulfadiazine decreased the expres-
sion of pro-inflammatory genes and healed the wound
by reducing inflammation 2. In the present study, C8
which is a nanochela-based copper nanoparticle
(CuNP) was synthesized and its effects on improving
the healing process of burn wounds was investigated.

Materials and Methods

In the current study, a novel pharmacological prepa-
ration, derived from the application of nanochelating
technology was administered to treat burn injuries
characterized by full thickness. In addition, the effect
of this nanoparticle was compared with that of Silver
Sulfadiazine.

Animals

Female BALB/c mice aged 6-8 weeks were pur-
chased from the Pasteur Institute of Iran. These mice
were then housed in the animal facility of BU-Ali Sina
University, in compliance with the established guide-
lines for animal care and ethical codes (code number:
IR.BASU.REC.1398.049) in the animal house of Bu-
Ali Sina University according to the animal study pro-
tocols. All animals were kept in a controlled environ-
ment (24+1°C and 12:12 hr light-dark cycle) and had
free access to food and water. These guidelines were
duly approved by the Research council of Bu-Ali Sina
University, specifically for the purpose of inbred ani-
mal research. The mice in each group were euthanized
and samples were collected.
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Murine full-thickness burn & treatment

A number of 185 BALB/c mice were randomly di-
vided into 7 groups; the first group consisted of 35
mice and the other 25 mice in each group. Burns were
inflicted on the left flank of all mice in groups 1-4 us-
ing a 1 cm? copper plate heated to a temperature of
200°C, with the temperature accurately measured using
a thermometer. A volume of 100 pl Lidocaine 2% was
then injected onto the left flank after shaving and the
heated plate was placed on the shaved skin for 5 s
without applying any pressure 2°3°. All animals were
kept under good conditions, with fresh water and freely
accessible food. A pilot study was conducted to deter-
mine the dose prior to the main study. On this basis 4
doses were selected and included in the present study.
After completion of the burn procedure, groups 1, 2, 3
and 4 were subjected to the following treatments:
Group 1 was divided into 5 subgroups (A, B, C, D &
E) with 7 mice and received different doses of C8 (na-
nochelating-based CuNPs 2, 4, 8 & 10 mg/ml) and one
group was considered as drug control in this group,
respectively. Lesions were treated twice daily (every
12 hr) by applying a mixture of C8 components at con-
centrations of 2, 4, 8, and 10 mg/ml together with cold
cream (supplementary materials). After the effective
dose of C8 was determined, group 2 received a control
drug (Cold Cream as supplementary material), group 3

Treated similar to groups
1-4

Groups 57

Not burnt Divided into 7 groups

Groups 1-4

No treatment

Treated with

Silver sulfadiazine

Control drug

Group 5

3
o

was treated with Silver Sulfadiazine, and group 4 re-
ceived no treatment. On the other hand, groups 5-7,
which were not exposed to burns, were treated as fol-
lows: Group 5 received C8 (nanochelating-based
CuNPs), Group 6 received a control drug (cold cream
as supplementary material), and Group 7 received no
treatment. To perform the treatments, the entire surface
of the wounds as well as an additional area of 5 mm
around the lesions were covered with the drug twice
daily 3132 (Figure 1).
C8 (Nanochelating-based CuNPs) synthesis and characteri-
zation

C8 (nanochelating-based CuNPs) were synthesized
by an advanced method for the preparation of chelate
compounds based on US8288587B2 (Sodour Ahrar
Shargh knowledge-based company-Tehran-lran) and
by a hydrothermal method. One g of copper carbonate
(51% copper) was added as a reaction initiator in wa-
ter-soluble organic acid under controlled temperature
and pressure conditions. The solution was stirred for 2
hr and calcium hydroxide was added. After completion
of the reaction, sodium alginate was added as an emul-
sifier and the calcium precipitate was separated from
the solution. The calcium was filtered and the superna-
tant was dried in a spray dryer for 6 hr. Finally, the
drug and cold cream (Saviz Company, Tehran, lIran)
were completely homogenized at specific ratios. The

185 female BALB/c mice

Subjected to bums

€8 (Nanochelating-based
CuNPs)

Figure 1. A scheme to explain the study design group 1-4 (cauterized), group 5-7 (without burning).
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surface morphology of C8 (nanochelating-based
CuNPs) was characterized by Scanning electron mi-
croscopy (SEM: VEGA-TESCAN-LMU-LEO1455-
V/P; electron voltage: 10 kv model in Razi Metallurgi-
cal Research Center).

Evaluation of lesion size & sampling

The surfaces of the burn lesions were photographed
using a professional Canon digital camera and the size
of the lesions was calculated using the Image J soft-
ware. Due to the inflammation caused by the burns and
to prevent the inflammation from interfering with the
main area of the wound, the size of the lesions was not
measured on day 0. Imaging was performed for the
groups from day 1 to day 33. Samples were collected
from 5 mice in each group on days 0 (before the start
of treatment), 3, 8, 15 and 24. Each sample was divided
into two parts; the first part was fixed in 10% formalin
for pathological examination and the other part was
stored at -80°C until it was used for expression of pro-
inflammatory and growth factor gene.

Primers

All samples were analysed with specific primers for
the expression of the pro-inflammatory genes CCL4,
CCL3, TNF-qa, IL-la, IL-12P35, IL-12P40, CCLS5,
CCRS5, IL-1p and IFN-y as well as the growth factors
PDG, Keratinocyte Growth Factor (KGF), Epidermal
Growth Factor (EPG). The sequence of the primers is
listed in table 1.

RNA extraction

Total mRNA was extracted from the samples ac-
cording to the protocol explained by Rezvan using the
commercial DNAzist kit (DENAzist Asia, Iran) 2
Briefly, 100 mg of each lesion sample was placed in a
tube and 1 ml of the lysis buffer (G1 buffer) was added,
followed by 5 s sonication and a 5 min incubation at
room temperature. The samples were then centrifuged
at 12000 g for 15 min at 4°C and the aqueous part was
transferred to a new tube. 200 ul of chloroform was
added and vortexed for 15 s followed by incubation at
room temperature for 3 min. The samples were then
centrifuged at 12000 g for 15 min at 4°C and the upper
phase was transferred to a new tube and mixed with an
equal volume of isopropanol. An equal volume of the
G2 buffer contained in the kit was added and mixed.
The samples were then incubated for 10 min at room
temperature and centrifuged at 10000 g for 10 min at
4°C. After discarding the supernatant and adding 1 ml
of 70% ethanol, the tubes were quickly vortexed and
centrifuged again at 10000 g for 5 min at 4°C. The su-
pernatant was then discarded and 30-100 w/ of nucle-
ase-free water was added.

Construction of cDNA & Conventional PCR

The construction of cDNA from mRNA was per-
formed using the commercial Sina-Clone/lran kit ac-
cording to the manufacturer instructions. 1 pl oligo-dT
primer, 1 ul of dNTP and 10 ul of mRNA extracted

Table 1. Sequences of primers designed for pro-inflammatory genes and growth factors

Gene Accession Sequence
Pro-inflammatory genes
CCLAMIP-15 NM_013652.2 R'::.GCGAGGAE?ACCTA%AGTCGGCTTCTC? TT:%A ACATc
cotsmr. i oy FICTECOCTOACT ARG A0
e o1 FTATAM SCOSCECTC ToCAC
e coosions [ SAOTTOCCATIEASOA e
Lz w1 EATGATS Ao TTeTeocTT 00
ceLs NMLOISES3 o0 GCA AG AAT GAC AGG GA
cos wasss T ATICICCACACCCTTTCE
IL-18 CCDS16726.1 'I:?-:TGGAA:(SGG%CCCT%iﬁ'Aéﬁégﬁgi
MNOOESST ) CAG ATA ATCTGE CTC TGC
Growth factors
Mouse Platelet-Derived Growth Factor A (PDGFA) M29464.1 C_Ic_: g:ggg_?gé? g (?"I'chlériéAAiT
Keratinocyte Growth Factor (KGF) MMU58503 c Ciiﬁ%i$g;ﬁg§¢§_:$ C-:r'lc';'l/% A
Epidermal Growth Factor (EPG) BC060741.1 gg;ﬁggi?iggig&ﬁ;%%ﬁi
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from the samples were added to a tube. After incuba-
tion at 65°C for 5 min and a spinning at 12000 g for 2
min, the tubes were placed on ice and 2 pl of 10x buff-
er and 100 units of Reverse Transcriptase M-MuLV
and 10 pl of distilled water were added. The samples
were then incubated at 42°C for 60 min and then at
85°C for 5 min afterward.

For the conventional PCR 1 pl of cDNA, 0.25 pl
Tag polymerase, 0.8 ul dNTP, 1.5 pl MgCly, 5 ul 10%
buffer, 37.5 pl H20 and 2 pl each of the forward and
reverse primers were mixed and the PCR was pro-
grammed as 95°C for 10 min for denaturation, 32 cy-
cles of 56°C for 45 s, 72°C for 50 s and 95°C for 45 s,
and a final 72°C for 10 min.

Gel agarose electrophoresis

PCR products were run on 1.5% (w/v) agarose gel
and stained with 0.2 pug/ml DNA Safe Stain (Sigma
Aldrich, USA, Country). The gel was visualized under
ultraviolet light and photographed using a computer-
assisted gel documentation (Canon, Japan).

Histopathology

Full-thickness skin samples, consisting of burned
and normal areas were collected and fixed in 10% neu-
tral buffered formalin. The tissue samples were then
dehydrated, cleared, paraffin embedded, cut into 5 um
thickness, and stained with Hematoxylin & Eosin. The
sections were examined independently by an experi-
enced pathologist under a light microscope (CX41,
Olympus, Japan) equipped with a digital camera
(DP25, Olympus, Japan),

Pathologic and molecular examinations were per-
formed on the samples collected up to day 24, and only
the lesion size was measured as the main objective of
the study on day 33. For sampling, the samples were
collected from 5 mice in each group on days 0, 3, 8, 15
and 24. Imaging was performed for groups from day 1
until day 33 on remaining mice.

Statistical analysis

The results were statistically analyzed using the Ex-
cel and SPSS 22 softwares. One-way ANOVA test was
followed by post hoc Tukey’s test were performed to
analyze the results in all groups. p-value <0.05 as sig-
nificant.

Results
C8 (Nanochelating-based CuNPs) size
SEM image of C8 nanochelating based structure
showed that the size of mentioned nanoparticles is
about 50 nm (Figure 2).

Determination of the effective dose for C8 (Nanochelating-
based CuNPs)

Lesions were treated twice daily by applying a mix-
ture of C8 components at concentrations of 2, 4, 8, and
10 mg/ml, with additional materials. The treatment was
applied to the surface of the lesions and extended 5 mm
around them.

Figure 2. SEM image of CuNPs. CuNPs of approximately 50 nm are
evenly disturbed throughout.

Comparison of the effects of C8 and Silver Sulfadiazine on
burn and healthy tissue

A dose of 10 mg/ml C8 cream was applied with
supplementary materials (used as a control) to treat the
burn lesions plus 5 mm around them twice daily. Com
parison of lesion size in mice treated with C8 (at dif-
ferent doses, Figure 3A) and Silver Sulfadiazine, and
controls drug (cold cream and no treatment) showed
that the lesion size decreased significantly in the C8
group (10 mg/ml) compared to the other groups, except
on days 3, 5, and 9 (p-value <0.05) (Figure 3B).

Different concentrations of C8 were tested as a pilot
and the reduction in wound size with a dose of 10
mg/ml indicated a significant difference compared with
the control group on days 3, 5, and 9 of the treatment
(p-value <0.05). Concentrations of 4 and 8 mg/ml also
showed useful therapeutic results at the end of treat-
ment (Figure 3A) (p-value <0.05). After choosing the
appropriate concentration of C8, different groups were
treated with cold cream and Silver Sulfadiazine, as
well as C8. The reduction in wound size in the Silver
Sulfadiazine-treated groups was significant from day
17 until the end of the treatment, from day 9 to the end
of treatment, the reduction in wound size was signifi-
cant in the C8 group compared to the control group,
but this reduction was significant compared with the
untreated group from the beginning to the end of the
treatment period. Silver Sulfadiazine also significantly
reduced the size of the wound from day 9 compared to
the untreated group (p-value <0.05) (Figure 3B). C8
nanochelating-based CuNPs have a positive effect on
both burn healing and survival of the treated group
compared to the Silver Sulfadiazine group.

Groups of BALB/c mice were burnt on the left flank
with a 1 cm hot square plate at 200°C and treated with

Avicenna Journal of Medical Biotechnology, Vol. 17, No. 1, January-March 2025
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180 *
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Lesion size (mm?*)
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Different doses of C8 treatment

m 2 mg/ml
m 4 mg/ml
w8 mg/ml
W10 mg/ml*

Days of treatment

Wound healing

m Control (cold cream)
m Silver sulfadiazine
m No treatment
mC8 10 mg/ml *

Days of treatment

Figure 3. Lesion size treated with different doses of C8 (A) and treated with C810 mg/ml, Silver Sulfadiazine and control drug (B) at different times.

*p value <0.05 was significant.

C8, Silver sulfadiazine, supplementary materials and
no treatment (Figure 4).

Survival in burned mice treated with C8 and other control
groups

The survival duration rate between the group treated
with 10 mg/ml C8 compared to other control groups
treated with Silver Sulfadiazine, cold cream and the
group without treatment showed that the survival of
mice were significantly more than other groups. Also
the mortality rate was higher in the no treatment group
(Figure 5) (p<0.05).

Expression of pro-inflammatory genes

The expression of a number of pro-inflammatory
and growth factor genes were examined in the burn
wound treated groups using the conventional PCR
method (Figure 6). The results clearly indicated differ-

Control drug No treatment

(cold cream)

Figure 4. Burn wounds in BALB/c mice treated

ent expression patterns for pro-inflammatory genes
after application of different drugs. In mice treated
with C8, the pro-inflammatory genes were expressed
earlier and downregulated earlier than in other groups.
In the groups treated with C8 (10 mg/ml), gene expres-
sion was delayed and downregulated on day 24 of
treatment. In the control group or in the group without
treatment, the expression levels of the pro-inflamma-
tory genes were similar or even higher than in the
group without treatment.

Histopathology

Histopathological evaluation showed that the heal-
ing process with signs of re-epithelialization and de-
velopment of the epidermis was observed in the group
treated with C8 on day 24, but there was no significant
difference in wound healing with Silver Sulfadiazine

Silver il fadiazing

with C8, Silver Sulfadiazine, cold cream and no treatment.
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Remission total

100 Groups total
—
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é’ 80 —3
£ -4
§ 601 Group 1: *
S Group 2: **
=40k Group 3: ###*
g Group 4; ¥*¥*
t 1: Control group
7 20 2. Silver group
3. C8 10 mg/ml
0 4. No treatment
ul L
0 40
Number at risk
Group 1:95 75 40 15 5 0 0 0 0
Group 2: 95 75 40 20 10 5 5 5 0
Group 3:180 145 90 50 30 15 15 15 0
Group 4: 75 55 30 10 5 0 0 0 0

Figure 5. Comparison of survival duration in burnt mice treated with C8. *p-value <0.05.
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Figure 6. Expression of pro-inflammatory genes in in burn wounds treated with C8, Silver Sulfadiazine, cold cream and no treatment on days 0, 3, 15
and 24. The expression of genes is shown in three forms (no expression, borderline, weak and strong) with the numbers zero, one, two and three in

three times, respectively.

and the compound (C8) on days 0, 3, 8, and 15 (Figure
7). On the third day, the morphology of the wound in
all groups showed destruction of the epidermis and
severe inflammation, and no difference was observed
between them. Mild edema was observed in the treat-
ment groups with ointment and C8, while severe ede-
ma was seen in the untreated group on day 8. On the
15" day of treatment, re-epithelialization was observed
in the treatment groups with ointment and sulfadiazine.
Acute inflammation and edema occurred after the use
of ointment, but epidermal repair was remarkable in

the C8 treatment group. On day 20, in addition to re-
epithelialization, infiltration of cells and granulation
tissue were visible in the ointment and Sulfadiazine-
treated groups, but granulation tissue was less devel-
oped in the C8 group (Figure 7).

Coagulum (asterisk), inflammatory cells infiltration
(square), granulation tissue (circle), epidermal layer
(large arrow), microvascular congestion (small arrow)
and epidermal ridges (arrowhead)

Magnification = 100x, scale bar = 200 pm, Hematoxy-
lin and Eosin.
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Cauterized

Cauterized

Cauterized Cauterized

+ neutral ointment  + silver sulfadiazine + compound (C8)

2477

b}
s

Figure 7. Photomicrographs of skin tissue samples obtained from burn wounds treated with C8 and Silver Sulfadiazine at different time points. A, B,
C, D) Loss of epidermis and formation of coagulum on the wound surface along with underlying inflammation, edema, inflammatory cell infiltration
and microvascular congestion. E, F, G, H) Granulation tissue formation, inflammatory cell infiltration, angiogenesis and microvascular congestion. 1)
Granulation tissue thickening and inflammation with no epidermal growth on the wound surface. J) Acute inflammation and edema of in the dermis
with no sign of re-epithelialization on the wound surface. K: Granulation tissue maturation, reduced inflammation and epidermal layer reestablish-
ment on the wound surface. L) Granulation tissue maturation, wound contraction, reduced inflammation and epidermal layer reestablishment. M)
Granulation tissue maturation and partial re-epithelialization on the wound surface. N) Granulation tissue maturation and development of a thin epi-
dermal layer on the surface with no skin appendages. O) Development of epidermis with near to normal thickness and newly formed epidermal
ridges. P) Development of epidermis with normal thickness and epidermal ridges.

Discussion

Nanomedicine has the potential to improve the
treatment of various diseases from incurable to those
with a poor prognosis. Nanostructures were initially
used as carriers for drug targeting and delivery, but
today nanomaterials themselves have also been shown
to have therapeutic benefits 3. Recently, nanotechnolo-
gy-based methods have been able to accelerate the
wound healing process through the use of nano-sized
materials, enabling new approaches in the field of
wound healing and prevention of the development of
various skin diseases *%. Among nanoparticles, cop-
per plays an important role in various cells, it modu-
lates various mechanisms of function of growth factors
and cytokines which are involved in all phases of the
wound healing process. In addition, copper plays an
essential role in angiogenesis and regeneration of the
skin and improves the healing process by inducing
various important factors .

According to the latest report by the World Health
Organization (WHO), an estimated 265,000 people die
each year as a result of burn injuries, most of which are
caused by infections. This is particularly the case in
low-and middle-income countries, where survivors
face a lifetime of morbidity *6. Various strategies have
been used in the treatment of burn injuries. Infections

from burn injuries limit surgical success and increase
patient mortality. Therefore, the development of new
drugs for the treatment of burns has always been a goal
of research in the field of burn wound treatment. Cop-
per is an essential trace element with anti-microbial
and anti-inflammatory effects and involved in numer-
ous processes that together constitute wound healing,
including endothelial growth factor induction, angio-
genesis, and the expression and stabilization of extra-
cellular skin proteins 73637,

The results were demonstrated as a positive effect
for C8 (nanochelating-based CuNPs) healing on burn
lesions. Healing progress between the groups treated
with 10 mg/ml of C8 was significantly faster than other
doses of the drug. In comparison with Silver Sulfadia-
zine, and other controls (supplementary materials and
control), using C8 increased the healing rate in full
thickness burn wounds and survival of burned mice.
Reducing the wound infection can affect the healing
process and the survival rate of the affected person.
One of the most attractive therapeutic properties of
copper is antibacterial effects. Paterson et al indicated
that produced CuNPs proved antibacterial activity
against Gram positive and Gram-negative bacterial
species, both planktonic and biofilm bacteria in 2D cell
monolayers, and in a 3D human model of infected skin
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3, Also, it is shown that copper-containing structures
can inhibit the development of Staphylococcus aureus
(S. aureus) and P. aeruginosa bacteria biofilms *°, so it
seems that the effect of C8 in improving survival rate is
due to anti-microbial effects of copper ions.

Histopathology observations based on thickness of
the new epidermal layer, thickness of granulation tis-
sue, angiogenesis, compact of sebaceous gland-hair
follicles and surface keratinisation also confirmed the
higher healing rate in the group treated with 10 mg/ml
of C8 compared with Silver Sulfadiazine and other
controls (supplementary materials as cold cream). C8
induces the basal layer to form granulation tissue,
which helps healing of burn or even other lesions.
However, induction of granulation tissue was observed
in healthy tissues, which needs to be more investigated.
In a model similar to the present study, use of copper
compounds in the burn lesion reduced the level of in-
flammation, exudation and collagen deposition leading
to complete re-epithelialization on day 14 of treatment
8, The morphology of the burn wound at the beginning
of the treatment (days 3 and 8) did not show significant
changes (Figures 7A-D, E-H), but after 15 days of the
treatment, the healing process were different in the
treatment groups with cold cream, Sulfadiazine and
C8, compared to the no treatment group, the dermal
repair to form a thin layer, along with formation of skin
accessories was remarkable in the group treated with
C8 (Figure 7L). Re-epithelialization and development
of epidermis with near to normal thickness and devel-
opment of slightly thick epidermis was observed in day
24 of treatment in group treated with Sulfadiazine and
C8 (Figure 70, P). Survival curve showed that the life
time in C8 treated mice was more than other groups
(Figure 5) and these mice were more resistant against
dehydration and infection.

Angiogenesis due to migration, growth, and differ-
entiation of endothelial cells plays an essential role in
the process of wound healing. Copper is known as an
angiogenic factor which can regulate induction of Vas-
cular Endothelial Growth Factor (VEGF) and Hypoxia-
Induced Factor-1-alpha (HIF-1a) pathways. This ele-
ment is an important mineral that is involved in several
physiological and metabolic processes * by stimulating
VEGF (growth factor) production, increasing the ex-
pression of integrins 1140, and extracellular skin protein
stabilization *. Studies have shown that the interaction
of angiogenin and copper is a new medication to treat
chronic non-healing wounds 394143, Alizadeh S et al
indicated that CuNPs at 1 «M concentration is a poten-
tial NP for wound healing usage with no negative side
effects 2. Cucci LM et al demonstrated that copper
nanoparticle can stimulate interleukin-2 production,
which leads to tissues repairement and wound healing
through macrophages #* due to Th cells function. Thus,
it can be used to help tissue regeneration and repair
damaged tissue 447,

The usefulness of CuNPs was investigated in sys-
tematic study in the healing of chronic wounds. It im-
plies that CUNPs may have exceptional wound-healing
capabilities by stimulating the release of growth factors
that support the wound anti-inflammatory process by
enhancing antibacterial and antioxidant activities .
Down-regulation the expression of pro-inflammatory
genes was observed in mice treated with C8 group
compared to other groups treated with either Silver
Sulfodiazin or cold cream. Several human disorders are
influenced by the CCL5/CCR5 axis, which may be
targeted for treatment, and studies have demonstrated
that blocking the CCL5/CCR5 axis can reduce levels of
inflammatory cytokines including TNF-o, IL-6, and
CCL5 and reduction of symptoms in patients. Several
inflammatory conditions are associated with aberrant
CCL5/CCRS interaction including: atherosclerosis,
microglia inflammation, viral infections, and several
malignancies 4%,

The expression of growth factors including (EPG,
KGF and PDG) was investigated in all groups. Growth
factors were expressed only in the control and Silver
Sulfadiazine treatment groups. In the groups treated
with C8, the genes were not expressed; it seems that
the improvement caused by C8 is not related to the
expression of EPG, KGF and PDG. Increasing the con-
centration of anti-inflammatory cytokines, reducing
inflammation and improving the wound healing pro-
cess have also been observed in similar cases %, The
mechanism of copper compounds on the wound heal-
ing process includes increasing the expression of integ-
rin, fibrinogen, fibronectin, fibroblast, TGF-B, TGF-a,
VEGF, PDGF, collagen fibers (mainly type I and I11),
which leads to wound healing through mechanisms of
homeostasis, inflammation, proliferation and regenera-
tion . Therefore, in future studies, the effects of cop-
per nanostructure should be evaluated as a topical
ointment for faster wound healing after burns.

This research shows that the copper nanostructure
accelerates the healing of burned skin after topical ap-
plication, the reduction of cytokine expression shows
that copper also has a strong anti-inflammatory effect
without causing much damage. In the treatment of burn
wounds, this study highlighted the potential of copper
nanoarchitectures and their compatibility with aesthetic
and dermatological applications 3. Copper play an
important role in skin regeneration and collagen syn-
thesis, both of which are essential for the wound heal-
ing process. Copper sulfide nanoparticles in an injecta-
ble hydrogel containing hyaluronic acid have shown
the ability to promote the formation of new blood ves-
sels and accelerate wound healing, highlighting their
role in collagen synthesis and tissue regeneration 52,

CuNPs together with other treatment protocols are
necessary to increase the efficiency in the treatment of
burn wounds. Studies have emphasized the ability of
CuNPs with other materials to increase their antimi-
crobial as well as therapeutic activity, and this result
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shows their compatibility in the field of combination
drug therapies 2%, Antibacterial and therapeutic prop-
erties of scaffolds can be increased by using CuNPs.
The existence of nanomaterials in the structure of scaf-
folds as dressings such as copper nanostructures, have
the potential to optimize the therapeutic effects of scaf-
fold materials for burn wound treatment. These designs
can improve skin regeneration, increase therapeutic
activity, and regulate the release of therapeutic agents
13

Conclusion

In conclusion, CuNPs based on C8 nanoclathrate
have a positive effect on burn healing compared to
Silver Sulfadiazine which is a common drug used to
treat burn wounds. Histopathological findings indicated
that C8 have healing effects on burn wounds that
caused epidermis with normal thickness tissue for-
mation compared to conventional treatment.
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