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Silver and gold nanoparticles
as a novel approach to fight
Sarcoptic mange in rabbits

Eman I. Hassanen®*/, Eman A. Morsy?, Mai Abuowarda3, Marwa A. Ibrahim* &
Mohamed Shaalan'~®

Various kinds of pets have been known to contract the ectoparasite Sarcoptes scabiei. Current
acaricides are becoming less effective because of the resistance developed by the mite besides

their adverse effects on the general activity and reproductive performance of domestic pets. For

this reason, the present study aims to discover a novel and safe approach using silver and gold
nanoparticles to fight Sarcoptic mange in rabbits as well as to explain their mechanism of action. 15
pet rabbits with clinical signs of Sarcoptic mange that were confirmed by the microscopic examination
were used in our study. All rabbits used in this study were assessed positive for the presence of
different developing stages of S. scabiei. Three groups of rabbits (n=5) were used as follows: group

(1) didn’t receive any treatment, and group (2 and 3) was treated with either AQNPs or GNPs,
respectively. Both nanoparticles were applied daily on the affected skin areas via a dressing and
injected subcutaneously once a week for 2 weeks at a dose of 0.5 mg/kg bwt. Our results revealed

that all rabbits were severely infested and took a mean score = 3. The skin lesions in rabbits that didn't
receive any treatments progressed extensively and took a mean score = of 4. On the other hand, all
nanoparticle-treated groups displayed marked improvement in the skin lesion and took an average
score of 0-1. All NPs treated groups showed remarkable improvement in the microscopic pictures
along with mild iNOS, TNF-a, and Cox-2 expression. Both nanoparticles could downregulate the
m-RNA levels of IL-6 and IFy and upregulate IL-10 and TGF-1f genes to promote skin healing. Dressing
rabbits with both NPs didn’t affect either liver and kidney biomarkers or serum Ig levels indicating
their safety. Our residual analysis detected AgNPs in the liver of rabbits but did not detect any residues
of GNPs in such organs. We recommend using GNPs as an alternative acaricide to fight rabbit mange.
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One of the most prevalent clinical entities among rabbits and other fur-bearing animals is skin disorders'. The
mite Sarcoptes scabiei is the primary cause of the highly transmissible, year-round, pruritic skin disorder known as
sarcoptic mange in rabbits. Sarcoptes scabiei is a burrowing mite that infests the epidermis of mammals, including
humans, all over the world*’. In Egypt, mange infestation in rabbits has become a prevalent and fundamental
problem® It is a widespread rabbit disease that is horizontally transmitted from one rabbit to another. The infec-
tion produces acute itching, trembling, and scabby sores in different body areas including the ear, nose, mouth
and legs, besides decreased growth®. The common therapy of sarcoptic mange is ivermectin, nevertheless, it has
performance-related adverse effects including, testicular germ cell necrosis and azoospermia in male rabbits.
Meanwhile, it causes diffuse hemorrhagic metritis and ovarian degeneration in female rabbits®. So, it is important
to find an alternative way to control the sarcoptic mange in rabbits without affecting their performance.
Nowadays, nanoparticles, especially metal oxide and metal ions exhibit direct antimicrobial activity against
a wide variety of pathogens including multidrug-resistant bacteria, fungi, and parasites”®. In addition, they have
a role in immunomodulation and enhancing the immunity of animals when added to their feed®!’. Different
forms of nanoparticles were shown to be effective against internal protozoal parasites such as Trypanosoma
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spp. and Leishmania spp.'"'2. Silver nanoparticles exert their antiparasitic action on insects by inhibiting their
detoxifying and antioxidant enzyme system'*!'%. Moreover, silver nanoparticles disrupt the gene expression of
the insect while gold nanoparticles interfere with the insect’s fertility and development by inhibiting trypsin'®.
Silver nanoparticles could act on various stages of the parasite’s life cycle as Pimentel-Acosta et al.'® reported their
efficacy on eggs and adults of monogenean species in fish. Applications of nanoparticles as novel pesticides for
external parasites such as ticks and mosquitoes have been studied recently, yet there is not enough information
about their mechanism of action on mites'. Therefore, the present study aims to discover novel antiparasitic
nanoparticles to fight sarcoptic mange in rabbits without any side effects along with a comprehensive insight to
study their mechanism of action, especially the molecular pathway.

Materials and methods

Synthesis and characterization of nanoparticles

We previously synthesized AgNPs suspension (17 5 nm) by a co-precipitation method via the chemical reduc-
tion of silver nitrate (AgNO;) with trisodium citrate dehydrate and sodium borohydride (99%, Aldrich, US) with
continuous stirring (99.99%, Aldrich, US), and GNPs by a chemical reduction of Gold (III) chloride hydrate
(99.995%, Sigma-Aldrich, St. Louis, MO, USA) with addition of Tri-sodium citrate dihydrate (99%, Sigma-
Aldrich, St. Louis, MO, USA) as a reducing agent during boiling'”'®. Additionally, both nanoparticles were
previously identified by several methods including a Nanodrop UV-Visible spectrophotometer, Transmission
Electron Microscope (TEM) operating at an accelerating voltage of 200 kV (Tecnai G2, FEI, Netherlands), and
zeta sizer (Malvern, ZS Nano, UK).

Animals and treatment
All procedures were designed following the ARRIVE guidelines (PLoS Bio 8(6), €1000412, 2010) and con-
ducted in accordance with the eighth edition (2011) of the rules for the care and use of laboratory animals. They
were all authorized by the Institutional Animal Care and Use Committee at Cairo University IACUC (Vet CU
8032022428), Cairo, Egypt.

The current study was performed on 15 pet rabbits weighing 4-5 kg obtained from local farms (Sharkia,
Egypt), where rabbits exhibited severe clinical signs of acute pruritis, alopecia, and erythema with the presence
of white dried crusted scab on the ear pinna, face, nose, and legs. All rabbits were subjected to the microscopic
examination of deep skin scrapings to ensure their infestation with Sarcoptic mange. It was previously mentioned
that these rabbits did not respond to any treatment of antibiotics or acaricides either topically applied or injected.
During the investigation period, all rabbits stayed under their common housing circumstances, individually cage
housed, and were supplied by well-balanced commercial ration and normal potable water ad-libitum.

All rabbits were randomly divided into three groups of five rabbits each as follow: group (1) didn’t receive
any treatment and was kept as a control positive group, and group (2 and 3) was treated with AgNPs and GNPs,
respectively. Both nanoparticles were applied daily on the affected skin areas via dressing as well as injected sub-
cutaneously once a week for 2 weeks at a dose of 0.5 mg/kg bwt. The dose of nanoparticles was selected according
to previous studies which confirmed that the dosage level of 0.5 mg/kg bwt from both AgNPs and GNPs didn’t
induce any toxicological evidence in rabbits'**. Since we didn’t create an experimental infection and the study
was done on rabbits infected naturally with sarcoptic mange, we did not include a control negative non-infected
group in this investigation to minimize the number of rabbits following the rules of animal welfare.

All rabbits were observed daily to determine either the progression or improvement in the skin lesions of
different treatment groups. 5-pointed scales were utilized to assess the severity of skin lesions in diverse groups
according to the method described by Casais et al.*! and Singh et al.?2. The invasion of skin lesions was indexed
as follows: 0, normal skin; 1, erythema and dryness of skin (mild lesion <7 cm?); 2, erosion or ulceration with
severe exudation (moderate lesion 7-15 cm?); 3, severe alopecia with crust formation (severe lesion 15-31 cm?);
4, obvious crust and hyper keratinization spread to different skin parts (extensive severe lesion > 31 cm?).

Sampling

Skin scrapes were taken aseptically from each rabbit twice a week all over the experimental period using a blunt
scalpel blade dipped in liquid paraffin from approximately 2.5 cm? skin lesions in three distinct affected loca-
tions. To break down the skin debris, the scrapes were treated with 10% KOH and heated. After centrifugation,
the sediment was examined under light microscopy for the presence and identification of mites®.

Blood samples were collected from the ear vein of each rabbit after 21 days post-treatment. To obtain clear
serum samples, centrifugation was done at 4500 rpm for 5 min, then preserved at —20 °C until needed for the
examination of biochemical parameters. After 21 days, all rabbits were anesthetized by using intramuscular
injections of ketamine (30 mg/kg) and xylazine (5 mg/kg) and then euthanized by exsanguination to get sam-
ples from the skin, muscles, and liver*. For histology and immunohistochemistry, a small portion of the skin
samples were fixed in 10% neutral buffered formalin, while the remaining samples were preserved at — 80 °C for
Rt-PCR and residual analysis.

Parasitological examination

Skin scrapings were spread on microscope slides with petroleum jelly and examined under light microscopy
(40x). If adult mites were detected, the following morphological characteristics with taxonomic value were
identified utilizing the techniques explained by Flynn? and Suckow et al.?*.
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DNA extraction from collected mites

Sarcoptes mites were isolated from rabbits and were kept in storage at —80 °C. Following the manufacturer’s
instructions, we extracted DNA for PCR using the techniques outlined by Walton et al.”” and the DNeasy Tissue
Kit (Qiagen, Diisseldorf, Germany). The forward primer F (5-CTAGGGTCTTTTTGTTCTTGG-3') and the
reverse primer R (5'-GTAAGTATACGTTGTTATAAC-3') were used in a PCR reaction to analyze the target
areas of the small subunit of 16S rRNA of zoonotic Sarcoptidae®®. These primers are intended to produce 371 bp
amplicons.

Analysis using phylogenetics and DNA sequencing

A QIAquick purification kit (Qiagen, Germany) was used to purify the positive PCR results of the mite in accord-
ance with the manufacturer’s instructions. The Big Dye Terminator V3.1 kit from Applied Biosystems was used to
perform one-direction Sanger sequencing on the purified products in the ABI 3500 Genetic Analyzer (Applied
Biosystems, USA). Then, the BLAST server on the NCBI website was used to analyze the similarity of the nucleo-
tide sequences of the PCR results to those available in the GenBank. The obtained sequences were compared to
sequences isolated from rabbits and other animals around the world as well as sequences documented in Egypt.
The Clustal W, BioEdit software (ver. 7.0.9) was used for the analysis?®. The phylogenetic tree was created by
using the Maximum Likelihood approach and the Tamura-Nei model using Mega 6.06 software, and bootstrap
analysis with 1000 replicates was obtained. With the use of the DNASTAR program (Laser gene, version 8.0), a
similarity matrix was conducted. The Meg-Align project of DNSTAR software was used to analyze the genetic
distance values of species variants®.

Accession numbers for nucleotide sequences
A partial 16S rRNA S. scabiei gene sequence from adult rabbit mites was uploaded to GenBank, where the fol-
lowing accession number (ON241779) and sequence length (371 bp).

Biochemical parameters

Using standard kits marketed by (SPECTRUM-Germany) in accordance with the manufacturer’s guidelines,
the following enzymes were measured in the collected serum samples: alanine aminotransferase (ALT), aspar-
tate aminotransaminase (AST), total proteins (TP), albumin, urea, and creatinine. The immunoglobulin levels
were measured via ELISA technique using rabbit polyclonal antibodies against IgG and IgM as described in the
manufacturer kit (Biocheck Inc., Foster City, CA, USA). Utilizing inductively coupled plasma atomic emission
spectrometry (ICP-AES) at wavelengths of 213.856 nm, zinc levels were determined.

Histopathological examination

Formalin-fixed skin tissue samples were traditionally processed using an ascending grade of ethanol for water
removal, purified by Xylene, soaked in paraffin wax, and cut into 4.5 um sections which were stained by H&E to
inspect them under a light Olympus microscope for any histological changes®'.

A quantitative grading method was done to measure the extent of distribution of the observed microscopic
skin lesion according to the protocol explained by Espinosa et al.*2. The scoring was blindly performed in five ran-
domly selected microscopic fields/slides in a total of three slides/groups. The epidermal changes were evaluated
by counting the average number of mites and/or burrows, epidermal cell layers, vacuolated cells, necrotic cells,
and exocytosis foci in diverse groups. Additionally, the counts of dermal inflammatory cell infiltration (neutro-
phils, eosinophils, mast cells, lymphocytes, and plasma cells) were also estimated at high-powered fields (400x).

Immunohistochemical staining

Avidin-biotin-peroxidase detecting technique (ABC) was applied to localize inducible nitric oxide synthetase
(iNOS), cyclooxygenase-2 (Cox-2), and tumor necrosis factor-alpha (TNF-a) in the skin tissue sections.
Dewaxed, dried skin tissue slices were first incubated with various primary antibodies (Abcam Ltd., USA), and
then the ABC reagents (Vector Laboratories’ Vectastain ABC-HRP Kit) were applied. Slides were then dyed
using DAB-chromogen substrate (Sigma), followed by examination under a light Olympus microscope. The
immunopositivity area was determined in relation to the total area of target cells by utilizing Image J software.

Quantitative RT-PCR analysis for IL-6, IL-10, TGF-1p, and IFy

The RNeasy Mini Kit (Qiagen Cat No./ID: 74104) was used to extract the total RNA from the samples. We exam-
ined the concentration and purity of the isolated RNA using NanoDrop. The SuperScript Reverse Transcriptase
(Thermo Scientific) was used to synthesize the first strand c-DNA following the manufacturer’s protocol. The
SYBR™ Green PCR Master Mix (Thermo Scientific Cat number: 4309155) was used to perform the qRT-PCR in
the ABI Prism StepOnePlus Real-Time PCR System (Applied Biosystems) following the manufacturer’s proto-
col. The primer sequences of the target genes were listed in Table 1. The relative m-RNA expression levels were
normalized to the GAPDH which is used as an internal control.

Residual analysis of silver and gold in the most edible parts

Residues of both silver and gold were measured by inductively coupled plasma mass spectroscopy (ICP-MS) in
the most edible parts including muscle and liver that collected from rabbits in diverse groups following the keys
described by Hassanen et al.*>.
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Gene Forward primer Reverse primer Product | Accession no

TGF-1 GATGAATCCTCTGGTGCGTCTC | GCTGTGTGGCTAAGGTTCCA | 135 XM_017341072.1
IFy GACCCTCCTGTCACTTCGAC TGTACGATTGTTCAGGCCCA | 181 NM_001081991.1
IL6 GCCAAGTTCAGGAGTGACGA AGAGCCCATGAAATTCCGCA | 291 NM_001082064.2
IL10 AAAAGCCCCAGGATGGCAAC CACCCCATGGGAACAGCTTA | 247 NM_001082045.1
GAPDH | CGAGCTGAACGGGAAACTCA CCCAGCATCGAAGGTAGAGG | 229 NM_001082253.1

Table 1. The primer sets of the studied genes. TGF-1 transforming growth factor 1, IFy interferon gamma, IL6
interleukin-6, IL10 interleukine-10, GAPDH glyceraldehyde-3-phosphate dehydrogenase.

Statistical analysis

All the parametric values were expressed as means * standard error of the mean (SEM). The statistical package
program (SPSS version 25) was used to analyze the recorded results using one-way analysis of variance (ANOVA)
and post hoc Duncan’s test; P values < 0.05 are considered statistically significant. The Mann-Whitney U test was
used after the Kruskal Wallis H test to analyze nonparametric values for the skin lesion score.

Compliance with ethics requirements
All experimental protocols were approved by a named institutional and/or licensing committee (Institutional
Animal Care and Use Committee at Cairo University IACUC (Vet CU 8032022428), Cairo, Egypt).

Results
Nanoparticle characterization
The findings of both nanoparticles’ characterization were illustrated in Fig. 1 and summarized in Table 2.

Clinical signs and skin lesion scoring

Anorexia, severe itching, erythema, alopecia, hyper keratinization, and white dried crusted scabs on different
skin areas including the ear pinna, around the eye, nose and toes were among the clinical symptoms seen in
rabbits enrolled in this study. All rabbits were severely infested (score=3) at 0 days and progressed extensively
(score=4) in the untreated groups throughout the experiment. On the other hand, all nanoparticle treatment
groups displayed marked improvement in the skin lesion. We noticed a quick decrease in itching and an increase
in the rabbits’ vitality and appetite with the falling of all overgrowth hyper-keratinized tissues after 7 days from
the treatments. Meanwhile, a complete resolution of the skin lesions along with a significant improvement in
the general activity of rabbits was seen after 21 days of the treatments (Fig. 2a—f). The best improvement was

a b S

Figure 1. HR-TEM image showing spherical shaped particles of AgNPs (scale bar =100 nm) (a), and GNPs
(scale bar=50 nm) (b).

AgNPs GNPs
UV-Visible spectrophotometer Maximum absorbance 0.528 at a wavelength of 400 nm ls\/é?)x:;um absorbance 0.97 at a wavelength of
Particle size 23.4nm 17.5 nm
Zeta potential -22mV -30.4 mV
HR-TEM image Spherical shaped particles Spherical shaped particles

Table 2. Characterization of the prepared nanoparticles.
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At 21 days

Figure 2. (a-f) Photographs of the gross skin lesions of Sarcoptic mange in rabbits represented both
nanoparticles treatment groups. (a—c) group treated with Ag NPs and (d-f) group treated with GNPs. (a,d)
Rabbits with severe skin lesions of Sarcoptic mange on the nose, toes, and external edge of the ear at 0 day. (b,e)
The same rabbits at 7 days post-treatment showed falling of all overgrowth hyper-keratinized tissues and healing
of the skin lesions. (c,f) Rabbits after 21 days post-therapy showed complete recovery. (g) Microphotograph of a
Sarcoptes scabiei mite detected from the skin scrapes of a diseased rabbit.

recorded in the GNPs receiving group which takes a score = of 0 followed by the AgNPs receiving group which
takes a score =of 1.

Parasitological examination
All rabbits used in this study were assessed positive for the presence of different developing stages of S. scabiei
(Fig. 2g), while mites were found to be absent in all nanoparticles-treated rabbits after 7 days of the treatment.

Molecular findings and sequencing analysis

The predicted amplicon molecular weight of the amplicon (371 bp) was present in all adult mites. Sequence
analysis of the isolated positive samples was identical and showed a 99.72% identity to isolates of S. scabiei
that were deposited into the GenBank database. The genetic distance between the obtained sequence and the
other 15 aligned sequences of S. scabiei that are available in the NCBI GenBank database were analyzed based
on inter- and intra-species analysis (Fig. 3). The genetic identity of S. scabiei revealed high sequence homology
(98.1% similarity) with S. scabiei isolated from sheep in Egypt (Accession numbers: AB779584.1, AB779587), as
well as 97.8% similarity with S. scabiei isolated from rabbits in Egypt (Accession number: AB779583) (Fig. 4).
The similarity of isolated S. scabiei from rabbits with S. scabiei var hominis isolated from human in Australia

AB779582.1 Sarcoptes scabiei / Rabbit / Egypt
ABT779587.1 Sarcoptes scabiei/ Sheep / Egypt
AB779583.1 Sarcoptes scabiei /Rabbit / Egypt
AB779564.1 Sarcoptes scabiei / Buffalo / Egypt
@ AB779584.1 Sarcoptes scabiei / Sheep / Egypt
AB820996.1 Sarcoptes scabiei / Dog /Japan
| ON241779.1 Sarcoptes scabiei / Rabbit / Eqypt (Present Study)|
KT223563.1 Sarcoptes scabiei / Lycalopex griseus / Chile
AB779569.1 Sarcoptes scabiei / Buffalo / Egypt
AY493403.1 Sarcoptes scabiei var. hominis / human / Australia
AB779581.1 Sarcoptes scabiei / Cattle /Egypt
KJ781372.1 Sarcoptes scabiei / Dog / China
AY493407.1 Sarcoptes scabiei var hominis / Human / Australia
KJ781377.1 Sarcoptes scabiei / human / China
KT259446.1 Prostigmata sp.

90

70

—
010

Figure 3. Phylogenetic relationships based on the small subunit of 16S ribosomal RNA (16S rRNA) sequences
of Sarcoptes scabiei. The tree was constructed and analyzed using the Maximum Likelihood method and
Tamura—Nei model and numbers above internal nodes show the percentages of 1000 bootstrap replicates that
supported the branch. Prostigmata sp. (KT259446) was considered as an outgroup.
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Figure 4. Similarity (percent identity) and genetic divergence of small subunit 16S ribosomal RNA (16S rRNA)
sequences of Sarcoptes scabiei isolated from Rabbits in Egypt (representing number, 2) compared with the most
similar reference sequences (GenBank).

(AY493403) was 85.8%. Based on interspecies study using genetic distance values, it was revealed that the S.
scabiei genospecies isolated from a dog in Japan (Accession number AB820996) had zero levels of genetic diver-
gence (GD). Furthermore, the S. scabiei was genetically distant (GD 1.7) from the S. scabiei from rabbits in Egypt
(Accession numbers AB779583).

Biochemical parameters

Serum levels of all biomarkers were within the normal acceptable limits in all groups. Administration of both
silver and gold nanoparticles didn’t influence any significant difference in ALT, AST, TP, albumin, urea, creatinine,
IgG, IgM, and zinc levels in contrast to the untreated group (Table 3).

Histopathological examination

Skin sections obtained from the untreated infected rabbits showed extensive histopathological alterations in the
epidermal and dermal layers. There were severe epidermal hyperplasia, acanthosis, parakeratosis, and hyper-
keratosis along with extensive spongiosis (Fig. 5a). An enormous number of mites and/or burrows were seen in
most sections (Fig. 5b). Dermis showed extensive congestion and inflammatory cells infiltration (Fig. 5¢). The
main inflammatory cells observed are eosinophils, plasma cells and lymphocytes mixed with other cells includ-
ing neutrophils and macrophages (Fig. 5d). Most of the hair follicles showed folliculitis and converted into small
sacs filled with inflammatory cells. There were moderate improvements in the epidermal and dermal lesions of
both nanoparticle-treated groups. AgNPs treatment groups displayed moderate to a marked improvement in
skin lesions in all treated cases. Some cases showed mild epidermal hyperplasia and hyperkeratosis along with
moderate mixed inflammatory cells infiltration within the dermis (Fig. 5e). Other cases showed normal epider-
mal histology with the proliferation of fibroblast and angioblast in the dermal layer forming organized tissue

Normal levels in rabbits Untreated group AgNPs group GNPs group
ALT 45-80 TU/L 58.3+6.9 71.7+£2.2 64.3+15.6
AST 35-130 IU/L 653+7.8 65.6+5.2 59.7+11.7
TP 5.4-7.5g/dL 6.6+0.8 8.2+0.1% 6.4£0.1
Urea 20-45 mg/dL 50.3+2.3 22.3+2.3*% 20.7+13.2*
Creatinine 0.5-2.5 mg/dL 1.1+0.1 0.7+0.1% 0.8+0.0%
Zn 70-180 ug/100 mL 163.3+2.3 140£23.1 148.7+10.1
IgG 5-10 mg/mL 85+1.8 9.9+0.9 74+1.1
IgM 0-0.5 mg/mL 0.2+0 0.1+0 0.3+0.1

Table 3. Effect of AgNPs and GNPs on some biochemical parameters in the serum of rabbits. Data

were presented as mean + SEM (n=5), all values were compared with the normal acceptable limits in rabbits
that were mentioned in the manufacturer kits. ALT alanine aminotransferase, AST aspartate aminotransferase,
TP total protein, Zn Zinc, IgG immunoglobulin G, IgM immunoglobulin M. *Means a significant difference
versus the untreated group at P<0.05.
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Figure 5. Photomicrograph of skin sections stained with H&E that represented diverse groups. (a-d) untreated
infected rabbit demonstrated epidermal hyperplasia (red stars), numerous mites/burrows (black triangles),
spongiosis (blue triangles), vacuolar degeneration (black arrows), inflammatory cells infiltration (Black stars),
and dermal edema (blue stars). (e-g) AgNPs treated group demonstrated mild hyperkeratosis (red triangle),
epidermal hyperplasia (red stars), moderate dermal inflammatory cells infiltration (Black stars), and dermal
organized tissue formation (red arrows). (h) GNPs treated group demonstrated normal epidermal layer and
moderate dermal edema (blue stars).

(Fig. 5f,g). Otherwise, the GNPs receiving group showed the normal histological structure of both epidermis
and dermis except for mild dermal edema and lymphocytic exocytosis (Fig. 5h).

The outcomes of the quantitative grading were outlined in Table 4. In the epidermis, there was a marked
decline in the number of mites/burrows, epidermal layers, exocytic cysts, spongiotic and necrotic cells in both
NPs treated groups in contrast to the untreated group but the best improvement was recorded in the GNPs group
in comparison with AgNPs group. Regarding the dermal lesion grading, a notable decline in the total number
of heterophiles, eosinophils, plasma cells and lymphocytes was recorded in both NPs treated groups along with
a mild increase in mast cell counts in contrast to the untreated group.
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Epidermal lesion scoring

Mites/burrows/field 8§+2.1° 23+0.5° 0
Epidermal layer 43+6.3* 13+1.4° 5+1.1¢
Spongiotic cells/mm? | 15x 10*+8602* 8x 102+ 58" 0
Necrotic cells/mm? 9x10*+£6615* 0 0
Exocytotic cyst/field 13£1.5° 3+0.2° 0

Dermal lesion scoring

Heterophiles/mm? 1.5x 10*£995° 0 0
Eosinophils/mm? 13x10*+5010° 100+2.5" 0

Mast cells/mm?* 8x10°+520° 100+ 1.6° 100+2.3°
Plasma cells/mm? 25+3.3" 0 0
Lymphocytes/mm? 15x10%+7700° 10x10°+639° | 100+5.7°

Table 4. The quantitative scoring of the skin lesion in different treatment groups. Values are presented as
mean = SEM (n=15). Values denoted with different superscript letters (a, b, ¢) in the same row are statistically
significant at P<0.05.

Immunohistochemical staining

Skin sections of rabbits in the untreated group showed strong iNOS, Cox-2, and TNF-a immunopositivity in
all skin sections. On the other hand, both nanoparticles treatment groups displayed negative to mild positive
reactions to the previously mentioned immune markers (Fig. 6). Image analysis recorded the highest immu-
nostaining area of the studied immune markers in the skin of the untreated rabbits, while the mean percentage
areas of positive immunoexpression were markedly declined in both nanoparticles treated rabbits. The lowest
positive immunostaining area was noticed in the GNPs-treated group (Table 5).

Quantitative RT-PCR analysis for IL-6, IL-10, TGF-1p, and IFy

There was a significant upregulation of m-RNA levels of IL-10 and TGF-1p with downregulation of IL-6 and IFy
genes in both nanoparticles treated groups in contrast to the untreated group. Meanwhile, the best results were
recorded in the GNPs-treated group compared with the AgNPs-treated group (Fig. 7).

iNOS o Cox-2 ~_TNF

RS

-

Figure 6. Photomicrograph of skin sections represented iNOS, Cox-2, and TNF-a immunoexpression in
diverse groups. (a—c) untreated infected rabbit displayed strong positive immunoexpression of all studied
markers. (d-f) AgNPs treated group exerted moderate immunopositivity of all mentioned markers.

(g-1) GNPs treated group showed weak iNOS immunoexpression along with negative Cox-2 and TNF-a
immunoexpression.
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Untreated group AgNPs group GNPs group
INOS 35+3.5% 20+0.9° 9+£2.3¢
Cox-2 40+5.7° 15+1.5° 0
TNF-a 25424 9+1.2° 0

Table 5. Mean % area of iNOS, Cox-2 and TNF-a in the skin tissue of diverse groups. Values are presented as
mean +SEM (n=5). Values denoted with different superscript letters (a, b, ¢) in the same row are statistically
significant at P<0.05.
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Figure 7. Bar charts represented the transcriptase levels of IL-6 (a), IFy (b), IL-10 (c), and TGF-1 (d) in diverse
groups. Values are presented as mean + SEM (n=5). (*) Significant difference vs control group at P values <0.05,
(&) significant difference versus AgNPs group at P values <0.05.

Residual analysis of silver and gold in the most edible parts

ICP-MS revealed a significant increase in the liver content of AgNPs in the AgNPs receiving group in contrast
to the untreated group. Otherwise, the muscular samples obtained from AgNPs receiving group didn’t record
any increase in AgNPs. Otherwise, there were no detectable levels of GNPs in the liver and muscles obtained
from GNPs receiving group (Table 6).

Untreated group ‘ AgNPs group ‘ GNPs group
Muscular content of both nanoparticles
AgNPs (ppp) | 0 0.05+0.02* 0
GNPs (ppp) 0 0 0
Liver content of both nanoparticles
AgNPs (ppp) | 0 35+1.5% 0
GNPs (ppp) 0 0 0

Table 6. Residual analysis of both nanoparticles in diverse groups. Values are presented as mean + SEM
(n=5). *Means a significant difference vs the untreated group at P<0.05.
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Discussion

Rabbits are universally used as pets, food animals, and experimental animals. Because of their fast growth and
reproduction, they are an excellent supplier of low-cost but high-quality meat. Sarcoptic scabiei mange is an
extremely contagious and highly transmissible disease®, that can jeopardize the health and immunity of rabbit
breeders®. The accuracy of the standard S. scabiei diagnostic tests is under 50%¢. So, Molecular characterization
of the 16S rRNA gene of S. scabiei was necessary to diagnose and find mite species. It is an accurate, credible,
and sensitive approach® as revealed in the current study by amplification of specific genes of S. scabiei. This
approach can be useful in developing future risk assessment systems that consider rabbits as potential infesta-
tion reservoirs. The genetic identity of S. scabiei showed a high sequence homology (98.1% similarity) with the
S. scabiei (Accession number: AB779584.1, AB779587) isolated from a sheep in Egypt and 97.8% with S. scabiei
isolated from rabbits in Egypt (Accession number AB779583).

Currently, there are few vigorously tested treatment options for scabies in rabbits, including the use of
ivermectin, doramectin, and selamectin®®**. These drugs need to be administered multiple times (4-6 times
10-30 days apart) to treat affected rabbits, which is stressful for the animals*. Longer duration of treatment may
also result in longer infection of the owner/contact animals and contamination of the environment with mites.
Moreover, the development of S. scabiei resistance is an addition to available acaricides of greatest concern*'.
So, this is the first study to show that silver and gold nanoparticles can be used as a therapeutic agent for rabbits
infected with spontaneous severe and moderate sarcoptic mange.

In the current study, the ear margins, nose, face, and legs of all rabbits had dried crusted scabs, according to a
clinical assessment. Additionally, skin was erythematous, swollen, and had patchy hair loss, these lesions are sug-
gestive to Sarcoptic mange in rabbits and in accordance with lesions recorded by Sharun et al.'. The histopatho-
logical results demonstrated adverse pathological changes in both dermal and epidermal layers of the skin tissues
obtained from the untreated group. The lesions included a severe degree of inflammations associated with a high
degree of epidermal hyperplasia and hyperkeratosis which agreed with earlier results from Abdelaziz et al.*.

Currently, a wide range of pathogens including parasites, are directly inhibited by nanoparticles, particularly
metal oxide, and metal ions’. Recently, it has been reported that several metallic and metal oxide nanoparticles
such as MgO, CuO, TiO, and ZnO were toxic to mites*>*%. In our study, the successful synthesis of AgNPs and
GNPs was confirmed by UV-Visible spectroscopy which showed a peak of absorbance at 400 and 530 nm,
respectively, which lies in the wavelength range for both nanoparticles*>*. In the current study, both AgNPs
and GNPs gave promising results in the treatment of sarcoptic-infected rabbits. All treated rabbits were negative
for the presence of mites on day 14 post-therapy. Concerning the microscopic appearance of skin tissues, both
AgNPs and GNPs treatments caused a marked reduction in the pathological lesions as compared to the infected
untreated group. To compare both treatments, GNPs show a higher improvement in skin histology than AgNPs.
On the contrary, other studies showed that AgNPs had more potent action against parasites such as malaria®’.
Their mechanism of action differs, as GNPs inhibit trypsin and interfere with insect fertility and development,
while AgNPs impair the insect’s gene expression'. Additionally, AgNPs inhibited the insects’ detoxification and
antioxidant enzyme systems, which thus have an antiparasitic effect on them'!. Several processes that NPs can
go through following their entrance include phagocytosis, deposition, clearance, and translocation. They can
bind to and interact with proteins.

At the same time, they can simultaneously cause a variety of tissue reactions, including cell stimulation, pro-
duction of reactive oxygen species (ROS), inflammation, and apoptosis***°. To enhance the dressings for skin
wounds, GNPs have been used due to their ability in reducing the septic phase of healing through antioxidant
activity®, promoting the migration of epithelial and mesenchymal cells in the injured skin, differentiating myofi-
broblasts, and quickening the angiogenesis cycle®'. Interestingly, our data indicated that GNPs could induce more
immunoregulatory effects, and improvement of mange immune factors such as IL-1, IL-6, TGF-1, and IL-10
compared to AgNPs. Cytokines, such as IL-10 and IL-6, have been demonstrated to have a significant role in the
control of typical immune responses in addition to IFN-y*% The cytokine IL-10 is a crucial regulatory cytokine
and mediator of anti-inflammatory processes that safeguard a host against exaggerated reactions to infections.
It also plays crucial roles in a variety of other contexts, including sterile wound healing, autoimmune reaction,
cancer, and homeostasis®®. Upregulation of IL-10 is correlated to the blockage of Th1 cells and macrophage
activation. IL-10 is crucial for the survival of the parasite within macrophages as well as for the control of the
inflammatory response. Moreover, Hu et al.> reported that the expression of toll-like receptor2 was correlated
with the levels of IL-10. IFN-y is crucial for macrophage-mediated anti-parasitic clearance, which helps to clear
the parasite and end the infection®. Moreover, the primary mediator of iNOS transcription and nitric oxide (NO)
generation following infection is IFN-y which resulted in cell death®. This was confirmed also by immunohisto-
chemistry as the less positive reaction of iNOS in histological sections of skin in both nanoparticle-treated groups.

Our results showed up-regulation of IL-10 in both Ag and GNPs treated groups. AgNPs could elevate the lev-
els of IL-10 in rabbit serum which supports the hypothesis that AgNPs increase Th2 cells, whereas another report
showed that AgNPs increase the anti-inflammatory cytokine IL-10%”. Gold nanoparticles boosted the production
of IFN-y and L-10°%. Administration of GNPs downregulated pro-inflammatory cytokines and chemokines, and
eventually prevented the main pathological changes. Kurtjak et al.® showed that AgNPs displayed excellent bac-
tericidal activity against Pseudomonas aeruginosa and reduced the in vitro cytotoxicity. AgNPs could improve the
immune response of mice against infection by elevating the serum levels of IL-10 and INF-y®’. Moreover, AgNPs
increased collagen expression from dermal fibroblasts which promote the healing of skin lesions®'. Our find-
ings showed up-regulation of the TGF-1 along with decreasing the Cox-2 immunoexpression in all NPs treated
groups. It is noteworthy to mention that TGF-1 is the key element in controlling fibroblast activation and pro-
liferation since it up-regulates Cox-2 expression in fibroblasts®?. Thus, Cox-2 expression is downregulated when
TGF-1 is silenced®. Cox-2 immunoreactivity in nanoparticles treated groups was lower than the untreated group
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in the skin sections. Both iNOS and Cox-2 were applied as immunohistochemistry markers for inflammation®,
therefore we observed higher immunoreactivity in the nanoparticles-treated group. Different nanoparticles have
been reported to induce inflammatory reactions in various organs associated with positive immunoreactivity
against Cox-2 and iNOS®-%. TNF-a was also expressing stronger immunoreactivity in skin tissue sections of
the nanoparticles treated groups, which was also reported in previous studies on silver nanoparticles®. TNF-a
as a proinflammatory marker has a role in the upregulation of iNOS and Cox-2%.

Regarding nanoparticle residues analysis, muscles from both treated groups did not show any silver or gold
residues, which renders the meat from the treated rabbits fit for human consumption. The route and dosage of
nanoparticles play a crucial role in nanoparticle aggregation and accumulation within tissue and organs. In a
previous study, a high dosage of injected silver nanoparticles leaves residues in rabbits’ meat'. Moreover, silver
residues were found in the muscles of broiler chickens after oral administration of silver nanoparticles®. In our
study, silver nanoparticle residues were found only in the liver but not in the muscles. We did not detect any gold
residues in the muscles and livers of the treated groups. On the contrary, it was reported that the liver and spleen
accumulate the highest proportion of gold after injections of rabbits with gold nanoparticles®.

This study has a variety of limitations that could be incorporated into further experimental studies to con-
firm the safety of both silver and gold nanoparticles on rabbits. First, our study was performed on rabbits that
were naturally infected with generalized sarcoptic mange. So, we applied either AgNPs or GNPs topically on
the infected skin area and also subcutaneously injected to elevate the immunity of rabbits and improve their
health condition. It has yet to be examined the potential effect of both nanoparticles if applied either topically
or via injections alone on rabbits infected with mange less than the infections used in this study to minimize the
nanoparticles exposure as possible. Second, our study was conducted on naturally infected rabbits and so we
didn’t incorporate control uninfected groups either with or without NPs treatments to minimize the number of
rabbits, further experimental studies were required to investigate the effect of both AgNPs and GNPs on normal
rabbits if applied at the same dose and routs. Last, we focused on measuring NPs residue in the most edible
parts including meat and liver (most sites of both NPs aggregation), further studies are required to measure NPs
residue in other organs.

Conclusion

In conclusion, both AgNPs and GNPs showed effective acaricidal activity against rabbit mange in vivo. Moreover,
both NPs treatments resulted in the alleviation of mange-induced histopathological lesions in the skin which was
confirmed with immunohistochemistry as well. Rabbit muscles were free from residues of nanoparticles which
render them fit for human consumption. However, the livers of the AgNPs-treated group contained traces of
silver. GNPs are recommended for the treatment of rabbit mange due to their acaricidal activity and their role
in promoting skin healing without leaving residues in the animal meat and liver.

Data availability

All data generated or analyzed during this study are either included in this published article and its supple-
mentary materials file (or available from the corresponding author upon reasonable request). The nucleotide
sequences of partial sequence of 16S rRNA Sarcoptes scabiei gene obtained in this study was deposited in the
National Center for Biotechnology Information (NCBI) repository (https://www.ncbi.nlm.nih.gov/nuccore/
ON241779.1/) under accession number ON241779.

Received: 16 November 2023; Accepted: 26 April 2024
Published online: 09 May 2024

References

1. Sharun, K., Anjana, S., Sidhique, S. A. & Panikkassery, S. Treatment of Sarcoptic mange infestation in rabbits with long acting
injectable ivermectin. J. Parasit. Dis. 43(4), 733-736. https://doi.org/10.1007/s12639-019-01137-z (2019).

2. Gould, D. Prevention, control, and treatment of scabies. Nurs. Stand. 25(9), 42-46 (2010).

3. Arul Prakash, M., Soundararajan, C., Nagarajan, K., Tensingh Gnanaraj, P. & Ramesh Saravanakumar, V. Sarcoptic mange infesta-
tion in rabbits in an organized farm at Tamil Nadu. J. Parasit. Dis. 41(2), 429-432. https://doi.org/10.1007/s12639-016-0821-2
(2017).

4. Hafsa, A., Salma, H., Senbill, H., Basyony, M. M. & Hassan, A. A. Amelioration of sarcoptic mange-induced oxidative stress and
growth performance in ivermectin-treated growing rabbits using turmeric extract supplementation. Animals 11(10), 2984. https://
doi.org/10.3390/ani11102984 (2021).

5. Ulutas, B., Voyvoda, H., Bayramli, G. & Karagenc, T. Efficacy of topical administration of eprinomectin for treatment of ear mite
infestation in six rabbits. Vet. Dermatol. 16, 334-337 (2005).

6. GabAllh, M. S., El-Mashad, A. E., Amin, A. A. & Darweish, M. M. Pathological studies on effects of ivermectin on male and female
rabbits. Benha Vet. Med. J. 32, 104-112 (2017).

7. Khezerlou, A., Alizadeh-Sani, M., Azizi-Lalabadi, M. & Ehsani, A. Nanoparticles and their antimicrobial properties against patho-
gens including bacteria, fungi, parasites, and viruses. Microb. Pathog. 123, 505-526 (2018).

8. Elgendy, M. Y. et al. Antibacterial activity of silver nanoparticles against antibiotic resistant Aeromonas veronii infections in Nile
tilapia, Oreochromis niloticus (L), in vitro and in vivo assay. Aquac. Res. 53(3), 901-920 (2022).

9. Abu-Elala, N. M., Shaalan, M., Alj, S. E. & Younis, N. A. Immune responses and protective efficacy of diet supplementation with
selenium nanoparticles against cadmium toxicity in Oreochromis niloticus. Aquac. Res. 52(8), 3677-3686 (2021).

10. Mahboub, H. H. et al. Silica nanoparticles are novel aqueous additive mitigating heavy metals toxicity and improving the health
of African catfish, Clarias gariepinus. Aquat. Toxicol. 249, 106238 (2022).

11. Adeyemi, O. S. et al. Metal nanoparticles restrict the growth of protozoan parasites. Artif. Cells Nanomed. Biotechnol. 46(sup3),
$86-594 (2018).

12. Ullah, I. et al. Comparative study on the antileishmanial activities of chemically and biologically synthesized silver nanoparticles
(AgNPs). 3 Biotech 8(2), 98 (2018).

13. Nafari, A. et al. Nanoparticles: New agents toward treatment of leishmaniasis. Parasite Epidemiol. Control 10, €00156 (2020).

Scientific Reports |

(2024) 14:10618 | https://doi.org/10.1038/s41598-024-60736-w nature portfolio


https://www.ncbi.nlm.nih.gov/nuccore/ON241779.1/
https://www.ncbi.nlm.nih.gov/nuccore/ON241779.1/
https://doi.org/10.1007/s12639-019-01137-z
https://doi.org/10.1007/s12639-016-0821-2
https://doi.org/10.3390/ani11102984
https://doi.org/10.3390/ani11102984

www.nature.com/scientificreports/

14. Benelli, G. Mode of action of nanoparticles against insects. Environ. Sci. Pollut. Res. 25(13), 12329-12341 (2018).

15. Benelli, G. Gold nanoparticles-against parasites and insect vectors. Acta Trop. 178, 73-80 (2018).

16. Pimentel-Acosta, C. A. et al. Efficacy of silver nanoparticles against the adults and eggs of monogenean parasites of fish. Parasitol.
Res. 118(6), 1741-1749 (2019).

17. Shaalan, M., Sellyei, B., El-Matbouli, M. & Székely, C. Efficacy of silver nanoparticles to control flavobacteriosis caused by Flavo-
bacterium johnsoniae in common carp Cyprinus carpio. Dis. Aquat. Org. 137(3), 175-183 (2020).

18. Hassanen, E. I, Korany, R. M. S. & Bakeer, A. M. Cisplatin-conjugated gold nanoparticles-based drug delivery system for targeting
hepatic tumors. J. Biochem. Mol. Toxicol. 35(5), €22722. https://doi.org/10.1002/jbt.22722 (2021).

19. Abdelsalam, M. et al. Effect of silver nanoparticle administration on productive performance, blood parameters, antioxidative
status, and silver residues in growing rabbits under hot climate. Animals 9(10), 845. https://doi.org/10.3390/ani9100845 (2019).

20. Glazer, E. S. et al. Biodistribution and acute toxicity of naked gold nanoparticles in a rabbit hepatic tumor model. Nanotoxicology
5(4), 459-468 (2011).

21. Casais, R. et al. Primary and secondary experimental infestation of rabbits (Oryctolagus cuniculus) with Sarcoptes scabiei from a
wild rabbit: Factors determining resistance to reinfestation. Vet. Parasitol. 203(1-2), 173-183 (2014).

22. Singh, S. K. et al. Therapeutic effects of oral fluralaner in pet rabbits with severe sarcoptic mange (Sarcoptes scabiei). Vet. Parasitol.
304, 109693. https://doi.org/10.1016/j.vetpar.2022.109693 (2022).

23. Elshahawy, I, El-Goniemy, A. & Alj, E. S. R. A. A. Epidemiological survey on mange mite of rabbits in the southern region of
Egypt. Sains Malays. 5(5), 745-751 (2016).

24. Flecknell, P. Laboratory Animal Anesthesia (Academic Press, 2015).

25. Flynn, R.]. Parasites of Laboratory Animals 448-463 (Iowa State University Press, 1973).

26. Suckow, M. A., Brammer, D. W, Rush, H. G. & Chrisp, C. E. Biology and diseases of rabbits. In Laboratory Animal Medicine (eds
Fox, J. G. et al.) 349-350 (Elsevier, 2002).

27. Walton, S. E, Currie, B. J. & Kemp, D. J. A DNA fingerprinting system for the ectoparasite Sarcoptes scabiei. Mol. Biochem. Parasitol.
85, 187-196 (1997).

28. Walton, S. F. et al. Genetic epidemiology of Sarcoptes scabiei (Acari: Sarcoptidae) in northern Australia. Int. J. Parasitol. 34, 839-849
(2004).

29. Ali, K. M., Hassan, E. A., Abuowarda, M. M., Mahmoud, M. A. & Torad, E. A. Bilateral panophthalmia as a late sequel of leishma-
niasis in dogs. Pak. Vet. J. 41(1), 13-18 (2021).

30. Hegab, A. A. et al. Screening and phylogenetic characterization of tick-borne pathogens in a population of dogs and associated
ticks in Egypt. Parasites Vectors 15(1), 1-15 (2022).

31. Bancroft, J. & Gamble, M. Theory and practice of histological techniques. In Churchill Livingstone (ed. Bancroft, J.) (Elsevier, 2013).

32. Espinosa, J. et al. Histopathology, microbiology and the inflammatory process associated with Sarcoptes scabiei infection in the
Iberian ibex, Capra pyrenaica. Parasites Vectors 10, 596. https://doi.org/10.1186/s13071-017-2542-5 (2017).

33. Hassanen, E. I, Morsy, E. M., Hussien, A. M., Ibrahim, M. A. & Farroh, K. Y. The effect of different concentrations of gold nano-
particles on growth performance, toxicopathological and immunological parameters of broiler chickens. Biosci. Rep. https://doi.
org/10.1042/BSR20194296 (2020).

34. Sajid, M. S., Naeem, M. A, Kausar, A., Jawad-Ul-Hassan, M. & Saleemi, M. K. Sarcoptes scabiei (Acari: Sarcoptidae) infestation in
rabbits (Oryctolagus cuniculus): A case study. Rev. Colomb. Entomol. 43(1), 51-54 (2017).

35. Grahofer, A., Bannoehr, J., Nathues, H. & Roosje, P. Sarcoptes infestation in two miniature pigs with zoonotic transmission—A
case report. BMC Vet. Res. 14, 91. https://doi.org/10.1186/s12917-018-1420-5 (2018).

36. Shelley, F W. & Currie, B. J. Problems in diagnosing scabies, a global disease in human and animal populations. Clin. Microbiol.
Rev. 20, 268-279 (2007).

37. Naz, S, Rizvi, D. A,, Javaid, A., Ismail, M. & Chauhdry, F. R. Validation of PCR assay for identification of Sarcoptes scabiei var.
hominis. Iran. J. Parasitol. 8, 437-440 (2013).

38. Hoppmann, E. & Barron, W. H. Ferret and rabbit dermatology. J. Exotic. Pet Med. 16, 225-237 (2007).

39. Kurtdede, A. et al. Use of selamectin for the treatment of psoroptic and sarcoptic mite infestation in rabbits. Vet. Dermatol. 18,
18-22 (2007).

40. Voyvoda, H., Ulutas, B., Eren, H., Karagenc, T. & Bayramli, G. Use of doramectin for treatment of sarcoptic mange in five Angora
rabbits. Vet. Dermatol. 16(4), 285-288 (2005).

41. Arlian, L. G. & Morgan, M. S. A review of Sarcoptes scabiei: Past, present, and future. Parasites Vectors 10(1), 297. https://doi.org/
10.1186/s13071-017-2234-1 (2017).

42. Abdelaziz, E., Elbahy, N., El-Bahrawy, A., EIKhatam, A. & AbouLaila, M. Prevalence, hematological, serum biochemical, histo-
pathology, and molecular characterization of Sarcoptes scabiei in naturally infected rabbits from Minoufiya Governorate, Egypt.
Vet. Parasitol. Reg. Stud. Rep. 36, 100788 (2022).

43. Ismail, S., Mohamed, G., Amer, A. & Amer, M. Comparative killing activity of different nanoparticles and nanocomposites based
on Dermanyssus gallinae. Nano Biomed. Eng. 12(4), 338-350 (2020).

44. Korghond, G. T., Sahebzadeh, N., Allahyari, H. & Ramroodi, S. Acute toxicity and sublethal effects of metal oxide nanoparticles
against the bulb mite. Syst. Appl. Acarol. 26(4), 788-800 (2021).

45. Lee, S. M., Song, K. C. & Lee, B. S. Antibacterial activity of silver nanoparticles prepared by a chemical reduction method. Korean
J. Chem. Eng. 27, 688-692 (2010).

46. Sobczak-Kupiec, A., Malina, D., Zimowska, M. & Wzorek, Z. Characterization of gold nanoparticles for various medical applica-
tions. Dig. J. Nanomater. Bios 6(2), 803-808 (2011).

47. Dutta, P. P. et al. Antimalarial silver and gold nanoparticles: Green synthesis, characterization, and in vitro study. Biomed. Phar-
macother. 91, 567-580 (2017).

48. Shin, S. H. & Ye, M. K. The effect of nano-silver on allergic rhinitis model in mice. Clin. Exp. Otorhinolaryngol. 5(4), 222-227
(2012).

49. Rogers, K. R. et al. Characterization of engineered nanoparticles in commercially available spray disinfectant products advertised
to contain colloidal silver. Sci. Total Environ. 619-620, 1375-1384 (2018).

50. Comino-Sanz, I. M., Lépez-Franco, M. D., Castro, B. & Pancorbo-Hidalgo, P. L. The role of antioxidants in wound healing: A
review of the current evidence. J. Clin. Med. 10(16), 3558 (2021).

51. Leu, J. G. et al. The effects of gold nanoparticles in wound healing with antioxidant epigallocatechin gallate and a-lipoic acid.
Nanomed. Nanotechnol. Biol. Med. 8(5), 767-775 (2012).

52. Iyer, S. S. & Cheng, G. Role of interleukin 10 transcriptional regulation in inflammation and autoimmune disease. Crit. Rev.
Immunol. 32(1), 23-63 (2012).

53. Sabat, R. et al. Biology of interleukin-10. Cytokine Growth Factor Rev. 21(5), 331-344 (2010).

54. Hu, ]. et al. Lactobacillus murinus alleviates intestinal ischemia/reperfusion injury through promoting the release of interleukin-10
from M2 macrophages via Toll-like receptor 2 signaling. Microbiome 10(1), 38 (2022).

55. Kumar, R. et al. Type I interferons suppress anti-parasitic immunity and can be targeted to improve treatment of visceral leishma-
niasis. Cell Rep. 30(8), 2512-2525.e9 (2020).

56. Stancill, J. S., Kasmani, M. Y., Khatun, A., Cui, W. & Corbett, J. A. Cytokine and nitric oxide-dependent gene regulation in islet
endocrine and nonendocrine cells. Function (Oxford, England) 3(1), zqab063. https://doi.org/10.1093/function/zqab063 (2021).

Scientific Reports|  (2024) 14:10618 | https://doi.org/10.1038/s41598-024-60736-w nature portfolio


https://doi.org/10.1002/jbt.22722
https://doi.org/10.3390/ani9100845
https://doi.org/10.1016/j.vetpar.2022.109693
https://doi.org/10.1186/s13071-017-2542-5
https://doi.org/10.1042/BSR20194296
https://doi.org/10.1042/BSR20194296
https://doi.org/10.1186/s12917-018-1420-5
https://doi.org/10.1186/s13071-017-2234-1
https://doi.org/10.1186/s13071-017-2234-1
https://doi.org/10.1093/function/zqab063

www.nature.com/scientificreports/

57. Li, W. T. et al. Th2 cytokine bias induced by silver nanoparticles in peripheral blood mononuclear cells of common bottlenose
dolphins (Tursiops truncatus). Peer ]. 6, e5432 (2018).

58. Xiong, J. et al. Multifunctional nanoparticles encapsulating astragalus polysaccharide and gold nanorods in combination with
focused ultrasound for the treatment of breast cancer. Int. J. Nanomed. 15, 4151-4169 (2020).

59. Kurtjak, M., Vukomanovi¢, M., Kramer, L. & Suvorov, D. Biocompatible nano-gallium/hydroxyapatite nanocomposite with anti-
microbial activity. J. Mater. Sci. Mater. Med. 27(11), 170 (2016).

60. Frankovd, J., Juranova, J., Kamarad, V., Zalesak, B. & Ulrichova, J. Effect of AgNPs on the human reconstructed epidermis. Inter-
discip. Toxicol. 11(4), 289-293 (2018).

61. You, C. et al. Silver nanoparticle loaded collagen/chitosan scaffolds promote wound healing via regulating fibroblast migration
and macrophage activation. Sci. Rep. 7(1), 10489 (2017).

62. Xiao, L. et al. TGF-beta 1 induced fibroblast proliferation is mediated by the FGF-2/ERK pathway. Front. Biosci. (Landmark Ed.)
17(7), 2667-2674 (2012).

63. Zhou,J. et al. Simultaneous silencing of TGF-B1 and COX-2 reduces human skin hypertrophic scar through activation of fibroblast
apoptosis. Oncotarget 8(46), 80651-80665 (2017).

64. Hassanen, E. I, Kamel, S., Mohamed, W. A., Mansour, H. A. & Mahmoud, M. A. The potential mechanism of histamine-inducing
cardiopulmonary inflammation and apoptosis in a novel oral model of rat intoxication. Toxicology 484, 153410 (2023).

65. Lee, ]. K. et al. Multi-walled carbon nanotubes induce COX-2 and iNOS expression via MAP kinase-dependent and-independent
mechanisms in mouse RAW264. 7 macrophages. Part. Fibre Toxicol. 9, 1-11 (2012).

66. Kundu, J. et al. Silicon dioxide nanoparticles induce COX-2 expression through activation of STAT3 signaling pathway in HaCaT
cells. Toxicol. In Vitro 52, 235-242 (2018).

67. Hassanen, E. I, Abdelrahman, R. E., Aboul-Ella, H., El-Dek, S. & Shaalan, M. Mechanistic approach on the pulmonary oxido-
inflammatory stress induced by cobalt ferrite nanoparticles in rats. Biol. Trace Elem. Res. https://doi.org/10.1007/s12011-023-
03700-5 (2023).

68. Au, R. Y, Al-Talib, T. K., Au, A. Y,, Phan, P. V. & Frondoza, C. G. Avocado soybean unsaponifiable (ASU) suppress TNF-a, IL-1,
COX-2, iNOS gene expression, and prostaglandin E2 and nitric oxide production in particular chondrocytes and monocyte/
macrophages. Osteoarthr. Cartil. 15(11), 1249-1255 (2007).

69. Salem, H. M., Ismael, E. & Shaalan, M. Evaluation of the effects of silver nanoparticles against experimentally induced necrotic
enteritis in broiler chickens. Int. J. Nanomed. 16, 6783 (2021).

Author contributions

E.ILH. and M.S. conceived the study, designed, and performed the experiment, written the first draft of the
manuscript, reviewed all the results and performed the pathological studies and residual analysis; E.A.M. per-
formed the experimental study and shared in data collection. M. A. performed parasitological studies, molecular
characterization, and conducted data analysis. M.A L. performed the molecular study. All authors wrote, read,
revised, and approved the final manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coop-
eration with The Egyptian Knowledge Bank (EKB). This research didn’t receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.I.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:10618 | https://doi.org/10.1038/s41598-024-60736-w nature portfolio


https://doi.org/10.1007/s12011-023-03700-5
https://doi.org/10.1007/s12011-023-03700-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Silver and gold nanoparticles as a novel approach to fight Sarcoptic mange in rabbits
	Materials and methods
	Synthesis and characterization of nanoparticles
	Animals and treatment
	Sampling
	Parasitological examination
	DNA extraction from collected mites
	Analysis using phylogenetics and DNA sequencing
	Accession numbers for nucleotide sequences
	Biochemical parameters
	Histopathological examination
	Immunohistochemical staining
	Quantitative RT-PCR analysis for IL-6, IL-10, TGF-1β, and IFγ
	Residual analysis of silver and gold in the most edible parts
	Statistical analysis
	Compliance with ethics requirements

	Results
	Nanoparticle characterization
	Clinical signs and skin lesion scoring
	Parasitological examination
	Molecular findings and sequencing analysis
	Biochemical parameters
	Histopathological examination
	Immunohistochemical staining
	Quantitative RT-PCR analysis for IL-6, IL-10, TGF-1β, and IFγ
	Residual analysis of silver and gold in the most edible parts

	Discussion
	Conclusion
	References


