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Abstract

The structural integrity of the skin, which acts as a barrier to keep harmful external substances out of the body, is compromised by wounds. The
process of wound healing is a multifaceted and ever-changing phenomenon that entails the replacement of bodily tissues or damaged skin. It
has been demonstrated that nanoparticles, especially silver nanoparticles, have anti-microbial and anti-inflammatory qualities that encourage
cell migration and proliferation. Low level laser therapy has the potential to accelerate wound healing by stimulating cell regeneration after
injury, reducing pain, and modulating the immune system. The aim of our study is to evaluate the healing process after treatment with silver
nanoparticle and/or low level laser by measuring the serum levels of some pro-inflammatory cytokines (IL1b, IL6, and TNF-a), wound healing rate
and histological analysis. Wounds were inflicted into 63 adult male albino mice (Mus musculus) and randomly divided into nine groups (7 per
each). Control was left to normal healing. Other groups received a different treatment with laser, silver nanoparticle or both for 21 days. Injured
skin was sampled for histopathological examination. Quantitative determination of TNFa, IL1 beta and IL6 were carried out using the sandwich
enzyme-linked immunosorbent assay (ELISA) twice (day 2 and day 21). One-way and two-way analysis of variance (ANOVA) was used for statistical
analysis. The results showed that the groups treated with silver nanoparticles and / or low-level laser promoted wound healing by reducing pro-
inflammatory cytokines (IL1p, IL6 and TNFa) and showed significantly better wound closure with a significant reduction in wound size. At day 2
histopathological changes were very similar in different groups. When silver nanoparticles were applied, either alone or in combination with laser
exposure, better granulation tissue and fibrosis also necrosis in the canter of the lesion and high score of re-epithelialization with less inflammation
observed gradually till day 21. The results of this study suggested that silver nanoparticles and low-level laser have a wound healing potential, since
topical treatment with silver nanoparticles and low-level leasers has effectively improved the wound healing process.
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BJIMAHME HAHOYACTULL CEPEBPA U .
HU3KOMNHTEHCMBHOTO JTA3EPA HA UMMYHHbIN OTBET
N 3AXUBITIEHUE KOXXHbIX PAH MbILLUEU-AJIBBUHOCOB

H.H. Soltan, A. Afifi, A. Mahmoud, M. Refaat, O.F. Al Balah
Cairo University, Cairo, Egypt

Peslome
CTpyKTypHaA LLenoCTHOCTb KOXKK, KOTOpan AeNCTBYeT Kak 6apbep, NpenATcTBYOWMIA NPOHNUKHOBEHWIO BPEAHbIX BHELLHWX BELLECTB B Opra-
HV3M, HapyluaeTca paHamu. [poLecc 3aXXMBNeHMA paH BieyeT 3a cobol 3amMeHy TKaHel opraHu3ma U rnoBpexaeHHomn Koxu. bbino npo-
[EMOHCTPVPOBAHO, YTO HaHOYaCTMLIbl, 0COOEHHO HaHOYaCTULbI cepebpa, 06naaaloT aHTUMUKPOOHBIMM 1 MPOTUBOBOCMANUTENbHBLIMUN CBON-
CTBaMV 1 CTUMYSIUPYIOT MUFPaLIo 1 nponndepanuio Knetok. HN3KoMHTEHCMBHAA Na3epHas Tepanua MOXeT YCKOPUTb 3aXKuBJIeHWe paH 3a
CYeT CTUMYNALMW PereHepaLym KJIETOK Nocsie TPaBMbl, yMeHbLUEHUA 60711 U MOAYNALMM UMMYHHOW cucTeMbl. Llenblo Halero nccnefosanus
ABNAETCA OL|eHKa MpoLiecca 3aXXMBNEHNA NOCNe leYeHNA HaHouacTLammn cepebpa n/unm HU3KOMHTEHCMBHBIM JTa3€POM NyTeM 13MepeHUA
CbIBOPOTOYHbIX YPOBHEN HEKOTOPbIX MPOBOCMANMTENbHbIX UMTOKMHOB (IL1b, IL6 1 TNF-a), CKOpOCTW 3aXKMBNEHNA PaH U FMCTONIOrMYECKOrO
aHanu3sa. PaHbl 6biy HaHeceHbl 63 B3pOC/IbIM CamLuam Mbiler-anbbuHocos (Mus musculus). Mbiwy 6binm cnyyainHbiM 06pa3om pasfaeneHbl
Ha AeBATb rpynn no 7 Mbiwein. KoHTponbHasa rpynmnbl 6biia ocTaBieHa 6e3 BO3AeNCTBUA O HOPMabHOrO 3aXmBieHVA. ipyrve rpynmnbl nony-
Yanu Apyroe neyeHvie Na3epoMm, HaHouacTLaMK cepebpa Unn 1 Tem, 1 Apyrum B TeueHune 21 cyT. MoBpexaeHHan Koxa bbina B3ATa A51A
rcTonartosiornyeckoro nccneposarus. KonnuectsenHoe onpepenexmne TNFa, IL1 6eTta 1 IL6 npoBoawn ¢ NOMOLLbIO MMMYHOGEPMEHTHOTO
aHanusa (M®A) paxkabl (2 1 21 cyT). InAa cTaTUCTNYECKOrO aHanm3a NPUMEHANN OAHOMAKTOPHbIV 1 ABYPAKTOPHbIN ANCNEPCUOHHDIV aHanu3
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(ANOVA). Pe3ynbTaTbl moKasanu, YTo B rpynmnax, nojyyaBLlimx BO3AeNCTBME HaHOYaCTULAMN cepebpa /UM HU3KOMHTEHCUMBHBIM J1a3epoMm,
3aXKMBJIEHME PaH COMPOBOXAANIOCh YBEIMYEHNEM YPOBHEN NMPOBOCMANUTENbHbBIX UMTOKUHOB (IL1{3, IL6 1 TNFa). B 3Tux rpynnax 6bi1o noka-
3aHO COKpaLlleHne BpeMeHW 3aKpbiTA paHbl CO 3HAaUUTENbHLIM YMeHbLUEeHeM pa3mepa paHbl. Ha 2-i feHb rmctonaTonornyeckre n3meHe-
HYA GbINV OYEHb MOXOXM B Pa3HbiX rpynnax. Mpy HaHeceHUN HaHoYacTUL, cepebpa, OTAENbHO UV B COYETaHUN C Ta3€PHbBIM BO3LENCTBUEM,
Habnofanocb yckopeHHoe 06pa3oBaHne rpaHyNALMOHHON TKaHN 1 $p1bpo3a, a TakKe HEKPO3 B 0611acTy nopaxeHus. B Tnx rpynnax 6bii
nosyyeH 6onee BbICOKMI 6ann peanutennsaLmy C MEHbLIMM BocraneHuem (8o 21 cyT). Pe3ynbTathl faHHOFO NCC/IEA0BAHUA CBUAETENbCTBYIOT
0 TOM, YTO HaHOYaCTMLbl cepebpa N HU3KOMHTEHCHBHbIV Na3ep 061afaloT PaHO3aXKMBAAOLMM NOTEHLMANIOM, TaK Kak MECTHOE NMPUMEHEHNE
HaHouacTULam cepebpa 1 HA3KOUHTEHCBHOTO NpenapaTtamv SGGEKTVBHO ynyULIMIO NMPOLECC 3aXKMBIEHUS PaH.

KnioueBble cnoBa: 3aK1BJieHne PaHbl, HAHOYaCTULbl, HAHOYaCTUL bl cepe6pa, HU3KOUHTEHCUBHbIN Nlasep, npoBocnannTesibHble UNTOKUHbI,
AgNPs, IL6, IL18, TNF-a.
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Introduction

Every year, millions of surgical incisions are caused
during standard medical care [1]. One of the fundamental
goals of clinical care continues to be promoting the
healing of these inadvertent and intentional injuries,
reducing the cosmetic impact on the patient, and
maximizing the restoration of tissue function with
the least number of scars [2]. When an injury occurs,
damaged wound tissue is naturally repaired by a series
of intricate cellular and biomolecular processes that
bring it back to its pre-injury state [3]. The inflammatory
response and related cellular migration, proliferation,
matrix deposition, and tissue remodeling make up the
fundamental biological mechanism of wound healing.
When the healing processes proceed in a well-organized
manner, the wound heals quickly and, in the case of acute
wound healing, leaves little to no visible scars [4].

In healthy individuals, this mechanism functions at its
best; nevertheless, there are many reasons that lead to
poor wound healing, including aging, trauma, surgery,
and acute or chronicillnesses like diabetes mellitus (DM)
[5,6]. According to DeClue and Shornick’s [7] research, the
overproduction of pro-inflammatory cytokines including
TNF-q, IL1B, and IL6 is linked to poor wound healing.

One of the key components of wound healing is
thought to be the inflammatory response. The different
inflammatory mediators are released to control the
wound-healing process. Pro- and anti-inflammatory
cytokinesmaybe producedduringnormalwoundhealing,
and the inflammatory response is more than sufficient.
Encouraging wound healing and tissue regeneration
requires safe in vivo regulation of the inflammatory
response [8]. Deregulation of proinflammatory cytokines,
including TNFa and IL1{3, prolongs the inflammatory
phase and slows healing [8,9].

Interleukin (IL)-10/IL13 have both been promoted
as “master regulators” of the wound healing response
due to the large number of processes each regulates
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after injury or infection [10]. IL1f is released primarily by
monocytes and macrophages as well as by nonimmune
cells, such as fibroblasts and endothelial cells, during cell
injury, infection, invasion, and inflammation [11].

IL6 is produced by neutrophils and monocytes and
has been shown to be important in initiating the healing
response. Its expression is increased after wounding and
tends to persist in older wounds [12].

IL6 levels in wound fluids correlated with wound-
healing rates [13]. TNF-q, at low levels, can promote
wound healing by indirectly stimulating inflammation
and increasing macrophage produced growth factors.
However, at higher levels, especially for prolonged
periods of time, TNF-a has a detrimental effect on healing
[13,14].

NPs are tiny particles having a size range of 1-100 nm.
They have unique properties such as size, shape, large
surface area to volume ratio etc. NPs due to their vast
range of antimicrobial property and rapid effectiveness
with minimal dose are one of the choices of researchers
for wound healing [15]. Conventional wound healing
drugs have limited potential as they cannot penetrate the
cell membrane, which a NP can [16]. Regulatory approval
of Nano pharmaceuticals is slow, as the Food and Drug
Administration (FDA) should approve them [16,17].

Silver is a widely used as antimicrobial agent in
health care products. It has been applied for centuries in
sanitization, health care, and to inhibit bacteria in food,
but it has only been introduced into wound care as an
antibacterial in recent years [18]. The use of silver in the
past has been restrained by the need to produce silver
as a compound; thereby increasing the potential effects.
Nanotechnology has provided a way of producing pure
silver nanoparticles [19]. This system also markedly
increases the rate of silver ion release.

Laser light has the unique properties of
monochromaticity (single wavelength), collimation (runs
in one direction without divergence), and coherence
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(with all waves in phase). These properties allow laser
light to penetrate the skin’s surface non-invasively [20].
Therapeutic lasers are a thermic without significant heat
transfer (<0.65°C); in this way, photon energyis transferred
directly to the target cells and thermal damage is avoided.
Therapeutic lasers use monochromatic light in the 630 to
905 nm range, also known as the «therapeutic window»
[21]. Laser therapy could enhance wound healing process
by stimulating cell regeneration after injury, attenuating
pain, and modulating the immune system [22].

The aim of our study is to evaluate the healing process
after treatment with silver nanoparticle and/or low-
level laser by measuring the serum levels of some Pro-
inflammatory cytokines (IL1 3, IL6, and TNF-a), wound
healing rate and histological analysis.

Materials and Methods

Silver nanoparticles

20% nano colloidal silver nanoparticles were pur-
chased from (Paradise HealthCare)Spherical morpho-
logy with particle size ranged less than 10 nm (i.e.
Aggregates as 200 atoms of Silver) [23].

Moisten infected area with colloidal silver (using
cotton swabs) daily for the treated groups.

Laser treatment Exposure

Selected groups were exposed to diode laser (LSR_
PS_1II # 10042504- Germany) light three times a week, for
up to 21 days, with a radiation power of 650 + 5 nm; emits
180 mW/ cm [2,24], with a 6 ml spot size at 20 cm from
the injured part of the animal for 5 minutes.

Animals

In this study, 63 healthy adult male albino Swiss
mice (Mus musculus) weighing 25 + 5 g were purchased
from the National Research Center (Dokki, Egypt), kept
in standard polypropylene cages and acclimatized one
week before the experimental work. The animals were
housed at the animal house Zoology Department,
Faculty of Science, Cairo University and had free access
to standard pellet feed throughout, according to the
test protocol, and had free access to water for the
entire duration of the test. The animals were kept under
standard conditions: temperature (25 + 2°C), relative
humidity of the environment (55%) and alternating light-
dark cycle (12h/12h).

Animals were divided into nine groups as follows:

Group N: baseline, normal, without injury, three
mice were euthanized at day3 and the others were
euthanized at day 21; Group W day 2: positive control,
injured, untreated (inflammatory phase) and were
euthanized at day 2; Group W day 21: wounded,
untreated, (remodeling phase) and were euthanized at
day 21; Group W + L day 2: wounded treated once with
laser light and were euthanized at day 2; Group W + L
day 21: wounded treated with laser light 3 times a week
for 21 days and then were euthanized; Group W + Silver

day 2: wound treated once with silver nanoparticle
and were euthanized at day 2; Group W + Silver day
21: wounded treated with silver nanoparticle three
times a week for 21 days and then were euthanized;
Group W + L + Silver day 2: wound treated once with
laser, followed by silver nanoparticle and then were
euthanized at day 2; Group W + L + Silver day 21: after
each laser session, the wounded were treated with
silver nanoparticle three times a week for 21 days and
then were euthanized.

Study Design Procedure

Wounds were inflicted on mice. Subsequently,
the relevant groups were treated topically with silver
nanoparticles and / or low-level laser therapy for the
duration of the study (21 days). Positive control was left
to normal healing. Groups designed to allow evaluating
the selected parameter of the study at the inflammation
period (day 2) and the remodeling period (day 21). So,
wounded tissue and blood samples were collected at day
2 and 21 days after wounding, study evaluations such as
healing rate, histopathological examination, cytokine
assay by enzyme-linked immunosorbent assays (ELISA)
were performed to confirm the effectiveness of wound
healing after treatments.

Induction of wound

Before injury, each animal was partially anesthetized
for a few seconds, to facilitate wounding, with an
anesthetic solution of isoflurane (Anahal-Pharco-
Egypt), the dorsal fur of the animals was shaved with an
electric hair clipper and disinfected with 70% ethanol. A
standardized full thickness open excisional wound was
made using a 6 mm diameter, 2 mm deep biopsy punch
(Royaltek, USA) [25,26]. Wound areas were examined on
4th, 7th, 11th ,15th,18th, and 21st day after the injury
and evaluated for the percentage of wound contraction
as the following equation [27]

Percentage of wound contraction =
— Wound area day 1 —Wound areadayn y 1qg
Wound area day 1

Histopathological Procedure

Autopsy pieces of wounded skin were collected for
histopathological examination, samples fixed in 10%
neutral buffered formalin. Washing within tap water then
serial dilutions of alcohol (methyl, ethyl and absolute
ethyl) were used for dehydration. Specimens were cleared
in xylene and embedded in paraffin at 56°C in hot air
oven for 24 h. Paraplast wax (Royaltek, USA) tissue blocks
were prepared for sectioning at 4 thickness by rotatory
microtome. The obtained tissue sections were collected
on glass slides, deparaffinized, stained by hematoxylin
and eosin stain (PHARCO) [28], then examination was
done through the Olympus-USA BX43 light microscope
and photographed using the Cellsens dimensions
software linked to Olympus DP27 camera USA.
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Blood Sampling and Cytokine Assay

Samples were collected from the bleeding orbital
venous plexus after short anesthesia by Isoflurane
solution, Once the required blood volume was drawn the
serum was stored at -80°C then the animal was sacrificed
by cervical dislocation. Quantitative determination
of TNF-q, IL13 and IL6 levels was carried out with the
sandwich enzyme- linked immunosorbent assay (ELISA)
according to the manufacturer’s instructions, optical
density was measured at 450 nm using on Plate Reader
(DAS-Italy), diagnostic kits for IL1B, IL6 and TNFa were
purchased from Glory Science Co., Ltd-China.

Statistical analysis

All statistical analysis was executed using Statistical
Package of the Social Sciences (IIBM-SPCS, version 26).
Two ways analysis of variance (ANOVA) was applied to
study the effect of silver nanoparticles and/or LLL on
wounds and their interaction on the levels of the studied
parameters (inflammatory cytokines IL13, TNFa, IL6;
wounds healing rate; histopathological examination and
blood count) at day 2 and day 21. The post comparison
test was used to detect the significant difference for
the studied parameters among the wounded groups at
definite time intervals. Data were represented as mean
(M) + standard error (SE). Significant difference was

considered at p<0.05.

Ethical Statement

The experimental protocol was approved by
the Institutional Animal Care and Use Committee

(IACUC), Faculty of Sciences, Cairo University (Egypt)
(CU/I/F/88/19). All experimental procedures were
performed in accordance with international guidelines
for the care and use of laboratory animals performed in
accordance with the recommendations of the current
edition of the Guide for the care and use of laboratory
animals, 8th edition, 2011, USA.

Results

A low level of inflammation is necessary for faster
wound healing, butits high level is destructive and delays
it — this is the main objective of our study and that’s how
we built our methods and selected analysis to evaluate
how much we achieved that.

Sixty-three healthy male adult albino mice; divided
into nine groups (7 per each group) all except the normal
group being circularly wounded at its dorsal as mentioned
previously; one group left to normal healing and the others
received a topical treatment with low level laser, silver
nanoparticles, or both along the experimental period.

Wound healing monitoring, inflammatory cytokines
assay and histological analysis all were considered as
parameter to conclude the best effect of our treatments.
Groups were designed to evaluate the selected
parameters during the inflammation, maturation and
remodelling phase.

Silver nanoparticles and LLL promote healing process

The re-epithelialization and closure of wounds were
observed and measured regularly for 21 days in order
to evaluate the progress of healing rate of all groups
until the wounds were closed completely. The healing
rate were calculated using the equation mentioned
previously [36] (Fig. 1).

Wound closure was significantly improved within the
injured mice treated with silver, LLL or both compared
with the untreated group (normal healing), in untreated
mice the wound closure was more severely affected than
in treated mice since the wound closure percentage
reached 12.74% at day 4 and increased to 28.5% at day 7
till 90.41% at day 21 after injury. In mice treated with LLL,
the wound closure percentage reached 18.4% at day 4
afterinjury and increased to 40.4% at day 7 reached 94.4%
at day21 after injury, group treated with silver only is more
better as it reached 20.85 at day 4 increased to 45.6% at
day?7 and finally 98.8 at the end of experiment (day 21).
The combined group gave the better healing percentage
value as it reached 25.8% at day 4 increased to 55.2% at
day7 then only at day18 completely healed 100%.

Next, statistical analysis by LSD indicated that the
treatment with either silver nanoparticles or LLL induced
a significant increase (p < 0.01; LSD) in wound closure
percent at days 7 and 14 while both treatments together
induced a significant increase (p < 0.01; LSD) at days 4,
7 and 18 after injury. Two way ANOVA revealed that
the effect between groups was significant (p < 0.001)
on wound closure percent throughout the experiment;
comparison of the means in different groups at different
times with Two way ANOVA Duncan Multiple Range Test
(DMRT) showed at Table 1.

CpepHee * cTaHgapTHasA olwmnbKa (SE) Ha ocHOBe aHa-
nun3a ANOVA; KOnrMyecTBO XUBOTHbIX B KaXKAOW rpynne —
7; cpegHve 3HaYeHVA B OQHOW 1 TOW »Ke CTPOKE, NCMOJb-
3yloLLMe OAVH U TOT Xe HaACTPOYHbIN CUMBOA (CMMBOJbI),
CyLlecTBEHHO He oTnmyarTca (p < 0,05) no gaHHbIM
Duncan Multiple Range Test (DMRT).

120

100

4 7 11 15 18 21

«=¢=\\Vound only (normal healing) Wound + Laser «=g==\Nound + Silver ==@== Wound + Laser+Silver

Puc. 1. [luHaMMKa yMeHbLUeHUs nioLwaamn paHbl (% OT UCXO4HOIO)
BO BCEX OMbITHbIX FPynnax B TeyeHne 21 AHA nocne HaHeceHus
paHbl.

Fig. 1. The rate of wound contraction (% of initial wound area) in all
experimental groups for 21 days post wounding.
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Mean =+ standard error (SE) based on ANOVA analysis;
number of animals in each group is seven; the means
in the same row which share the same superscript
symbol(s) are not significantly different (p < 0.05)
according to Duncan Multiple Range Test (DMRT).
More over, we compared the appearance of healed
wounds by digital photographs. We found that woundsin
the Silver and LLL group showed the most resemblance
to normal skin, with less hypertrophic scarring and
nearly normal hair growth on the wound surface. The
worst cosmetic appearance was observed in the normal
healing group (Fig. 2). Healed wounds from the treated
groups resembled looks as normal skin, with a thin
epidermis and normal hair follicles. In contrast, untreated
group showed thickened epidermis and no evidence of
hair growth.

Histopathology results

Day2

A surgical wound examination was performed in all
experimental groups. Wound healing was very similar
in all groups at day 2 after induction. The wound clefts
were filled with necrotic tissue, abundant inflammatory
cells, mainly neutrophils, edema, and hemorrhage. The
wound surface was covered by a serocellular crust. The
wound injury score was examined in all groups. No
significant difference was found between the different
groups with respect to any of the evaluated criteria;
re-epithelialization, granulation tissue, inflammation,
and angiogenesis (Fig. 3).

Ta6nuua 1

Day 21
Variation in wound healing process was found in

various test groups after 21 days. The W Day 21 group
showed severe histopathological changes compared to
other treated groups. In most individuals, persistence
of the necrotic scab without epidermal remodeling
was observed, accompanied by transmigration of large
numbers of neutrophils. In the wound space, a poor
organization of the filler granulation tissue was found,
mixed with a strong infiltration of inflammatory cells and
a poor angiogenesis process.

In group L Day 21, signs of re-epithelialization were
found at the edge of the wound, which was characterized
by hyperplasia of stratified squamous epithelial cells and
partially extended to the wound surface. In the newly
formed granulation tissue, less inflammation was found
with better angiogenesis process compared to W Day 21.

Perfect wound healing was found in the Silver Day
21 and L + Silver Day 21 groups. Complete epidermal
coverage was observed in most of the sections examined;
some individuals in the L + Silver Day 21 group showed
re-epithelialization under the persistent serocellular
crust. Organized fibro-vascular tissue occupied the
wound clefts of the latter two groups, which were rich
in collagen bundles and numerous newly formed blood
capillaries.

The wound injury score showed a significant decrease
in all parameters in the W Day 21 group compared to
other experimental groups. L + Silver Day 21 group gave
the highest significance observed in all the evaluation

AHanNM3 CKOPOCTU 3aXKUBJIEHUS 06PA6OTaHHbIX U HEOOPaGOoTaHHbIX paH

Table 1
Treated and non-treated wounds healing rate analysis

Fpynnbi

Bpems HaGnoaeHus, cyT

Ce v e e e [ a]

PaHa

Wounded 12.74°

28.55%

PaHa + HN3KOMHTEHCUBHbIN
nase
Wounded + Low Level laser

18.14™ 40.42

PaHa + cepebpo

|
Wounded +Silver 45.60

20.85™

PaHa + HN3KOWHTEHCUBHbIN
nasep + cepebpo
Wounded + Low Level laser
+Silver

25.87" 55.12'

45.95' 60.279 75.42¢ 90.14°
59.85" 76.85° 89¢ 94.42%®
68.1429 83.65¢ 93.48° 98.85%°
79.094¢ 93.17¢ 100.00% 100.00°

CpepHee + cTaHAapTHaA owwmbKa (SE) Ha ocHose aHanm3a ANOVA; KoNMYeCTBO XKUBOTHbIX B KaXA0W rpyrnne — 7; CpefHMe 3HaYeHUA B OfHON 1 TON
e CTPOKe, UCMOSb3YIoLLME OAUH U TOT XKe HAACTPOUHbI CUMBO (CMBOJIbI), CYLLLECTBEHHO He oTnmnyatoTcs (p < 0,05) no gaHHbIM Duncan Multiple

Range Test (DMRT).

Mean + standard error (SE) based on ANOVA analysis; number of animals in each group is seven; the means in the same row which share the same
superscript symbol(s) are not significantly different (p < 0.05) according to Duncan Multiple Range Test (DMRT).)
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Wounded only Wounded+Laser Wounded+SiIver Wounded+Laser+Silver
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Day 11 6
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Day 18
Day 21

Puc. 2. Ludposblie poTorpadpumn nccevyeHHbIX paH BCex IKCNepMMeHTabHbIX rpynn
Fig. 2. Digital photographs of excision wounds of all experimental groups

W Day2 W + L Day2 W + Silver Day2 W + L + Silver Day2
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Puc. 3. Mukpodotorpadum y4acTKOB paHbl Ha 2-e CyT nocsne onepauuu (BO BCEX OMNbITHbIX Fpynnax oTMe4Yyanocb UHTEHCMBHOE OCTpoe
BOCnaneHue, 3anoJiHaloLee paHeBylo LWefb 3KCCYAaTOM U HEKPOTUYECKUMU KopoydKamu; (Cr) kopouka, (Ed) otek u (l) BocnaneHue).
[padurku noKkasbiBalOT rMCTONATONOrMYECKME NapaMeTpbl OLLEHKU 3aXKMBNIEHUS paHbl Yepe3 48 u.

Fig. 3. Photomicrograph of wounded areas at day 2 post-surgery (all experimental groups displayed intense acute inflammation filling the
wound gap with exudates and necrotic crusts covering; (Cr) crust, (Ed) edema, and (I) inflammation. Charts showing histopathological
parameters of wound healing evaluation at 48 hours.
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parameters high level of e-epithelialization, granulation
tissue and angiogenesis with less inflammation score
(Fig. 4).

W Day 21 and L Day 21 groups exhibit inappropriate
wound healing without epidermal covering. Silver Day
21 and L + Silver Day 21 groups showing compete
epidermal growth and reduce the inflammation of the
filling fibrovascular tissue.

Inflammatory Cytokines Assay

The data were entered, coded and analysed using the
Statistical Package for the Social Science (IBM-SPSS,v.26).
The experimental data were expressed as the mean +
standard error of the mean (SEM) using the ANOVA test,
followed by a post-comparison test to determine which
group had the best effect.

Serum TNF a

Tumor necrosis factor alpha (TNFa) levels increased
significantly more in the Wounded group compared
to the normal group (p <0.0001), TNFa levels in the
laser group and silver group had significantly lower
concentrations than the injured group (positive control)

at day 2 (p <0.0002), while the combined group (L+
Silver) had the lowest significant concentration at day
2. Over time, the TNFa level decreased in all groups,
reaching the trough level on day 21, and the combined
group also had the highest significance compared to the
injured group(untreated); The downregulation of the
cytokine level during the experiment period showed at
(Table 2).

Serum IL6

Table 3 displays the downregulation of interleukin
6 (IL6) level of during the inflammation stage and
remodeling stage; levels increased significantly more
in the Wounded group compared to the normal group
(p <0.0001), while IL6 levels in the laser group and silver
group had significantly lower concentrations than the
injured group (positive control) at day 2, while the
combined group (L + Silver) had the lowest significant
concentration at the same time (inflammation stage).
Over time, the IL6 level decreased in all groups, Moreover
the combined group also had the highest significance
compared to the untreated group.
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Puc. 3. MukpodoTorpadus ysacTKoB paHbl Ha 21-e cyT nocne onepauuu. (E) AnugepmanbHblii cnoi, (G) rpaHynsiuMoOHHas TKaHb, (1) Boc-
nanexue, (N) Hekpo3. [padrKu NoKasbiBalOT NapaMeTpbl OLEHKW 3aXKUB/IEHUS paHbl Ha 21-e CcyT.

Fig. 4. Photomicrograph of wounded areas of different group at Day21 post-surgery. (E) Epidermal layer, (G) granulation tissue,
(I) inflammation, (N) necrosis. Charts showing parameters of wound healing evaluation at day 21.
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SerumIL1 3
Table 4 indicates that interleukin 13 (IL1B) levels

increased significantly more in the Wounded group
compared to the normal group (p <0.001), while ILT
levelsinthelasergroup andsilver group had significantly
lower concentrations than the injured group (positive
control at day 2, while the combined group (L+ Silver)
had the lowest significant concentration at day 2. Over
time, the IL1 B level decreased in all groups, reaching
the trough level on day 21, and the combined group
also had the highest significance compared to the
injured group.

Ta6nmua 2

YposHu TNFo (Nr/m) B CbIBOPOTKE KPOBU
Table 2

Serum levels of TNFo (pg/ml)

lpynna 6e3
BO3ENCTBUSA
Normal

293.9+1242 293.9+1242

PaHa

Wounded 713.4 £14.39%%**

486.9 £15.27

PaHa +
HU3KOUHTEHCMBHDbIN
nasep
Wounded + Low
Level laser

581.2 £31.84*** 420.9+£12.01

522.9+
26.62+++

PaHa + cepebpo
Wounded + Silver 389.1£23.44 ns
PaHa +
HU3KOVHTEHCMBHbI
nasep + cepebpo
Wounded + Low
Level laser + Silver

413.4+17.34 ** 300.6 £21.7 ns

p value <0.0001 ##i#t# <0.0001 ++++

F 25.85 19.13

Discussion

The natural process of wound healing entails a series
of complicated cellular and biomolecular processes that
restore damaged wound tissue into its original state
when injury occurred [29]. During an injury, a blood clot
isformed due to the damage in capillary and followed by
the early phase of the inflammation, immune response
to injury/wound or infection causes inflammation [31],
infections related to various wounds, elevate medical
expenditures and put a strain on health-care systems
due to prolonged hospital admissions, treatment
failures, infection persistence, and delayed wound

Ta6nauua 3

YpoBHU IL6 (nr/mn) B CbIBOPOTKE KPOBU
Table 3

Serum levels of IL6 (pg/ml)

lpynna 6e3
BO34eNCTBUA
Normal

51.09+ 2.296 51.09+ 2.296

PaHa

Wounded 303.1 +£18.32 ****

91.81 +4.571 ns

PaHa +
HU3KOUHTEHCUBHDbIN
nasep
Wounded + Low
Level laser

203.1£18.32***  71.22+3.267 ns

PaHa + cepebpo

Wounded + Silver 160.8+11.98*

66.27 +2.482 ns

PaHa +
HU3KOUHTEHCUBHbIN
nasep + cepebpo
Wounded + Low
Level laser + Silver

1283+ 16.34* 56.7+2.134 ns

p value <0.0001 #### 0.001 +++

F 19.58 35.85

CpefiHee + cTaHfjapTHaA olM6Ka.

#i###: [locToBepHasa pasHMUa Mexay BCemu rpynnamu Ha 2-e cyT
p <0,0001.

++++: [locToBepHasa pasHuLa mMexay BceMu rpynnamu Ha 21-e cyT
p <0,0001.

**x%. [locTOBepHas pasHuMua no cpaBHeHuto ¢ rpynnon N npwu
p <0,0001.

**¥: locToBepHas pasHuua no cpasHeHumto c rpynnoii N npm p < 0,0002.
+++: JlocToBepHasa pasHuua Mo cpaBHeHuo ¢ rpynnon N npwu
p < 0,0005.

**: locToBepHas pa3HuLa No cpaBHeHuto ¢ rpynnoit N npu p < 0,0027.
ns: HegoctoBepHas pa3sHuLa no cpaBHeHuto ¢ rpynnon N.

Means + standard error.

####: Significant difference between all groups at day 2 p < 0.0001.
++++: Significant difference between all groups at day 21 p < 0.0001.
****: Significant difference in comparison with N group at p < 0.0001.

***. Significant difference in comparison with N group at p < 0.0002.
+++: Significant difference in comparison with N group at p < 0.0005.
**: Significant difference in comparison with N group at p < 0.0027.
ns: Non-Significant difference in comparison with N group.
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CpepHee + cTaHAapTHaA olumobKa.

###: [lJocToBepHaa pasHuUa MexAy BCemMu rpynnamm Ha 2-e cyT
p <0,0001.

+++: [locToBepHaA pasHuUa mexgy BCcemMu rpynnamm Ha 21-e cyT
p <0,0001.

**x¥%. [locTOBepHasA pa3HMua Mo cpaBHeHuo ¢ rpynno N npwu
p <0,0001.

**: locToBepHas pasHuua no cpaBHeHuio ¢ rpynnor N npu p < 0,0052.
*: [locToBepHan pa3HuLa no cpasHeHuto ¢ rpynnon N npum p < 0,0256.
ns: HepoctoBepHas pasHuLa No cpaBHeHMto ¢ rpynnon N.

Means =+ standard error.

###: Significant difference between all groups at day 2 p < 0.0001.
+++: Significant difference between all groups at day 21 p < 0.0001.
***¥: Significant difference in comparison with N group at p < 0.0001.
**: Significant difference in comparison with N group at p < 0.0052.
*: Significant difference in comparison with N group at p < 0.0256.
ns: Non-Significant difference in comparison with N group.
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Ta6nuua 4

YpoBHuU IL1[ (Nr/mn) B CbIBOPOTKE KPOBU
Table 4

Serum levels of IL1f3 (pg/ml)

lpynna 6e3
BO3JeNCTBUA
Normal

70.96+ 4.937 70.96+ 4.937

PaHa

Wounded 170£25.29%**

65.77+4.9

PaHa +
HU3KOUHTEHCUBHbIN
nasep
Wounded + Low
Level laser

141.9+21.28 % 62.22+3.2

PaHa + cepebpo

Wounded + Silver 102.5+£22.76

59.91+6.269

PaHa +
HU3KOVHTEHCUBHbI
nasep + cepebpo
Wounded + Low
Level laser + Silver

80.92+20.45 52.34+3.9941

p value 0.04# > 0.05

F 2.936 142

CpepHee + cTaHAapPTHaA oLMbKa.

***: locToBepHas pasHuua no cpasHeHuto ¢ rpynnoii N npu p < 0,001.
*: [locToBepHasa pa3HuLa no cpasHerunto ¢ rpynnow N npu p < 0,012.

#: [locToBepHas pa3HuLa B CpaBHeHWM 6e3 rpynn Ha 2-e cyT npu p < 0,4.
ns: HepoctoBepHas pasHuLa No cpasHeHuto ¢ rpynnon N.

Means + standard error.

**#: Significant difference in comparison with N group at p < 0.001.

**: Significant difference in comparison with N group at p < 0.012.

#: Significant difference in comparison within groups at day 2 at p < 0.04.
ns: Non-Significant difference in comparison with N group.

healing, which often leads to amputation and increased
death [32].

The wound healing process involves multiple cellular
and extracellular pathways through overlapping phases,
namely hemostasis/inflammatory phase, proliferative
phase, and remodelling phase [33]. The goal of the
process is to restore tissue integrity and functions.
Damaged blood vessels constrict during a vascular
inflammatory response, and coagulation is brought
on by thrombocytes congregating in a fibrin network.
The wound then heals as a result of angiogenesis and
re-epithelialization that take place during the proliferative
stage. The remodelling phase involves reorganization,
degradation, resynthesis of the extracellular matrix, and
remodelling of the granulation tissue in order to achieve
the maximum tensile strength [23].

Wound healing is strictly regulated by a number of
cytokines and growth factors circulated at the wound
site [34]. Decreased collagen deposition and growth
factor production in wounds due to elevated levels of

pro-inflammatory cytokines postpone wound healing
[35]. Accelerating healing with minimal scars is the goal
of most wound healing research [36].

Based on the experimental findings of the current
study, the topical treatment application of silver
nanoparticles, LLL alone or in combination gives great
effect prevention of infections, decrease inflammation,
complete healing and minimal scarring, moreover
comparison of the rate of wound contraction among
normal healing group (control) and other treated groups
specially combined one, histological evaluation and
other analysis which selected to monitor the progress
showed a drastic difference in the healing pattern. The
drastic decrease in wound contraction in control animals
clearly indicated the need of therapeutic aid which could
speed up the wound-healing process. Hence, in the
current report, we aspired to understand the concept
behind impaired wound healing in albino mice, and to
come up with a therapeutic plan to accelerate healing in
these persistent wounds using LLL and silver.

In the present study wound healing observed by
morphological examination and photographed, wound
closure in all wounded groups was measured every three
days after injury till day 21, healing rate calculated [27]
and give evidence that treated mice with AgNPs and/ or
LLL as compared to the normal healing mice enhanced
wound healing to reach 100% and 93%, respectively.
Similar to our observation, Amini and his colleagues
(2023) [37] have found that Ag-hydrogel nanocomposite
groups consistently closed faster than control groups,
and the original wound area in groups treated with
Ag was significantly smaller at weeks 1, 2, and 3 post-
wounding, and they confirming that Ag nanocomposite
treatments accelerate the wound healing process.

AgNPs accelerate wound contraction and aid in the
healing process by promoting fibroblast migration and
stimulating fibroblast differentiation into myoblasts,
as demonstrated by Tyavambiza et al. (2021) [38]. Also,
due to the anti-inflammatory properties of AgNPs,
the topical application of AgNPs in the wound area
reduces the release of cytokines and lymphocytes, and
reduces mast cell infiltration, which then promotes
wound healing with minimal scarring [39]. Similarly, in
other researches, AgNPs accelerated the rate of wound
healing by activating the proliferation and migration of
keratinocytes. Moreover, they aided in the differentiation
of fibroblasts into myofibroblasts, which accordingly
promoted wound contraction and speeded up the
healing of severe wounds [38,40].

In terms of healing, the elucidation of pro-
inflammatory and anti-inflammatory pathways is
important for the development of strategies to defend
regenerative tissue from damage caused by imbalances
in cytokines, oxidants, antioxidants within the wound.
Information about specific subsets of inflammatory
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cell lineages and the cytokine network orchestrating
inflammation associated with tissue repair has increased
[40]- According to our data the treatment of wounded
mice with silver and/or LLL produced a significant
decrease of the elevate TNF-a, IL6 and IL1B levels as
compared to the corresponding wounded controls,
untreated group gave the highest significance and the
highest level of the cytokine as compared to the normal
levels- which illustrate the severe inflammation in the
normal healing - after that cytokine level decrease to
be near normal values, better values seen at the group
treated with silver and LLL together.

Similar observations were obtained by Frankova and
his colleagues (2016) [41], who made an in vitro study by
topical application of AgNPs in mice with burn wounds
which results in decreasing counts of neutrophils and low
levels of IL6, accompanied by an increase in the levels of
IL10, TGF- B, vascular endothelial growth factor (VEGF),
and interferon (IFN)- y. They also have reported that
AgNPs decreased the release of some pro-inflammatory
cytokines and growth factors from normal human
epidermal keratinocytes (NHEKs) and normal human
dermal fibroblasts after 24 h at all the studied AgNPs
concentrations (0.25, 2.5, and 25 pg/mL).

AT the present investigation the expression of TNF-
a, IL6 and IL18B in the laser group was seen in day 2 and
decreased gradually till day 21.This may be due to the
role of LLL on the surface epithelium cells (keratinocytes)
to produce the pro-inflammatory cytokines which is
needed in the acute inflammation during wound healing
and also in a faster closure of the wound surface [42], after
that the levels decreased gradually may occurred due to
LLL anti-inflammatory effects which directly related to
reduction of pro-inflammatory cytokines, as well as the
amount of chemical mediators. The results indicate that
LLL induces an inflammatory reaction that may modulate
transcription factors linked to mRNA expression pro-
inflammatory cytokines. These data are corroborated
by previous studies which suggested that laser therapy

can reduce the production of inflammatory mediators
and events that contribute to balance the inflammation
process [43].

The reason for the effective acceleration of wound
healing using LLL was that the absorption of laser
with specific wavelength by target tissue may result in
the enhancement of fibroblast. proliferation and the
promotion of collagen metabolism and granulation tissue
formation also improvement of mechanical parameters
and histopathological changes [42] which supported
by present data. The major studies have suggested that
either elements in the mitochondrial cytochrome system
or endogenous porphyrins in the cells are the energy-
absorbing chromophores in LLL [43,44]. It is important
here to mention that photoenergy of 650nm wavelength
at the given parameters possibly induced the fibroblasts
to secrete the growth factors that probably acted in an
autocrine manner to increase their rate of mitosis and or
reduce cell death [44]. The response of low energy laser
on cells may be dose dependent as well as wavelength
dependent [44]. Therefore, correct energy density with
an appropriate wavelength which can be easily and safely
absorbed by the targeted tissues is strongly suggested.

Conclusion

Our results mandate the conclusion that the topical
application of silver nanoparticles in combination with
LLL following wounding had salutary effect on wound-
healing progression, possibly through the decreasing
of the inflammatory cytokines, activation of wound
fibroblasts and elevation of collagen synthesis which
accelerates wound healing rate. Testing the same optimal
dose with the same power, center wavelength, laser spot
size and duration, but with different doses of silver for
its tissue regenerative potential is highly recommended.
Although these results are very promising, more
experimental studies for better understanding of silver
and laser-assisted enhanced tissue regeneration are
recommended.
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