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Brain-targeted distribution and high retention
of silver by chronic intranasal instillation of
silver nanoparticles and ions in
Sprague–Dawley rats
Ruoxi Wena,b, Xiaoxi Yanga, Ligang Hua, Cheng Suna, Qunfang Zhoua*
and Guibin Jianga*
ABSTRACT: The wide applications of silver nanoparticles (AgNPs) have been concerned regarding their unintentional toxicities.
Different exposure modes may cause distinct accumulation, retention and elimination profiles, which are closely related with
their toxicities. Unlike silver accumulation profiles through other regular administration modes, the biodistribution, accumu-
lation and elimination of AgNPs by intranasal instillation are not fully understood. This study conducted intranasal instillation
of polyvinylpyrrolidone-coated AgNPs in neonatal Sprague–Dawley rats at doses of 1 and 0.1mgkg�1 day�1 for 4 and
12weeks, respectively. The 4-week recovery was also designed after the 12-week exposure. Silver concentrations in the main
tissues or organs were periodically monitored. Parallel exposures using silver ion were performed for the comparative studies.
No physiological alterations were observed in AgNP exposures. In comparison, 1mgkg�1 day�1 silver ions decreased body
weight gain and caused mortality of 18.2%, showing ionic silver had a relatively higher toxicity than AgNPs. A relatively
higher silver accumulation was observed in silver ion groups than AgNP groups. The silver ion release could not fully explain
silver accumulation in AgNP exposures, showing silver distribution caused by particulate silver occurred in vivo. The highest
silver concentration was in the liver at week 4, while it shifted to the brain after a 12-week exposure. Dose-related silver
accumulation occurred for both AgNP and silver ion groups. The time course revealed a uniquely high concentration and
retention of brain silver, implying chronic intranasal instillation caused brain-targeted silver accumulation. These findings
provided substantial evidence on the potential neuronal threat from the intranasal administration of AgNPs or silver
colloid-based products. Copyright © 2015 John Wiley & Sons, Ltd.
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Introduction
With the increasing development of nanotechnology, silver na-
noparticles (AgNPs) have become one of the most popular
nanomaterials in a widespread area, including the water industry,
home furnishings and medical healthcare (Edwards-Jones, 2009;
Silvestry-Rodriguez et al., 2007; Wijnhoven et al., 2009a). However,
current concerns and hot discussions are focused on whether the
exposure of AgNPs would cause harmful effects on non-target
organisms and human beings, as the potential exposure from
the unintentional AgNP release is inevitably increasing through
diverse routes (Hartemann et al., 2015).

Up to now, substantial toxicological data have been provided,
showing AgNPs are able to cause all sorts of toxicities such as
hepatic damage, pulmonary problems, neurological hazards, etc.
(Braakhuis et al., 2014; Silva et al., 2006; Sung et al., 2009). Despite
the staggering diversity in AgNP-induced toxicological effects,
the first step in toxin action is common, i.e., biological absorption
and distribution of exogenous chemicals in the organisms. The
administration route is crucial for tissue accumulation of AgNPs.
In vivo applications have been studied for AgNPs and the common
administration routes include intravenous injection, inhalation, oral
ingestion and topical application (Dziendzikowska et al., 2012;
Takenaka et al., 2001; van der Zande et al., 2012; Yin et al., 2015).
J. Appl. Toxicol. 2016; 36: 445–453 Copyright © 2015 John
Intravenous injection caused high silver accumulation in the liver
by the translocation of blood, and inhalation made the lung the
target tissue (Braakhuis et al., 2015; Park & Lee, 2013). Oral admin-
istration of AgNPs directly led to the high levels of silver in the
stomach and intestines, while topical application of AgNPs as the
antibacterial agent on superficial wounds was found to cause a
bluish–gray color in the skin (van de Voorde et al., 2005; van der
Zande et al., 2012). The distinct accumulation, retention and
Wiley & Sons, Ltd.
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elimination profiles of AgNPs through different exposure modes
potentially caused diverse toxicities. It is thus of great importance
to clarify the uptake and distribution of AgNPs regarding the
proper explanation for their toxicological effects.

As nasal drops of nanosilver colloids are commonly used to treat
rhinitis clinically (Burgert, 2014; Raimondo et al., 2014), this intro-
duces another unconventional way for AgNP exposure to human
beings. On one hand, the olfactory receptor cells are in direct
contact with both the environment and the central nervous
system and the olfactory pathway offers a potential approach for
targeting the brain, thus circumventing the blood–brain barrier.
On the other hand, the submucosal zone of the nasal cavity pos-
sesses a dense vascular network, which drains blood from nasal
mucosa directly to the systemic bloodstream, thus avoiding first-
pass metabolism (Dahlin, 2000). This largely complicates the
absorption and distribution of medications, including AgNPs, by
intranasal administration when compared to traditional ways. Liu
et al. (2012) showed that impairment of the hippocampus function
was induced by intranasal delivery of AgNPs in rats, showing
potential access of this form of nanomaterials in the brain.
Aggregated AgNPs were found in the spleen, lung, kidney and
nasal airways by routine light microscopy in adult mice through
intranasal administration of AgNPs, revealing systemic effects from
this special medication delivery (Genter et al., 2012). Long-term use
of silver-containing nose drops resulted in systemic argyia in
humans (van de Voorde et al., 2005). Clearly, more studies on
AgNPs by administration of intranasal instillation are required to
clarify bioaccumulation profiles andmodes of retention or elimina-
tion in view of fully assessing potential risks in the utilization of
nanosilver-based medications.

In this study, we focused on the distribution and recovery
behavior of silver in neonatal Sprague–Dawley rats by chronic in-
tranasal instillation of AgNPs and silver ions. The difference
between outcomes from this delivery route and those from some
other methods was compared and discussed. The finding of brain-
targeted distribution and persistent retention of silver implicated
the potential neurological hazards from the nasal administration
of silver colloid medications.

Materials and methods

Chemicals and reagents

The aqueous suspension of polyvinylpyrrolidone-coated AgNPs
(AGS-WP001; 20 nm, 10gml�1) was purchased from Zhuiguang
Technologies (Shanghai, China). The stock solution was kept at
4 °C in darkness. When the working solution was prepared, the
stock solution was sonicated for 30min to ensure the homo-
geneous dispersion and subsequently submitted to series dilu-
tions with Milli-Q water to the concentrations of 2mgml�1 and
0.2mgml�1 as silver. The working solutions of AgNPs (0.2 and
2mgml�1) were first separated using ultra-4 centrifugal filter units
(3 KD; Millipore, MA, USA) at 7500 g, 4 °C for 30min (Sigma 3K15,
Osterode amHarz, Germany). Both the filtrate and thewhole AgNP
suspensions were submitted to inductively coupled plasma–mass
spectrometry analysis (Agilent Technologies 8800, CA, USA) to
quantify the concentrations of ionic silver and total silver, respec-
tively. Silver ion release was evaluated by the ratio of ionic silver
to total silver. As silver ion control, AgNO3 powder (AR; Sinopharm
Chemical Reagent Co., Ltd, Shanghai, China, 99.8%) was dissolved
inMilli-Qwater (MerckMillipore, Darmstadt, Germany) tomake the
working solutions of 0.2 and 2mgml�1 as silver. All working
Copyright © 2015 Johnwileyonlinelibrary.com/journal/jat
solutions used for animal exposure experimentswere freshlymade
every week and stocked at 4 °C in darkness. All the other reagents
used in this study were analytically pure or above.
Physicochemical characterization of silver nanoparticles

Themorphology and size distribution of AgNPs were characterized
using transmission electron microscopy ( JEOL, 2100 F, Tokyo,
Japan) at the accelerating voltage of 200 kV. The hydrate particle
size and zeta potential of AgNPs were evaluated by Malvern
Zetasizer Nano ZS (Malvern, UK). Both size and zeta potential mea-
surements were performed three times. The ultraviolet–visible
(UV–vis) absorbance of AgNPs suspension was monitored using a
UV–vis-near infrared spectrophotometer (UV-3600; Shimadzu,
Kyoto, Japan) in the range of 250–700nm.
Experimental animals

The pregnant rats (about 18 days after conception) were pur-
chased from Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China) and raised in Peking University Health Science
Center for the neonate delivery and the subsequent rearing. The
neonates were kept with their mothers for the first 4weeks for
normal breast-feeding. Then, they were weaned and transferred
to new clear polypropylene cages with male and female housed
separately. Water (sterile Milli-Q water) and feed (SPF; Vital River
Laboratories, Beijing, China) were provided ad libitum. The animal
room was kept at 23±2 °C, with a relative humidity of ~60% and
12h/12 h light/dark cycle. All animals were maintained in accor-
dance with the principles of care and use of laboratory animals
and approved by the Institutional Animal Care and Use Committee
of Peking University.
Intranasal instillation of silver nanoparticles and silver ions

On the second postnatal day, the healthy newborn rats (n=115)
were weighed and the initial average body weight was 7.3
± 1.0 g. They were given toe identification and randomly divided
into six groups for both short-term (28days, three groups) and
long-term experiments (16weeks, three groups). As for the short-
term test (indicated as experiment I), the groups including vehicle
control (sterile Milli-Q water, n=14), silver ions (1mgkg�1 day�1,
n=22) and AgNPs (1mgkg�1 day�1, n=15) were set. The sterile
Milli-Q water, the working solutions of silver ions (2mgml�1 as
silver) and AgNPs (2mgml�1 as silver) were used to expose the an-
imals by intranasal instillation at a dose of 0.5μl g�1 once a day. Rat
bodyweight wasmonitored every day to adjust the exposure dose.
This daily treatment was performed continuously for 4weeks. In
view of the long-term study (indicated as experiment II), the groups
of vehicle control (n=5), silver ions (n=29, 0.1mgkg�1 day�1) and
AgNPs (n=30, 0.1mgkg�1 day�1) were designed and it included
both exposure (12weeks) and the following recovery (4weeks)
durations. The similar daily treatments with sterile Milli-Q water,
silver ions (0.2mgml�1 as silver) and AgNPs (0.2mgml�1 as silver)
were performed through intranasal instillation at a dose of
0.5μl g�1 body weight for animal exposure during the first
12weeks. After that, the treatments were terminated for all three
groups and the chemical-free recovery period started fromweek 13
to week 16. The water drinking, food uptake, animal behavior and
death were routinely observed during the whole experiments.
Dead animals were removed as soon as possible to avoid possible
contamination.
J. Appl. Toxicol. 2016; 36: 445–453Wiley & Sons, Ltd.
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All the animals in experiment I were sacrificed by carbon dioxide
inhalation on exposure day 28. After the animals died, the blood
samples were immediately collected for the preparation of serum
samples. Cardiac perfusion with 60ml of ice-cold phosphate-
buffered saline was performed on each animal to eliminate residue
blood in the tissues. The tissue samples were harvested from
target organs including the heart, liver, spleen, lung, kidney,
pancreas, gonad (ovary or testicle), fat and brain. All the samples
were snap-frozen in liquid nitrogen and transferred to storage at
�80 °C until analysis. As for experiment II in the long-term study,
the animals (n=3 or 4) were periodically sampled on weeks 1, 2,
4, 6, 8, 12, 13 and 16 by the same procedure as described in
experiment I. The representative tissues including liver, brain, lung
and serum were collected. The controls were harvested on weeks
12 and 16 for confirmation that the experiment was silver
contamination free. The skin tissue was collected during the
recovery period (weeks 12, 13 and 16) to evaluate the potential
persistence of silver regarding the clinical symptom of argyria
observed in humans. In particular, a piece of coin-sized skin from
the abdomen of the animal was carefully dissected with hair
shaved, then washed by ice-cold phosphate-buffered saline to
exclude potential external silver contamination. All the samples
were stored at �80 °C until analysis.
Silver analysis by inductively coupled plasma–mass
spectrometry

Approximate 0.3 g of the tissue samples including brain, heart,
liver, spleen, lung, kidney, pancreas, ovary, testicle, fat, skin and
serum were roughly minced and submitted to digestion accord-
ing to the modified protocol from US EPA 3050B (USEPA, 1996).
Briefly, the tissue samples and the blank control in 15ml poly-
propylene tubes were added with 3ml of concentrated HNO3

(65%; EMSURE, ISO, 100456) and 200μl of H2O2 (30%; Sinopharm
Chemical Reagent Co., Ltd, 10011208), mixed and preincubated
overnight. The mixtures were subsequently digested at 95 °C
(Graphite Heater; JRY, Hunan, China) for 1 h followed by acid
evaporation at 80 °C till the volume of the mixtures were de-
creased to 1ml or below. After being cooled down to room
temperature, the samples were diluted by 5% nitric acid (65%;
Emsure, Darmstadt, Germany) to the final volume of 4ml and
submitted to silver concentration measurement using inductively
coupled plasma–mass spectrometry (Agilent Technologies 8800,
CA, USA). The main parameters were listed as follows: RF power
(1200 kW); spray chamber (quartz cyclonic spray chamber);
nebulizer (Meinhard nebulizer); lens: (Ni); nebulizer gas flow
(1.0mlmin�1); total acquisition time (15min); reaction gas (no
gas); temperature (2 °C). Silver standard solutions were prepared
by diluting Multi-element Calibration Standard (Agilent Techno-
logies, 8500–6940, CA, USA). The internal standard (100μg l�1;
Agilent Technologies, 5188–6525) was used during the measure-
ment. The blank sample and the standard silver solution
(10μg l�1) were monitored every 10 measurements of the tissue
samples to ensure the instrumental analysis was free from silver
contamination and the quantitative method was robust.
Figure 1. Characterization of silver nanoparticles. (A) Transmission
electron microscopy image. (B) Size distribution of silver nanoparticles.
(C) Ultraviolet–visible absorbance.
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Statistical analysis

All the analytical results were expressed as the mean values with
standard deviations from four or more individual animals. Differ-
ences between the negative controls and the treated groups
were analyzed by Student’s t-test. The significant difference
J. Appl. Toxicol. 2016; 36: 445–453 Copyright © 2015 John
was indicated by p< 0.01. Data were analyzed mainly using
Graphpad Prism (Ver. 5; Graphpad Software, CA, USA) and Excel
software (Ver. 2013; Microsoft Office, USA).
Results

Characterization of silver nanoparticles

The commercially available AgNPs coated with polyvinylpyrroli-
done weremorphologically characterized by transmission electron
microscopy and the results in Fig. 1(A) revealed that the spherical
particulate AgNPs weremonodispersed with the average diameter
of 26.2±8.9 nm by counting more than 100 particles. This result
was consistent with the certified value of 20 nm from the vendor.
Dynamic light scattering analysis showed that the hydrated diam-
eter of AgNPs was 32.0nm (Fig. 1B) and the polydispersivity index
was 0.259, indicating AgNPs were well dispersed in aquatic
solution without obvious aggregation. The UV–vis absorbance
monitoring indicated the characteristic maximum absorbance
(λmax) of AgNPs at 414 nm (Fig. 1C). Silver ion release in AgNP
working solutions of 2mgml�1 and 0.2mgml�1 were 0.49% and
1.8%, respectively. AgNP suspensions for both the stock and work-
ing solutions were stable during use.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat
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Physiological changes

Physiological changes were observed during the whole exposure
period and no abnormal behavioral changes including food
uptake, water drinking, daily activities and death were observed
in the animals from the control, AgNPs (0.1 and 1mgkg�1 day�1)
and silver ion (0.1mgkg�1 day�1) groups. However, death oc-
curred after 4 days of 1mgkg�1 day�1 silver ion exposure. As pre-
sented in Fig. 2(A), the survival rate of this group decreased as the
exposure duration prolonged and the final survival rate was 81.8%
at the end of 28-day exposure, showing that silver ions at a dose
of 1mgkg�1 day�1 through intranasal instillation caused a lethal
effect to the animals.

Body weight monitoring was performed daily and the results in
Fig. 2(B,C) showed that in a consecutive 28-day record, no sig-
nificant difference was observed in body weight gains for both
male and female animals from AgNP (0.1 and 1mgkg�1 day�1)
Figure 2. Physiological changes in neonatal rats exposed to AgNPs and
silver ions. (A) Survival rate changes (n ≥ 10). (B) Body weight gain in male
rats (n ≥ 5). (C) Body weight gain in female rats (n ≥ 9). *p< 0.05,
**p< 0.01. AgNPs, silver nanoparticles.

Copyright © 2015 Johnwileyonlinelibrary.com/journal/jat
and silver ion (0.1mg kg�1 day�1) exposure groups when com-
pared to the controls. The average daily body weight gain was
about 2.03 g in the first 19 days and it increased to approximate
5.83 g in the subsequent 9days. No difference appeared in the
body weight gain for the animals after long-term exposure up to
16weeks according to experiment II (data not shown). Neverthe-
less, the neonatal rats exposed to 1mgkg�1 day�1 silver ions
exhibited a decrease in body weight gain for both males and
females. Statistical analysis of the body weight gain difference
between this group and the control indicated a significance
appearing from day 6 for females (p< 0.05). The track of the orig-
inal data for each animal showed that the body weight gain was
extremely inhibited in the animals that eventually died. Neverthe-
less, the surviving animals in 1mgkg�1 day�1 silver ion group had
significant lower body weights than the other groups, showing the
influenced body weight gain was due to general toxicity from
high-dose silver ion exposure (1mgkg�1 day�1) instead of the
occasional predisposition to constitutional weakness in neonatal
animals.
Tissue distribution of silver

The measurements of tissue samples from the vehicle controls
showed undetectable levels of silver, suggesting that all treat-
ments were free of silver contamination. The in vivo distribution
of both silver ions and AgNPs through intranasal instillation was
evaluated by the measurement of total silver concentrations in
multiple main tissue samples, including heart, liver, spleen, lung,
kidney, pancreas, gonad (testicle for male and ovary for female),
fat, serum and brain. All results were normalized by tissue wet
weight (ngg�1 as silver). As no gender-specific silver accumula-
tion was observed (data not shown), the results from both male
and female were combined for the same group according to
the tissue type. Fig. 3(A) showed that the highest silver concen-
tration (424.8 ngg�1) was found in the liver samples exposed to
0.1mgkg�1 day�1 silver ion for 4weeks and the second highest
silver level of 92.4 ngg�1 was detected in brain samples from the
same group. As for the other tested tissues, including heart,
spleen, lung, kidney, pancreas, gonad, fat and serum, silver levels
were relatively low, showing they were not the target organs for
silver accumulation. In comparison, 4-week exposure of AgNPs
(0.1mgkg�1 day�1) only caused a slight elevation in silver level
of the liver samples (35.5 ngg�1). The tissue silver distribution
profiles in 1mgkg�1 day�1 exposure groups of silver ions and
AgNPs after 4-week treatments (data not shown) were very sim-
ilar to findings from the 0.1mgkg�1 day�1 exposure groups
(Fig. 3A). When the rats were exposed to 0.1mgkg�1 day�1 silver
ions and AgNPs for 12weeks, the tissue distribution profiles of
silver altered (Fig. 3B). The most accumulative tissue was brain
for both silver ion and AgNP exposures (58ngg�1 and 9ngg�1

for silver ion and AgNP exposure groups, respectively), while
silver levels in the liver dramatically decreased when compared
to the values after 4weeks of exposure. The kidney from silver
ion exposure group contained the second highest level of silver
(23 ngg�1). The concentrations of silver in the other tested
tissues were all below 20ngg�1 for silver ion group and
5ngg�1 for AgNP group. Silver ion exposure caused a relatively
higher accumulation of the element silver in all tested tissues
than AgNP exposure.

Considering the specific administration of nasal instillation,
both the olfactory pathway and the dense vascular network in
the nasal cavity are involved in the biological uptake and
J. Appl. Toxicol. 2016; 36: 445–453Wiley & Sons, Ltd.



Figure 3. Silver concentrations in main organs of the rats with daily intra-
nasal administration of silver ions and AgNPs at a dosage 0.1mg kg�1 body
weight day�1 (n= 4). (A) 4-week exposure. (B) 12-week exposure. (C) Silver
distribution in different brain regions of rats after 4-week exposure. AgNPs,
silver nanoparticles.

Figure 4. Dose-dependent effect of silver accumulation in main tissues
after 4-week exposure (n ≥ 4). (A) Silver ions. (B) AgNPs. AgNPs, silver
nanoparticles.
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transmission of exogenous chemicals. A particularly high con-
centration of exposure element was found in a specific brain re-
gion, such as the olfactory bulb (Elder et al., 2006). The high
accumulation of silver in brain tissues was found in this study
as well. The specific brain regions, including cortex, cerebellum,
hippocampus, medulla and olfactory bulb were thus anatomized
and analyzed to evaluate the potential regional-specific silver
distribution in the brain. Fig. 3(C) indicated that all five regions
J. Appl. Toxicol. 2016; 36: 445–453 Copyright © 2015 John
contained equally high silver contents, ranging from 80 to
100ngg�1 in silver ion group (0.1mgkg�1 body weight day�1)
and from 12 to 17ngg�1 tissue in AgNP group (0.1mgkg�1 body
weight day�1), respectively. When compared to AgNP exposure,
silver ion causing silver accumulation in the rat brain was
approximate 6.2-fold higher.
Silver accumulation profile

To evaluate the correlation of tissue silver levels with the exposure
doses, five representative tissue samples including liver, lung, kid-
ney, serum and brain were selected from both experiments I and II
after a 4-week exposure. Silver levels were measured and com-
pared in Fig. 4. It was found that dose-related silver accumulation
existed in the target tissue samples such as liver and brain for both
silver ion (Fig. 4A) and AgNP (Fig. 4B) exposures. As for silver ion
exposure groups, silver concentration was increased from 424.8
to 1670.5 ngg�1 in the liver and from 92.4 to 458.4 ngg�1 in the
brain when the exposure doses were elevated from 0.1 to
1mgkg�1 day�1. In view of AgNPs, silver concentrations in the
liver and brain samples varied from 35.5 to 284.9ngg�1 and 15.0
to 82.2 ngg�1, respectively. The dose-related manner for silver
accumulation in these target tissues indicated that silver
occurrence in vivo directly originated from the nasal instillation
of the related chemicals.
As the silver ion release ratio was 0.49% for the working solution

of 2mgml�1 AgNPs, the actual silver ion administration dose
in 1mgkg�1 day�1 AgNP exposure group was equal to
0.005mgkg�1 day�1, which was approximate 5% of the dose of
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat
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0.1mg kg�1 day�1 silver ion. However, tissue silver concentrations
in 1mgkg�1 day�1 AgNP exposure group were comparable to
those in 0.1mgkg�1 day�1 silver ion exposure group. This
indicated that silver accumulation in rat tissues from AgNP
exposure groups was predominantly attributed by the uptake of
the particulate silver form, instead of the ionic one.

Silver concentration alterations in some representative tissue
samples (lung as the low accumulative organ, liver and brain as
the high accumulative organs) were monitored during the
exposure period of 12weeks to evaluate the time course profile
for in vivo silver accumulation through nasal instillation of silver
ions (0.1mgkg�1 day�1) and AgNPs (0.1mgkg�1 day�1). The
results showed similar silver accumulation profiles existed in the
lung (Fig. 5A) and the liver (Fig. 5B), i.e., silver concentrations first
increased with the exposure time and culminated after 2–6 weeks,
then declined during the rest of the experimental period. On the
contrary, silver accumulation in the brain exhibited distinctly with
the prolonged exposure time (Fig. 5C). The level of silver in the
brain gradually increased during the first 4weeks of exposure
and remained high thereafter. Generally, silver ions caused
relatively higher silver accumulation in animals than AgNPs at
the same dosage (0.1mgkg�1 day�1) during the whole exposure
period. This was similar to the findings in Fig. 3.
Figure 5. Time course for silver accumulation in main organs of the rats
with daily intranasal administration of silver ions and AgNPs at the dosage
0.1mg kg�1 body weight day�1 (n= 4). (A) Lung. (B) Liver. (C) Brain. AgNPs,
silver nanoparticles.
Silver elimination

The 4-week recovery period was designed for the in vivo study on
silver elimination. The results presented in Fig. 6 showed that a
decreased trend was observed for silver levels in the liver, lung,
serum and skin samples from both silver ion (Fig. 6A) and AgNP
(Fig. 6B) treated animals, showing the normal elimination of silver
in these organs when the exposure was terminated by week 12.
According to the elimination ratios of silver after 1- and 4-week
recovery, the decrease in the efficiency of silver was relatively high
in serum and liver (>60%). The decrease in the efficiency of silver
in skin was moderate with the low elimination ratios (<50%). The
elimination behavior of lung in silver ion group (4-week recovery,
86.18%) was higher than that in AgNP group (4-week recovery,
30.88%), showing the relatively easier removal of silver in lung
from ionic silver exposure than that from particulate silver expo-
sure. The most surprising finding was that silver concentrations
in the brain remained unchanged or slightly elevated, as the
elimination ratios of silver after a 4-week wash-out were �9.9%
and �28.2% for silver ion- and AgNP-treated groups, respectively.
This result suggested that silver species in rat brain could be
possibly retained for long term.

Discussion
Regarding the toxicity of AgNPs, the release of silver ion is com-
monly blamed for due to the surface oxidation of AgNPs. It is
always difficult to clarify what portion of the toxicity is
nanoparticle-specific and what is caused by the ionic form
(McShan et al., 2014). Comparison of the profiles for the bioaccu-
mulation of silver ions and AgNPs is of much importance in
understanding their toxicities. In this study, intranasal instillation
of ionic silver and AgNPs was performed in neonatal rats for 4
or 12weeks, and the recovery test was continued for 4weeks
after a 12-week exposure. The results indicated the brain-
targeted distribution of silver and its high retention, showing
the potential risks for the neurotoxicity of silver-based products
through nasal administration.
Copyright © 2015 Johnwileyonlinelibrary.com/journal/jat
Previous studies have indicated that silver ions are more toxic
than AgNPs in diverse experimental models, including cell lines,
plankton, fish and animals (Bilberg et al., 2012; McShan et al., 2014;
Wijnhoven et al., 2009b). For example, the comparative study on
acute toxicity showed 48h LC50 values of silver ions and nanosilver
in zebrafish were 25μg l�1 and 84μg l�1, respectively (Bilberg et al.,
2010). In this study, a dosage of 1mgkg�1 day�1 silver ions by intra-
nasal administration was lethal to neonatal rats with the survival
rate decreased to 81.8% and body weight gain inhibition occurred
in both male and female animals, while a dosage of 1mgkg�1

day�1 AgNPs had undetectable influence on body weight gain
and no deathwas observed during thewhole experiment (4weeks).
J. Appl. Toxicol. 2016; 36: 445–453Wiley & Sons, Ltd.



Figure 6. Recovery of silver in the main organs of the rats after 12-week
exposure of silver ions and silver nanoparticles at the dosage of 0.1mg kg�1

body weight day�1 (n= 4). (A) Silver ions. (B) Silver nanoparticles.
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This result confirmed that the ionic silver form was more toxic than
particulate nano-sized silver at zero valence in vivo.

Understandably, silver ion fraction probably played a para-
mount role in the general toxicity, as significantly higher silver con-
centrations were detected in the rat tissues exposed to silver ions
when compared to equivalent amounts of AgNP administration
(Figs. 3–5). This finding was consistent with a previous conclusion
that silver ions were more readily absorbed than silver particles
by the rats (Drake and Hazelwood, 2005). The different
bioaccumulative properties of these two silver species may
explain their toxicity difference. As indicated by Beer et al. (2012),
AgNPs with a higher silver ion fraction were more toxic to A549
lung cells according to the cell viability assays. A recent study
(Sakamoto et al., 2015) concerning the relationship between the
forms of AgNPs and their acute/chronic toxicity in common cla-
docerans revealed that the main cause of the toxicity of AgNPs
was the release of free silver ions. In a rat model administrated
by oral ingestion (Dziendzikowska et al., 2012), silver content in
organs was also closely related with the silver ion concentration
in AgNP solution. In our work, when compared to the relatively
much lower level of silver ion released in AgNP solution (<2%), it
was reasonable that the higher bioaccumulation of silver and the
higher toxicity were observed in silver ion-treated rats due to
direct stimulation from the high amount of silver ions.
Nevertheless, it was worth noticing that tissue silver accumulation
in AgNP groups could not be fully explained by the release of silver
ions, showing particulate silver itself contributed to this element
uptake and deposition in AgNP exposure experiment in vivo.
J. Appl. Toxicol. 2016; 36: 445–453 Copyright © 2015 John
As for the translocation rate of AgNPs among various organs of
rats, it could be rather complicated due to the unclear biological
process for silver metabolism in vivo. As reported by Locht et al.
(2009), silver ions could be liberated from metallic silver surfaces
through dissolucytosis by cultured macrophages, resulting in the
formation of cellular silver sulfur nanocrystals. Therefore, the
dynamic equilibrium among silver ions, AgNPs and some other
silver species in vivomay vary depending on the specific biological
scenarios. Although the dissolution of AgNPs in the solution was
not identical to what happened in vivo, the ionic or particulate
forms of silver determined their bioavailabilities during the uptake
process of these two silver species. The results from this study
showed tissue silver levels were correlated with the initial concen-
trations of exposure solutions, confirming the uptake of particulate
silver in the animals; however, the explanation on the intricate
metabolism and translocation of AgNPs needs more studies.
The percentage of translocationmay provide useful information

on how many of the particles were transferred to various organs.
Kreyling et al. (2009) investigated the translocation of inhaled
insoluble nanoparticles in rats by evaluating the fraction after
24h retention using a radioactive labeling technique. This was
feasible for the exposure protocol with single dose administration
for short-term studies. In view of long-term experiments with
repeated administrations in this study, the rats continuously re-
ceived silver treatments and silver amounts in the bodies varied
dynamically between the uptake and the excretion processes.
Therefore, the tissue silver concentrations were preferred to reveal
the comparative accumulation of silver in various organs herein,
which was similar to the evaluation performed in some other
animal studies with repeated dosages (van der Zande et al., 2012).
Tissue distribution of silver may depend on the administration

mode of the chemicals. In previous research using rat/mice
models for AgNP exposure, there were multiple administration
methods, including injection and inhalation. Dziendzikowska
et al. (2012) conducted a single injection in the tail vein and
found the highest accumulation of silver content occurred in
kidneys 4weeks later. A 4-week oral administration of silver ions
and AgNPs (van der Zande et al., 2012) indicated that the liver
and spleen were the first targets after the stomach wall, small in-
testine wall, and large intestine wall. Using an intranasal instilla-
tion of silver ions and AgNPs in a neonatal rat model in our
study, silver element was predominantly distributed in the liver
for both silver ion and AgNP groups (0.1mgkg�1 day�1) after
4weeks of exposure (Fig. 3A), which was similar to the results
from oral administration. The tissue distribution profile varied
distinctly after 12-week exposure, which was characterized by
the highest silver content in brain tissues and significant
decrease in hepatic silver concentrations for both groups. This
result was closely correlated with the administration method of
nasal exposures, because the nose–olfactory bulb–brain tract
could be a main pathway for silver entering brain regions. Studies
on rats have indicated this translocation from nose to olfactory
bulb of soluble metal, such as manganese compounds after
chronic inhalation (Dorman et al., 2004; Elder et al., 2006) or
intranasal instillation (Henriksson & Tjalve, 2000) exposures. The
intranasal instillation used in this study might distinctively lead
to exclusive brain-targeted silver distribution after long-term ex-
posure (12weeks).
Using three representative tissues (lung, liver and brain), the

time course for silver bioaccumulation was fully investigated
(Fig. 5). Typically, the silver contents in liver and lung decreased
quickly after they climaxed at weeks 2 and 6, respectively, while
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat
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the silver content in brain descended slightly after 4weeks and
remained relatively high in both silver ion and AgNP groups. This
finding may be explained by the typical growth characters of
animals, i.e., the neonatal rats (within 2 or 4weeks) have immature
metabolic capabilities for the exogenous chemicals, thus causing
the increasing accumulation of silver in the target tissues upon
daily administration of silver ions and AgNPs. Approximate 2–4
weeks later, the rats reached maturity and the metabolic system
was well developed, the exogenous chemicals could be accord-
ingly eliminated, causing the decrease in silver contents in the lung
and the liver. The different time course profiles for silver accumula-
tion in the lung and the liver may be originated from the different
developmental speeds and metabolic capabilities. The liver was
the first organ (Dziendzikowska et al., 2012) and the fastest line
defending against the stimulations from exogenous chemicals
such as silver ions and AgNPs, it is thus reasonable that the silver
contents in the liver decline earlier than those in other organs.

Tissue distribution and time course of total silver showed that in-
tranasal instillation of silver ions and nanoparticles caused high sil-
ver accumulation in the brain after long-term exposure (12weeks).
This brain-targeted accumulation of silver did not compromise
during the recovery period (Fig. 6). Unlike silver level changes in
the other tested tissues, including liver, lung, serum and skin, there
was a significant increase for brain silver contents from week 13 to
week 16 by 44.1% and 30.5% in silver ion and AgNP groups, re-
spectively. Considering Sprague–Dawley rats gained body weight
from week 13 to 16 by 20.2% for males and 10.6% for females,
the artificial dilution due to the increased tissue weight could par-
tially contribute to the decreased silver levels in liver, lung, serum
and skin during the recovery period. Nevertheless, the initial dis-
posal or translocation of silver could greatly contribute to the loss
of this element in these tested tissues. The increase in brain silver
levels during the recovery period suggested the translocation of
silver from the other tissues to the brain happened in rats. Com-
pared with the results from previous studies by intravenous injec-
tion, oral ingestion and inhalation (Dziendzikowska et al., 2012;
Daniel et al., 2010; Ananth et al., 2011), the finding of the irregularly
high accumulation and retention of silver in the brain could also
specifically result from the administration method of intranasal in-
stillation. A similar result was obtained in the study conducted by
Dziendzikowska et al. (2012), in which brain silver content in-
creased by 4 folds 4weeks after the single injection of AgNPs.
The increase in brain silver content during the recovery period
due to the possible translocation of silver from other organs to
the brain might demonstrate the ability of silver species to break
through the blood–brain barrier. In addition, despite the possible
contamination of skin samples from various potential external
silver sources, the substantial amounts of silver in skin samples
from the exposed rats originated from the internal silver species
via translocation as the vehicle controls housed in the same cages
contained negligible levels of silver andwere free of silver contam-
ination. The relatively slow elimination of silver in the skin (Fig. 6A,
B) might implicate clinical argyria as well. On the flip side, when
argyria occurs, it is worthy of concerns about the sustained silver
accumulation in other tissues such as the brain, due to the com-
mon cases for nasal drops of silver colloid in medical application.

In summary, this study found that intranasal instillation of silver
ions and AgNPs in vivo could lead to high silver accumulation
specifically in rat brain during a long-term exposure, and the brain
silver concentrations were highly retained after termination of the
exposures. The potential risk of brain-targeted influences from the
intranasal administration of silver-based products is concerning,
Copyright © 2015 Johnwileyonlinelibrary.com/journal/jat
andmore translational researches are required for the full interpre-
tation of toxicological data from the rats regarding species differ-
ence in olfactory epithelium.
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