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Abstract

Background For years, silver has been used for the treatment
of skin injuries.

Objective The effect of the oral administration of silver
nanoparticles on the wound healing process in male rats
was studied.

Materials and methods In this experimental study, 30
Wistar male rats were randomly allocated to three groups
— the control and two silver nanoparticles treatment groups
(80ppm and 60ppm AgNPs concentration). In all rats, the
full- thickness wound was induced under general anesthesia.
At 12 days post-wounding, microscopic evaluation of
wound healing - for example inflammatory cells, fibroblasts,
angiogenesis and collagen density — was completed.

Results The percentage of wound healing between the
control and the treatment groups on the 12th day was
significant (p<0.001). Moreover, the number of inflammatory
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cells was significantly higher in the control than in the
treatment groups (p<0.001). The difference between the
fibroblast number and collagen density was more in the
treatment groups than in the control (p<0.001). Also, a
considerable difference was observed between the number
of inflammatory cells and fibroblasts in the 60ppm compared
to the 30ppm concentration.

Conclusion By inducing anti-inflammatory effects and
increasing the proliferation of fibroblasts and the expression
of collagen, silver nanoparticles at a concentration of 30ppm
accelerated the wound healing process.

Infroduction

Wound healing is a dynamic response to injury. It involves a
complex and well-ordered process and requires interaction
among diverse cells, scleroproteins, proteinase and growth
factors. In addition, mast cells and macrophages play a
crucial role in repairing wounds'. Wound healing is divided
into three stages which overlap in time — haemostasis and
inflammation; proliferation; and remodelling and maturation.
Irrespective of the cause of their infliction, all wounds go
through these three phases?.

In the first stage, a fibrin clot is formed, acting as a scaffold
for the migration of inflammatory cells to the wound site.
Polymorphonuclears (PMNs) are the first and macrophages
come later; these infiltrate cells which enter the wound
site. These are the major source of cytokines, particularly
TNF-o. which induces inflammation. They contribute to the
degradation of the wound matrix and induce the migration of
neutrophils; the factors released from these neutrophils cause
a delay in healing the wound®. Macrophages participate in
wound debridement and have a key role in the regulation of
angiogenesis, matrix deposition and remodelling®.

In the proliferative phase, fibroblasts appear on the scene
to form collagen and endothelial cells for angiogenesis. The
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formation of collagen depends on systematic factors such
as sufficient oxygenation, provision of nutrients, cofactors
and local wound environment®. Finally, maturation and
remodelling begin during the fibroplasia phase. The strength
of a wound is assessed by the quality and quantity of
deposited collagen. Epithelialisation initiates one day after
injury and continues over several days depending on the size
of the wound?.

The human body is always subject to accidents which might
inflict wounds; therefore, treating wounds is of significance
in the world of medicine. Silver has long been valued as a
rare and precious element and has been extensively used for
thousands of years. Nanoparticles, due to their small size,
have unique physical, chemical, mechanical, electronic and
magnetic properties. Therefore, they can freely enter the cell
and interfere in its natural process*.

Due to their antimicrobial effects and widespread commercial
application, silver nanoparticles are used in a large number
of applications such as in the health and beauty industries®.
These bactericidal effects of silver have been known to
mankind for centuries. In wars, soldiers used silver coins
wrapped against wounds to prevent infection and accelerate
healing. The ionic (colloidal) form of silver has antibacterial,
antifungal and antiviral properties® and, as such, a number of
microbes have been known to be sensitive to nanosilver’. In
medicine, wound dressings, surgical instruments and bone
prostheses are coated with nanosilver®.

However, studies on silver nanoparticles are few; most of
these are on the effects of inhaling silver nanoparticles®,
the effects of their dermal absorption™ or their cytotoxic
effects’, however, their oral application has not yet been
widely studied™. Several studies have shown that silver
nanoparticles could inhibit the development of viruses and
microorganisms and, moreover, be active in controlling the
antibacterial system in many ways''. Silver nanoparticles
have a more chemically reactive nature and therefore a strong
electrical effect compared to silver due to the larger surface
area. Also, the quantum behaviour of silver nanoparticles can
dominate other physical and chemical properties' 6. Previous
research has shown a significant association between the
biodistribution of silver nanoparticles with consumption
routes, animal gender, size, shape, concentration, chemical
composition, surface coating, aggregation, stability, and the
purities of them. Therefore, organ distribution and removal of
silver nanoparticles would mainly result from these properties
but are not of one nature, including silver nanoparticles' 8.

van der Zande et al.' reported that the silver concentration
and biodistribution in various organs was tightly associated
with the silver ion concentration in the silver nanoparticles
mixture, because silver ions exclusively uptake across
the gastrointestinal system and are stored in the liver
and spleen macrophages. In addition, silver nanoparticles’
biodistribution has a strong relation with available silver ions
but not with silver nanoparticle size™.

One of the important plausible mechanisms of wound healing
induced by silver nanoparticles, apart from anti-inflammatory
properties, is their antibacterial effects®. Silver nanoparticles
can cause an impressive decline in bacterial colonisation of
the wound area?'. As mentioned above, microorganisms,
for example bacteria or fungi, are found in chronic wounds
and, if present in a wound, can rapidly proliferate and
seriously impede wound healing. Thus, levels of bacteria and
multi-resistant organisms can influence the wound healing
process?. As such, the use of silver-containing compounds
as antimicrobial agents is one of the most important routine
treatments for wounds. Therefore, the aim of this study was
to evaluate the effect of oral nanosilver on the quality and
quality of wound healing in male rats.

Methods And Materials

Sample

In this experimental study, 30 Wistar male rats (230-250g),
were obtained from Razi Institute (Karaj, Iran). They were
individually caged and kept under identical dietary and
standard environmental conditions (25+1°C temperature
and humidity 55% with 12-hour light/dark cycles) in Qazvin
University’s animal house. They were handled according
to the Declaration of Helsinki 1975 and the ethical code
of IR.QUMS.REC.1394.183 from the Ethics Committee of
Qagzvin University of Medical Sciences (QUMS).

Anaesthesia and surgery

First, the each rat was anaesthetised with ketamine-xylazine
(50 mg/kg ketamine, 5 mg/kg xylazine; Merck, Germany),
then the sites were shaved and cleaned with Betadine
(Tolid Darou, Iran). Next, in a sterile condition, a circular full-
thickness incision, 2cm in diameter, was made on the nape
of each animal’s neck with scissors.

After surgery the rats were kept individually in a clean
cage and the wound site was washed with normal saline
each day. A total of 30 Wistar male rats were randomly
allocated to three groups of 10 - the control and two
silver nanoparticles treatment groups that received 30ppm
and 60ppm concentration of nanoparticles once a day as
gavage.

Nanoparticle preparation

Spherical silver nanoparticles were purchased from Nano
Danesh Caspian Co (Tehran, Iran) and were chemically
prepared through citrate reduction. Fresh aqueous solutions
of NaBH4 (2uM) and Trisodium citrate (2uM) were vigorously
stirred and heated to 60°C for 30 minutes in the dark. Then the
AgNO, solution (1.17uM) was added drop-wise to the mixture
and the temperature was raised to 90°C. The pH of the mix
solution was adjusted to 10.5 using NaOH and the solution
was heated for 20 minutes. Unreacted silver nanoparticles
solution was removed by centrifugation (12000rpm, 15
minutes). After the re-dispersion, the pellet with Deionised
(D) water, the solution was pelleted (14000rpm for 20
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Table 1. Histological changes in wound healing.

Score / Indicator

Epithelialisation

0

Absence of the
thickening of
the edges and
proliferation of
spinous cells

1

Presence of the
proliferation of
spinous cells
and epithelial
projections at
the edges of the
wound

2

Migration of
spinous cells
across the wound

3

Complete bridging
of spinous cells
across the wound

4

Presence of
keratin on the
wound

Angiogenesis

Absence of
angiogenesis

4-5 vessels per
site

12-15 vessels per
site

15-20 vessels per
site

More than 20
vessels per site

Granulation
tissue formation

Inflammatory
exudate in 270%
of the tissue

Inflammatory
exudate and
granulation tissue

Granulation tissue
in 240% of the
tissue

Presence of
large granulation
tissue, together

Complete tissue
formation in 280%
of the tissue

in 260% of the
tissue

with the formation
of collagen

fibrils and

vessels vertically
disposed toward
collagen fibrils

minutes) and the pellet solved in DW. The size distribution of
silver nanoparticles was obtained approximately 10nm and
the concentration was 500ppm?3. The serial dilution method
was utilised to prepare the dilutions from the original stock
solution.

Histological study

Histological studies were carried out on the 12th day
which represented the phase of active wound healing. The
rats were anaesthetised by ketamine-xylazine (50 mg/kg
ketamine, 5 mg/kg xylazine) and a sample was obtained
from the wound tissue nearby healthy skin (5pm thick) and
fixed in 10% formalin without washing. After these stages,
blocking was done with paraffin. The sections were prepared
in a serial form using a Leitz microtome. The haematoxylin
and eosin staining technique was used for staining and
examining angiogenesis, inflammatory cells — neutrophils,
eosinophils and mast cells — and fibroblasts. Neutrophils,
eosinophils, mast cells and fibroblasts were counted with
a 400x objective lens. In order to count angiogenesis, first
regions with the high density of new vessels were identified
using 100x objective lens, and then three fields in the regions
were selected and counting was performed with 400x
magnification.

The cells’ discrimination was based on morphological
characteristics. Neutrophil was a round cell with a

segmented nucleus (2-5 lobes), obvious pink cytoplasm,
and abundant fine specific granules®*. A mast cell was
oval shaped with dense granular cytoplasm and centrally
located nucleus?®. Eosinophil was a round cell with large
eosinophilic cytoplasmic granules and bi-lobed nucleus?®.
Angiogenesis was the formation of new blood vessels
and was defined by tubular structures lined by endothelial
cells and containing red blood cells?”. Moreover, collagen
was demonstrated by Van Gieson staining and the density
of collagen fibres in stained tissues was scored by Talas’
trichrome staining method?®. Histological changes in the
scoring of wound healing is demonstrated in Table 1. Based
on epithelialization, angiogenesis and granulation tissue
formation and progression of them wound healing was
scored.

Percentage of wound healing

The percentage of wound healing on the 2nd, 4th, 6th, 8th
and 10th days after creating the wound was determined by
measuring the area of the wound in mm?2. In order to measure
the surface of the wound, the animals was held in the
standard crouching position, then the shape of the wound
was drawn on transparent paper and, finally, its surface was
determined with AutoCAD software®®. Moreover, a formula
was applied to determine the percentage of healing (see
below).

Initial wound surface — Nth day wound surface

Would healing percentage =

Initial wound surface

x 100
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Statistical analysis

In the present study, all results were expressed as Mean +
SEM error of the mean. Data analysis was carried out with
the SPSS software v.20. The ANOVA statistical method, and
post-hock Tukey’s Test, were applied; p<0.05 were assigned
significant level.

Results

The study tested whether silver nanoparticles might alter the
number of immune cells entering a wound. The number of
inflammatory cells was counted and recorded. The number
of PMNs was 34.8+2.9 in the control group compared to
24+1.9 and 19+2.5 after treatment with AQNPs 30ppm and
AgNPs 60ppm, respectively. The number of eosinophils was
4+1 in the control group compared to 1.7+0.4 and 0.25+0.1
after treatment with AgNPs 30ppm and 60ppm, respectively.
The number of mast cells was 4.7+0.94 in the control group
compared to 1.86+0.69 and 1.88+0.64 after treatment with
AgNPs 30ppm and AgNPs 60ppm, respectively. The number
of inflammatory cells was significantly higher in the control
than in the treatment groups (p<0.001) (Tables 2 and 3). The
comparison of the inflammatory cells — PMNs, eosinophils

and mast cells — on the 12th day revealed an acceleration in
the wound healing process (Table 2).

The study also tested whether silver nanoparticles might
alter the number of fibroblasts and the density of collagen
deposition. The number of fibroblasts and the density of
collagen deposition were measured and recorded. The
number of fibroblast was 73.2+2.8 in the control group
compared to 103.5+4.7 and 79.6+2.8 after treatment with
AgNPs 30ppm and AgNPs 60ppm, respectively. The collagen
density was 1.2+0.42 in the control group compared to 3 and
2.63+0.51 after treatment with AgNPs 30ppm and AgNPs
60ppm, respectively. The difference between the fibroblast
number and collagen density was bigger in the treatment
groups than in the control (p<0.001) (Tables 2 and 3).

The collagen density showed a significant difference from
the control group and also depended on the dose of
nanoparticles (Table 2). Moreover, the collagen density in the
30ppm group was the highest. Also, a considerable difference
was observed between the number of inflammatory cells
and that of fibroblasts in the third group, in contrast to the
number in the second group - decreased inflammatory

Table 2. The comparison of the means + SEM of the indicators in the three groups.

Group / Indicator | Control | NSP 30ppm | NSP 60ppm
PMN 34.8+2.9 24+1.9* 19+2.5*
Eosinophil 4+1 1.7£0.4* 0.25+0.1*
Mast cell 4.7£0.94 1.86+0.69* 1.88+0.64*
Collagen density 1.2+0.42 3" 2.63+0.51*
Epithelialisation 2 3 2

Fibroblast 73.2+2.8 103.5+4.7* 79.6+2.8"
Granulation tissue 2 3 3

* Significant change in comparison with control group p<0.05.

Table 3. The comparison of the indicators in pairs in the three groups.

Control vs NSP 30ppm

Group / Indicator

Control vs NSP 60ppm NSP 30ppm vs NSP 60ppm

PMN 10.8* 15.8* See
Eosinophil 2.3* 3.75* 1.4500
Mast cell 2.84* 2.82* 0.02
Collagen density 1.8* 1.42¢ 0.37
Epithelialisation - - -
Fibroblast 30.3* 6.4** 23.9e
Granulation tissue - - -

* Significant change in comparison with control group p<0.05
** Significant change in comparison with control group p<0.01
*** Significant change in comparison with control group p<0. 001

e Significant change in comparison with silver nanoparticles 30 and 60ppm group p<0.05
e e Significant change in comparison with silver nanoparticles 30 and 60ppm group p<0.01
eee Significant change in comparison with silver nanoparticles 30 and 60ppm group p<0.001

11
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Figure 1. The wound diameter (percentage of healing) in the groups with nanoparticles at a concentration of 30ppm and 60ppm and

the control group. (n=10 rats/group).
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cells and fibroblasts — which indicated cytotoxic effects at a
concentration of 60ppm and above.

Finally, the study tested whether silver nanoparticles might
alter the creation and maturation of re-epithelialisation and
also alter the transition of inflammatory to proliferation stage.
The creation and maturation of re-epithelialisation and the
granulation tissue formation were measured and recorded.
The epithelialisation was 2 in the control group compared
to 3 and 2 after treatment with AgNPs 30ppm and AgNPs
60ppm, respectively. The granulation tissue formation was 2
in the control group compared to 3 and 3 after treatment with
AgNPs 30ppm and AgNPs 60ppm, respectively. There was
no crucial difference between the rate of epithelialisation and
that of granulation tissue formation (Tables 2 and 3).

The percentage of wound healing was faster in the groups
treated with silver nanoparticles, especially at a concentration
of 30ppm compared to the control group. Moreover, the
wound diameter on the second and fourth days was
considerably reduced in the group with 60ppm; however,
this effect was attenuated after 6, 8, 10 days. As the tenth
day, the active phase of healing, was drawing closer, the
percentage of healing in the group with 30ppm was the
largest. The percentage of wound healing between the
control and the treatment groups on the 12th day was also
significant (p<0.001). These are depicted in Figure 2.

An histomorphologic criteria of wound healing in the treated
group with 30ppm silver nanoparticles was completed. The
histomorphologic findings of wound healing in different
groups are shown in Figure 3. In the control, compared with

treatment groups, the amount of fibrino-leukocytes exudate
and inflamed granulation tissue in the wound area was
significantly higher (p<0.01) (Figure 3A-F). Also, in the control
(Figure 3G) and AgNPs 60ppm (Figure 3l), compared with
AgNPs 30ppm (Figure 3H) treatment group, epithelialisation,
including bridging the keratinocytes across the wound, was
more incomplete. In the AgNPs 60ppm group, compared
with AgNPs 30ppm, the complete bridging of keratinocytes
across the wound (Figure 31,H), the proliferation of fibroblasts
(Figure 3L,K) and the deposition of collagen fibres (Figure
30-R) in the repaired tissue of the wound were lower,
respectively. In the AgNPs 30ppm group, compared with
AgNPs 60ppm group, the epithelialisation (Figure 3H,l), the
proliferation of fibroblasts (Figure 3K,L), and the deposition
of collagen fibres (Figure 30-R) in the repaired tissue of
the wound were more complete. In the AgNPs 30ppm
group, thick collagen fibre deposition was present (Figure
30,P), and in the AgNPs 60ppm group, thin collagen fibre
deposition was present (Figure 3Q,R).

Discussion

Silver nanoparticles have many biological effects. In this
study, the effect of silver nanoparticles are examined on the
wound healing in male rats. Based the result, the percentage
of wound healing was more significant in the treated groups
with silver nanoparticles, especially at a concentration of
30ppm and at the primary phase wound healing. This effect
was attenuated after 8 days in the group which received
60ppm silver nanoparticles; this could be due to the cytotoxic
effects of silver nanoparticles at a higher concentration.

Wound Practice and Research
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Figure2. Histopathologic findings of wound healing in the experiment groups:

(A, B, C) The Inflammatory cells of control, SNP 30,60ppm groups respectively(H&E; x400) , (D,E,F) The Organized granulation tissue
of control, SNP 30,60ppm groups (H&E; x400), (G, H,l) The Epithelialization of control, SNP 30,60ppm groups (H&E; x100) , (J,K,L)
The Fibroblast proliferation in control, SNP 30,60ppm groups (H&E; x400), (M,N,O) Thin collagen fibers deposition in control, SNP
30,60ppm groups (Trichrome staining; x400), (P,Q,R) Thick collagen fibers deposition in control, SNP 30,60ppm groups (Trichrome
staining; x400).
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Moreover, at beginning of the treatment course, the number
of inflammatory cells — including PMNs, eosinophils and mast
cells — was significantly decreased in the treatment groups
than in the control group. This result emphasises the anti-
inflammatory effect of silver nanoparticles which has a role
on the acceleration of the wound healing process through
these phases. The cytotoxic effect of silver nanoparticles
cause cell injury or cell death of inflammatory cells, including
PMNSs, eosinophils, mast cells, macrophages and another
residue cells, therefore the secretion of cytokines and growth
factors from these cells leads to an accelerated role of
silver nanoparticles in the wound healing process; this was
observed on the 12th day®°.

Other studies agree with these results. The findings of
Andersson-Willman et al.®! show the immune cells cytotoxicity
of another nanoparticle compound. In addition, there was no
crucial difference between the rate of epithelialisation and
that of granulation tissue formation, considering that the
means of the groups were close to each other. However,
considering the percentage of healing and the diameter of
the wound, one could conclude that nanoparticles have a
positive effect on the acceleration of wound healing.

The difference between the fibroblast number and collagen
density was bigger in the treatment groups than in the
control, especially at the middle period of nanoparticle
treatment and in the 30ppm group. Furthermore, a reduction
in the number of fibroblasts was observed in the group
with 60ppm concentration, which may be the reason for its
cytotoxic effects at higher concentrations.

The topical silver nanoparticles prescriptions have an
approved role in the wound healing process®. The rate of
reduction in wound size is a true measure of the wound
healing rate assessment. There is a concurrent decrease
in the wound surface and healing of the wound area; this
is due to the contraction of the wound and deposition
of connective tissue. Contraction is due to the presence
of myofibroblasts. Owing to the contractile property, it
stretches the epidermis and leads to the reduction in wound
size. The rate of wound contraction, during which the size
of the open wound decreases by moving toward the centre
of the skin, might be possibly a result of the contractile
properties of myofibroblasts in the granulation tissue of the
wound?32,

Tests concerning the measurement of the wound surface
and the calculation of the healing percentage on the 12th
day demonstrated that combinations of silver nanoparticles
made a significant difference in the wound healing process
compared with the control group and between the groups
with 30ppm and with 60ppm. During angiogenesis, a major
factor in wound healing, the wound site becomes abundant
in blood vessels, which is necessary for wound nutrition.
Therefore, its absence inhibits healing. The factor which
stimulates angiogenesis can cause the normal development
of the healing process.

A major part of wound healing is owed to neovascularisation,
without which the inrush of macrophages and fibroblasts into
the wound, due to a lack of oxygen and nutrients, will never
be effective. Fibroblasts are among the most important and
effective cells which attempt to heal the wound. They arrive
at the wound site and, during their proliferation, the rate
of collagen synthesis keeps increasing for 3 weeks until a
balance is achieved3*.

In this study, the proliferation of fibroblasts and collagen
density was more in the treated group and also depended on
the dose of nanoparticles. Moreover, the collagen density in
the 30ppm group was the highest. Considering the equality
of the means, the comparison between granulation tissue
and epithelialisation yielded no considerable difference. The
results of this study clearly show the positive effect of silver
nanoparticles on wound healing. Naghsh et al.® investigated
the effect of the composite of silver nanoparticles and
Cucurbita pepo extract on wound healing in albino male mice
placed in eight groups of eight. This study revealed that the
nanosilver-Cucurbita pepo extract had synergic effects on
burn wound healing®.

Studies on the effect of silver nanoparticles on the wound
healing process are few; however, there are some studies
on antibacterial effects. Numerous studies have been
carried out on antimicrobial and cytotoxic effects of silver
nanoparticles. For instance, Jiang et al. (2004) studied the
silver nanoparticles-induced development of antimicrobial
factors in blood. It showed the antimicrobial effect of silver
nanoparticles’. Another study by Razavian et al.*® concluded
that the oral consumption of these particles, particularly in
high doses and in the long term, not only causes damage to
the liver but also decreases the number of white blood cells
and brings down the immunity level of the organism?. There
are also other studies on effects of antimicrobial — particularly
antibacterial, antiviral and antifungal — growth.

There are also studies, such as the study by Braydich-Stolle
et al. (2005), which look at cytotoxic effects and the effect
on germ cells and fibroblasts of silver nanoparticles. Toxicity
in silver nanoparticles depends on their size, diameter and
concentration''. Wijnhoven et al.3” showed that, with a
change in the size and concentration of nanoparticles, their
effects and distribution in the body vary. Ji et al. (2007)
investigated effects of oral nanoparticles, 60nm in diameter,
on male rats. They showed that mononuclear white blood
cells, due to an increase in apoptosis, reduced. The reason
for this mechanism could be attributed to a change in the
diameter of their nanosilver or difference in the method of
treating with nanosilver®. For instance, Mohtashami et al.™,
in a study on the synthesis of silver nanoparticles through
chemical reduction and antibacterial effects, demonstrated
that smaller silver nanoparticles through chemical reduction
had better antibacterial effects on Gram-negative and Gram-
positive bacteria and inhibited the bacterial growth at 0.2mM
concentration; however, larger nanoparticles had lesser
effects™.
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One possible mechanism for accelerating the healing of
the wound which has resulted from skin burns in mice is
enhancing the apoptosis of damaged cells at the burnt site
and accelerating the healing process®. Nanosilver could
also be used as a medicine in treating skin diseases, acne,
various wounds and burns, bacterial and fungal diseases,
digestive diseases, sexual diseases and AIDS. Nanosilver
is a highly toxic substance which is accompanied by the
production of reactive oxygen species. Lots of in-vitro
studies have shown its dose-dependence’. During several
biological events, such as contact with the cell membrane
and absorption into the cell wall, silver ions change
the membrane permeability of living cells and deactivate
cellular enzymes by generating reactive oxygen species.
These properties might have negative effects on the
environment and health and lead to high toxicity of silver
nanoparticles''s.

Conclusion

Silver nanoparticles have been shown to have antibacterial,
antiviral and antifungal properties. The results here suggest
that silver nanoparticles may be useful in treating infected
wounds. The injured cells from these effects accelerate
wound healing by producing different mediators. Moreover,
using these toxic effects for the remains of dead cells in
skin wounds can be influential in wound healing and skin
lesions. However, since the effect of these nanoparticles
does not occur intelligently and therefore all cells are
affected, one may possibly manage to minimise their
detrimental effects and maximise their positive effects
by changing their formulation. Therefore, the following is
recommended for future studies to explore their effect on
wound healing, particularly burns and mechanical trauma,
with higher intelligence by developing new complexes from
biocompatible silver nanopatrticles.
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