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Abstract Engineered silver nanoparticles (AgNPs) are im-
plemented in food contact materials due to their powerful
antimicrobial properties and so may enter the human food
chain. Hence, it is desirable to develop easy, sensitive and fast
analytical screening methods for the determination of AgNPs
in complex biological matrices. This study describes such a
method using solid sampling high-resolution continuum
source graphite furnace atomic absorption spectrometry
(GFAAS). A recently reported novel evaluation strategy uses
the atomization delay of the respective GFAAS signal as sig-
nificant indicator for AgNPs and thereby allows discrimina-
tion of AgNPs from ionic silver (Ag") in the samples without
elaborate sample pre-treatment. This approach was further
developed and applied to a variety of biological samples. Its
suitability was approved by investigation of eight different
food samples (parsley, apple, pepper, cheese, onion, pasta,
maize meal and wheat flour) spiked with ionic silver or
AgNPs. Furthermore, the migration of AgNPs from
silver-impregnated polypropylene food storage boxes to fresh
pepper was observed and a mussel sample obtained from a
laboratory exposure study with silver was investigated. The
differences in the atomization delays (Az,q) between silver
ions and 20-nm AgNPs vary in a range from —2.01+1.38 s
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for maize meal to +2.06+1.08 s for mussel tissue. However,
the differences were significant in all investigated matrices
and so indicative of the presence/absence of AgNPs. More-
over, investigation of model matrices (cellulose, gelatine and
water) gives the first indication of matrix-dependent trends.
Reproducibility and homogeneity tests confirm the applicabil-
ity of the method.

Keywords Silver nanoparticle detection - Direct solid
sampling - Graphite furnace atomic absorption spectrometry -
Silver nanoparticle entry in food - Biological samples - Robust
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Introduction

Nanotechnology is nowadays a highly active research area
and has found numerous applications also in consumer prod-
ucts. Especially, silver nanoparticles (AgNPs) are widely used
because of their antimicrobial properties and relatively low
cost. Fields of application include amongst others cosmetics,
wall paints, textiles, laundry detergents, biocide sprays, sport
clothes and medical devices. In the food industry, AgNPs are
used for new packaging materials with improved antimicrobi-
al properties and have been commercially available for many
years [1, 2]. In contrast to other plastic additives, like
phthalates and brominated flame retardants, AgNPs are not
covalently bound to the plastic matrix and thus may be re-
leased during use [2]. In fact, numerous studies recently
showed that silver has the potential to migrate from the pack-
aging into food and/or food simulants under various experi-
mental conditions [3-9]. It was stated in all reports that a
proportion of the migrated silver was in nanoparticle form;
hence, AgNPs are thereby entering the human food chain.
For this reason, the Scientific Committee of the European
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Food Safety Authority (EFSA) published in 2009 a scientific
opinion on nanoscience and nanotechnologies in relation to
food and feed safety [10]. According to the scientific opinion
of EFSA, the migration of Ag should not exceed a maximum
level of 0.05 mg per kg food [11]. Furthermore, a recent reg-
ulation in the European Union requires food ingredients to be
identified when they are present in the nanoform [12]. En-
forcement of this directive will inevitably also require
checking foodstuff that comes into contact with packaging
materials for the presence of AgNPs, even though there is
currently no legislation to detect AgNPs in food and feed
[10, 13, 14].

Hence, there is a need for valid and robust analytical
methods to determine AgNPs in biological matrices. Howev-
er, methods for the separation, identification, characterization
and quantification of nanomaterials in consumer products,
food and environmental samples are still limited due to low
concentrations and complexity of the sample matrices. Most
approaches are elaborative multi-step procedures that include
(partial) digestion or decomposition of the matrix and selec-
tive separation of NPs prior to element-specific instrumental
detection [15-20]. In some cases, unintended transformation
of AgNPs during multi-step sample pre-treatment procedures
may cause biased results impairing the validity of the obtained
data [21]. For the detection of AgNPs in cell culture medium
[22], chicken meat [23] and colloidal silver-based consumer
products [24], asymmetric flow field-flow fractionation
coupled to inductively coupled plasma mass spectrometry
(AF*-ICP-MS) after respective sample preparation has been
successfully applied. Recently, the use of ICP-MS operating
in single-particle mode (spICP-MS) has been suggested in
order to obtain the size distribution of AgNPs in liquid sam-
ples without prior chromatographic separation [23, 25]. This
approach was recently tested in a round robin test for its ap-
plicability to food samples, and the authors of the study de-
clared the method as a very promising tool in this regard [26].
In a pioneering study performed by Gagné et al. [27], a dis-
tinction of AgNPs from silver ions in acidified homogenates
of the liver of rainbow trout was achieved using graphite fur-
nace atomic absorption spectrometry (GFAAS) and interpre-
tation of the signals at different atomization temperatures. This
was the first report on NP identification using an AAS
technique.

However, all these methods require sample preparation by
means of dissolution/decomposition of solid matrices and
transferring the analyte (AgNPs) into a liquid sample. Accord-
ingly, long analysis times arise causing high costs and making
these procedures less attractive for monitoring purposes. Con-
sequently, the development of direct methods for the qualita-
tive investigation of large sample series as a fast screening tool
is very meaningful. In this regard, high-resolution continuum
source graphite furnace atomic absorption spectrometry (HR-
CS SS GFAAS) has shown great potential in direct analysis of
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solid samples in a broad variety of analytical questions in
recent years [28]. Several studies have proven its suitability
for the direct determination of Ag in solid biological material,
e.g. in Daphna magna specimens [29] or mice tissue [30] after
exposition to AgNPs. However, these studies focussed on the
direct determination of total silver rather than on distinction of
AgNPs and ionic Ag species. For the discrimination of AgNPs
and ionic Ag (silver salts) in solid samples by direct HR-CS
SS GFAAS, a novel approach has been suggested recently by
our group [31]. Detection of AgNPs and their direct discrim-
ination from ionic Ag in dried parsley was achieved by the
development of a novel evaluation strategy that applies the
atomization delay of the signal as significant indicator for
AgNPs. Nanoparticles in a size range from 20 to 80 nm were
investigated and could all be clearly distinguished from ionic
silver in spiked parsley samples. The difference in atomisation
delay was ascribed to a much stronger interaction of ionic
silver (Ag") ions with the biological matrix than AgNPs. It
was suggested that a low pre-treatment temperature in the
graphite furnace results in incomplete degradation of the bio-
logical matrix and so slows down the evaporation and
atomisation of Ag" ions. In the present study, further develop-
ment of this method was performed and its suitability was
investigated for nine different biological matrices (parsley,
apple, pepper, cheese, onion, pasta, maize meal, wheat flour
and mussel tissue), which were either spiked with ionic Ag or
AgNPs or obtained from exposure studies. Furthermore, the
reproducibility of the developed solid sampling method was
assessed by replicate measurements using different sampling
tubes and platforms.

Materials and methods
Instrumentation

For high-resolution continuum source atomic absorption spec-
trometry (HR-CS AAS), a contrAA 600 spectrometer, com-
mercially available from Analytik Jena (Jena, Germany) was
used. The instrument is equipped with a graphite furnace at-
omization unit and an SSA 600 auto sampler for solid sam-
pling. Pyrolytic graphite-coated solid sampling tubes without
dosing holes (Analytik Jena AG, no. 407-A81.303) have been
used throughout. Samples were weighed on a M2P micro-
balance (Sartorius, Gottingen, Germany) and inserted into
the graphite tubes on pyrolytic graphite-coated SS platforms
(Analytik Jena AG, no. 407-152.023), using a pre-adjusted set
of tweezers, which is part of the SSA 5 accessory for solid
sampling. Argon with a purity of 99.999 % (MTI, Neu-Ulm,
Germany) was used as purge and protective gas. Data evalu-
ation was achieved with the ASpect CS 2.0.0 software. The
most sensitive Ag line at 328.07 nm has been used for atomic
absorption of silver. Atomic absorption was measured using
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centre pixel no. 101 and centre pixel +1. The background was
corrected by iterative baseline correction (IBC) algorithm. The
graphite furnace temperature programme applied in a previous
study [31] for identifying AgNPs in parsley samples was fur-
ther optimized for pyrolysis and atomization temperature as
well as for atomization heating rate and sample weight.
Achieved optimal parameters are presented in Table 1.

Chemicals

All solutions were prepared using purified water obtained
from a Milli-Q system (Millipore, Billerica, USA). For acidi-
fication, sample digestion and extraction, 65 % nitric acid
(HNOg; p.a., Merck, Darmstadt, Germany) was used. For
the preparation of silver-spiked model and food samples, ei-
ther silver standard solution (AgNOj3 in 2 % w/w HNO;, ¢
(Ag)=1000 mg L '; Sigma-Aldrich, St. Louis, USA) or
citrate-stabilized silver nanoparticle dispersions of declared
size (20 nm) and concentration (5 mg L") supplied from
BBI Solutions (Cardiff, UK) were used. All reagents were
applied without any pre-treatment or further purification.

Samples and sample preparation

Spiked food samples Eight different food samples that were
originally not in contact with AgNP-containing packaging
material, namely fresh apple, cheese, onion, parsley and red
pepper as well as dried noodles, maize meal and wheat flour,
were purchased in a local supermarket. Fresh food was first
chopped using a pre-cleaned and disinfected kitchen knife and
dried to constant mass for 24 h at 80 °C. All dried samples
were pestled in an achate mortar to obtain homogenous pow-
der samples. In addition, two model matrices, namely pure
cellulose (powder; Sigma-Aldrich, St. Louis, USA) and gela-
tine (reagent grade; AMRESCO, Solon, USA), were commer-
cially purchased in powder form.

For preparation of Ag-spiked samples, which were used for
method optimization and proof of concept, 0.3 mg of these
fine-grained homogenized samples were spiked with Ag by
addition of either 2 mL of 100 ug L™' 20-nm AgNPs or
100 pg L' Ag" standard solution, respectively. The obtained
slurry was mixed thoroughly and then placed in a drying oven
at 80 °C for about 24 h until complete dehydration. The ob-
tained Ag-spiked solids were all milled again manually with
an agate mortar to obtain a powder-like product.

The total silver content was determined after digestion of
about 8.4 mg of the sample in 90 uL of 65 % HNO; heating
up to 95 °C for 30 min in a water bath. The resulting digests
were allowed to cool down to room temperature, before anal-
ysis by HR-CS GFAAS using the recommended programme
of the instrument’s supplier for Ag determination in liquid
samples after calibration in a range from 10 to 90 ug L™".
The Ag concentrations in the spiked samples ranged from

0.225+0.022 to 0.729+0.011 pg g ' (see Electronic
Supplementary Material Table S1). Moreover, their homoge-
neity was evaluated by calculating the homogeneity factor
(H.) according to Kurfiirst et al. [32] using Eq. (1).

H. = RSD-y/m (1)
where

H, homogeneity factor
RSD relative standard deviation
m mean sample mass

Contact sample AgNP-containing food contact material, i.e.
nanosilver-impregnated polypropylene (PP) boxes, was pur-
chased (CLOC; Neoflam, Mullumbimby, Australia). First, the
presence of Ag in the purchased boxes was approved by
extracting Ag into 65 % HNO; for up to 7 days at room
temperature (see Electronic Supplementary Material
Fig. S1). To study the potential transfer of Ag into a food
sample, chopped fresh red pepper was stored for up to 7 days
at room temperature or at 4 °C, respectively, in these boxes.
After deposition, the samples were dried, homogenized and
investigated by the newly developed direct HR-CS SS
GFAAS method.

Exposure sample The sample was derived from an exposure
study performed at the Institute of Aquatic Ecology, Univer-
sity of Duisburg-Essen, Germany, in which zebra mussels
(Dreissena polymorpha, length between 18 and 25 mm) were
maintained in plastic tanks (20 L) with reconstituted water
(preparation according to [33]) and exposed to 500 pg
Ag L" using either AgNO; (ICP standard solution, 1 g
Ag L™"; Bernd Kraft GmbH, Duisburg, Germany) or 75-nm
PVP-coated AgNPs (assembled by the Institute of Inorganic
Chemistry, University of Duisburg-Essen, Germany; for de-
tails, see [34]). The general procedure for mussel exposure
and harvesting can be found in detail elsewhere [35]. Briefly,
after 7 days of exposure, 20 mussels were transferred to clean
water not containing silver for 24 h to remove loosely attached
metals from the mussel surfaces and killed by deep freezing
(20 °C). Subsequently, mussels were thawed at room tem-
perature and their soft tissues were merged into one sample,
homogenized with a dispersing tool (Ultra Turrax T25; Janke
& Kunkel, Staufen, Germany) and freeze-dried (Heto
PowerDry LL3000, Thermo, Langenselbold, Germany). The
dried mussel tissue was then investigated using the new de-
veloped direct HR-CS SS GFAAS method.

Interpretation of HR-CS SS GFAAS measurement data

Other than in the common interpretation of GFAAS data here,
the signals were evaluated with respect to the time delay for
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Table 1 Optimized parameters

for graphite furnace programme Step Temperature (°C) Heating rate (°C s) Hold time (s)

for direct detection of AgNPs in

food samples by means of HR-CS ~ Drying 1 80 5 20

SS GFAAS by applying 0.2-mg- Drying II 130 10 20

weight sample Pyrolysis 250 300 20
Auto-zero 250 0 5
Atomization 900 1200 20 (or 30 for mussel)
Cleaning 2500 500 4

maximum absorbance. This strategy has been described in
detail in our previous study [31]. Briefly, the time from setting
the graphite furnace to atomisation temperature until the max-
imum peak for absorbance appeared was measured
(atomisation delay in s; #,4). The difference in ¢,4 for samples
containing Ag" ions and those containing AgNPs as calculat-
ed by Eq. (2) was defined as At,q:

Atyg = tad(AgjL)itad(AgNPS) (2)
where
At,q difference in atomization delay in seconds

taa atomization delay in seconds

For At,q, the uncertainty was estimated by calculating the
relative combined uncertainty (i) according to Eq. (3).

e = /RSD2(ta(Ag™)) + RSD?(taq (AgNPs)) (3)

where

U relative combined uncertainty in percent
RSD relative standard deviation

With the optimization of graphite furnace temperature pro-
gramme and sample weight, #,q values were significant (p<
0.05) without normalizing to the sample weight (as performed
in our previous study).

Results and discussion
Optimization of direct solid sampling method

In a recently published study of our group, it was shown that
AgNPs can be identified and distinguished from ionic silver in
parsley samples by means of direct HR-CS SS GFAAS by
applying a newly introduced concept of evaluating atomiza-
tion delay (#,4) [31]. The most important parameters that in-
fluence #,4 were found to be atomization temperature, atomi-
zation heating rate and pyrolysis temperature. However, the
applied multivariate approach in the above-mentioned previ-
ous study covered only small ranges for these variables.
Therefore, as a first step in this study, broader temperature
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and heating rate ranges were investigated in order to find
optimum conditions for discrimination of AgNPs from ionic
Ag. Instead of a 3 factorial experimental design here, values
6, 9 and 14 for the respective parameter were tested in a mul-
tifactorial approach (see Electronic Supplementary Material
Table S2). Optimum condition was defined as a compromise
between maximum At and lowest uncertainty as derived
from the combined standard deviation of the replicate mea-
surements. Figure 1 presents the results of these experiments
obtained for a fixed pyrolysis temperature of 300 °C when
investigating Ag-spiked parsley samples.

A clear trend for higher Aty was found with decreasing
atomization temperatures and rates. Taking into account the
resulting uncertainty, an atomization temperature of 900 °C
and an atomization heating rate of 1200 °C s~' were selected
as optimum with Az,q=1.08+0.28 s. Furthermore, the optimi-
zation of pyrolysis temperature was performed. Adjusting the
pyrolysis temperature is particularly important when consid-
ering different matrix compositions of the food samples.
Therefore, here three different matrices, namely parsley, apple
and pasta, were used in order to evaluate whether a general
trend can be observed and if setting a defined value will be
feasible to investigate a variety of matrices. The obtained re-
sults for varying pyrolysis temperature from 250 to 700 °C in
regard to At,q and u, are presented in Fig. 2.

At,q values ranged between —0.77 and 1.39 s for the se-
lected parameters and sample matrices. The fact that for pasta,
t,q for AgNPs is higher than that for Ag" when applying py-
rolysis temperatures below 400 °C is striking and must be
attributed to different interactions of Ag species with the ma-
trix compared to apple or parsley matrix. This issue was fur-
ther investigated and will be discussed below. However, as a
general trend, highest |At,4| was observed for lower pyrolysis
temperatures in all three tested matrices. Application of pyrol-
ysis temperatures higher than 400 °C resulted in insignificant
differences due to lower At,q values compared to their com-
bined uncertainty. Especially for apple, the increasing uncer-
tainty with rising pyrolysis temperature is obvious (Fig. 2b).
Therefore, the following experiments were conducted by
selecting a constant optimum pyrolysis temperature of
250 °C. The resulting 3D atomic absorption signals for pars-
ley, apple and pasta (see Electronic Supplementary Material
Fig. S2) indicate that despite this very low pyrolysis



Direct detection of silver nanoparticles in biological samples

299

2200+

2000+

1800

1600

1400

1200

Atomization rate [°C s

1000

800

T ,.—""'/I T T T T 1
900 1000 1100 1200 1300 1400 1500 1600
Atomization temperature [°C]

Fig. 1 (a) Mean values for difference in atomization delay (At,q) (with
n=3) and (b) relative combined uncertainty (u.) depending on
atomization temperature and atomization heating rate at a constant
pyrolysis temperature of 300 °C. Atomization temperatures <850 °C

temperature, background correction by iterative baseline cor-
rection is suitable to obtain reproducible and well-defined
peaks without any severe interference from other elements
or molecules.

Another parameter that was identified to influence atomi-
zation delays in this direct solid sampling measurement pro-
cedure was sample weight [31]. However, since the furnace
parameters (atomization temperature, heating rate and pyrol-
ysis temperature) were now significantly shifted towards low-
er values, this was again investigated with the new set of
parameters for the three different matrices. The evaluation
criteria for optimum sample weight were again defined as
maximum Af,4 in combination with minimum uncertainty in
order to achieve significant discrimination of AgNPs from
Ag". The results for sample weights varying from 0.1 to
0.4 mg are depicted in Fig. 3. Lowest tested sample weights
of 0.1 mg result in very high uncertainties, which in the case of
apple and pasta gave insignificant differences in 7,4 values; i.e.
At,q was smaller than u.. Most probably the micro-
inhomogeneity of the samples becomes critical at this low
mass aliquot [36, 37]. However, above 0.1 mg, the observed
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Fig. 2 (a) Mean values of difference in atomization delay (At,q) (with
n=3) and (b) relative combined uncertainty (u.) depending on pyrolysis
temperature received for parsley (black square), apple (red circle) and
pasta (green triangle) at a constant heating rate of 1200 °C s~ and an
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and atomization rates <700 °C s ' were not taken into account due to

resulting incomplete atomization and high atomization times,
respectively

trends allow again setting an optimum value for all three ma-
trices. With increasing sample weights, higher Az,4 values
were obtained and u, decreased up to 0.2 mg, where optimal
and significant values were achieved.

In summary, an atomization temperature of 900 °C at a
heating rate of 1200 °C s' and a pyrolysis temperature of
250 °C were applied for a 0.2-mg sample aliquot introduced
into the SS tube.

Homogeneity test for Ag-spiked food samples

One of the biggest difficulties involved in direct solid sam-
pling analysis is the micro-inhomogeneity of the analyzed
samples at sub-microgram weights [32, 38]. Hence, there is
aneed to ensure homogeneous distribution of the Ag spikes in
the 18 self-prepared simulated foodstuff samples investigated
in this study. For this purpose, the homogeneity factor was
determined for all samples by applying four aliquots of ap-
proximately 0.2 mg of each sample and using the optimized
furnace programme for AAS measurement. The relative stan-
dard deviations (RSDs) of the obtained signal intensities

2250
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1750 ] 4 Pasta
1500 4
1250 4 °
1000/
200 R .
150
A L
100
L]
A 0 ]
504 ¢ R .
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atomization temperature of 900 °C. Pyrolysis temperatures <250 °C were
not taken into account because of strong matrix effects from inadequately
matrix degradation (n=3)
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Fig. 3 (a) Mean values of difference in atomization delay Az,4 (with n=
3)and (b) relative combined uncertainty (u.) depending on sample weight
received for parsley (black square), apple (red circle) and pasta (green
triangle). At,q values in parentheses in (a) are not significant differences
in z,q due to high uncertainties. Sample weights <0.1 and >0.5 mg were

(absorbance) varied between 3 and 20 %. The relative homo-
geneity factors were calculated on the basis of RSDs using
Eq. (1) and ranged from 1.43 % mgl/2 for pepper samples to
a maximum of 9.01 % mg"? for cheese spiked with AgNPs.
(A list for all 18 samples is provided in Electronic
Supplementary Material Table S3.) Hence, all values were
below 10 % mg'? revealing acceptable homogeneity accord-
ing to Kurfiirst et al. [32].

Method application to food samples

The developed and optimized method was then applied to dif-
ferent food samples in order to prove if it is valid for diverse
food matrices. As a first series of samples, eight food products,
namely, apple, cheese, maize meal, onion, parsley, pasta, pep-
per and wheat flour, were spiked with either Ag” or AgNPs and

Fig. 4 Mean atomization delays

not studied due to difficulties in handling very small amounts and
obtaining broad peak maxima, respectively. Furnace parameters are
atomization temperature of 900 °C, atomization heating rate of
1200 °C s~ ' and pyrolysis temperature of 250 °C

examined using the proposed method. Secondly, mussel sam-
ples obtained from an exposure experiment with either Ag" or
AgNPs were investigated. Finally, contact samples, i.e. pepper
samples that were stored in AgNP-containing boxes for 7 days,
were studied. As a first evaluation step, z,4 values were mea-
sured and compared for all samples (see Fig. 4a).

For food samples spiked with Ag", the #,q values ranged
from 11.31£0.29 s (apple) to 23.28+0.53 s (cheese), indicat-
ing different retentions of Ag" in these matrices. Nevertheless,
similar product classes show comparable atomization delays,
as can be seen especially for pasta, wheat flour and maize
meal, containing carbohydrates as basic composition. Tissues
of animal origin with high protein contents, like cheese and
mussel, better retain Ag, which results in higher 7,4. Probably,
the provision of functional groups, like mercapto or amine
groups, in proteins and the high affinity of silver towards these
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groups cause this behaviour. In order to support this theory,
three model samples were prepared to simulate (a) carbohy-
drate matrix by cellulose, the main component of plant matter;
(b) protein matrix using gelatine as polypeptide with high
collagen content; and (c) water simulating lowest possible
matrix interaction. As can be seen from Fig. 4b, the obtained
values confirm this hypothesis. Moreover, the correlation be-
tween t,4 and matrix composition becomes obvious when tak-
ing into account the average carbohydrate/protein content (ac-

cording to [39]) of the investigated food samples (see Fig. 5).

It is obvious that with increasing carbohydrate content in
the matrices, the corresponding atomization delay decreased
whereas rising protein content leads to increased atomization
delay. However, the observed trends were less pronounced for
AgNP-spiked samples compared to Ag -spiked samples. This
suggests, as expected, that ionic silver interacts stronger with
the matrix than AgNPs. In conclusion, these results evidence
that matrix composition plays an important role in the atomi-
zation behaviour of the silver species. As a first conclusion, it
is obvious though that valid application of the newly devel-
oped method requires reference measurement of an individual
sample matrix spiked with Ag" in order to classify the matrix
and reveal expected 7,4 and At,q values. This preliminary ex-
periment can be seen as a kind of one point calibration of the
suggested qualitative method.
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Fig. 5 Mean atomization delays for food samples and model matrices
sorted by (a) average carbohydrate and (b) average protein content
(according to [39]) of the investigated food samples. Red circles

Regarding the exposure samples, i.e. mussel tissue de-
riving from an exposure study with PVP-coated 75-nm
AgNPs or AgNOs;, respectively, the respective atomiza-
tion delays agree very well with the above-given explana-
tions. Moreover, the significant lower 7,4 for mussels ex-
posed to AgNPs suggests that silver had been taken up in
nanoparticulate form by the mussels and is still present in
this form in the tissue. Future studies will address this
hypothesis in more detail.

Concerning the two contact samples, it is first of all impor-
tant to remark that a significant amount of silver had been
transferred from the boxes’ surfaces into the fresh pepper
without addition of any auxiliary liquid or reagent during the
experiment. The resulting concentrations were approximately
0.07 ug Ag g ' of dried pepper. However, even though all the
samples were exposed to AgNP-containing boxes, significant-
ly different #,4 values were obtained. We suggest that AgNPs
transferred to the pepper pulp, which was kept for 7 days at
room temperature, were subject to oxidation due to deteriora-
tion of the pepper fruit and, hence, were detected as Ag".
However, at 4 °C, such a process was prevented and AgNPs
were still present (Pictures of the contact samples are provided
in the Electronic Supplementary Material Fig. S3). REM in-
vestigations of the pepper samples were therefore performed
in order to have further indication of this hypothesis.
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spiked samples. Error bars represent uncertainty as derived from
combined SD with n>4
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Fig. 6 Mean differences in 121
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However, the AgNPs could not be visualized in any of the
samples due to the low concentration of silver in the samples.

Anyway, the detection and identification of AgNPs in a
food sample is supposed to be evaluated by the difference in
t.g, 1.€. by a significant Az,4 value. Figure 6 presents the ob-
tained At,q values, which were all significant, i.e. allow dis-
crimination of Ag'-containing samples from AgNP-
containing samples.

By far, the highest difference in #,q (At,q=10.04+0.78 s)
was observed in gelatine matrix. Here, Ag" ions are retained
much longer than AgNPs. In very good agreement with this
finding, second highest values were obtained in high-protein
samples, i.e. cheese and mussel. Lowest At,4 gave as expected
water matrix (At,q=—2.73+0.4 s). Here, it simply takes more
time to atomize (large) AgNPs than to evaporate distributed

2
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Fig. 7 Reproducibility of Az,q values when using several sample carriers
and graphite tubes. (a) At,q values and variation range for parsley, apple
and pasta spiked with AgNP or Ag", respectively, when using 10
individual sample carriers. Box plots represent median values with n>
40. Bars give minimum and maximum value excluding outliers marked
as red crosses (replicate measurements n=4; solid sampling platforms n=
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(small) Ag" ions since no interaction with any matrix can
occur. Similar behaviour showed pasta, wheat flour and maize
meal, followed by cellulose matrix. In between were apple,
pepper and parsley samples, where retention of Ag" ions by
the matrix prevails over kinetic aspects of AgNP atomization,
resulting in slightly positive At,q values. No significant dif-
ferent was observed when comparing Ag ' -spiked pepper with
the contact sample kept at RT. This result indicates the absence
of nanoparticulate Ag, while Ag" ions were found. Hence,
here again, the result is true when taking for granted the
above-discussed theory of degradation of AgNPs to Ag" ions
during this experiment.

In conclusion, the applicability of the suggested approach
could be proven for all investigated biological matrices, since
Ag" ions always showed significantly different atomization
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10). (b) Variances (6%) for At,q values and homogeneity factors (H,) of
biological samples spiked with or exposed to AgNP or Ag", respectively,
when using 4 individual sample carriers and graphite tubes (n>16;
replicate measurements n>4; solid sampling platforms and graphite
tubes n=4)



Direct detection of silver nanoparticles in biological samples

303

delays than AgNPs. However, as stated above, a kind of one
point calibration, i.e. a reference measurement of the individ-
ual sample matrix spiked with Ag" is required prior to analysis
of unknown samples. Consequently, it is important to investi-
gate the influence of instrumental parameters on the validity of
such calibration. Therefore, reproducibility tests with different
sample carriers and graphite tubes on different days were
performed.

Reproducibility tests

In a first series of experiments, the reproducibility of the pro-
posed method was tested by replicate measurements of spiked
parsley, apple and pasta samples with 10 individual solid sam-
pling platforms of the same type. The results (At,q) of this
experiment are shown in Fig. 7a. For parsley, At,q ranged
from 1.29 to 1.61 s whereas the distribution of data for pasta
was found to be between —0.96 and —1.75 s. This broader
variation may derive from a higher sample inhomogeneity of
6.82 % mg'? for pasta in comparison to 2.44 % mg'? for
parsley (see Electronic Supplementary Material Table S3).
The median At,q value for apple was relatively low (Atq=
0.40 s), but due to the corresponding low variation, still sig-
nificant difference was obtained, i.e. valid distinction between
ionic silver and nanoparticulate silver was achieved. Hence,
reproducible and valid results were obtained for the tested
solid samples even when using 10 individual sample carriers.

In another series of experiments, the reproducibility was
tested with more sample matrices and exchanging graphite
tubes as well as sampling platforms. However, here, a lower
number of replicates were used. The variances (02) of Aty
values clearly depend on the matrix (see Fig. 7b) and, hence,
must therefore be ascribed to sample homogeneity or matrix
effects and not to instrumental parameters like apparatus drift
or variations in graphite carriers and tubes. Correlation of
homogeneity factor (H,) and variance is obvious as highest
o” values were achieved for pasta and maize meal which had
lowest homogeneity.

Nevertheless, replicate measurement with different solid
sampling platforms and graphite tubes on several days still
allows distinction of AgNPs from Ag" since the differences
in t,q were always significant.

Conclusions and outlook

This work addresses the urgent need to provide robust screen-
ing methods for the detection of silver nanoparticles in com-
plex biological matrices that have to be investigated in e.g.
food and eco-monitoring studies. A simple, fast and reliable
procedure for the discrimination of AgNPs from ionic silver in
biological samples is proposed using direct solid sampling
HR-CS GFAAS omitting time-consuming sample pre-

treatment. A previously introduced approach that suggests
the evaluation of atomization delays (¢,4) in GFAAS in order
to detect AgNPs in solid parsley was further developed and
applied to a broad variety of biological matrices. These in-
clude tissues of animal origin, like mussel and cheese, as well
as samples deriving from exposure and contact studies with
AgNPs. In all nine investigated matrices (parsley, apple, pep-
per, cheese, onion, pasta, maize meal, wheat flour and mus-
sel), 20-nm AgNPs were identified and discriminated from
Ag' ions due to significantly different #,q values using the
same optimized furnace programme. At,q values varied from
—2.01 s for maize meal to +2.06 s for mussel tissue. The
robustness and reproducibility of the method were approved
with regard to sufficient homogeneity of the micro samples
applied for solid sampling and also regarding instrumental
parameters such as individual graphite tubes and platforms
as well as measurements on different days.

The observed influence of the matrix composition on 7,4
was more pronounced for Ag -spiked samples than for
AgNP-containing samples, revealing a stronger interaction
of the ions with the matrix components. Clear trends, i.e. de-
creasing #,q with increasing carbohydrate content and inverse
trend for protein content, were found and confirmed by inves-
tigation of cellulose and gelatine as model samples. These
findings give first insights in the involved mechanisms; how-
ever, future studies are planned to further elucidate this issue.
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