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Abstract The application of nanomaterials is leading to
innovative developments in industry, agriculture, consumer
products, and food and related sectors. However, due to the
special properties of these materials there are concerns
about their safety, especially because of our limited knowl-
edge of human health effects and the fact that constantly
new nanomaterials and applications thereof are being pro-
duced. The development of analytical techniques is a key
element to understand the benefits as well as the risks of the
application of such materials. In this study, a method is
developed and validated for sizing and quantifying nano-
silver in chicken meat using single particle inductive
coupled plasma mass spectrometry (ICP-MS). Samples
are processed using an enzymatic digestion followed by
dilution of the digest and instrumental analysis of the dilut-
ed digest using single particle ICP-MS. Validation of the
method in the concentration of 5–25 mg/kg 60-nm silver
nanoparticles showed good performance with respect to
trueness (98–99 % for size, 91–101 % for concentration),
repeatability (<2 % for size, <11 % for concentration), and
reproducibility (<6 % for size, <16 % for concentration).
The response of the method is linear, and a detection limit
as low as 0.1 mg/kg can be obtained. Additional experi-
ments showed that the method is robust and that digests are
stable for 3 weeks at 4 °C. Once diluted for single particle
ICP-MS analysis, the stability is limited. Finally, it was
shown that nano-silver in chicken meat is not stable. Silver

nanoparticles dissolved and were transformed into silver
sulfide. While this has implications for the form in which
nano-silver will be present in real-life meat samples, the
developed method will be able to determine the presence
and quantity of nanoparticle silver in such samples.
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Introduction

The application of nanotechnology offers substantial
prospects for the development of innovative products
and applications, and it is expected that the number of
products and production volumes involving nanotechnol-
ogy will increase in the future. Because of the unique
functional properties of nanoparticles (NPs), these mate-
rials are being used by many industries, including the
food and agricultural sectors [1–6]. While most of these
materials are used in the industry, an increasing number
of consumer products that contain NPs can already be
found on the market. These include electronics, house-
hold and cleaning products, paints and coatings, sport
products and textiles, cosmetics and personal care prod-
ucts, food products, and food packaging materials. In
order to understand how many products containing NPs
are already available to consumers, a comprehensive
database on types and uses of such NPs would be
useful. Since 2006, there is a voluntary database, the
Woodrow Wilson Inventory, that is accessible for con-
sumers [7]. More than half of the products in the
Woodrow Wilson Inventory contain nano-silver, and
although this is by volume not the most used material,
it is the fastest growing application of NPs. Nano-silver
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is used in food supplements, in food packaging as an
antimicrobial, in non-food products as toothpaste, and in
textiles as an anti-odorant. The silver NPs are added to
food packaging materials in several ways, for instance,
as finely dispersed nano-silver particles embedded in
shrink films, storage boxes, cutting boards containers,
and coatings [8–11] (http: / / factory.dhgate.com/
metallized-film/nano-silver-antimicrobial-cling-film-bag-
p47593893.html, http://www.gaswatch.com/products/13%
22-x-11%22-Antimicrobial-Round-Cutting-Board.html,
http:/ /hznano.en.alibaba.com/product/605559706-
213764856/Nano_silver_antimicrobial_Storage_Box_
manufacturer.html), as a silver-based zeolite in
polylactic acid bio-composites [12, 13], and as gelatin-
silver nano-composites [14]. Patents also mention the
use of silver to prepare antibacterial wheat flour and as
an animal feed product [15]. More recently, silver has
been studied as an alternative for the antibiotics used in
the poultry production [16, 17] and as a nano-agent to
control the microbial load in cow milk [18].

Due to the special properties of NPs, there are concerns
about their safety, especially because of our limited knowl-
edge of human health effects of these materials and the fact
that constantly new NPs and applications thereof are being
produced. The development of analytical techniques is a key
element to understand the benefits as well as the risks of the
application of NPs [19–21]. Currently, separation techniques
as hydrodynamic chromatography (HDC) and field flow frac-
tionation (FFF) are used to determine NPs in combination
with detectors such as multiple angle light scattering
(MALS) and inductive coupled plasma mass spectrometry
(ICP-MS) [22–25]. Since detection limits of these combined
techniques are in the low milligram per liter range, sample
preparation and analyte concentration steps are often required
prior to instrumental analysis. However, even fewer methods
are available for sample preparation, and those which are
available are often difficult and time consuming. We studied
a relatively new approach, single particle ICP-MS (sp-ICP-
MS), as an innovative method for detection and characteriza-
tion of silver NPs in chicken meat with limited sample prep-
aration [26, 27]. In addition, sp-ICP-MS is compatible with
the recently adopted European Commission recommendation
for the definition of nanomaterials, Commission Recommen-
dation 2011/696/EU [28], which states that a particle number-
based instead of a mass-based analytical technique should be
used. The potential application of silver NPs in the agri-
cultural sector, especially as an antibiotic in poultry pro-
duction, and in many food-related materials might result in
the presence of silver NPs in food. Therefore, silver NPs
in chicken meat was selected as target analyte and matrix
for the development and validation of an analytical meth-
od using sp-ICP-MS as the instrumental technique. Al-
though very recently the extraction and analysis in

biological tissues has been described [29], we believe this
study to be the first full method validation study using sp-
ICP-MS for the sizing and quantification of silver NPs in
a food matrix.

Materials and methods

Standards, chemicals, and reagents

Gold NPs, RM8013, is a reference material obtained from
NIST (Boulder, CO, USA) and consists of a suspension of
gold NPs with a mass concentration of 50 mg/L stabilized in a
citrate buffer. These particles have a spherical shape and a
diameter of 60 nm. A 50-μg/L stock standard of the 60-nm
gold NPs is prepared by diluting 50 μL of RM8013 to 50 mL
with Milli-Q water in a glass measuring flask. Stored at room
temperature in amber glass screw necked vials, this standard is
stable for at least 1 month. Prior to use, the standard is
sonicated for 10min. For the determination of the nebulization
efficiency, a 50-ng/L working standard is prepared by diluting
50 μL of the stock standard to 50 mL with Milli-Q water in a
50-mL glass measuring flask. Although this standard is stable
at room temperature for several days, it is prepared daily. An
ionic silver standard, Ag 100 mg/L, was obtained fromMerck
(Darmstadt, Germany). Stock standards of 100 μg/L were
prepared by diluting 50 μL of the standard to 50 mL with
Milli-Q water. Protected from light, this standard is stable at
room temperature for at least 2 weeks. Calibration standards in
the concentration range of 0.2–5 μg/L were prepared by
diluting the ionic stock standard further in Milli-Q water.
Protected from light, these standards are stable at room tem-
perature for at least 1 week. Silver NPs, BioPure EAW 1093,
were obtained from nanoComposix (San Diego, CA, USA)
and consisted of a suspension of silver NPs with a mass
concentration of 1,000 mg/L stabilized in a citrate buffer.
These particles have a spherical shape and a diameter of
60 nm. A fortification standard of 50 mg/L was prepared by
diluting 250 μL of the EAW 1093 to 5 mLwithMilli-Q water.
Stored at room temperature in amber glass screw necked vials
and in the dark, this standard is stable for at least 2 weeks.
Prior to use, the standard was placed in an ultrasonic bath for
10 min. Proteinase K, 822 μ/mL, was obtained from
Fermentas (Fisher Scientific, Landsmeer, The Netherlands).
The digestion buffer consists of 10 mMTris buffer, 1 % Triton
X-100, and 1 mM calcium acetate at pH 9.5. Triton X-100 and
calcium acetate monohydrate (Ca(CH3CO2)2 · H2O) were
obtained from Sigma-Aldrich (St. Louis, MO, USA), and Tris
buffer (hydroxymethyl aminomethane, H2NC(CH2OH)3) was
obtained from Merck (Darmstadt, Germany). The digestion
buffer is prepared by dissolving 600 mg of Tris buffer and
90 mg of calcium acetate monohydrate in 200 mL of Milli-Q
water. Of Triton X-100, 5 mL is added to the solution and
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mixed with a magnetic stirrer until completely dissolved. This
solution is further diluted with Milli-Q water until a final
volume of 500 mL. A Milli-Q-Plus ultrapure water system
from Millipore (Amsterdam, The Netherlands) was used to
obtain high purity water used during sample preparation and
dilution of standards and sample suspensions.

Samples and sample processing

The chicken meat for the validation study was purchased from
a local supermarket. A 200-mg subsample was collected, cut
into small pieces with a surgical knife, and brought into a
10-mL PE tube. The subsample in the tube was fortified with a
50-mg/L aqueous suspension of the 60-nm Ag NPs at 5, 10,
and 25 mg/kg. Enzymatic digestion of the sample was carried
out in two steps. First, 4 mL of the digestion buffer is added,
and the sample is vigorously vortexed for 1 min and sonicated
(tip sonication) at 4-W power for 5 min. During sonication,
the sample tube is placed in an ice bath to avoid an increase of
the sample temperature. Second, 25 μL of proteinase K is
added, and the tube is incubated for 3 h at 35 °C. After cooling
to room temperature, the digest is diluted 100,000 times and
measured using sp-ICP-MS.

Instrumental analysis

The ICP-MS used in this study is a Thermo Scientific X
series 2 equipped with a conical glass concentric nebu-
lizer and a quartz impact bead spray chamber. The ICP-
MS is operated at a forward power of 1,400 W, and the
gas flows were at the following settings: plasma, 13 L/
min; nebulizer, 1.1 L/min; and auxiliary, 0.7 L/min. The
sample flow rate to the nebulizer was set at 1.0 mL/min
using the integrated peristaltic pump. Data acquisition
was done using the Thermo PlasmaLab software in the
time resolved analysis (TRA) mode. The dwell time was
set at 3 ms with total acquisition time of 60 s per
measurement. Because of the short dwell time, it is not
possible to switch between different m/z values
(switching itself takes ~50 ms for the instrument used),
and therefore, only one isotope is monitored during the
measurement. Isotopes measured for gold (for the deter-
mination of the nebulization efficiency) and silver were
m/z 197 and 107, respectively. Note that polyatomic
interferences are possible, e.g., 91Zr16O for 107Ag; how-
ever, considering that the interference is not an NP, it
will result in a continuous background signal and can
thus be distinguished from the discontinuous NP signals.
A typical sample series consists of system blanks (Milli-
Q water), a 50-ng/L gold-NP standard to determine the
nebulization efficiency, ionic silver standards in the con-
centration range of 0.2–5 μg/L for calibration, the diluted
sample suspensions including method blanks and matrix-

matched recovery standards (MMRS, a processed blank
sample to which the analyte is added just before the
instrumental analyses). The procedure for particle num-
ber and particle size calibration is comparable to methods
described earlier by Pace et al. [30] and Tuoriniemi et al.
[31].

Data processing and calculations

Data are transferred to and processed in Microsoft Excel for
the calculation of particle concentrations, particle sizes, and
particle size distributions. Acquiring data for 60 s at a
dwell time of 3 ms results in 20,000 data points
consisting of background signals (ions of the same
element, isobaric ions, polyatomic interferences, and
instrument noise) and signals with a much higher inten-
sity originating from particles. These particle signals are
isolated from the background by plotting a signal dis-
tribution, i.e., the frequency with which a signal height
occurs as a function of that signal height. This allows a
determination of a cutoff point to separate background
signals from particle signals (see Fig. 1 for an example).
From the number of the particle signals in the time scan
and the nebulization efficiency, the particle number con-
centration in the diluted sample suspension is calculated
as follows:

Cp ¼ Np

ηn
� 1; 000

V

where Cp=particle number concentration (L−1), Np=
number of particles detected in the time scan (min−1),
ηn=nebulization efficiency, and V=sample input flow
(mL/min). The same formula is used to calculate the
nebulization efficiency after measuring the 50-ng/L 60-
nm gold nanoparticle suspension. In that case, the par-
ticle number concentration Cp is known (50 ng/L of a
60-nm gold particle results in 2×107 particles per liter),
and the nebulization efficiency is calculated from the
observed number of particles Np in the time scan. From
the intensity of the particle signals and the response
factor calculated from the ionic silver calibration stan-
dards, the mass of the individual particles is calculated
as follows:

mp ¼ Ip td
RF ion

� V ηn
60

where mp=particle mass (ng), Ip=particle signal intensity
in the sample (cps), RFion=ICP-MS response factor from
the calibration curve of the ionic silver standards (cps/
μg/L), td=dwell time (s), V=sample flow (mL/min), and
ηn=nebulization efficiency. To calculate the particle
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mass concentration in the diluted sample suspension, the
masses of all individual particles are summed and
corrected for nebulization efficiency and sample flow:

Cm ¼
X

mp

ηn � V � 1; 000

where Cm=particle mass concentration (ng/L), mp=particle
mass (ng), ηn=nebulization efficiency, and V=sample flow
(mL/min). Finally, the particle size, expressed as the particle's
diameter (and assuming a spherical particle shape), is calcu-
lated for each particle as follows:

dp ¼
ffiffiffiffiffiffiffiffiffiffi
6 mp

π ρp

3

s
� 104

where dp=particle diameter in the sample (nm), mp=particle
mass (ng), and ρp=particle density (g/mL). The individual

particle sizes can be used to produce a size distribution graph.
For all these calculations, a calculation template was produced
and used.

Electron microscopy

To determine the fate of nano-silver particles after addition to
the chicken meat, two digests were studied using scanning
electron microscopy (SEM). One digest originated from a
sample processed directly after addition of nano-silver, and
the other digest was produced 48 h after addition of the 60-nm
nano-silver to the sample material. The digests were filtered
over nickel-coated polycarbonate filters with 100-nm pores,
the filters were rinsed with Milli-Q water to remove salts and
soluble organic matter as much as possible, and SEM was
used to image the silver particles. The filters were analyzed
with high-resolution field emission gun scanning electron
microscopy in combination with energy dispersive X-ray
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Fig. 1 Top left: Time scan of the sp-ICP-MS analyses of a diluted digest
of chicken meat containing 60-nm Ag NP at a mass concentration of
10 mg/kg. The Ag NP concentration in the diluted digest itself is ca. 5 ng/
L. Left bottom: The signal distribution calculated from the time scan to
differentiate between particles and background noise and ions. Right

bottom: The particle size distribution that is calculated from the time scan
showing a 62-nm Ag NP with a fairly narrow size distribution. Top right:
All information about instrument settings, calibration parameters, and
measurement results as particle concentrations and size
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analysis (FEG-SEM/EDX). The microscope is a Tescan
MIRA-LMH FEG-SEM (Cranberry Twp, PA, USA) operated
at an accelerating voltage of 15 kV, working distance 10 mm,
spot size 5 nm, and magnification 5.000 to 50.000 times. The
EDX spectrometer is a Bruker AXS spectrometer with a
Quantax 800 workstation and an XFlash 4010 detector.

Result and discussion

General considerations

Sample pretreatment Sample preparation techniques are re-
quired to isolate NPs from complex media and to prepare a
particle suspension suitable for instrumental analysis. Few
sample preparation techniques are described in the literature,
and what is described is strongly related to the type of NP that
is being determined. Helsper et al. describe the isolation of
organic NPs in beverages using only aqueous media and
physical techniques because organic NPs are essentially mi-
celles that are easily disrupted [32]. On the other hand, Weir
et al. used strong acids and elevated temperatures to destroy
the sample matrix and isolate relatively inert titanium dioxide
particles from food matrices [33]. Ag NPs, however, can
undergo many reactions such as dissolution by molecular
oxygen and protons [34], reactions with reduced sulfur species
and chloride [35, 36], and binding with proteins [37]. To avoid
such reactions, care has to be taken during sample preparation,
and a relatively soft digestion technique, enzymatic digestion
using proteinase K, has been selected for this study. To facil-
itate the digestion process, the sample is sonicated before the
addition of the proteinase K, and the use of chlorine in the
enzyme buffer is avoided. Following digestion, the digest is
diluted with Milli-Q water for analysis with single particle
ICP-MS.

A general problem in method development and validation is
the availability of representative materials that actually contain
the analyte of interest, i.e., a reference material. Because no
referencematerial or well-defined samplematerial exists for Ag
NPs determination in chicken meat or any other food item,
spiked samples are used throughout this validation study. The
spikes consist of suspensions of a well-known characterized Ag
NPs and are added at the start of the analytical procedure to the
sample matrix, generally minced chicken meat. Another point
of consideration here is the minimum size of the analytical
sample. In a recent article, Linsinger et al. compare the number
of NPs per gram of sample to the number of mycotoxin
molecules in a sample at the EU maximum residue limit [38].
They concluded that the situation for NPs is comparable with
that for molecules and that usual sample sizes are large enough.
In addition, they mention that the minimum number of NPs in
the sample should be 500 to limit the sampling error of the
particle size distribution. Another approach suggested by Peters

et al. is to use of Gy's equation to determine the minimum
sample size to reach a certain analytical accuracy [39]. Al-
though Gy's sampling theory is hard to digest, theoretical
calculations show that a sample size of only 0.01 g of a sample
containing 100-nm Ag NPs with a particle mass concentration
of 1 mg/kg is sufficient to achieve an analytical accuracy better
than 10%. In addition, a 0.01-g sample of this material contains
10 ng of 100-nm Ag NPs, each having an individual mass of
about 5 fg. The number of particles in the sample is thus 2×106,
far more than the minimum required number of 500 mentioned
by Linsinger et al.

Instrumental analyses The determination of NPs presents
analytical challenges different from usual analytical methods,
because not only the presence and amount of a substance has
to be determined, but also the size of the particles to determine
whether it is nano or not. The recent EU definition of
nanomaterials complicates things further because it defines a
material as a nanomaterial if 50 % or more of the particles in
the number size distribution have one or more external dimen-
sions in the size range of 1–100 nm [28]. This means that
measuring only size is not enough, but a number-based size
distribution has to be determined. Dynamic light scattering
(DLS) and electron microscopy (EM) are two methods that
can be used to determine number-based size distributions
directly. However, DLS produces poor results if other particles
or even proteins are present in the sample. Moreover, DLS is
not able to determine the identity of the particles and can thus
not differentiate between the particles of interest and other
particles that may be present in the sample. EM suffers the
same problem although identity may be determined if addi-
tional techniques as energy dispersive X-ray spectroscopy are
used. Nevertheless, a huge number of particles have to be
measured, and the preparation of an EM sample may also lead
to distortion of the true particle size due to the formation of
aggregates. Single particle ICP-MS (sp-ICP-MS) is an alter-
native that is gaining much interest as a promising new mea-
surement method for the detection and quantification of NPs
[40]. In sp-ICP-MS, the sample, an aqueous suspension con-
taining the particles to be analyzed, is introduced continuously
into an ICP-MS system that acquires data with a high time
resolution. Following nebulization, a fraction of the NPs enter
the plasma where they are vaporized and the individual atoms
ionized resulting in a cloud of ions. This cloud of ions is
sampled by the mass spectrometer and detected as a signal
pulse in the detector. A typical run time is 60 s and produces a
time scan. The number of pulses detected per second is
directly proportional to the particle number concentration in
the sample while the intensity of the signal pulse is directly
proportional to the mass of the detected nanoparticle. Assum-
ing a certain particle shape (e.g., spheres) and composition
(i.e., Ag), one can calculate the diameter of the particle. The
method has the advantage of being fast, particle number based

Development and validation of single particle ICP-MS 3879



and, by virtue of the mass spectrometric detection, very selec-
tive. Additionally, it is very sensitive with detection limits in
the order of 1 ng/L. Naturally, its applicability is limited to
particles of well-defined composition, as otherwise no relation
between size and signal exists. The method also shares with
basically all methods the feature that it cannot distinguish
between single and constituent particles. Nevertheless, since
sp-ICP-MS produces a number-based size distribution, it is a
useful screening method for the implementation of the EU
definition for nanomaterials.

The advantage that most current ICP-MS instruments can
be used for sp-ICP-MS is limited by the lack of data process-
ing software. For this purpose, we developed a macro and
standard spreadsheet in Microsoft Excel to calculate particle
size, particle size distributions, and mass- and number-based
particle concentrations. Figure 1 shows a screenshot of the
Excel spreadsheet that is used throughout this study.

Method validation Newly developed methods have to be
validated before they can be used in official control studies
of foodstuffs. The validation procedure for the determination
of residues in foodstuffs from animal origin is described in EU
Commission Decision 2002/657/EC. Although the guideline
was originally devised for molecular analytes, there is no
reason why it should not be used for validation of methods
for NP. Following the guideline means that typically over 100
analyses have to be performed for the determination of line-
arity, CCα, CCβ, trueness, repeatability, and reproducibility.
The strategy in this study is to perform seven replicate anal-
yses at three concentration levels on three different days. To
determine linearity, a seven-point concentration curve of
matrix-matched Ag NP standards is included on each of these
days. A scheme of the used validation setup is given in
Table 1.

An additional number of samples is analyzed for the deter-
mination of selectivity, robustness, and stability. Selectivity is
the extent to which other substances interfere with the deter-
mination of the analyte, i.e., the Ag NP. To determine selec-
tivity against matrix constituents, a total of 21 blank samples
are analyzed by inclusion of seven blank matrices on each
validation day. There is no need to determine the selectivity
towards other non-silver NPs since the ICP-MS detection
itself is highly selective because in sp-ICP-MS the instrument
is tuned to only 1m/z value. Actually, because of the high time
resolution, only 1 m/z value can be measured with the cur-
rently available ICP-MS instruments. The method is also

selective towards the presence of non-nano forms of the same
element, e.g., Ag ions, because of the high dilution that has to
be applied to observe the single particles. If Ag ions are
present in high concentrations, particles can still be observed
in the time scan as spikes superimposed on a continuous
background signal of ions. The robustness of the method is
determined by changing a number of parameters that are
believed to affect the measurement results. The variables
tested in this study were the sonication time, the digestion
time and temperature, and the dilution factor before instru-
mental analysis. The stability refers to the shelf life of pre-
pared sample materials, digests and diluted digests, and is
determined by applying different equilibration times after
spiking and re-analyzing materials prepared on the first vali-
dation day on the second validation day.

Validation results

Repeatability, reproducibility, and trueness The repeatability,
reproducibility, and trueness are determined by spiking blank
samples at three concentration levels, 0.5, 1.0, and 2.5 times
the validation level (VL), and analyzing these in sevenfold on
three different days that were eachmore than 1 week apart. VL
was set at 10 mg/kg. The measurement data are evaluated for
particle diameter and for particle number- and particle mass-
based concentration using ANOVA analysis. The results for
repeatability, reproducibility, and trueness are given in
Table 2.

The results for trueness indicate that the average values that
are obtained for the parameters are close to expected values at
all three validation levels. The repeatability and reproducibility,
both expressed as relative standard deviations, are within 10 %
with the exception of the particle number and particle mass
concentrations at the 0.5VL level. This is not surprising since in
all cases the same dilution factor is used before sp-ICP-MS
analyses resulting in lower particle numbers at the 0.5VL level
and hence a lower repeatability. Because the NP materials in
this study have a relatively narrow size distribution, the average
particle diameter does not depend on the number of particles
observed; hence, the repeatability and reproducibility are com-
parable at all validation levels. The relatively large difference
between RSDr and RSDRL follows from the fact that the results
on different days show larger differences. Apparently, the re-
peatability of the size measurement is much better than the
reproducibility of the preparation of the ionic calibration
standards.

Table 1 Experimental design for
the validation study

Additional measurements are
performed to determine robust-
ness and stability

Day Linearity Trueness/RSDr/RSDRL CCα/CCβ Recovery Selectivity/specificity Total analysis

1 7 0.5VL, 1.0VL, 2.5VL times 7 1 7 blanks 36

2 7 0.5VL, 1.0VL, 2.5VL times 7 1 7 blanks 36

3 7 0.5VL, 1.0VL, 2.5VL times 7 1 7 blanks 36
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Linearity, CCα/CCβ, and LOD/LOQ The linearity is deter-
mined by the analysis of matrix-matched NP standards in the
range of 0.05VL–5VL. Although there is some difference in
response on the three validation days, all three lines shown in
Fig. 2 are linear and show correlation coefficients >0.99. The
determination of the repeatability allows for the calculation of
the CCα and the CCβ values. CCα, the decision limit, is the
concentration above which it can be decided that a maximum
residue limit (MRL) has been exceeded with 95 % certainty.
CCβ, the detection capability, is the concentration at which
MRL concentrations can be detected with 95 % certainty.
However, CCα and CCβ are not applicable here since they
are calculated based MRL values (MRL=VL) for analytes
while for NPs there are no MRLs. Therefore, limits of detec-
tion (LOD) and quantification (LOQ) are more appropriate.
The LOD and LOQ can be expressed as 3, respectively, ten
times the standard deviation of a meaningful blank, i.e., a
blank that gives a clearly discernible signal, deviating from a
blank showing only noise. The LOD determined in this way

corresponds roughly with the “detection capability” CCβ in
Decision 2002/657/EC and was estimates from the digests of
the 0.05VL matrix-matched NP standard. The average num-
ber of peaks in the time scan at this concentration was 52±5
peaks, clearly above the blanks that produced less than ten
peaks in any time scan. With a relative standard deviation of
10 %, this means that the LOD is 0.65 mg/kg, and the LOQ is
1.0 mg/kg. With this, it should be kept in mind that a constant
dilution factor of 105 was used before sp-ICP-MS analyses of
the digest and that the dynamic range of the method can be
increased by using dilution factors in the range of 104–106.
When a dilution factor of 104 was applied, an LOD and LOQ
of 0.07 and 0.1 mg/kg could be reached.

Robustness, specificity/selectivity The robustness of the meth-
od was tested by varying a number of parameters. These
included the sonication time, the time and temperature of the
enzymatic digestion, and the dilution factor that was applied
before sp-ICP-MS analysis. In all cases, samples spiked at a
concentration of 1.0VL were processed in triplicate on one of
the validation days. Results were evaluated for particle diam-
eter as well as for particle number and mass concentration.
Sonication times of 5, 10, and 15 min were tested, all at a
power input of 4 W. Based on the reproducibility in Table 2,
the different sonication times did not lead to different results
for particle size, number of observed particles in the time scan,
and the particle mass concentration. The results are presented
in Table 3, and based on these results, a sonication time of
5 min was selected for the final method. The robustness of the
method was further tested by changing the digestion time
from 1 to 3, 7, and 24 h using a digestion temperature of
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Fig. 2 Linearity demonstrated by the analyses of matrix-matched stan-
dards of 60-nm Ag NPs in the range of 0.05Vl–5VL on each of the
validation days

Table 3 Robustness testing: effect of sonication time, digestion time and
temperature on particle size, number of particles in the time scan, and the
particle mass concentration

Parameter Average particle
diameter (nm)

Number of particles
in time scan

Particle mass
concentration
(mg/kg)

Sonication time (min)

5 62±1 1,160±70 11.2±0.7

10 60±1 1,200±100 10.1±0.8

15 59±1 1,270±50 10.0±0.4

Digestion time (h)

1 64±1 1,100±60 10.3±0.6

3 65±1 1,040±80 10.0±0.8

7 64±1 1,150±40 10.8±0.3

24 65±1 860±30 9.7±0.3

Digestion temperature (°C)

27 62±1 1,150±90 11.5±0.9

37 61±1 1,090±60 10.9±0.6

47 61±1 900±20 9.0±0.2

Table 2 Validation results for repeatability, reproducibility, and trueness
for a 60-nm Ag NP in chicken meat at three concentration levels

Parameter Concentration
level

Trueness
(%)

RSDr

(%)
RSDRL

(%)

Particle diameter (n=21) 0.5VL 98 0.8 5.2

1.0VL 98 1.2 5.6

2.5VL 99 1.8 5.0

Particle number
concentration (n=21)

0.5VL 92 14 18

1.0VL 95 9.6 12

2.5VL 91 6.4 7.5

Particle mass concentration
(n=21)

0.5VL 101 11 16

1.0VL 98 7.2 9.9

2.5VL 100 6.7 8.9

Repeatability and reproducibility are expressed as relative standard
deviations
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37 °C. The results are presented in Table 3 and show that there
are no significant effects for each of the parameters. While the
results indicate that a digestion time of 1 h is sufficient, a
digestion time of 3 h was selected for the final method to
include the possibility that differences in meat structures may
require longer digestion times. Finally, digestion was carried
out at temperatures of 27, 37, and 47 °C, and the results are
presented in Table 3. As before, no differences were observed
for the particle diameter which ranged from 61 to 62 nmwith a
standard deviation about 0.5 nm in all cases. However, the
particle mass concentration shows a slight decrease from
11.5 mg/kg at 27 °C to 9.0 mg/kg at 47 °C, and a temperature
of 37 °C was selected for the final method.

The influence of the dilution factor was tested by diluting a
digest of a 1.0VL sample 1,000–100,000 times. The particle
size, the number of particles in the time scan, and the corre-
sponding particle mass concentration were compared, and the
results in Table 4 show that there is no significant matrix effect
between the different dilutions. If the number of particles in
the time scan are plotted against the reciprocal dilution a linear
relationship is found with a correlation coefficient >0.99.

Selectivity was determined by the analysis of 21 blank
samples of chicken meat. In all cases, the number of peaks
that were observed in the time scan was <5, comparable for
what is found in Milli-Q water. In addition, these peaks show
particle diameters that are significantly smaller than the 60-nm
particles used in this study. When the developed Excel spread-
sheet is used, the particle mass concentrations are below the
method LOD for all 21 blank samples. Therefore, it is con-
cluded that the method is specific and selective.

Stability Stability is a special issue which is often not deter-
mined or determined in time and refers to the stability of
samples and sample extracts. In this study, the stability at three
different stages was determined: the stability of sample di-
gests, the stability of diluted sample digests, i.e., diluted to the
level of the sp-ICP-MS analyses, and the stability of spiked
sample materials. The stability was tested with digests and
diluted digests of chicken meat samples spiked at 0.5VL,
1.0VL, and 2.5VL on the first validation day and stored in

the dark for 3 weeks at 4 °C. These stored materials were re-
analyzed with the fresh sample digests prepared on the second
validation day. Comparison of the results shows clear differ-
ences for the fresh and stored digests and diluted digests as
presented in Table 5. After 3 weeks, the average particle
diameter of the Ag NPs in the sample digests ranges from
60 to 63 nm which is within the reproducibility standard
deviation of the method. In the same digests, the recovery of
the particle mass concentration ranges from 79 to 85 %, and
taking into account the reproducibility standard deviation
given in Table 2, this also does not indicate a significant
change. Therefore, it is concluded that Ag NPs are stable in
the non-diluted digests for at least 3 weeks. In the diluted
sample extracts stored for 3 weeks, the particle diameter of the
Ag NPs decreased from 60 to 51 nm, a difference well outside
the reproducibility standard deviation indicating a significant
change. In the same diluted digests, the mass-based particle
concentration decreased to 22 % at 0.5VL and to only 8 % at
2.5VL. If the decrease in particle size is a consequence of
particle dissolution, then this can explain a decrease of 40% of
the mass-based particle concentration. Additionally, adsorp-
tion processes will play a role since NP standards at these low
concentrations also show a limited stability. From these re-
sults, it is concluded that diluted digests are not stable and

Table 4 Robustness testing: effect of different dilutions of a digest

Dilution Average particle
diameter (nm)

Number of particles
in time scan

Particle mass
concentration
(mg/kg)

100,000 63 44 9.1

30,000 64 144 8.0

10,000 65 431 8.3

3,000 64 1,391 7.3

1,000 64 4,947 9.2

Table 5 Stability testing: stability of sample digests and digests diluted
for sp-ICP-MS analysis after storage for 3 weeks in the dark at 4 °C

Description Average particle
diameter (nm)

Number of particles
in time scan

Recovery
(%)

0.5VL fresh sample 57 577 107

Sample digest 60 376 79

Diluted digest 49 188 22

1.0VL 57 1,096 101

Sample digest 60 702 79

Diluted digest 50 173 11

2.5VL 57 2,351 96

Sample digest 63 1,485 85

Diluted digest 53 262 8

Table 6 Stability testing: effect of equilibrium time after the spiking of
the blank chicken meat sample

Equilibrium
time (h)

Average particle
diameter (nm)

Number of particles
in time scan

Particle mass
concentration
(mg/kg)

0 62±1 745±30 12.1±0.8

2 62±1 480±30 9.9±0.2

24 60±2 330±60 6.7±1.2

48 56±2 240±60 4.9±1.1
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should be analyzed as quickly as possible, preferably on the
same day they were prepared.

Finally, the stability of the spiked sample material itself was
tested. This was undertaken since the preparation of a spiked
test material for future use was not successful. Experiments
were carried out with sample materials spiked at 10 mg/kg
with 60-nm Ag NPs that were either processed directly after
addition of the spike or processed after intervals of 2, 24, and
48 h. Spiked materials were stored in the dark at 4 °C until
processing. All experiments were carried out in triplicate, and
the particle size and particle mass concentration were deter-
mined and evaluated. The results as presented in Table 6 show

that the particle size decreased from 62±1 nm for particles in
samples that were processed directly to 60±2 nm for particles
in samples that were processed after 24 h of storage to 56±
2 nm for particles in samples processed after 48 h of storage.
The results for 24 h of storage are in between, indicating that
particles are dissolving after addition to the matrix. This
should of course result in an increase of Ag ions in the sample;
however, because of the high dilution factor in sp-ICP-MS,
this increase in Ag ion concentration will not be observed.

More spectacular is the decrease in particle mass concen-
tration. This drops from 12.1±0.8 mg/kg when directly proc-
essed to 4.9±1.1 mg/kg when processed after an equilibrium

Fig. 3 EM pictures and EDX spectra of chicken digests prepared after
equilibrium times of 0 and 48 h. The EM pictures show that fewer and
smaller particles are present if spiked samples are processed after an

equilibrium time of 48 h. The EDX spectra show that pure silver is
(partly) transformed into silver sulfide

Fig. 4 EM/EDX scans showing an agglomerate in the chicken digest (left), the EDX scan for silver (middle), and the EDX scan for sulfur (right) showing
that the particles in the agglomerate actually consist of silver sulfide
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time of 48 h. This decrease cannot be explained completely by
dissolving particles because the change in particle diameter
from 62 to 56 nm can explain a maximum mass loss of about
30%.Another explanation could be the formation of insoluble
silver salts like AgCl or Ag2S since chlorine as well as sulfur
are expected to be abundantly available in chicken meat.
These insoluble materials can possibly agglomerate or deposit
and will not be detected in the chemical analysis. To determine
what happens to the particles, digests of samples that were
processed directly and after 48 h were studied using scanning
electron microscopy (SEM) with energy dispersive X-ray
spectrometry (EDX) to determine size as well as identity of
particles present in the material. Digests were filtered on
nickel-coated polycarbonate filters to isolate the particles,
and SEM was used to image the silver particles. Figure 3
shows SEM pictures and EDX spectra of particles in both
digests. From the SEM pictures in Fig. 3, it is clear that the
digest of the sample processed after 48 h contains many less
Ag NPs than the digest that was directly processed. Further
analysis showed that particles after 48 h were indeed smaller
than the spiked AgNPs, on the average particle size decreased
from 60±10 to 50±10 nm. In addition, the EDX spectra of
particles in Fig. 3 show that some particles have undergone a
chemical transformation from pure silver in the directly proc-
essed sample digests to silver sulfide in the digest of samples
that were processed after 48 h. It is not clear whether these
silver sulfide particles are newly formed via dissolved Ag or
these silver particles are in situ transformed into silver sulfide
particles. The observation of agglomerates of silver sulfide
particles, see Fig. 4, and silver particles that are partly trans-
formed into silver sulfide suggests the latter.

It is clear that these observations will have consequences
for the form of nano-silver in real-life samples. If silver NPs
migrate into meat or if animals are exposed to these particles
and uptake takes place, part of this nano-silver may dissolve or
be transformed into silver sulfide. The remaining silver NPs,
however, will still be detected by the sp-ICP-MS method.
Even if silver sulfide is present in the form of NPs, these will
also be detected by the sp-ICP-MS method. Because the sp-
ICP-MS method quantifies only silver, this may result in an
underestimation of the true size of the silver sulfide particle
unless it is known that the particles consist of silver sulfide in
which case size estimation can be correct.

Conclusions

A method is developed and validated for sizing and quantifi-
cation of nano-silver in chicken meat using single particle
ICP-MS. The choices for sample preparation, instrumental
analysis, and validation have been discussed and led to the
development of a method using an enzymatic digestion of
200-mg sample material, subsequent dilution of the digest,

and instrumental analysis of the diluted digest using single
particle ICP-MS. The method was validated following the EU
Commission Decision 2002/657/EC for the validation of res-
idues in foodstuffs from animal origin, performing multiple
analysis at three concentration levels on three different days.
Additional experiments were carried out to determine robust-
ness and stability of the method. The trueness of the method
ranged from 98 to 99 % for particle size and from 91 to 101 %
for concentration at levels from 5 to 25 mg/kg of 60-nm nano-
silver particles in chicken meat. The repeatability ranged from
0.8 to 1.8 % for particle size and 6.7 to 11 % for particle mass
concentration. The within-lab reproducibility ranged from 5.0
to 5.6 % for particle size and 8.9 to 16 % for particle mass
concentration. The linearity was determined using matrix-
matched nanoparticle standards, and the method was found to
be linear in the range of 0.5–50 mg/kg of 60-nm nano-silver
particles in chicken meat. The LOD of the method can be as
low as 0.05 mg/kg. The method is selective, and analysis of
blank samples showed that generally <5 particles are identified
in blank chicken meat samples. The robustness was tested
changing sonication and digestion time, digestion temperature,
and dilution factor. The method was robust for these changes
with the exception of the digestion temperature for which the
highest temperature leads to a lower recovery. Stability experi-
ments showed that sample digests are stable for 3 weeks if
stored at 4 °C but that diluted digests are not stable. Finally, it
was shown that the 60-nm nano-silver particles spiked to chick-
en meat are not stable. The particle size as well as the particle
mass concentration decreased within 24 h after spiking of the
sample material. A study using electron microscopy showed
that silver particles dissolved and were chemically transformed
into silver sulfide. While this clearly has implications for the
form in which nano-silver will be present in real-life meat
samples, the developed method will be able to determine the
presence and quantity of nanoparticle silver in such samples.
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