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Abstract Single-particle inductively coupled plasma mass
spectrometry (sp-ICP-MS) promises fast and selective deter-
mination of nanoparticle size and number concentrations.
While several studies on practical applications have been pub-
lished, data on formal, especially interlaboratory validation of
sp-ICP-MS, is sparse. An international interlaboratory study
was organized to determine repeatability and reproducibility
of the determination of the median particle size and particle
number concentration of Ag nanoparticles (AgNPs) in chick-
en meat. Ten laboratories from the European Union, the USA,
and Canada determined particle size and particle number con-
centration of two chicken meat homogenates spiked with
polyvinylpyrrolidone (PVP)-stabilized AgNPs. For the deter-
mination of the median particle diameter, repeatability stan-
dard deviations of 2 and 5% were determined, and reproduc-
ibility standard deviations were 15 and 25%, respectively. The
equivalent median diameter itself was approximately 60%
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larger than the diameter of the particles in the spiking solution.
Determination of the particle number concentration was sig-
nificantly less precise, with repeatability standard deviations
of 7 and 18% and reproducibility standard deviations of 70
and 90%.

Keywords Silver nanoparticle - Single-particle [CP-MS -
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Introduction

Particles with dimensions in the nanoscale (defined as 1—
100 nm by ISO/TS 80004-1 [1]) may show different properties
from the same chemical material in its bulk form, either due to
the increased surface-to-volume ratio or the emergence of
quantum phenomena at these small ranges. Such particles not
only have a significant potential for improved material proper-
ties but may also have adverse effects. Legislation requiring the
labeling of the presence of materials in their nanoform in cos-
metics [2] and food [3] exists at the EU level. To avoid a
multitude of conflicting definitions of nanomaterial, the
European Commission has published a recommendation for a
definition [4] which it intends to use in future regulation. This
definition defines a nanomaterial as “natural, incidental or
manufactured material containing particles, in an unbound state
or as an aggregate or as an agglomerate and where, for 50 % or
more of the particles in the number size distribution, one or
more external dimensions is in the size range 1 nm-100 nm.”
As with many pieces of legislation, further assessing
whether the requirements for labeling are implemented cor-
rectly requires effective control, based on reliable measure-
ments. Unfortunately, of the most commonly used techniques
for the determination of the diameters of nanoparticles, only
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electron microscopy (EM), particle tracking analysis (PTA),
and single-particle inductively coupled plasma mass spec-
trometry (sp-ICP-MS) deliver number-based particle size
distributions.

Silver nanoparticles (AgNPs) show a bactericidal effect
which is exploited in, for example, making sports cloth more
resistant to smell caused by bacteria. Using the same proper-
ties, shrink films, cutting boards, and storage boxes containing
AgNPs are offered on the Internet [5—7]. It is conceivable that
AgNPs migrate from these materials into foodstuffs. The de-
tection of AgNPs in foodstuffs may, therefore, be important.

The concept of utilizing ICP-MS for single particle analysis
and colloid suspensions was first published by McCarthy and
Degueldre [8] and tested for a series of particles in aqueous
suspensions, including TiO, and Al,O3 [9] and Au [10].

More recently, sp-ICP-MS has been described as a tool for
the determination of NPs in various applications like Au in bio-
analytical samples [11, 12], Pb in airborne particles [13], or Ag
in aqueous matrices [14]. The use of this technique has been
reviewed by several authors [15-17]. However, as can be ex-
pected of developing techniques, data on thorough validation is
sparse: Abad-Alvaro and colleagues compared the evaluation
of the particle number concentration using millisecond and
microsecond dwell times and achieved repeatability standard
deviations of 5% (millisecond dwell times) and 1% (microsec-
ond dwell times), respectively [18]. Witzler and co-workers
performed an in-house validation study of the determination
of particle size and number concentration of Ag and Au parti-
cles in water, apple juice, and orange juice [19] and achieved
repeatability standard deviation for particle sizes of AgNPs of
better than 8% and intermediate precisions of better than 25%.
sp-ICP-MS was also among the methods investigated in the
EU-funded project “NanoLyse,” which aimed at developing
and validating methods for the detection and quantification of
nanoparticles in food. Within this project, an interlaboratory
comparison for the determination of median particle size and
particle number concentration of AgNPs in food simulants (wa-
ter; water/ethanol) was organized [20]. This interlaboratory
comparison concluded that sp-ICP-MS was already performing
satisfactorily for screening purposes when limited to particle
diameter. However, this study was limited to very simple food
simulants, and it was not clear whether the results would also
apply to more complex materials. Another intercomparison on
spherical and monodisperse gold nanoparticle in aqueous sus-
pension was performed by Montero and colleagues [21]. They
reported good agreement between the sp-ICP-MS results and
other methods, with better results achieved for the 60-nm par-
ticles than for the 30-nm particles.

This manuscript describes the follow-up study of the inter-
comparison in food simulants: a significantly more complex
matrix (chicken meat) was chosen to check the performance of
sp-ICP-MS in settings that require significant sample
preparation.

@ Springer

Experimental
Study concept

The present study was planned as an interlaboratory method
performance study, not as a proficiency test of individual labo-
ratories. The goal was thus to evaluate the performance of the
combined sample preparation and sp-ICP-MS detection method
under interlaboratory conditions. Precision was determined fol-
lowing the agreement of the results from the participants for the
diameter determination, the particle number concentration, and
the mass concentration and involved both the sample preparation
and the measurement by sp-ICP-MS. As no certified reference
material for nanoparticles in complex matrices is currently avail-
able, only rough estimates of the trueness could be made.

All the participants used the same standard operating pro-
cedures (SOPs) but were free in their choice of calibration
standards. Deviations from the SOP had to be reported on
the result sheets. The SOPs for measurement of nanoparticle
suspensions by sp-ICP-MS and sample preparation of meat by
enzymatic digestion were distributed to the participants, to-
gether with the instructions for the study, as well as a specific
macro (in Microsoft Excel, as described in [32]) for the eval-
uation of the raw ICP-MS data and the calculation of the
results. The participants had the opportunity to participate in
either a hands-on training or remote workshop for the previous
sp-ICP-MS interlaboratory study on AgNP in food simulants.
Lean chicken muscle meat, spiked with AgNP, was selected as
a test matrix to mimic both the migration of AgNP from food
contact materials and samples obtained from toxicological
studies on the oral uptake of AgNP. The diameter of the spiked
AgNP of 35 nm was selected to be in a comfortable range of
the sp-ICP-MS method, thus avoiding the risk that matrix
interferences cause a substantial bias when working at the
lower size limit of the method (ca. 20 nm according to the
in-house validation of the method).

Test samples

The test samples consisted of blank and spiked chicken mus-
cle meat. The chicken meat homogenates were prepared from
fresh organic chicken filet purchased from a local butcher and
spiked with aqueous suspensions of polyvinylpyrrolidone
(PVP)-stabilized Ag nanoparticles containing 0.2 and
1 g kg' Ag, respectively (Nanogap, Milladoiro, ES). This
suspension consists of close-to-spherical particles with con-
stituent particle diameters ranging from 15 to 75 nm (as de-
termined by TEM). The median diameter as determined by sp-
ICP-MS was 33 nm. In TEM, smaller particles with diameters
of between 15 and 20 nm are visible, which are below the limit
of detection for sp-ICP-MS [22]. The number-based equiva-
lent median circular diameter as measured by TEM is 26—
27 nm. No tests were performed on the blank chicken meat,
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as the Ag mass fraction in meat is several orders of magnitude
below the spike levels [23]. A complete description of the
preparation, homogeneity, and stability assessment of the
AgNP chicken test material is given in [24]. The samples were
stored at —130 °C for 6 months and sent frozen on dry ice to
the participants.

The properties of the provided samples are summarized in
Table 1.

Homogeneity of the Ag mass fraction was used as a proxy
of the homogeneity of the Ag nanoparticles. De-mixing of
smaller and larger particles in the homogenate or differences
in local agglomeration (aggregation at some places and non-
agglomeration in others) could mean that the mass fraction
could be homogeneous while the particle diameters are not.
Such effects were regarded as unlikely and concluded that the
mass fraction should allow a meaningful assessment of the
particle homogeneity.

Samples were homogenized and mineralized by a nitric
acid/hydrogen peroxide mixture prior to Ag quantification
with ICP-MS. Ten units each of NL13 and NL14 were select-
ed from the stock. Care was taken to cover the whole batch,
and each unit was analyzed in duplicate for the total Ag mass
fraction by ICP-MS. The relative standard deviation within
bottle (s1) and between bottles (sy,,) and the between-bottle
standard deviation potentially hidden by the method repeat-
ability (uy,, ) were calculated according to [25], and the results
are shown in Table 1. For both materials, the method repeat-
ability limits the detectable inhomogeneity at about 2%, with
the calculated between-bottle standard deviation for NL13
below this value (0.8%) and for NL14 slightly above this
value (2.3%). The samples fulfill the ISO 13528 [26] require-
ment for sufficient homogeneity, based on a previous inter-
comparison on sp-ICP-MS [20], and a between-laboratory
standard deviation of 20-30% was expected.

The stability of the materials was assessed by TEM twice
within 6 months. The first experiments were conducted on ten
different days in the time frame of less than 20 working days.

Ten samples were investigated in duplicate, and ten TEM
images were recorded per sample that was taken. The later
experiment included two ampoules per material measured in
duplicate. The sample preparation and imaging for this test
was each carried out on the same day, and three images were
taken per replicate. No significant difference was observed
between the measurements at the different time points. Also,
the particle number values obtained by TEM were constant
with about 1 and 5 particles pum 2 for NL13 and NL14, re-
spectively, confirming sufficient stability under the chosen
storage conditions over the period of 0.5 year. However, it
must be stated that the median particle diameters in the meat
samples were 6 nm smaller than in the spiking dispersion,
indicating some dissolution during material processing.

In conclusion, the available homogeneity and stability data
demonstrated that homogeneity and stability were sufficient
not to affect the between-laboratory variation for the investi-
gated parameters.

Participants

The same laboratories that participated in the previous intercom-
parison for sp-ICP-MS of Ag nanoparticles in food simulants
[20] were also invited to participate in this study. Ten of the 23
laboratories participating in the study of food simulants were
also interested in participating in this study. Eight of the labora-
tories were from five different European countries, and one lab-
oratory each came from the USA and Canada. Prior to the first
sp-ICP-MS interlaboratory study on AgNP in food simulants,
eight of them had experience with sp-ICP-MS, albeit in some
cases only for a short time, or were in the process of establishing
the methodology in their laboratories. Two laboratories had prior
experience in the measurement of NPs with conventional ICP-
MS. All ten laboratories had participated in the first sp-ICP-MS
interlaboratory study on AgNP in food simulants. Nine partici-
pants submitted valid results.

Table 1  Properties of the chicken meat samples used in the interlaboratory study. Stated uncertainties are expanded uncertainties (coverage factor
k = 2) corresponding to a level of confidence of about 95%
NL13 NL14

Equivalent median diameter, TEM® (nm) 27+5 26£2
Equivalent median diameter sp-ICP-MS® (nm) 33+1 Not determined
Ag mass concentration® (g kg ") 0.105 +0.004 0.547 £ 0.007
Swp (%) 39 45
Spb (%) 0.8 23

N 1.8 2.1
yy, (%)

#Number-weighted median equivalent circular diameter as determined by TEM based on measurement of 640 (NL13) and 1758 (NL14) particles

° Number-weighted equivalent mass diameter as determined by sp-ICP-MS

¢ Mass fraction as determined by A)NAA
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Measurement procedure

Detailed SOPs for sample preparation and sp-ICP-MS analy-
sis were sent to all the participants. Details of the method were
published by Peters et al. [27]. In brief, the meat homogenate
was incubated with protease K at 37 °C for 3 h and then
diluted according to the requirements of the sp-ICP-MS meth-
od. The detection method consists of setting the ICP-MS
dwell time to 3 ms with a total acquisition time of 60 s, giving
20,000 separate bins. Transport efficiency is determined using
the frequency method [28] and using Au nanoparticles (NIST
RM 8013). If the samples are highly diluted, the presence of
two particles in the plasma at the same time is unlikely. Using
data from a Poisson distribution reveals that, if on average
2000 particles are detected over this 20,000 bins, the fraction
of events arising from doublets/triplets is below 5%. A simu-
lation using MS Excel shows that these multiplets introduce a
bias of <0.15 nm for 20- and 40-nm particles which is negli-
gible. Details on the instrument settings used by the partici-
pants are given in the Electronic Supplementary Material
(ESM).

Ionic Ag standards in aqueous solution with concentrations
between 0.2 and 5 pg L' were prepared. Calibration with
these standards allows for the calculation of the mass of each
particle. The nebulization efficiency, a prerequisite for the
correct mass and particle number quantification, is determined
using Au nanoparticles of known concentrations using the
frequency method as described by Pace and co-workers
[28]. The samples are diluted to fall within the calibration
range of the method. The analytical method was validated at
RIKILT according to 2002/657/EC, and performance charac-
teristics are in accordance with this Commission Decision.
The threshold between background and particles was deter-
mined as the minimum in a frequency distribution of the mea-
sured signal intensities. For Au and Ag particles, this mini-
mum is very clear and small deviations to lower and higher
signal intensities only have a minimal effect on particle size.
At the time of the execution of the study, no commercial
software for the evaluation of sp-ICP-MS was available.
Therefore, a dedicated Excel spreadsheet was developed by
RIKILT and provided to all participants. This is the same
spreadsheet used in the earlier interlaboratory comparison of
AgNPs in food simulants, thereby acquainting the participat-
ing laboratories with it [20].

Study protocol

Each participant received six sample vials, two blank
chicken meat homogenates, two vials of homogenates
spiked at level 1 (NL13; approx. 0.1 g kg™ "), and two vials
of chicken homogenate spiked at level 2 (NL14; approx.
0.5 g kg "). The samples were stored in liquid nitrogen
(below —150 °C) since processing (6 months before this
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intercomparison). Also, one vial of protease K (25 mg)

was provided. The chicken samples had to be stored frozen

until their analysis. Chicken homogenates should be

thawed only immediately before use. After thawing, the

contents of each vial had to be well mixed with a spatula.
The following measurements were performed:

—  Measurement of two blank chicken meat samples, one at
the start and one at the end of the analytical run

—  Preparation and measurement of spiked control sam-
ples using the blank chicken homogenate and a 60-nm
monodisperse Ag nanoparticle suspension of their
choice as described in the “Particle number concentra-
tion” section of the sample preparation SOP; each
spiked control sample had to be measured once.
Information on the source of the AgNPs for each laboratory
is given in the ESM

—  Three measurements each on NL13 and NL14; each of
the three measurements came from a different sample
preparation/different subsample. The three subsamples
per material were taken from the same vial (the second
vial served as spare in case of accidents)

The participants were asked to report the results for me-
dian particle diameter, Ag particle mass concentration and
particle number concentration, as well as the instrumenta-
tion and any deviations from the SOPs on the provided
spreadsheet that was returned both electronically, as well
as a signed hardcopy.

Data evaluation

Evaluation of the remaining results was performed accord-
ing to ISO 5725-2 “Accuracy (trueness and precision) of
measurement method and results” [29]. Results were
screened using the graphical consistency technique
(Mandel’s /& and k-plots) to test for consistent bias or high
variances, and laboratories with consistently high bias or
variances were excluded. The remaining datasets were test-
ed for outlying means and variances using the Grubbs and
Cochran procedure. Outliers at a 99% significance level
were removed from the dataset. The remaining datasets
were tested for normality using normal probability plots
and skewness and kurtosis tests. Absolute and relative re-
peatability standard deviation (s,, 7s,), absolute and relative
standard deviation between laboratories (s;, rs;), and ab-
solute and relative reproducibility standard deviation (s,
rsg) were calculated from the mean squares within group
(MSW) and means squares between groups (MSB) using
one-way analysis of variance (ANOVA)

ss = VMSW  rs, = (1)

=l
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MSB-MSW '
sL= g = (2)
3 -
x
SR =y/s2+s? rsp = o (3)
X

where X is the grand mean of all results.
The data evaluation was performed using the characteriza-
tion module of the program SoftCRM [30].

Results and discussion

Nine of the ten participants submitted valid results. One labo-
ratory could not detect particles: the modal particle diameter
decreased with dilution from 55 nm at a dilution of 1:3000 to
30 nm at a dilution of 1:10,000. The laboratory, therefore,
suspected that the silver nanoparticles were destroyed by the
preparation procedure to give an ion-like behavior in the ana-
lyzed dispersion.

Laboratory 14 obtained an equivalent median diameter of
90 nm for the blank material spiked with 60-nm nanoparticles.
Also, the diameter standard deviation obtained for this rather
monodisperse material was much higher than the other partic-
ipants. The laboratory was, therefore, excluded from the fur-
ther evaluation.

The results are presented individually for the determined
parameters mean particle diameter, AgNP number concentra-
tion, and Ag particle mass concentration in the following
sections.

Selectivity

Three laboratories reported particles in the blank chicken ho-
mogenate. The Ag particle mass fractions reported for the
blanks were for two of them, a factor 1000-2000 below the
one reported for NL13, but the particle mass fraction reported
by the third was only a factor 21 below the ones found in
NL13. This highlights that sp-ICP-MS can certainly distin-
guish between AgNPs and remaining matrix, but false posi-
tive can occur, which could be caused by carryover [31].

Median particle diameter

Figure 1 displays the results obtained for the measured median
particle diameter. The data obtained for the two materials are
very similar. This is obvious because both materials were pro-
duced from the same blank chicken paste spiked with the
nominally equivalent AgNP suspension.

Mandel’s &-plot for within-laboratory variation did not in-
dicate that any laboratory had consistently large standard de-
viations, but the result of L4 for NL14 was flagged as an
outlier of both using the critical value of the Mandel s statistic

and the Cochran procedure at a 99% confidence level. This
result was, therefore, removed. None of the results consistent-
ly showed significant deviations from the grand mean.

The Youden plot (Fig. 2) clearly shows that most devia-
tions are systematic in nature, with four laboratories each
showing a positive and negative deviation.

The data, after removal of L14 and the result for NL14 of
L4, followed a Gaussian distribution. Repeatability of the data
was very good (better than 6%) and is comparable with what
has been reported for the original development of the method
[27]. The between-laboratory standard deviations were with
14 and 25%, significantly larger and are also a factor 3 to 5,
larger than the within-laboratory repeatability reported [27].
All statistical data are listed in Table 2.

The average median particle diameter itselfis with 53.2 and
53.8 nm significantly larger than the diameters reported by
Loeschner and co-workers for the spiked suspension and
freshly spiked chicken meat when using TEM and sp-ICP-
MS (30-35 nm) [22] or AF4-ICP-MS (37 nm; [31]).

One explanation for the different size could be the ionic
calibration for Ag, as an underestimation of ICP-MS response/
sensitivity will lead to an overestimation of the particle diam-
eter. However, the ionic calibration was performed in solu-
tions in ultrapure water and the samples themselves were di-
luted in ultrapure water. As a 50% underestimation of the
sensitivity only results in an overestimation of the particle
diameter by 25%, it is unlikely that matrix effects alone can
explain this difference.

A too high size limit of detection of the sp-ICP-MS method
will result in a bias towards larger equivalent median diame-
ters. Indeed, previous work [32] as well as the interlaboratory
study for sp-ICP-MS in food simulants [20] indicated a size
limit of detection (LOD) of about 20 nm. Eliminating all par-
ticles below 20 nm from the TEM measurements only in-
creases the median particle diameter by 1 nm. The size LOD
of the sp-ICP-MS would have to be 45 nm (thus not detecting
90% of particles from the TEM dataset) to reconcile the sp-
ICP-MS data with the TEM data, which is unlikely.

The most likely reason for the differences observed could
be the sample preparation protocols resulting in different de-
grees of de-agglomeration: measurements by TEM [33] show
a tailing distribution, indicating the presence of small agglom-
erates, which is also confirmed by field-flow fractionation
(FFF)-ICP-MS [34]. The sample preparation by TEM (dilu-
tion + probe sonication + ultracentrifugation) may cause some
degree of de-agglomeration. The procedure used in this work
relied on a long (3 h at 37 °C) digestion with a relatively low
enzyme mass fraction (4 pug mg ' tissue) whereas Loeschner
et al. [31] used a much shorter (40 min at 37 °C) digestion
using a much higher enzyme concentration (60 pug mg " tis-
sue). This higher enzyme concentration results in de-
agglomeration of particles as shown by AF4-ICP-MS, where
the stable doublets and triplets of the AgNP suspension [34]
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disappear after spiking to meat and enzymatic digestion [22].
The combination of lower enzyme concentration/longer di-
gestion time may therefore have preserved the original ag-
glomeration state and/or might have led to additional agglom-
eration. This means that each sample preparation protocol
potentially changes the agglomeration states, and it is impos-
sible to decide on a true nominal value for the material in
question.

The result of the chicken material freshly spiked with 60-
nm AgNPs used as quality control also confirmed the general
suitability of the method: seven laboratories submitted data,
six of which reported median diameters between 57 and
69 nm and one reported a value of 90 nm.

Interestingly enough, no systematic deviation for the spike
was detected. The average of all the results agreed with the
nominal value of 60 nm. The standard deviation between lab-
oratories was with 6%, also significantly smaller than that for
NL13 and NL14. This may be due to the monodisperse nature
of the spike but could also be due to the different surface
functionalization (citrate stabilized instead of PVP stabilized)
and/or the larger size. This good agreement between the nom-
inal value of the equivalent median diameter of the spike was
combined with a significant broadening of the measured par-
ticle size distributions: laboratories reported standard devia-
tions of the particle size distributions between 1.5 and 55 nm
(2.5-92%), whereas the specification of one of the producers
was <9% (nanoComposix; no specification for the AgNPs
from Sigma). These data show that significant broadening of
the distribution occurred.

Particle number concentration

The results reported for the particle number concentrations are
shown in Fig. 3. Results for the particle number concentration
varied over 2 (NL14) to 3 (NL13) orders of magnitude. As can
be seen in Fig. 3, the visual pattern is identical for both mate-
rials, showing a strong laboratory-dependent effect.

For NL13, L1 was flagged as an outlying average and L1,
L10, and L12 were flagged as Cochran outliers. No outlying
means or averages were detected for NL14. After removal of
the outliers, the data followed a Gaussian distribution.

Relative repeatability standard deviations of the particle
number concentrations were with 7% (NL13) and 18%
(NL14) acceptable (see also Table 2). The between-
laboratory standard deviations ranged from 70 to 90% and
showed a severe lack of reproducibility of the method.

Despite the apparently laboratory-specific nature of the bias,
normalization to the particle number concentration obtained for
the spiked samples did not improve the precision. Between-
laboratory standard deviations even increased to above 100%.

A number of 32 and 83 particles per TEM image were
reported by Dudkiewicz and colleagues for NL13 and NL14,
respectively, who also estimated that each replicate corresponded
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t0 2.8 - 102 mL [33]. Using a bulk density of chicken breasts of
1.1 g mL™" [35], this would correspond to particle number
concentrations of 1 - 10'° g ' (NL13) and 3 - 10'° particles g
(NL14). Interestingly enough, several participants reported
significantly higher particle number concentrations.

A second attempt of assessing trueness was made using the
data obtained for the spiked blank homogenates: participants
were instructed to spike the homogenates with 0.1, 0.2, and
0.5 g kg ' Ag nanoparticles of a nominal diameter of 60 nm.
This corresponded to 84 - 10°, 170 - 10°, and 421 - 10° parti-
cles g '. Compared with these target values, the laboratories
recovered, on average, 19% of the particles present in the sam-
ples. A similarly low particle number recovery for this material
(20%) had been reported by Loeschner et al. [31], who sug-
gested a mixture of dissolution and chemical transformation
which, while apparently not changing the particle size distribu-
tion significantly, seems to make many particles not accessible
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Fig.2 Youden plot for the median particle diameter. The diamonds show

for each sample the deviation of the average of each laboratory from the
grand mean
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Statistical data for the equivalent median diameter, particle number concentration, and Ag mass fraction

Table 2

Particle number concentration Ag mass fraction

Equivalent median diameter

NL13 NL14

Spike 0.1 gkg™'

NL14

NL14 Spike 0.1 g kg™! NLI13

NL13

Spike 60 nm; 0.1 g kg'

Outliers

0.181 gkg !
0.049 gkg !
27%

0.022 gkg !

0.044 g kg !

562 10° kg™
103 -10°kg™!

18%

9.6-10°kg™"

249-10° kg
Not calculated
Not calculated
Not calculated

53.8 nm
1.3 nm

2.4%

53.2 nm
2.8 nm

5.2%

59.3 nm

Mean

0.0040 g kg '
18%

Not calculated

0.65-10° kg '

6.8%

Not calculated

sy (v=16)
rs: (v=16)

Not calculated

Not calculated
Not calculated

0.108 gkg '

60%

0.0070 g kg '

32%

Not calculated
Not calculated

0.042 g kg '

95

484 -10° kg!

86%

6.7-10°kg™"

70%

13.6 nm
25.3%

7.4 nm

=7)
rsp w=17)

s (v

Not calculated
28.8 107 kg !

116

13.9%
7.9 nm
14.8

Not calculated

3.6 nm
6.1

0.119 gkg ™'

66

0.008 gkg '

36

49.5-10° kg!

88

6.7-10°kg™!

70

13.6 nm
253

SR

rsr (%);

degrees of freedom; no s,, s, 51, and rsy could be calculated for the spike as only one result per laboratory was reported. The equivalent median

Total number of technically accepted results; v
diameter as determined by TEM of the AgNPs in the suspension used for the preparation of NL13 and NL14 was 30 = 6 nm (NL13) and 32 + 3 nm (NL14) (expanded uncertainties; k

approximate particle number concentrations as determined by TEM are 1 - 10" g™' (NL13) and 1 - 10'* particles g ' (NL14)

N=

2 [24]). Estimated
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Fig. 3 Data obtained for the particle number concentration. Shown are
the laboratory means and standard deviations (n = 3) for each laboratory.
Full diamonds NL13; open circles NL14

to sp-ICP-MS anymore. Peters et al. [27] reported recoveries of
ca. 40% of 60 nm AgNPs spiked to chicken meat after storage
for 48 at 4 °C in the dark. While the particle diameter decreased
only slightly from 60 to 56 nm, SEM/EDX analysis of the
digest showed a much smaller AgNP particle number, and the
presence of silver sulfide, confirming chemical translation of
AgNP particles. This may also have happened with the spiked
materials in this study.

Uncertainties in the transport efficiency may contribute to
the bias: the calculated particle number concentration is the
product of the measured particle number and the transport
efficiency. The latter depends on the particle number concen-
tration of the reference suspension used for the determination
of the transport efficiency. Here, a 50% lower particle number
concentration in the reference suspension will lead to a 50%
lower particle number concentration measured in the chicken
meat. However, such a deviation cannot explain a recovery of
only 20% of the AgNPs in these materials.

By considering the poor precision and the much bias, it is
concluded that the method is not yet suitable for a reliable
determination of particle number concentrations.

Particle mass concentration

The particle mass concentration is calculated by summing up
the mass of all individual particles detected in sp-ICP-MS, i.e.,
excluding ionic Ag. As the particle mass fraction is calculated
from the particle number concentration, the distribution of
results for the particle mass fraction for NL13 and NL14 also
follows the same pattern for all laboratories (see Fig. 4).

For NL13, L10 was flagged as an outlier of variance and
L1 was flagged as an outlier of means. These data were re-
moved from the analysis. No outliers of variance were found
for NL14. After removal of outliers, all the data follow
Gaussian distributions and the statistical parameters are listed
in Table 2.
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Fig. 4 Data obtained for the particle mass fraction. Shown are the
laboratory means and standard deviations (n = 3) for each laboratory.
Full diamonds NL13; open circles NL14

Repeatability standard deviations of the Ag mass fraction
are significantly worse than for the particle number concentra-
tion, but the between-laboratory standard deviations are lower,
resulting in slightly lower reproducibility standard deviations.

The mean of the Ag particle mass fractions is only 21%
(NL13) and 33% (NL14) of the known spike mass fraction.
This low finding is presumably partly due to dissolution dur-
ing sample storage and sample preparation, as some laborato-
ries reported an ionic higher Ag background and could also be
caused by poor overall recovery. One of the laboratories re-
ported a mass recovery of the spike of 39%, which is roughly
in line with the recovery for NL13 and NL14.

Given the high dilutions used by most participants, it is
unlikely that differences in the sensitivity between the Ag
standard and the diluted digests are the reason for the low
mass recoveries. Besides dilution, agglomeration/
aggregation is expected to result in lower detected Ag mass
fractions. Large agglomerates/aggregates (few 100 nm size)
contain a large mass but their number is very low. The likeli-
hood of detecting such a large particle during one measure-
ment is low. Further, large agglomerates/aggregates are likely
to settle during sample preparation/analysis.

Conclusions

The interlaboratory study showed promise for the determina-
tion of the median particle diameter: reproducibility standard
deviations between 15 and 25% are not unusual and are
deemed acceptable for the determination of many contami-
nants in food. Bearing in mind that the AgNP mass fraction
in the samples in this study was rather high (0.1 and
0.5 gkg "), further studies are needed to evaluate whether this
level of agreement can also be obtained at the lower AgNP
mass fractions, more likely to be caused by contamination
from food contact materials.

@ Springer

Determination of AgNP mass fractions and AgNP number
concentrations is currently neither reproducible nor true
enough for the application to complex real-world samples.
Further method improvement is needed to eliminate bias and
to arrive at a more robust method.

It should be noted, however, that some of the observed
reproducibility issues may be associated with the chemical
reactivity of AgNP. Silver easily transforms by oxidation (dis-
solution of particles), complexation, association to proteins,
de novo particle formation from dissolved Ag (AgCl, Ag,S,
Ag") under the experimental conditions and are not inherent to
sp-ICP-MS as a technique.

The difference between the sizes obtained in this work and
those obtained using a different enzymatic digestion protocol
[31] showed that sample preparation might have a large influ-
ence on the result obtained. In particular, the possibility of ag-
glomeration and de-agglomeration during sample preparation
should be borne in mind. The difference between the behavior
of'the (in most cases) citrate-stabilized AgNP spike in the fresh-
ly spiked chicken samples (the same size as spiking solution)
and the aged samples spiked with PVP-stabilized AgNPs (60%
larger diameter than that in spiking solution) demonstrated that
the obtained results might differ depending on the age of the
sample, as well as on the stabilizing agent for the AgNPs, with
the age of the samples being the more likely cause for the
observed differences. This means that for unknown samples,
additional tests may be needed to confirm that the sample prep-
aration is adequate for the AgNP/matrix combination in ques-
tion and the age of the samples. Particle stabilization (e.g., with
surfactants) during or after enzymatic digestions should be con-
sidered in future work to avoid the formation of large aggre-
gates after degradation of the matrix. It might also be necessary
to dilute with solutions containing stabilizers instead of ultra-
pure water. In method validation (as proposed in [36]), ideally, a
broad spectrum of differently coated NPs should be investigat-
ed. It might not be possible to define a single sample prepara-
tion protocol applicable for all nanoparticle types and capping
agents. In this case, simultaneous measurement of samples con-
taining different nanoparticles or nanoparticles with unknown
coatings would be difficult to impossible.

Acknowledgements We also thank the participants in the study for
their good cooperation and openness: Paul Westerhoff (Arizona State
University, Engineering Center, Tempe, USA), Alan J. Lawlor (Centre
for Ecology and Hydrology, Lancaster, UK), Claus Wiezorek
(Chemisches und Veterindruntersuchungsamt Miinsterland-Emscher-
Lippe (CVUA-MEL), Miinster, DE), Douglas Gilliland and Claudia
Cascio (EC-Joint Research Centre, Institute for Health and Consumer
Protection, Ispra, IT), Francesco Cubadda and Federica Aureli (Istituto
Superiore di Sanita, Dept. Food Safety and Veterinary Public Health,
Rome, IT), OIf Richter (Landesuntersuchungsamt Sachsen, Fachgebiet
2.7, Dresden, DE), Zahira Herrera Rivera (RIKILT Wageningen UR,
Wageningen, NL), Kevin Wilkinson (University of Montreal,
Department of Chemistry, Montreal, CA, USA), Francisco Laborda
(University of Zaragoza, Institute of Environmental Sciences, Zaragoza,



Intercomparison sp-ICP-MS for AgNPs in chicken meat

4847

ES), and L. Manodori (Veneto Nanotech, ECSIN Laboratories, Rovigo,

7).
The work leading to these results received funding from the European

Union Seventh Framework Program (FP7/2007-2013) under grant agree-
ment no. 245162 (NanoLyse).

Compliance with ethical standards

Conlflict of interest

The authors declare that they have no conflict of

interest.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

10.

12.

13.

14.

15.

ISO, ISO/TS 80004-1:2015. Nanotechnologies—vocabulary—part
1: core terms. Geneva: International Organization for
Standardization; 2015.

Regulation (EC) No 1223/2009 of the European Parliament and of
the council of 30 November 2009 on cosmetic products.
Regulation (EU) No 1169/2011 of the European Parliament and of
the council of 25 October 2011 on the provision of food information
to consumers.

Recommendation 2011/696/EU of the European Commission of 18
October 2011 on the definition of nanomaterial.
http://1001120.en.makepolo.com/products/Nano-Silver-
Antimicrobial-Cling-Film-Bag-p10309060.html. Accessed 8.11.
2016.
https://www.alibaba.com/product-detail/FDA-quality-nano-silver-
antibacterial-cutting 60303712719.html. Accessed 8.11.2016).
http://hznano.en.alibaba.com/product/605559706-213764856/
Nano_silver antimicrobial Storage Box manufacturer.html.
Accessed 8.11.2016.

McCarthy J, Degueldre C Characterisation of environmental
particles, vol 2. Chelsea MI: Lewis; 1993. Chapter 6, pp
247-315.

Degueldre C, Favarger PY. Colloid analysis by single particle
inductively coupled plasma-mass spectroscopy: a feasibility
study. Colloids Surf a Physicochem Eng asp. 2003;217:137—
42.

Degueldre C, Favarger PY, Wold S. Gold colloid analysis by induc-
tively coupled plasma-mass spectrometry in a single particle mode.
Anal Chim Acta. 2006;555:263-8.

Scheffer A, Engelhard C, Sperling M, Buscher W. ICP-MS as a new
tool for the determination of gold nanoparticles in bioanalytical
applications. Anal Bioanal Chem. 2008;390:249-52.

Yu L, Andriola A. Quantitative gold nanoparticle analysis methods:
a review. Talanta. 2010;82:869-75.

Suzuki Y, Sato H, Hikida S, Nishiguchi K, Furuta N. Real-time
monitoring and determination of Pb in a single airborne nanoparti-
cle. J Anal at Spectrom. 2010;25:947-9.

Telgmann L, Thanh Khoa Nguyen M, Shen L, Yergeau V,
Hintelmann H, Metcalfe CD. Single particle ICP-MS as a tool for
determining the stability of silver nanoparticles in aquatic matrixes
under various environmental conditions, including treatement by
ozonation. Anal Bioanal Chem. 2016;408:5169-77.

Laborda F, Bolea E, Jiménez-Lamana J. Single particle inductively
coupled plasma mass spectrometry for the analysis of inorganic

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

engineered nanoparticles in environmental samples. Trend Env
Anal Chem. 2016;9:15-23.

Montafio MD, Olesik JW, Barber AG, Challis K, Ranville JF.
Single particle ICP-MS: advances toward routine analysis of
nanomaterials. Anal Bioanal Chem. 2016;19:5053-74.

Laborda F, Bolea E, Cepria G, Gomez MT, Jiménez MS, Pérez-
Arantegui J, et al. Detection, characterization and quantification of
inorganic engineered nanomaterials: a review of techniques and
methodological approaches for the analysis of complex samples.
Anal Chim Acta. 2016;904:10-32.

Abad-Alvaro I, Pena-Vazquez E, Bolea E, Bermejo-Barrera P,
Castilo JR, Laborda F. Evaluation of number concentration quanti-
fication by single-particle inductively coupled plasma mass spec-
trometry: microsecond vs. millisecond dwell times. Anal Bioanal
Chem. 2016;408:5089-97.

Witzler M, Kiillmer F, Hirtz A, Giinther K. Validation of gold
and silver nanoparticle analysis in fruit juices by single particle
ICP-MS without sample pretreatment. J Agric Food Chem.
2016;64:4165-70.

Linsinger TPJ, Peters RJ, Weigel S. International interlaboratory
study for sizing and quantification of Ag nanoparticles in food
simulants by single-particle ICP-MS. Anal Bioanal Chem.
2014;406:3835-43.

Montoro Bustos AR, Petersen EJ, Possolo A, Winchester MR. Post
hoc interlaboratory comparison of single particle ICP-MS size mea-
surements of NIST gold nanoparticle reference materials. Anal
Chem. 2015;87:8809-17.

Loeschner K, Navratilova J, Kebler C, Malhave K, Wagner S, von
der Kammer F, et al. Detection and characterization of silver nano-
particles in chicken meat by asymmetric flow field flow fraction-
ation with detection by conventional or single particle ICP-MS.
Anal Bioanal Chem. 2013;405:8185-95.

Cunningham WC, Stroube WB. Application of an instrumental
neutron activation vanalysis procedure to analysis of food. Sci tot
En. 1987;63:29-43.

Grombe R, Allmaier G, Charoud-Got J, Dudkiewicz A,
Emteborg H, Hofmann T, et al. Feasibility of the development
of reference materials for the detection of Ag nanoparticles in
food: neat dispersions and spiked chicken meat. Accred Qual
Assur. 2014;20:3-16.

Linsinger TPJ, Pauwels J, van der Veen AMH, Schimmel H,
Lamberty A. Homogeneity and stability of reference materials.
Accred Qual Assur. 2001;6:20-5.

ISO 13528:2005. Statistical methods for use in proficiency testing
by interlaboratory comparisons. Geneva: ISO; 2005.

Peters RJ, Rivera ZH, van Bemmel G, Marvin HJ, Weigel S,
Bouwmeester H. Development and validation of single particle
ICP-MS for sizing and quantitative determination of nano-silver
in chicken meat. Anal Bioanal Chem. 2014;406(16):3875-85.
Pace HE, Rogers NJ, Jarolimek C, Coleman VA, Higgins CP,
Ranville JF. Determining transport efficiency for the purpose
of counting and sizing nanoparticles via single particle induc-
tively coupled plasma mass spectrometry. Anal Chem.
2011;83:9361-9.

ISO 5725:1996. Accuracy trueness and precision of measurement
method and results. Geneva: 1SO, 3™ revision; 1996.

Bonas G, Zervou M, Papacoannou T, Lees M. “SoftCRM”: a new
software for the certification of reference materials. Accred Qual
Assur. 2003;8:101-7.

Loeschner K, Navratilova J, Grombe R, Linsinger TPJ, Kabler C,
Mpglhave K, et al. In-house validation of a method for determination
of silver nanoparticles in chicken meat based on asymmetric flow
field-flow fractionation and inductively coupled plasma mass spec-
trometric detection. Food Chem. 2015;181:78-84.

Peters R, Herrera-Rivera Z, Undas A, van der Lee M,
Marvin H, Bouwmeester H, et al. Single particle ICP-MS

@ Springer


http://1001120.en.makepolo.com/products/Nano-Silver-Antimicrobial-Cling-Film-Bag-p10309060.html
http://1001120.en.makepolo.com/products/Nano-Silver-Antimicrobial-Cling-Film-Bag-p10309060.html
https://www.alibaba.com/product-detail/FDA-quality-nano-silver-antibacterial-cutting_60303712719.html
https://www.alibaba.com/product-detail/FDA-quality-nano-silver-antibacterial-cutting_60303712719.html
http://hznano.en.alibaba.com/product/605559706-213764856/Nano_silver_antimicrobial_Storage_Box_manufacturer.html
http://hznano.en.alibaba.com/product/605559706-213764856/Nano_silver_antimicrobial_Storage_Box_manufacturer.html

4848

Weigel S. et al.

33.

34.

combined with a data evaluation tool as a routine technique
for the analysis of nanoparticles in complex matrices. J Anal
at Spectrom. 2015;30:1274-85.

Dudkiewicz A, Boxall ABA, Chaudhry Q, Melhave K, Tiede
K, Hofmann P, et al. Uncertainties of size measurements in
electron microscopy characterization of nanomaterials in
foods. Food Chem. 2015;176:472—9. doi:10.1016/j.foodchem.
2014.12.071.

Loeschner K, Navratilova J, Legros S, Wagner S, Grombe R, Snell
J, et al. Optimization and evaluation of asymmetric flow field-flow

@ Springer

35.

36.

fractionation of silver nanoparticles. J Chromatogr a. 2013;1272:
116-25.
http://go.key.net/rs/key/images/Bulk%20Density %20Averages%
20100630.pdf. Accessed 8.11.2016.

Linsinger TPJ, Chaudhry Q, Dehalu V, Delahaut P, Dudkiewicz A,
Grombe R, et al. Validation of methods for the detection and quan-
tification of engineered nanoparticles in food. Food Chem.
2013;138:1959-66. doi:10.1016/j.foodchem.2012.11.074.


http://dx.doi.org/10.1016/j.foodchem.2014.12.071
http://dx.doi.org/10.1016/j.foodchem.2014.12.071
http://go.key.net/rs/key/images/Bulk%20Density%20Averages%20100630.pdf
http://go.key.net/rs/key/images/Bulk%20Density%20Averages%20100630.pdf
http://dx.doi.org/10.1016/j.foodchem.2012.11.074

	Results...
	Abstract
	Introduction
	Experimental
	Study concept
	Test samples
	Participants
	Measurement procedure
	Study protocol
	Data evaluation

	Results and discussion
	Selectivity
	Median particle diameter
	Particle number concentration
	Particle mass concentration

	Conclusions
	References


