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Nanosilver is widely used in medicine, industry, and other applications where it poses a high potential risk for human health, even though little
information is available on its toxicity to vital organs. This study was conducted to determine the histopathological changes induced in renal
tissues by various sizes of silver nanoparticles (SNPs). Male BALB/C mice were exposed to various sizes of SNPs for 5 weeks. Renal tissue
samples from all members of all experimental groups were subjected to histological processing and histopathological examination. SNPs
caused glomerular and tubular alterations in the form of tubular degeneration, necrosis, eosinophilia, glomerular shrinkage, and Bowman’s
capsule thickening. Moreover, SNPs induced interstitial intertubular regeneration, mononuclear inflammatory cell infiltration,
proteinaceous casting, and fibrocyte proliferation. These results indicated that smaller particles (10 and 20 nm) were more toxic than the
larger ones (40, 60, and 100 nm). In addition, the cortex was more affected than the medulla, and the proximal tubules were more affected
than the distal ones. The results of the current investigation reveal that SNPs induce histomorphological alterations in renal tissues, with
size being a key factor in the toxicity of these particles.
1. Introduction: Silver nanoparticles (SNPs) are widely used in
industry, nanomedicine, consumer products, and some household
appliances due to their unique properties [1]. These particles are
used in surgical instruments, vascular and urinary catheters,
contraceptive devices, medical masks, bone cement, dental resin
composite, cosmetics, shampoos, and laundry detergents [2].
Moreover, nanosilver is used to coat refrigerators, air
conditioners, washing machines, and other appliances [1]. In
addition, SNPs are used in many products currently on the market
including medical shoes, sport shirts, toys, baby pacifiers,
humidifiers, and food storage containers [3]. Finally, SNPs are
used in biological and chemical sensors, in bioengineering, and in
some water filters in order to clean infected water [4].

Silver nanomaterials have unique properties including optical
and spectral ones due to luminescence electron effect [5]. These
nanomaterials can be synthesised by variety of conventional and
unconventional techniques such as laser ablation, chemical reduc-
tion, microwave processing, gamma irradiation, photochemical
techniques, and biological methods [6].

SNPs have unusual physiochemical properties related to their
size, shape, large surface area, and chemical composition [7].
These particles can pass through the blood–brain barrier, cell mem-
branes, endothelial membranes, and the placenta, and they can
reach target sites and specific cells in vital organs [8]. Small
SNPs persist longer in circulation and pass into neighbouring
tissues from the vasculature more slowly than larger ones; they
can also avoid being recognised and eliminated by the immune
system [9]. Moreover, SNPs can penetrate vascular capillaries,
giving them the potential to induce oxidative stress and to interact
with tissues, cells, and macromolecules.

Some toxicological studies have concluded that induced SNP
effects may result from the interaction of their charged ions and
functional groups with tissue components and cell macromolecules,
producing hydrogen peroxide and depletion of dissolved oxygen
and protons [10]. Moreover, in vitro toxicological investigation
reported that SNPs could produce reactive oxidative species
(ROS) that could damage plasma membranes and cell organelles
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with the possibility of cytoskeletal disruption and mitochondrial
damage [11].

SNPs are becoming prevalent in the human ambient environment
due to the widespread use of these nanoparticles (NPs) in many
sectors, especially industry and nanomedicine. This poses potential
risks to the environment and to human health. These concerns must
be assessed so that fully informed decisions can be made regarding
any risks or toxicological issues.

High blood flow to the kidneys makes the renal tissues suscep-
tible to high exposure and accumulation of SNPs [12]. Tubular
basophilia was observed in the kidneys of F344 rats following ex-
posure to SNPs (56 nm) for 3 months [13]. Other research revealed
significant inflammatory cell infiltration in the cortex of the kidneys
of mice subjected orally to 1 mg/kg of SNPs (42 nm) over a period
of 4 weeks [14]. Little is known about the toxicity of various
sizes of SNPs in the renal tissues. The aim of this study was to
determine any abnormalities in the renal tissues that might result
from accumulation of different sizes of these NPs.

2. Materials and methods: BALB/C male mice with an average
weight of 25 g were used throughout the current investigation.
Mice were divided into one control group and five treatment
groups of seven mice each. Animals were housed under standard
environmental conditions (24 ± 1°C and light–dark cycle of 12 h
each). Food and tap water were available ad libitum for all
groups throughout the duration of the experiment.

SNPs of various sizes (10, 20, 40, 60, and 100 nm; Sigma-Aldrich,
USA) were utilised at a concentration of 0.02 mg/ml in aqueous
citrate buffer. NP size was confirmed by scanning electron micro-
scope (College of Science, King Saud University). The ultraviolet
and visible absorption spectrum of the SNPs was determined
(Shimadzu 1650), together with the stacking geometry of citrate
molecules and the sizes of the used NPs, as seen in Fig. 1.

Following a 1-week period of stabilisation, all members of all
groups were intraperitoneally injected daily with a single dose
(1 mg/kg body weight) of SNPs (10, 20, 40, 60, or 100 nm) or
control solution (citrate buffer with no SNPs) for 35 days.
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Fig. 2 Light micrograph of the kidney of mouse
a Light micrograph of the kidney of a control mouse demonstrating normal
glomeruli and renal tubules. H&E, 400×
b Light micrograph of the kidney of a mouse subjected to SNPs (10 nm) for
35 days, demonstrating hydropic degeneration (stars). H&E, 750×
c Light micrograph of the kidney of a mouse subjected to SNPs (10 nm) for
35 days, demonstrating glomerular atrophy (arrow). H&E, 400×
d Light micrograph of the kidney of a mouse subjected to SNPs (10 nm) for
35 days, demonstrating intertubular regeneration. H&E, 270×
e Light micrograph of the kidney cortex of a mouse subjected to SNPs (20
nm) for 35 days, demonstrating tubular necrosis (stars). H&E, 640×
f Light micrograph of the kidney cortex of a mouse subjected to SNPs (60
nm) for 35 days, demonstrating mononuclear inflammatory cell infiltration
(star). H&E, 400×

Fig. 1 Features of SNPs used in this Letter
a Plot diagram showing ultraviolet-visible spectrum of the SNPs. Note the
maximum absorption peak (∼400 nm), which corresponds with the
normal absorption spectrum of SNPs
b Geometry of citrate molecule stacking on the SNP surface
c Scanning electron micrographs demonstrating spherical morphology and
sizes of used SNPs. Scale = 20 nm
All experiments were conducted according to protocols approved
by the Bioethical Committee of the University of Jordan.
Furthermore, the experimental mice and laboratory procedures
were conducted according to international animal care standards.
Biopsies from the left kidney of each mouse, including the cortex

and medulla, were excised rapidly and processed for fixation with
buffered formalin (10%), dehydrated with ethanol, cleared with
chloroform, and impregnated with paraffin wax before being
embedded and blocked. Kidney paraffin sections (4–5 µm) from
all experimental mice were used for haematoxylin and eosin
(H&E) staining and other special histological treatments according
to Jarrar and Taib [15].
Additional small pieces from the left kidney from each mouse

were excised rapidly, cut into small cubes 1 mm in length, and
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fixed in phosphate buffered glutaraldehyde (2.5%, pH 7.4, at 4°C)
for 24 h. Specimens were then post-fixed in 2% osmium tetroxide
(OsO4) and dissolved in cacodylate buffer for 90 min at 22–25°C.
Tissue blocks were dehydrated at 4°C through a gradual ascending
concentration of acetone and blocked in Epon–Araldite resin
mixture [16]. Semi-thin sections (500–1000 nm thick) were obtained
using a glass knife on a Leica EM UC6 ultramicrotome and stained
with toluidine blue (1%).

The histological processing of all renal samples was carried out
in the toxicological unit at King Saud University. Histological sec-
tions and semi-thin sections of the kidneys of all control and
SNP-treated mice were examined using an Olympus light micro-
scope. Digital photography was conducted using an Olympus
optical microscope with a digital camera.

3. Results: No mortalities or signs of toxicity were detected in any
experimental mice. Moreover, no macroscopic anomalies were seen
in terms of the morphology or behaviour of mice subjected to
treatment with SNPs.

Kidneys of the control mice revealed normal glomeruli together
with normal proximal and distal renal tubules. Moreover, the col-
lecting tubules and loops of Henle also demonstrated normal
characteristics (Fig. 2a).

In contrast, kidneys of mice subjected to treatment with 10 nm
SNPs for 35 days demonstrated histological alterations. This
included mild hydropic tubular degeneration in the renal tubules,
with proximal convoluted tubules demonstrating more degenerative
vacuolisation than distal tubules (Fig. 2b).
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Table 1 Comparative renal histological alterations induced by different sizes of SNPs after 35 days of exposure

Group Glomerular alterations Tubular alterations Intertubular alterations

control group absent − absent − absent −
10 nm SNPs group Bowman’s capsule thickening ++ tubular degeneration ++ intertubular regeneration ++

glomerular shrinkage ++ tubular eosinophilia ++
20 nm SNPs group Bowman’s capsule thickening ++ tubular degeneration ++ intertubular inflammatory cell infiltration ±

glomerular shrinkage ++ tubular necrosis ++ fibrocyte proliferation +
tubular eosinophilia +
proteinceous casting +

40 nm SNPs group glomerular tuft congestion ++ absent − intertubular congestion ++
60 nm SNPs group little alteration ± little alteration ± inflammatory cell infiltration +
100 nm SNPs group absent − absent − absent −

−, no alteration; ±, occasional (slight); +, moderate; ++, prominent
In addition, mice treated with 10 nm SNPs exhibited occasional
Bowman’s capsule thickening. In comparison with the kidneys of
control mice, considerable glomerular atrophy was visible in renal
tissues of mice exposed to 10 nm SNPs, with a shrunken tuft occu-
pying a small portion of Bowman’s space (Fig. 2c).

The distal renal tubule of mice subjected to 10 nm SNPs exhib-
ited intertubular regeneration, with an increase in cell turnover in
the renal tubular epithelium resulting from the process of renal
tissue repair (Fig. 2d ). Finally, some renal tubules in these mice
exhibited renal tubular eosinophilia.

Similar to the features observed in the mice treated with 10 nm
SNPs, mice subjected to 20 nm SNPs for 35 days demonstrated
degenerative renal tubules. In addition, the renal tubules showed
vacuolation together with tubular necrosis, characterised by narrow-
ing or lack of brush border of the proximal convoluted tubules
(Fig. 2e). Some of the vacuolated degenerative tubules demon-
strated tubular eosinophilia, while occasional hyaline casts were
visible in the distal renal tubules of this group. In addition,
occasional scattered infiltration of inflammatory cells was also
detected. Moreover, the renal intertubular tissue in this group
demonstrated foci of fibrocyte proliferation. Mice of this group
also demonstrated glomerular shrinkage with prominent
Bowman’s capsule thickening.

Mice treated with 40 nm SNPs demonstrated renal intertubular
congestion and congested glomerular tuft with little or no altera-
tions in the renal tubules and interstitial tissues. The renal tissues
of mice treated with 60 nm SNPs showed little tubular, glomerular,
or interstitial alterations. Furthermore, focal and disperse mono-
nuclear inflammatory cell infiltration was more prominent in the
renal tissues of this group of mice than in those exposed to
smaller NPs (Fig. 2f ). Finally, little histological alterations, if
any, were seen in the renal tissues of mice subjected to 100 nm
SNPs for 35 days.

Semi-quantitative comparison of the above histological changes
resulting from treatment with SNPs of varying sizes is shown in
Table 1.

4. Discussion: Nanosilver materials have special thermal,
electrical, and optical properties, prompting their use in a wide
range of applications such as antimicrobial coatings and drug
delivery. These properties make SNPs promising and potent
components in many industrial, medical, and pharmaceutical
items [17]. The number of industrial and commercial products
containing SNPs jumped from 30 in 2006 to 1300 in 2014,
arousing concerns about their effects on human health and the
environment [18].

The kidney performs a wide range of vital functions, primarily
involving the removal of wastes and excess water from the body.
Our findings demonstrated that sub-chronic treatment with SNPs
can cause significant renal morphological changes. These include
glomerular, tubular, and interstitial renal alterations induced by
864
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SNPs. Together, such changes may suggest abnormal renal function
in mice subjected to nanosilver materials. Some of these histologic-
al changes are consistent with previous biochemical studies demon-
strating increases in uric acid, creatinine, and urea levels as a result
of exposure to SNPs [19]. This indicates that the filtration function
of the kidney may be affected by exposure to these fine particles.

Our histopathological data indicated that exposure to SNPs
induced more abnormality in the cortex than in the medulla. This
may result from an uneven distribution of nanomaterials in the
renal tissues, as there is greater blood flow through the cortex
than through the medulla. Additionally, our results demonstrated
that SNPs induced more injury in the proximal tubules than in
the distal ones. This may result from more reabsorption and accu-
mulation of particles in the epithelial lining of the proximal convo-
luted tubules in comparison to those of the distal tubules.

The glomerular injury induced by SNPs was manifested in
shrinkage of some glomerular tufts and glomerular basement
membrane thickening that may indicate renal dysfunction. The
occurrence of proteinaceous materials in the affected renal tubule
lumina may indicate glomerulonephritis. The hydropic degener-
ation of the renal tubules induced by SNPs may result from hydra-
tion changes in the renal tissues. This indicates that SNP exposure
could cause renal injury via a reduction in ion pump transport in the
lining of the renal tubules, leading to proximal renal tubule degen-
eration. Moreover, the appearance of regenerated tubules in the
kidneys of mice subjected to small SNPs (10 and 20 nm) may indi-
cate tubulotoxic injury.

The resulting inflammatory cell infiltration in renal tissues fol-
lowing SNP exposure suggests that these fine particles may interact
with the interstitial tissues of the kidney. This indicates that SNPs
may also induce oxidative stress in renal tissues leading to ROS
generation and causing an immune response as well as immune-
mediated inflammatory injury [20].

Our findings demonstrated that the renal tissues of mice injected
with 10 or 20 nm SNPs were more affected than those of mice
subjected to treatment with larger particles. These results are in
agreement with those of previous studies. Nanosilver materials of
different sizes exhibit diverse kinetics, and size is thought to be a
key factor in the toxicity of these NPs [21]. The high surface
area-to-volume ratio of small NPs enables them to circulate in the
renal tissues for a longer period than larger particles. In addition,
smaller NPs may potentially exhibit more toxicity due to their
dissolution rate, reactive surface area, and bioavailability [22].
Previous nanotoxicological studies reported that the greater relative
surface area of the smaller nanoparticles enables them to release
more silver ions than the larger particles, inducing more oxidative
stress on tissue components [23]. Moreover, the oxidative stress
induced by the smaller NPs produces more free radicals, reducing
the oxygen content of the tissue and thereby leading to intracellular
ROS generation [23]. Previous reports indicated that reactive
oxygen species can interact with cellular macromolecules,
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causing fragmentation of DNA, dysfunction of proteins, and perox-
idation of lipids and leading to ultrastructural pathological changes
[24]. Furthermore, SNP toxicity may be related to the neutralisation
of the released silver ions by binding with ultrastructural cellular
components [10, 14].
Reduced particle size also induces changes in structural and elec-

tronic properties of the particle, creating reactive groups on their
surfaces. This enables small particles to interact with tissues and
to generate more free radicals via Fenton-type reactions, inducing
more damage to cellular organelles. Furthermore, small particles
can also adsorb some cellular proteins on their surface, causing
NP-protein coronas. This may lead to a plasmonic effect where
these particles convert electromagnetic radiation into local heat,
which may further injure tissues [25].

5. Conclusion: We conclude from these findings that exposure to
SNPs may produce histopathological changes in the structure and
function of the kidney, with probable impact on the inflammatory
and immune system. In addition, our results suggest a key role of
particle size in the induced toxicity, where small SNPs induce a
more toxic effect than larger ones. Furthermore, differently sized
SNPs may demonstrate different toxicokinetics. More work is
needed to elucidate the toxicity of SNPs implication on humans
and the environment.
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