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Abstract Silver nanoparticles (AgNPs) are a broad class of
synthetic nanoparticles that are utilized in a wide variety of
consumer products as antimicrobial agents. Despite their
widespread use, a detailed understanding of their toxicological
characteristics and biological and environmental hazards is
not available. To support research into the biodistribution
and toxicology of AgNPs, it is necessary to develop a suitable
method for the assessment of AgNP content in biological
samples. Two methods were developed and validated to ana-
lyze citrate-coated AgNP content that utilize acid digestion of
rodent feces and liver tissue samples, and a third method was
developed for the dilution and direct analysis of rodent urine
samples. Following sample preparation, the silver content of
each sample was determined by inductively coupled plasma
mass spectrometry (ICP-MS) to quantify the silver and AgNP
levels present. Analysis of rat feces matrix yielded analytical
recoveries ranging from 82 to 93%. Liver tissue spiked with a
formulation of AgNPs over a range of concentrations yielded
analytical recoveries between 88 and 90 %, providing accept-
able accuracy results. The analysis of silver in urine samples
exhibited recovery values ranging from 80 to 85 % for AgNP
formulations and 62–84 % for standard silver ion solutions.
All determinations exhibited a high degree of analytical pre-
cision. The results obtained here suggest that matrix interfer-
ence plays a minimal role in AgNP recovery in feces and liver

tissue, while the urine matrix can exhibit a significant effect on
the determination of silver content.

Keywords Silver nanoparticles . Bioanalytical . Tissue
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Introduction

Silver nanoparticles (AgNPs) are a class of synthetic material
that are typically composed of a silver-containing core with a
coating that can be made of a wide range of substances
including polyvinylpyrrolidone (PVP) and citrate [1, 2]. The
particles are produced in a range of sizes on the scale of 10 to
110 nm, which when combined with the chemical properties
of the coating can affect their physicochemical characteristics
in biological systems [2]. The chemical properties of the
coating contribute to the surface charge of the particle, which
is related to the biological properties and activity of the
particles [3].

The primary application of AgNPs revolves around
their use in commercial products as an antimicrobial
agent, particularly in textiles, household supplies, and
toiletries [4, 5]. AgNPs have been shown to be a broad-
spectrum biocide that functions through a slow release of
silver, which is toxic to cells when exposed over an
extended period of time [6]. The mechanism of toxicity
has been proposed to occur through a number of routes
including the production of reactive oxygen species, bind-
ing to thiol groups in the cell, and binding intracellularly
to DNA and RNA [7]. This antimicrobial effect has also
led to the application of AgNPs in medical products such
as topical creams and wound dressings [4]. Due to the
expanding use of AgNPs in consumer products and med-
ical devices, there is a growing concern over the risks of
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exposure to high concentrations of AgNPs, both by wild-
life and humans. The physical form and size of nanopar-
ticles can be related to toxicological effects that differ
significantly from the dissolved chemical forms of the
metallic components dissolved in the same systems. It will
be important to understand the toxicology of exposure to
AgNPs if information is to be obtained on the safe use of
AgNPs in consumer products. Some studies have shown
reproductive and developmental effects on animals ex-
posed to AgNPs [8–11].

One potential exposure route that is of great concern is
oral exposure through ingestion, although exposure can
also be a result of direct contact with the particles, or
inhalation, due to the size of the particles [12]. Environ-
mental exposure to AgNPs can lead to uptake by plants
through the root system [13, 14]. In addition to exposure
through consumption of contaminated plants, AgNPs are
sometimes applied to animal feed, resulting in the possi-
bility of uptake in livestock [15, 16]. Oral exposure to
AgNPs and biodistribution after exposure can thus be of
interest in both humans and animals. One type of animal
dosing study can be performed by oral administration of
formulations containing the chemical of interest and mon-
itoring the mass balance of the nanoparticles as they are
retained or excreted by the subjects. Previous tissue dis-
tribution studies have shown that animals dosed with
AgNPs exhibit the most elevated amounts of Ag through
routes of excretion (feces and urine) [17]. Due to the high
excretion levels of AgNPs in the animal models, it is
necessary to develop a suitable assay for the determination
of AgNP content in all excreta. Nanoparticles that are not
excreted are most commonly retained in the organs of the
subject, making a robust assay for nanoparticles in biolog-
ical tissues, particularly in organs involved in the removal
of toxins, an essential tool in toxicology studies. One
organ that has been found to be a strong indicator of silver
exposure in organisms is the liver [17]. A previous study
found that in rats exposed to AgNPs, the concentration of
silver found in the liver peaked at 24 h after exposure [18].

In order to develop a reliable method for quantifying
synthetic nanomaterials in biological media, it is necessary
to use a sensitive analytical technique that can specifically
determine the concentration of the metal present in the
system. Previous methods have been developed for the
analysis of AgNPs in water, soil, and plant tissue, but
these methods made use of flame or graphite furnace
atomic absorption spectroscopy, which exhibits lower sen-
sitivity than some other spectroscopic techniques [17,
19–22]. Some methods rely on UV-Visible absorbance to
measure the surface plasmon resonance of unagglomerated
nanoparticles [23]. However, the high chloride content in
biological samples, sulfhydryl groups contained in pro-
teins, and other chemical factors can potentially result in

agglomeration and precipitation of nanoparticles, making
this method of quantification unreliable for total silver
analysis [24, 25]. A reliable, robust, and sensitive method
for the analysis of AgNPs in animal tissues and waste
products has not yet been evaluated in detail. Some reports
have described the digestion of biological samples for
tissue distribution studies, but to our knowledge, very
few reports have provided detailed validations of their
digestion and analysis methods [12, 26–29]. Previous
studies have used an acid dilution of urine samples for
analysis by inductively coupled plasma mass spectrometry
(ICP-MS) to determine the content of uranium, but there
are potential difficulties related to the presence of chloride
in urine and the possibility of precipitation of silver that
require investigation [30, 31]. The development and vali-
dation of a method for the analysis of AgNPs in biological
media taken from nonhuman species will not only provide
a method for analysis of biological samples in toxicolog-
ical studies, but can also serve as the basis for the adap-
tation of the method to use on biological samples obtained
from humans.

ICP-MS provides specificity on an elemental basis, can
account for interferences through the application of collision
cell technology (for polyatomic interferences) or correction
equations (for isobaric interferences), and exhibits limits of
detection in the parts-per-trillion range [32]. These character-
istics make ICP-MS well-suited to the quantification of
AgNPs in biological tissues. Analysis by ICP-MS also re-
quires the development of an appropriate sample digestion
method that can break down the sample matrix and provide a
homogenous solution capable of passing through a nebulizer,
while still maintaining the elemental composition of the sam-
ple. Some previous studies have made use of ICP-MS as the
analytical technique of choice, or in conjunction with other
techniques such as transmission electron microscopy and
field-flow fractionation to provide information regarding the
physical characteristics of the nanoparticles in addition to
chemical concentration [33, 34]. Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) has been
employed in some previous studies of AgNPs, with limits of
detection reported in the micrograms per liter range, orders of
magnitude higher than those possible with ICP-MS analysis
[35, 36].

In this study, three assays for determining the content of
AgNPs in rat feces, liver tissue, and urine have been devel-
oped featuring digitally controlled hotblock and microwave
digestions of the sample matrices in nitric acid. The assays in
feces and liver were found to exhibit acceptable accuracy and
precision, while the urine assay exhibited slightly low analyt-
ical recoveries. The methods developed here provide the basis
for the performance of future toxicological studies of AgNPs
with the potential for application to other synthetic nanoparti-
cles and other similar biological matrices.
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Method

Materials

All preparation of samples and solutions used 18 MΩ cm−1

deionized (DI) water. Sample digestionwas performedwith trace
metal-grade concentrated nitric acid (SCP Science, Quebec).
Stock silver standards for sample spiking were obtained from
High Purity Standards (Charleston, SC) and used as received.
Samples of male rat feces, urine, and liver were commercially
purchased from Bioreclamation LLC (New York) and were
used as received for sample preparation. AgNP stock formu-
lations were prepared using 20-nm citrate-coated AgNPs pro-
duced by nanoComposix, Inc (San Diego, CA).

Instrumentation

Sample digestion was performed with a combination of a
DigiPREP graphite hotblock (SCP Science, Quebec) and a
Discovery SP-D microwave unit (CEM Corporation,
Matthews, NC) in 35 mL quartz vessels. Analysis of prepared
samples was performed on a Thermo X-Series 7 ICP-MS
equipped with a Peltier-cooled spray chamber and an ASM-
500X autosampler. All sample preparation and analysis steps
were performed in low-light or yellow-light environments to
minimize redox activity or precipitation of silver contained in
samples.

Feces Sample Preparation

Feces samples were prepared by massing approximately
0.40 g, followed by spiking with either diluted elemental
silver stock standards or AgNP formulation solutions. Sam-
ples were spikedwith AgNP formulation solutions in triplicate
at three concentrations from 6 to 90 ng/mL. Additional sam-
ples were prepared in triplicate at a concentration of
1000 μg/L for preparation of dilution verification samples
using silver stock standard. Six replicate AgNP formulation-
spiked samples were prepared at the low spiking concentra-
tion to challenge the limit of quantification. Silver stock
standard-spiked samples were prepared in triplicate at concen-
trations of 5–75 ng/mL. Matrix blank samples were prepared
by digestion of six replicates of control rat feces without
spiking and analysis by the same method as the spiked sam-
ples. The spiked and unspiked samples were frozen and ly-
ophilized for 72 h. After lyophilization, the sample mass was
measured again to monitor loss of mass; mass loss for all feces
samples ranged from a 16 % loss to a 51 % loss with the
samples containing the higher volumes of spiking solution
exhibiting the largest weight loss. Five milliliters of concen-
trated nitric acid was added to each 35 mL digestion vessel,
which was then placed in a graphite hotblock for digestion at
temperatures gradually increasing from 65 to 110 °C (5 °C

increase/30 min). The vessels were then removed and allowed
to cool to room temperature, followed by digestion in the SP-
D microwave unit at a maximum temperature of 180 °C and
pressure of 400 psi for 15 min. The resulting digest was then
diluted to volume with DI water and stored in a refrigerator at
approximately 8 °C until analysis.

Liver Sample Preparation

Liver samples were prepared by thawing, followed by
homogenization using a Polytron® with a handheld tissue
homogenizer (Kinomatica, Switzerland) followed by
massing of approximately 2.0 g of the tissue homogenate.
Prior to homogenization, the blades of the homogenizer
were cleaned to minimize the risk of contamination by
submersion in DI water and operation for 10 s, submersion
in a 5 % HNO3 solution and operation for 10 s, and then
submersion in DI water and operation for 10 s. The tissue
samples were spiked with AgNP formulation solution at
six concentrations ranging from 30 to 96 ng/mL. Addi-
tional samples were prepared in triplicate at 1000 ng/mL
for dilution verification purposes, at masses ranging from
2.2 to 5.3 g using silver stock standard. Matrix blank
samples were prepared by digestion of six replicates of
control rat liver tissue of approximately the same mass and
analysis by the same method as the spiked samples. Five
milliliters of concentrated nitric acid was added to each
vial, which was then placed in a hotblock for digestion at
temperatures gradually increasing from 65 to 110 °C (5 °C
increase/30 min). The vessels were then removed and
allowed to cool to room temperature, followed by diges-
tion in the SP-D microwave unit at a maximum tempera-
ture of 180 °C and pressure of 400 psi for 15 min. The
resulting digest was then diluted to volume with DI water
and analyzed immediately.

Urine Sample Preparation

Urine samples were prepared by spiking a nominal volume of
0.500 mL of control urine with an AgNP formulation or an
elemental silver stock standard, followed by a tenfold dilution
of the sample with a 1 % nitric acid solution. Samples were
spiked at three concentrations ranging from 6 to 75 μg/L.
Additional samples were prepared at 3000 μg/L for dilution
verification purposes using either AgNP formulation or silver
stock standard. Six replicate AgNP formulation-spiked sam-
ples were prepared at the low spiking concentration for anal-
ysis. All other spiking levels of AgNP formulation were
prepared at medium, high, and dilution verification levels.
Stock standard-spiked samples were prepared at the same
concentrations in quadruplicate. Matrix blank samples were
prepared by dilution of six replicates of control urine and
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analysis by the same method as the spiked samples. Samples
were analyzed immediately after preparation.

ICP-MS Analysis of Samples

Digested samples were analyzed for total silver content
against calibration standards prepared from stock stan-
dards over the concentration range of 0.5–100 ng/mL.
Calibration standards were prepared daily prior to anal-
ysis to account for potential photodegradation. Silver
signal was monitored at 107Ag and 109Ag, and data are
reported for 107Ag. Indium was added to calibration
standards and samples as an internal standard to monitor
and correct for instrument drift over time. Calibration
curves were calculated by plotting the mass-uncorrected
counts as a function of concentration of silver nanopar-
ticle (in ng/mL) and performing linear least squares
regression on the plot with no weighting. Quality control
samples consisted of acid matrix-matched calibration
verification standards that were analyzed immediately
following calibration and again after a maximum of
every 10 samples. Carryover was assessed by analysis
of calibration blank samples after measurement of the
calibration verification samples.

Results

Method Figures of Merit

Method limits of detection and quantification were de-
termined for all matrices by analyzing the silver signal
of six replicates of matrix blanks, taking the standard
deviation of the detected silver concentration, and mul-
tiplying by the Student’s T value at 99 % confidence
interval for the appropriate degrees of freedom. Statisti-
cal outliers were excluded from the sample set by ap-
plication of Dixon’s q test at a 99 % confidence interval.
The estimated limit of quantification was taken as the
lowest concentration calibration standard with a back-
calculated concentration within 25 % of its nominal
concentration. The method limit of detection in feces
for sample masses ranging between 0.27 g and 0.47 g
was found to be 5.1 ng Ag/g feces; in urine for nominal
volumes of 0.500 mL was found to be 0.415 ng Ag/mL
urine; and in liver for sample masses ranging between
3.4 g and 7.3 g was found to be 0.64 ng Ag/g tissue.
The lowest acceptable calibration standard was observed
to be 0.50 ng/mL Ag in all cases. This makes the
estimated limit of quantification in feces matrix 50 ng
Ag/g feces; in urine matrix, 5 ng Ag/mL urine; and in
liver matrix, 12.5 ng Ag/g tissue.

Analytical Recoveries—Accuracy and Precision

Analytical recovery for all samples was calculated using the
following equation:

%Recovery ¼ Ag½ �measured

Ag½ �nominal

� 100% ð1Þ

Recovery of spiked rat feces using a commercially pur-
chased Ag solution in dilute HNO3 and DI water was assessed
(Table 1), with recoveries ranging from 89 to 93 % (Fig. 1).
The relative standard deviation for triplicate preparations was
2.9 % at the low-concentration-spiked samples, 0.77 % in
medium-concentration-spiked samples, and 0.90 % at the
higher spiking concentrations, demonstrating a high degree
of precision. High-level dilution verification sample analysis
in feces matrix spiked with silver stock solution provided an
average recovery of 88 % (0.82 % relative standard deviation
(RSD)). Samples of rat feces that were spiked with varying
concentrations of AgNP formulation exhibited analytical re-
coveries ranging from 82 to 92 %. The %RSD for replicate
measurements for AgNP digests at all concentrations was
between 2.4 and 2.6 %.

Six homogenized liver samples were spiked to yield final
concentrations of 30, 48, 60, 72, 84, and 96 ng/mL of AgNP.
Observed recoveries ranged from 88 to 90 % (Fig. 2). Recov-
ery of spiked rat livers using a commercially purchased Ag
solution in HNO3 and DI water was also assessed, with
recoveries of 72–90 %. High-level dilution verification sam-
ple analysis provided an average recovery of 96 %.

Recovery of rat urine spiked with a commercially pur-
chased Ag solution in HNO3 was also assessed, with much
lower recoveries of 62–73 % (Table 1 and Fig. 3). High-level
dilution verification sample analysis for urine spiked with
stock silver solution provided an average recovery of
84.2 %. Quadruplicate analyses by two analysts at each

Table 1 Average analytical accuracy and precision for the analysis of rat
feces, and urine for stock silver solutions and 20-nm citrate-coated AgNP

Matrix Stock Ag AgNP formulation

% Recovery %RSD % Recovery %RSD

Feces Low 90.7 2.9 92.2 2.6

Med 92.5 0.77 83.9 2.4

High 89.4 0.90 81.8 2.4

Dilution 88.5 0.82 NA NA

Urine Low 62.2 8.4 79.5 4.4

Med 73.2 8.1 84.7 1.2

High 71.4 11 84.7 0.27

Dilution 84.2 6.4 83.2 3.6
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concentration demonstrated 6.4–11%RSD, exhibiting slightly
decreased method precision compared to other preparation
methods. Urine spiked with concentrations of 6, 36, 90, and
1000 ng/mL of AgNP exhibited analytical recoveries ranging
from 80 to 85 %. Replicate analysis of AgNP formulation-
spiked stock solutions demonstrated 0.27–4.4 %RSD,
exhibiting strong precision for the method.

Relationship Between Feces Mass Loss and Sample Recovery

During method development, it is important to establish the
relationship between the physical characteristics of samples
and the ability to obtain consistent recoveries. Several
methods of feces analysis involve the lyophilization of the
sample prior to digestion [37]. The amount of moisture lost
during lyophilization may be related to the physical and
chemical characteristics of the sample, suggesting that there
could potentially be a link between the amount of moisture
lost during sample preparation and the ability to obtain con-
sistent recoveries of AgNPs. During this investigation, ob-
served feces mass lost during lyophilization varied widely,
ranging from 19.7 to 51.0 %, while recoveries of AgNPs from
those feces samples were found to range from 79.3 to 95.9 %.
These observations suggest that there is a minimal correlation
between moisture loss in feces samples and the recoveries of
AgNPs spiked into the samples and that the digestion method

used is robust for the determination of AgNPs in feces despite
the variability of biological samples.

Discussion

Method Development Considerations

In order to adequately determine the biodistribution of AgNP
in test subjects, a robust digestion method is necessary to
account for all the differences throughout a single biological
system. A high degree of robustness is also necessary to
provide accurate analytical results in biologically variable
samples such as feces. In previous method development
work, the addition of nitric acid to fecal samples has resulted
in exothermic expansion and frothing of the mixture during
the hotblock digestion due to the mixture of nitric acid and
water in the feces, which can result in sample loss in small-
volume sample vessels like the 35 mL digestion vessels used
here (personal observation). Lyophilization of samples prior to
any digestion step helps tominimize this reaction and prevents
the frothing from occurring. The lack of frothing results in
higher precision and accuracy of spiked sample analysis. This
sample preparation step is of vital importance because of the
possibility of variability in sample moisture depending on the
diet and health of individual specimens.

For ICP-MS measurements, the analyte signal was moni-
tored for two isotopes, 107 and 109, and results are reported
here for 107Ag. Samples were analyzed in a standard mode or
in the absence of a collision cell gas that could exclude
polyatomic interferences. This method of analysis provides
higher sensitivity for the analysis and allows measurement of
lower concentrations of Ag than would be possible in the
presence of a collision cell gas. Silver suffers from very few
biologically relevant polyatomic interferences on either mass,
primarily 67Zn40Ar on 107Ag [38]. Since the isotopic
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Fig. 1 Average percent recovery for replicate analyses of feces spiked
with silver stock standards and AgNP formulation (n=6 for AgNP low
concentration, n=3 for all others). Key: black bar, AgNP formulation
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Fig. 2 Average analytical recovery for liver tissue samples spiked with
AgNP formulation plotted against expected recoveries
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abundance of 67Zn is relatively low (4.10 % natural abun-
dance), the potential for interference by that polyatomic spe-
cies is low despite the relatively high concentration of Zn in
biological samples. The limits of detection and quantification
that are reported for the method developed here were signif-
icantly lower than or comparable to those of a number of
similar studies in the literature, which ranged from LOD=
0.26–700 ng/mL in fluid samples and 200 ng/g in a representa-
tive tissue sample [39, 29, 40]. Reported limits of quantification
are lower than those reported here (0.08–0.67 ng/mL), but it is
unclear whether their reported limits take into account sample
preparation and dilution factors [39, 41]. Also, some of these
reports use different matrices than those explored in this study.

Initial attempts were made to analyze silver stock-spiked
solutions and AgNP formulation-spiked samples in whole
liver organs. The method applied in these initial attempts did
not include homogenization of the tissue prior to spiking and
used a higher sample mass. The analysis of silver for silver
stock-spiked samples and AgNP formulation-spiked samples
provided low, inconsistent recoveries at concentrations above
36 ng/mL of Ag for both stock-spiked and formulation-spiked
samples (data not shown). It was found that decreasing the
mass of tissue coupled with homogenization allowed success-
ful recovery of AgNP formulation spiked into tissue samples
over a range of concentrations, making the tissue homogeni-
zation critical to successful application of the method to tissue
studies.

The experiments described here were designed to support
investigators exploring the biological distribution and fate of
AgNPs administered under different dosing scenarios. One
previous study of the biodistribution of silver nanocrystals in
rats after intraperitoneal injection of the nanocrystal solution
described analytical results for tissue concentrations of silver,
but the method of digestion was not described and no evi-
dence was provided for analytical accuracy of the method
applied [26]. A recent review article discussed the advances
in the area of analysis of engineered nanomaterials in
biodistribution studies, which discusses some studies of silver
nanoparticles in biological media [12], but many of the studies
referenced therein utilize methods that either were not validat-
ed or used large amounts of sample due to their application of
the method of standard addition [42]. By spiking a known
concentration of AgNP into three common biomonitoring
matrices, it is possible to assess the viability of the method
for application to other biological samples that could possibly
be obtained from such a study. Similarly, it is essential to
determine the comparability of the analytical results obtained
with free silver ions and AgNP formulations in the digestion
and analysis of samples. The comparability of the results can
be assessed either by (a) comparison of stock- and
formulation-spiked samples (as will be addressed below) or
(b) preparation and analysis of sample matrix calibration
curves and acid matrix calibration curves against each other.

A sample matrix calibration curve in the liver tissue was
prepared and analyzed against a stock standard calibration
curve, as will be discussed below, but in addition, a series of
stock standard-prepared standards were analyzed against a
matrix sample-digested calibration curve, and the stock
standard-prepared standards were found to provide an average
analytical recovery of 102 %. These results suggest that the
digestion process results in the breakdown of the AgNPs in
solution to free silver ions prior to analysis.

Analytical Recoveries

To facilitate suitable recoveries of AgNPs from the biological
tissue and excreta, digestion methods were developed to pro-
vide optimal recoveries of silver content while avoiding the
use of chloride anions, which could potentially result in the
precipitation of silver as AgCl. Three unique sample prepara-
tion methods, one for each matrix, exhibited analytical recov-
eries between 72.3 and 95.9 %, generally with excellent
method precision. The advantage of the methods described
here are that they utilize less sample than those of previously
described studies, making the methods applicable to toxico-
logical studies where limited sample mass is available [42]. It
may be possible to further decrease the mass of the biological
samples used for digestion, although such a revision of the
method will adversely affect the limits of detection and quan-
tification reported here. Further, the methods described here
provide analytical techniques that can be performed routinely
using common analytical laboratory equipment, rather than
those of previous studies that use specialized equipment such
as single-particle ICP-MS for the characterization of nanopar-
ticles in biological samples [43, 44].

It was expected that the prevention of AgCl precipitate
would be most challenging in rat urine matrix due to a natu-
rally high abundance of Cl ion. Results showed a 71–85 %
recovery for AgNPs. Though the urine recoveries were the
lowest of the three, the level of suppression observed in urine
was lower than expected, with no linear relationship between
AgNP concentration and analyte loss observed. It is possible
that the primary cause of the better-than-expected recoveries
of AgNPs in urine is a protective effect of the coating of the
nanoparticle, which minimizes the reactivity of silver atoms
with chloride in solution. The carbon containing shell likely
forms a partially hydrophobic barrier between the Ag compo-
nents of the nanoparticle and the bulk solution, preventing
much of the free Cl− from combining with any Ag. A previous
study investigated the aggregation of 70-nm citrate-coated
AgNPs in salt solutions and demonstrated that the critical
coagulation concentration of chloride in a primarily sodium
chloride solution was 47.6 mM [1]. There is a minimal prob-
ability that the stability of the citrate coating found on the
particles studied here would be compromised by the dilute
acid conditions (approximately 1 %) and lack of heat used for
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digestion of the urine samples. However, it is difficult to
account for the possibility of AgCl precipitate formation with-
out studying the reaction in detail and developing appropriate
correction equations. As both components would be intro-
duced into the plasma simultaneously, any silver signal mea-
sured would correspond to a mixture of Ag+ and AgNPs. One
of the limitations of this technique is that the analysis of silver
by ICP-MS provides results of total amounts of elements in a
sample without regard to the speciation of the elements.
Future work will be necessary to elucidate the relationship
between total silver in digested samples and the speciation of
the silver contained in samples. One previous report detailed a
speciation method for silver nanoparticles in environmental
samples that used a cloud point extraction-based system, and
other physical methods can be applied to biological samples
for speciation analysis, including TEM, SEM, field-flow frac-
tionation, and UV-Visible spectroscopy [23, 26, 34, 45]. It is
also possible that a digestion step involving the use of micro-
wave technology or hotblock heating may allow a more
accurate determination of silver in urine samples. Further,
preliminary experiments have suggested that utilization of
HCl in place of HNO3 during digestion allows increased
recovery of AgNP formulations in high-salt matrices such as
cellular growth media (data not shown).

The results obtained in digested liver tissue samples exhib-
ited a great degree of variability of observed percent recovery
of nanoparticles. The physical size of livers ranged in exper-
iments from approximately 1.3 to 2.0 g of homogenate, sug-
gesting that the volume limitations of the digestion vessels
used and the variability of biological tissue samples may have
resulted in incomplete sample digestions. Homogenization of
the tissue samples followed by digestion of a subsample of the
organ can assist in minimizing the variability of the results due
to “hot spots” or localized deposits of AgNP in the tissue
samples. This method is especially important if the tissue
sample is larger than 4 g, so that it may be separated into
subsamples which can be summed for the entire tissue. The
method reported here for tissue is sufficiently robust to pro-
vide acceptable analytical recoveries over a range of concen-
trations and can be applied to AgNPs with different coatings.
Personal observations of tissue analysis experiments per-
formed with PVP-coated AgNPs have demonstrated compa-
rable spike recoveries in quality control samples, suggesting
the applicability of the digestion and analysis method to a
broader selection of materials, but this discussion is beyond
the scope of this manuscript.

Conclusions

AgNPs are a growing concern in the environment due to their
increased use in consumer products. Therefore, it is important

to develop reliable methods for the determination of AgNPs in
biological samples. Three biological matrices that could be
targets for analysis in toxicological studies are urine, feces,
and liver samples. The method developed here provides a
validated, reliable determination of silver content in feces,
urine, and liver tissue samples and will be applied in upcom-
ing reports of biodistribution studies of AgNPs in rats. Further
method development and studies will be necessary to under-
stand the speciation of silver in digested samples and its
relationship to the determined concentration in biological
samples.

Acknowledgments This study was supported, in part, by the National
Institute of Environmental Health Sciences (U19 ES019525) and Nation-
al Institute of Diabetes and Digestive and Kidney Diseases
(1U24DK097193-01). The authors would also like to acknowledge RTI
International for providing internal funds for the study. Mention of trade
names or commercial products does not constitute endorsement or rec-
ommendation for use.

Ethical Statement The samples analyzed in this study were collected
from animals that were maintained under RTI IACUC guidelines, and all
protocols were performed with IACUC review and approval.

Conflict of Interest The authors acknowledge that there are no finan-
cial conflicts of interest in this report.

References

1. Huynh KA, Chen KL (2011) Aggregation kinetics of citrate and
polyvinylpyrrolidone coated silver nanoparticles in monovalent and
divalent electrolyte solutions. Environ Sci Technol 45:5564–5571

2. Majdalawieh A, Kanan MC, El-Kadri O, Kanan SM (2014) Recent
advances in gold and silver nanoparticles: synthesis and applications.
J Nanosci Nanotechnol 14(7):4757–4780. doi:10.1166/jnn.2014.
9526

3. El Badawy AM, Silva RG, Morris B, Scheckel KG, Suidan MT,
Tolaymat TM (2011) Surface charge-dependent toxicity of silver
nanoparticles. Environ Sci Technol 45(1):283–287

4. Schluesener JK, Schluesener HJ (2013) Nanosilver: application and
novel aspects of toxicology. Arch Toxicol 87:569–576

5. López-Serrano A, Olivas RM, Landaluze JS, Cámara C (2014)
Nanoparticles: a global vision. Characterization, separation, and
quantification methods. Potential environmental and health impact.
Anal Methods 6(1):38–56

6. Yu S-J, Yin Y-G, Liu J-F (2013) Silver nanoparticles in the environ-
ment. Environ Sci Process Impact 15:78–92

7. Rai M, Yadav A, Gade A (2009) Silver nanoparticles as a new
generation of antimicrobials. Biotechnology Advances 27 (1):76–
83. doi: http://dx.doi.org/10.1016/j.biotechadv.2008.09.002

8. Bar-Ilan O, Albrecht RM, Fako VE, Furgeson DY (2009) Small 5:
1897–1910

9. Lee KJ, Browning LM, Nallathamby PD, Desai T, Cherukuri PK, Xu
XHN (2012) Chem Res Toxicol 25:1029–1046

10. Roh J, Sim SJ, Yi J, Park K, Chung KH, Ryu D, Choi J (2009)
Environ Sci Technol 43:3933–3940

11. Panacek A, Prucek R, Safarova D, CDittrich M, Richtrova J,
Benickova K, Zboril R, Kvitek L (2011) Environ Sci Technol 45:
4974–4979

190 Poitras et al.

http://dx.doi.org/10.1166/jnn.2014.9526
http://dx.doi.org/10.1166/jnn.2014.9526
http://dx.doi.org/10.1016/j.biotechadv.2008.09.002


12. Krystek P (2012) A review on approaches to bio distribution studies
about gold and silver engineered nanoparticles by inductively
coupled plasma mass spectrometry. Microchem J 105:39–43

13. Geisler-Lee J, Wang Q, Yao Y, Zhang W, Geisler M, Li K, Huang Y,
Chen Y, Kolmakov A, Ma X (2013) Phytotoxicity, accumulation and
transport of silver nanoparticles by Arabidopsis thaliana.
Nanotoxicology 7(3):323–337

14. Larue C, Castillo-Michel H, Sobanska S, Cécillon L, Bureau S,
Barthès V, Ouerdane L, Carrière M, Sarret G (2014) Foliar exposure
of the crop Lactuca sativa to silver nanoparticles: evidence for inter-
nalization and changes in Ag speciation. J Hazard Mater 264:98–106

15. Fondevila M, Herrer R, Casallas MC, Abecia L, Ducha JJ (2009)
Silver nanoparticles as a potential antimicrobial additive for weaned
pigs. Anim Feed Sci Tech 150:259–269

16. Ahmadi J (2009) Application of different levels of silver nanoparti-
cles in food on the performance and some blood parameters of broiler
chickens. World Appl Sci J 7:24–27

17. van der Zande M, Vandebriel RJ, Doren EV, Kramer E, Rivera ZH,
Serrano-Rojero CS, Gremmer ER, Mast J, Peters RJB, Hollman
PCH, Hendriksen PJM, Marvin HJP, Peijnenburg AACM,
Bouwmeester H (2012) Distribution, elimination, and toxicity of
silver nanoparticles and silver ions in rats after 28-day oral exposure.
ACS Nano 6(8):7427–7442

18. Dziendzikowska K, Gromadzka-Ostrowska J, Lankoff A,
Oczkowski M, Krawczynska A, Chwastowska J, Sadowska-Bratek
M, Chajduk E, Wojewodzka M, Dusinska M, Kruszewski M (2012)
Time-dependent biodistribution and excretion of silver nanoparticles
in male Wistar rats. J Appl Toxicol 32:902–928

19. Saeki S, Kubota M, Asami T (1996) Determination of silver in water
by flame atomic absorption spectrometry. Int J Environ an Ch 64(3):
185–192. doi:10.1080/03067319608028928

20. Saeki S, Kubota M, Asami T (1996) Determination of silver in plants
by flame atomic absorption spectrometry. Int J Environ an Ch 64(3):
179–183. doi:10.1080/03067319608028927

21. Saeki S, Kubota M, Asami T (1995) Determination of silver in soils
by atomic-absorption spectrometry.Water Air Soil Poll 83(3–4):253–
261. doi:10.1007/Bf00477356

22. Kim YS, Song MY, Park JD, Song KS, Ryu HR, Chung YH, Chang
HK, Lee JH, Oh KH, Kelman BJ, Hwang IK, Yu IJ (2010)
Subchronic oral toxicity of silver nanoparticles. Part Fibre Toxicol 7

23. Zook JM, Long SE, Cleveland D, Geronimo CLA, MacCuspie RI
(2011) Measuring silver nanoparticle dissolution in complex biolog-
ical and environmental matrices using UV-visible absorbance. Anal
Bioanal Chem 401(6):1993–2002. doi:10.1007/s00216-011-5266-y

24. Mwilu SK, El Badawy AM, Bradham K, Nelson C, Thomas D,
Scheckel KG, Tolaymat T, Ma L, Rogers KR (2013) Changes in
silver nanoparticles exposed to human synthetic stomach fluid: ef-
fects of particle size and surface chemistry. Sci Total Environ 447:90–
98. doi:10.1016/j.scitotenv.2012.12.036

25. Huda S, Smoukov SK, Nakanishi H, Kowalczyk B, Bishop K,
Grzybowski BA (2010) Antibacterial nanoparticle monolayers pre-
pared on chemically inert surfaces by cooperative electrostatic ad-
sorption (CELA). ACS Appl Mater Interfaces 2(4):1206–1210

26. Garza-Ocanas L, Ferrer DA, Burt J, Diaz-Torres LA, Ramirez
Cabrera M, Rodriguez VT, Lujan Rangel R, Romanovicz D, Jose-
Yacaman M (2010) Biodistribution and long-term fate of silver
nanoparticles functionalized with bovine serum albumin in rats.
Metallomics 2(3):204–210. doi:10.1039/b916107d

27. Hong J, Kim S, Lee SH, Jo E, Lee B, Yoon J, Eom I, Kim H, Kim P,
Choi K, Lee MY, Seo Y, Kim Y, Lee Y, Choi J, Park K (2014)
Combined repeated-dose toxicity study of silver nanoparticles with
the reproduction/developmental toxicity screening test. Nanotoxicol
8(4):349–362

28. Austin CA, Umbreit TH, Brown KM, Barber DS, Dair BJ, Francke-
Carroll S, Feswick A, Saint-Louis MA, Hikawa H, Siebein KN,
Goering PL (2012) Distribution of silver nanoparticles in pregnant
mice and developing embryos. Nanotoxicology 6(8):912–922

29. Loeschner K, Hadrup N, Qvortrup K, Larsen A, Gao X, Vogel U,
Mortensen A, Lam HR, Larsen EH (2011) Distribution of silver in
rats following 28 days of repeated oral exposure to silver nanoparti-
cles or silver acetate. Part Fibre Tox 8:18–31

30. Krystek P, Ritsema R (2002) Determination of uranium in urine—
measurement of isotope ratios and quantification by use of inductive-
ly coupled plasma mass spectrometry. Anal Bioanal Chem 374(2):
226–229

31. Krystek P, Ritsema R (2009) An incident study about acute and
chronic human exposure to uranium by high-resolution inductively
coupled plasma mass spectrometry (HR-ICPMS). Int J Hyg Environ
Health 212(1):76–81

32. Taylor A, Day MP, Hill S, Marshall J, Patriarca M, White M (2013)
Atomic spectrometry update. Clinical and biological materials, foods
and beverages. J Anal At Spectrom 28(4):425–459

33. PodaAR, Bednar AJ, KennedyAJ, HarmonA, Hull M,Mitrano DM,
Ranville JF, Steevens J (2011) Characterization of silver nanoparti-
cles using flow-field flow fractionation interfaced to inductively
coupled plasma mass spectrometry. J Chromatogr A 1218(27):
4219–4225. doi:10.1016/j.chroma.2010.12.076

34. Hoque ME, Khosravi K, Newman K, Metcalfe CD (2012) Detection
and characterization of silver nanoparticles in aqueous matrices using
asymmetric-flow field flow fractionation with inductively coupled
plasma mass spectrometry. J Chromatogr A 1233:109–115. doi:10.
1016/j.chroma.2012.02.011

35. Park J-W, Oh J-H, Kim W-K, Lee S-K (2014) Toxicity of citrate-
coated silver nanoparticles differs according to method of suspension
preparation. Bull Environ Contam Toxicol 93(1):53–59. doi:10.1007/
s00128-014-1296-4

36. Leavens TL, Monteiro-Riviere NA, Inman AO, Brooks JD,
Oldenburg SJ, Riviere JE (2012) In vitro biodistribution of silver
nanoparticles in isolated perfused porcine skin flaps. J Appl Toxicol
32(11):913–919. doi:10.1002/jat.2750

37. Levine KE, Stout MD, Ross GT, Essader AS, Perlmutter JM, Grohse
PM, Fernando RA, Lang M, Collins BJ (2009) Validation of a
method for the determination of total chromium in rat feces by
inductively coupled plasma optical emission spectrometry. Anal
Lett 42(17):2729–2746

38. Audi G, Wapstra AH (1995) The 1995 update to the atomic mass
evaluation. Nucl Phys A 595(4):409–480

39. Fabricius A-L, Duester L, Meermann B, Ternes T (2014) ICP-MS-
based characterization of inorganic nanoparticles—sample prepara-
tion and off-line fractionation strategies. Anal Bioanal Chem 406(2):
467–479. doi:10.1007/s00216-013-7480-2

40. Wang X, Chang H, Francis R, Olszowsky H, Liu P, Kempf M, Cuttle
L, Kravchuk O, Phillips GE, Kimble RM (2009) Silver deposits in
cutaneous burn scar tissue is a common phenomenon following
application of a silver dressing. J Cutan Pathol 36:788–792

41. Kaegi R, Voegelin A, Sinnet B, Zuleeg S, Hagendorfer H, Burkhardt
M, Siegrist H (2011) Behavior of metallic silver nanoparticles in a
pilot wastewater treatment plant. Environ Sci Technol 45:3902–3908

42. Lankveld DPK, Oomen AG, Krystek P, Neigh A, Troost Jong A,
Noorlander CW, Van Eijkeren JCH, Geertsma RE, De Jong WH
(2010) The kinetics of the tissue distribution of silver nanoparticles
of different sizes. Biomaterials 31(32):8350–8361

43. Gellein K, Lierhagen S, Brevik PS, TeigenM, Kaur P, Singh T, Flaten
TP, Syversen T (2008) Trace element profiles in single strands of
human hair determined by HR-ICP-MS. Biol Trace Elem Res 123(1–
3):250–260

Assessment of Silver Nanoparticle Content in Biological Matrices 191

http://dx.doi.org/10.1080/03067319608028928
http://dx.doi.org/10.1080/03067319608028927
http://dx.doi.org/10.1007/Bf00477356
http://dx.doi.org/10.1007/s00216-011-5266-y
http://dx.doi.org/10.1016/j.scitotenv.2012.12.036
http://dx.doi.org/10.1039/b916107d
http://dx.doi.org/10.1016/j.chroma.2010.12.076
http://dx.doi.org/10.1016/j.chroma.2012.02.011
http://dx.doi.org/10.1016/j.chroma.2012.02.011
http://dx.doi.org/10.1007/s00128-014-1296-4
http://dx.doi.org/10.1007/s00128-014-1296-4
http://dx.doi.org/10.1002/jat.2750
http://dx.doi.org/10.1007/s00216-013-7480-2


44. Gray EP, Coleman JG, Bednar AJ, Kennedy AJ, Ranville JF, Higgins
CP (2013) Extraction and analysis of silver and gold nanoparticles
from biological tissues using single particle inductively coupled
plasma mass spectrometry. Environ Sci Technol 47(24):14315–
14323

45. Chao JB, Liu JF, Yu SJ, Feng YD, Tan ZQ, Liu R, Yin YG
(2011) Speciation analysis of silver nanoparticles and silver
ions in antibacterial products and environmental waters via
cloud point extraction-based separation. Anal Chem 83(17):
6875–6882

192 Poitras et al.


	Development...
	Abstract
	Introduction
	Method
	Materials
	Instrumentation
	Feces Sample Preparation
	Liver Sample Preparation
	Urine Sample Preparation
	ICP-MS Analysis of Samples

	Results
	Method Figures�of Merit
	Analytical Recoveries—Accuracy and Precision
	Relationship Between Feces Mass Loss and Sample Recovery

	Discussion
	Method Development Considerations
	Analytical Recoveries

	Conclusions
	References


