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Abstract
Speciation analysis plays a key role in understanding the biological activity and toxicity of an element. So far, classical specia-
tion analysis focused only on the dissolved fraction of an elemental species, whereas nanoparticle forms of analytes are being 
widely found in consumer and industrial products. A significant contributor to human exposure to nanoparticles is through 
food into which nanoparticles can be incorporated from endogenous sources or they may be formed naturally in the living 
organisms. Nanoparticles often undergo changes in the food matrices and upon consumption, in the gastrointestinal tract, 
which present a significant challenge to their characterisation. Therefore, a combination of both classical and nanoparticle 
speciation analytical techniques is needed for the characterisation of both dissolved and particulate forms of the chemical 
species. This article presents and discusses the current trends in analysis of nanoparticle behaviour in the gastrointestinal 
tract and formation and characterisation of biogenic nanoparticles.

Keywords  Nanoparticles · Speciation · Food · Gastrointestinal tract · Dissolution · Biogenic

Introduction

The International Union of Pure and Applied Chemistry 
(IUPAC) defines chemical species as “specific form of an 
element defined as to isotopic composition, electronic or oxi-
dation state, and/or complex or molecular structure” [1]. The 
group of trace elements that has been extensively studied in 
relation to their chemical species in food included arsenic, 
mercury and selenium [2] and is continuously expanding to 
reflect current and anticipated regulatory needs. The specia-
tion of elements in food is key in understanding their uptake, 
biological activities and toxicity [3]. The classical speciation 
analysis requires typically two steps: (1) separation of the 
different chemical forms and (2) detection and quantification 

of each chemical form. The often used techniques are high-
performance liquid chromatography (HPLC) or gas chro-
matography (GC) coupled to mass spectrometry (MS) or 
inductively coupled plasma mass spectrometry (ICP-MS). 
Confirmation and identification of unknown species are 
achieved by molecular mass spectrometry or other struc-
ture‐characterising techniques.

Nanoparticles (NPs) are discrete pieces of material with 
at least one dimension in the size range of 1 to 100 nm. 
Inorganic NPs can be considered a distinct chemical spe-
cies of elements themselves. Engineered nanomaterials are 
nowadays widely integrated into consumer and industrial 
products. Besides cosmetic and cleaning products, food is 
a major source of exposure of consumers to NPs through 
ingestion [4]. Recent year’s research has shown that the ori-
gin of inorganic NPs in the food can be diverse. In most 
instances, engineered NPs are intentionally added into the 
food or are present as food additives containing a fraction of 
particles at the nanoscale size, but they also can be released 
from food contact materials (Fig. 1a). Additionally, engi-
neered NPs unintentionally released to the environment can 
re-enter the food chain, and in vivo formation of NPs was 
also reported.

NPs have been intensely studied throughout the last two 
decades with regard to their synthesis, applications and toxic 
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effects. Alongside, qualitative and/or quantitative analytical 
techniques for characterisation of NPs have been developed 
or adapted. Among these techniques are single-particle ICP-
MS and ICP-MS coupled to separation techniques like field 
flow fractionation (FFF), capillary electrophoresis (CE), 
hydrodynamic chromatography (HDC) and reversed phase 
HPLC (Fig. 1c). Bio-imaging techniques such as laser abla-
tion ICP-MS, nanoscale secondary ion mass spectrometry 
(nano-SIMS) and X-ray fluorescence support the qualitative 
analysis of NPs, whereas electron microscopy is typically 
considered the gold standard when it comes to determina-
tion of particle sizes. Electron microscopy provides addi-
tional information on particle shape, crystal structure and if 
combined with spectroscopy, chemical composition can be 
determined. One major analytical challenge is the sample 
preparation as NPs can agglomerate, aggregate, dissolve or 
undergo changes of their crystalline structure/chemical com-
position as response to new surroundings (Fig. 1b). They can 
further interact with surfaces (of, e.g. storage containers and 
analytical equipment) and matrix components like fibres or 
proteins [5].

Like other elemental species, NPs might undergo 
changes in the food matrices or ultimately in the human 

gastrointestinal tract (GIT). The changes occurring to NPs 
are the same as described above for sample preparation 
(Fig. 1b). Dissolution of NPs is especially of interest for 
human risk assessment, as complete dissolution in either 
the food matrix or the GIT would imply that no nano-spe-
cific considerations will be required. It is then expected that 
the NPs behave like their corresponding soluble form. The 
released ions might also form new organic or inorganic spe-
cies which can be studied by classical speciation analysis.

Another interesting research area, where NP characterisa-
tion and classical speciation analysis meet, is the biogenic 
formation of NPs (also called in vivo formation or naturally 
formed NPs), i.e. particles that are formed inside the living 
organism. Understanding the mechanisms and reasons for 
their formation requires both characterisation of the species 
involved in the formation of the NPs and the NPs them-
selves. This often needs combination of several analytical 
techniques due to the complexity of biogenic NPs and the 
matrix in which they are present. This trend article describes 
the current status of analytical work in the research area of 
NP dissolution in food and the GIT as well as the in vivo 
formation of NPs in food-relevant systems to highlight the 
important role of NPs as a member of the trace element 

Fig. 1   An overview of NP sources in food (a), matrix-driven changes 
to NP properties (b), and most used techniques for NP analysis (c) 
(spICP-MS, single-particle inductively coupled plasma mass spec-
trometry; FFF-ICP-MS, field flow fractionation ICP-MS; SEC–ICP–
MS, size exclusion chromatography ICP-MS; HDC-ICP-MS, hydro-
dynamic chromatography ICP-MS; Cy-TOF, cytometry time of flight; 

TEM, transmission electron microscopy; SEM, scanning electron 
microscopy; EDF-HSI, enhanced dark-field hyperspectral imaging; 
XRF, X-ray fluorescence; TXM, transmission X-ray microscopy; LA-
ICP-MS, laser ablation ICP-MS; nanoSIMS, nanoscale secondary ion 
mass spectrometry)
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species family and the link to classical speciation analysis. It 
is out of the scope of this article to provide a comprehensive 
review and thus where relevant the readers are directed to 
published review papers for more details. Finally, we provide 
our views on the future developments and research direc-
tions that will lead to improvement of NP analysis and their 
amalgamation into the world of trace element speciation.

Dissolution of NPs in the GIT and food

It is known that NPs can change and interact with their sur-
roundings, something that will also happen in a food matrix 
and the gastrointestinal environment. This includes, e.g. 
binding of matrix constituents to the NPs (protein corona), 
agglomeration/deagglomeration of the NPs and NP dissolu-
tion. Dissolution is particularly interesting as fast dissolution 
of the NPs in water, food or the GIT would imply that no 
intact NPs will be adsorbed by humans and consequently 
no specific assessment of the risk related to the nanoscale 
is required, i.e. no in vitro and in vivo testing of the NPs 
[6]. Further, dissolution kinetics of NPs is considered a key 
factor that determines their biopersistence and biodurabil-
ity in different biological systems [7], although it is so far 
unknown how biodurability and persistence or lack thereof 
for a particular nanomaterial affect the overall gut health 
chronically.

Dissolution of NPs is besides their intrinsic properties 
(e.g. size, chemical composition, surface properties) affected 
by the surrounding media [8]. A popular way of studying 
the dissolution of NPs is static in vitro digestion models 
that simulate human oral digestion, accounting for salt and 
protein composition, pH changes, transit times and volume 
changes, which occur in the GIT during food passage. They 
are typically based on solubility assays that are used for 
determining the bioaccessibility of certain compounds, e.g. 
toxic elements and mycotoxins, from food. Table 1 presents 
examples of in vitro digestion studies that determined the 
dissolution of NPs. Typically, at least two stages of GIT 
(stomach and intestine) were simulated. Several studies 
included the mouth stage where food is combined with arti-
ficial saliva. Sometimes the influence of a food matrix was 
investigated.

The separation of the dissolved fraction was typically 
achieved by (ultra)filtration or (ultra)centrifugation. The 
dissolved fraction was consecutively analysed by an ele-
mental analysis technique. It should be considered that the 
obtained “dissolved fractions” can contain free ions and/or 
small organic and inorganic complexes, whereas the retained 
fraction might not only contain NPs but also matrix-bound 
ions (e.g. ions bound to proteins, salt precipitates). Bove 
et al. [12] performed control experiments with standard 
Ag+ solution in the in vitro dissolution test and showed that 

82% was retained by the filter. The data suggested that Ag 
ions, after being released from NPs, interact with the matrix 
through various processes, including Ag chloride formation 
or chelation to sulphur groups of proteins. However, no fur-
ther speciation analysis was attempted. Wu et al. [10] calcu-
lated the concentration of the “Ag-biomolecules” formed in 
the gastrointestinal fluids by collecting the material retained 
by the filter during ultrafiltration and determining the frac-
tion of Ag from Ag chloride (based on Cl− analysis with ion 
chromatography) in relation to the total Ag concentration.

Few techniques allow both the characterisations of NPs 
and ionic species. Single-particle ICP-MS is claimed to pro-
vide information about particle size distribution and dis-
solved fraction at the same time and has been applied to 
study the behaviour of silver and TiO2 NPs in an in vitro 
digestion model [9]. One of the limitations of the spICP-MS 
technique is that it cannot distinguish between ions, small 
organic/inorganic complexes and small NPs (i.e. NPs below 
the size limit of detection). Validation studies that assess 
the accuracy of dissolved concentrations, especially in com-
plex matrices, are lacking. Mass and number concentrations 
determined by spICP-MS are known to have limited accu-
racy in complex samples [16].

An alternative for studying NPs and their dissolution 
products in complex systems such as GIT fluids might be 
asymmetric flow-field flow fractionation (AF4) coupled to 
ICP-MS. It can provide information about NPs and small 
complexes and is suitable for larger NPs (up to approxi-
mately 1 µm). Figure 2 shows an example where the dissolu-
tion of silver NPs in bovine serum albumin at room tempera-
ture was studied by AF4-ICP-MS. The technique was further 
used by Bolea et al. to study silver NPs and dissolved species 
of silver in culture media and cells [17]. UV–Vis absorp-
tion spectrometry was applied to provide information about 
the nature (organic vs. NP) of the eluted species, and silver 
was monitored by ICP-MS. The release of silver ions from 
the NPs and their association with the proteins present in 
the culture medium were observed. It should be mentioned 
that the characterisation of the NPs and the protein-bound 
silver required two separate runs using AF4 with different 
cross flow programs. AF4-ICP-MS was used to investigate 
selenium NPs incubated in gastrointestinal conditions [18], 
but no dissolution was observed.

The disadvantage of AF4 for studying dissolution is usu-
ally that free ions and small complexes can pass through 
the AF4 membrane (3–30 kDa) with the applied cross flow. 
Collection of fractions of the cross flow for obtaining infor-
mation on the dissolved portion of the analyte is rarely done 
due to the delayed elution through the frit of the channel, 
dilution and elevated blank levels for some elements [19]. 
Therefore, Tan et al. developed an approach that allowed 
online monitoring of the dissolved fraction in the cross flow 
[19]. This was applied to determine the dissolved fraction in 
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environmental water samples and validated by comparison 
with an ultrafiltration-based approach.

Another technique for investigating NP dissolution which 
is also based on an online separation coupled to ICP-MS is 
sodium dodecyl sulphate (SDS)-containing reversed phase 
liquid chromatography. This technique provides information 
about the NPs, small complexes and ions in a single chro-
matographic run. The limitation is the upper size range of 
50–60 nm of NPs that can be studied [20]. The technique 
has not been applied in the context of in vitro digestion of 
NPs yet but has been used for the speciation of gold NPs 
and low-molecular gold species in Wistar rat tissues [21]. It 
was further used to study the uptake of iron oxide NPs (iron 
supplement) by Caco-2 cells. The presence of three different 
fractions corresponding to NPs aggregates, dispersed NPs 
and soluble iron was observed [20].

In summary, dissolution of NPs in GIT has been mainly 
assessed with simple analytical approaches. The application 
and development of advanced characterisation techniques 
are required to quantify “matrix-bound” and “free” ions to 
avoid an underestimation of the NP dissolution. Inorganic or 
organic complexes as products of the dissolution should be 
correctly identified as they might have a different biological 
activity than the free ions. Classical speciation techniques 
could play an important role in these tasks.

Few studies on NP dissolution in food matrices and food 
simulants exist. The dissolution of silver NPs was studied 
in acidic, alcoholic and fatty food simulants [22]. AgNPs 
behaved in an example of a real food (low fat milk) in the 
same way as in the corresponding food simulant (ethanol 

50%). However, it was discussed that this might not be true 
for all other foods as it was, e.g. shown that salt (NaCl) 
which is present in some foods but not in the food simulants 
enhanced dissolution under migration conditions. The per-
centages of dissolved Ag determined by spICP-MS were 
higher than by ultrafiltration followed by ICP-MS analysis. 
This was explained with the different “size cut-offs” of the 
two methods: spICP-MS considers also NPs below size LOD 
(20 nm in the study) as “dissolved” Ag, whereas ultrafiltra-
tion uses a filter with a molecular cut-off corresponding to 
NPs of a few nanometres in size.

Formation and characterisation of biogenic 
NPs

The triggers leading to formation of biogenic NPs are not 
fully understood, and it can be assumed that they are element 
specific. In some instances, it could be a result of detoxifica-
tion mechanism, whereas in others, a deposition of an excess 
element. The actual location of biogenic NPs can be intra- 
or extracellular, and very often, they have multi-elemental 
composition. Biogenic NPs have been found in various 
shapes and sizes, which can change during the lifespan of 
the host organism. Because of their unpredictable elemental 
composition, shape and size, their reactivity and in turn sta-
bility are unknown. Therefore, investigation into formation 
of biogenic NPs and their characterisation requires in-depth 
analysis of all chemical species of the element by combina-
tion of several analytical techniques.
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Fig. 2   Investigation of the dissolution of 20 and 50 nm Ag NPs spiked to bovine serum albumin (BSA) solution at room temperature by AF4-
ICP-MS: a fractograms based on quantified ICP-MS signal, b relative fraction of Ag in NP form and bound to BSA (unpublished results)
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Biosynthesis of HgSe containing particles in the ani-
mal tissue was known for some time, but the empirical 
evidence of the metabolic pathways was missing. An 
investigation into Hg detoxification in long-finned pilot 
whales (Globicephala melas) using spICP-MS in combi-
nation with bio-imaging by synchrotron µ-XRF showed 
size-dependent changes in the molar composition of bio-
genic HgSe NPs. While the Hg:Se molar ratio in smaller 
NPs was < 1, an increase to a molar ratio of 1 was found 
with growth of the clusters [23]. It was postulated that 
Hg bound to selenocysteine (SeCys) most probably on 
the selenoprotein P (SelP) acts as a nucleation centre 
for binding of additional Hg. Recently, this theory was 
corroborated by empirical evidence provided by several 
studies of HgSe formation in seabirds [24, 25]. Using a 
combination of high-energy resolution X-ray absorption 
near-edge structure (HRXANES), extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy and scanning 
transmission electron microscopy (STEM), the authors 
identified mercury-tetraselenolate (Hg(SeR)4), an inter-
mediate compound in biosynthesis of HgSe. The authors 
proposed that Hg(SeR)4 is formed via ligand transfer 
between methylmercury-cysteine (MeHgCys) and SeCys 
to form MeHgSeCys. During this exergonic reaction, both 
Hg bonds are cleaved, C-Hg and Hg-S [26], what increases 
Hg coordination number from two to four leading to a 
formation of Hg(SeR)4. The only selenoprotein which can 
support formation of Hg(SeR)4 is SelP which contains at 
least 4 SeCys moieties. Therefore, SelP acts as a nuclea-
tion centre for biosynthesis of HgSe nanoparticles. The 
observed size of the HgSe nanocrystals ranged from 5 to 
100 nm with the smallest size of 4–5 nm.

Similar observation was made by others, where by 
means of electron microscopy, HgSe aggregates of 
50–100 nm were found in the lysosome of HepG2 cells co-
exposed to NaSeO3 and HgCl2 [27]. The size of the formed 
aggregates was dose dependent, and the primary HgSe 
nanoparticles were of 5–10 nm size. It was hypothesised 
that the SeCys-rich C-terminus of SelP can act as a multi-
nuclear binding centre through natural protein folding and 
thus can promote the biomineralisation of HgSe through 
self-assembling what is observed as aggregation or growth 
of HgSe clusters [23, 25]. Further evidence in support of 
HgSe nanoparticle formation through Hg(Sec)4 intermedi-
ate was provided by studies of Hg isotope signatures using 
multicollector ICP-MS [24, 25, 28–31]. In the published 
experimental and theoretical studies, the demethylation 
reaction of MeHg to four-coordinate selenocysteine com-
plex (Hg(Sec)4) was reflected in the isotopic differences 
in δ202Hg as a results of mass-dependent fractionation. 
However, isotopic difference in δ202Hg between Hg(Sec)4 
and HgSe could not be solely explained by mass-depend-
ent fractionation, but a contribution from nuclear volume 

fractionation was suggested, which could be induced by 
HgSe biomineralisation.

Biogenic HgSe NPs have been found in a large number 
of fish and marine mammals available for consumption, but 
very few studies looked at the potential impact of human 
exposure to biogenic NPs. A study of HepG2 cells co-
exposed to NaSeO3 and HgCl2 showed that the cells can 
uptake HgSe naturally formed in the growth media without 
observed toxic impact [27]. In contrast to the biosynthe-
sised HgSe NPs in the cells, those taken up from the media 
were stored in the vacuoles rather than in the lysosomes. 
This observation indicates that cells can distinguish between 
in situ formed and dietary HgSe NPs. Similarly, rodents 
have been found to excrete HgSe NPs following a dietary 
exposure even under Se-deficient conditions which also cor-
roborates non-bioavailability of Se when present in HgSe 
NPs [32]. Thus, the determination of the dietary exposure 
to HgSe NPs is not only important to assess the health risk 
from Hg exposure but also what implication this species 
has on the source of dietary Se. A recent survey of most 
consumed fish on Japanese market showed that all analysed 
fish species contained HgSe NPs, although, based on the 
measured Hg species, the estimated exposure to particulate 
Hg was only 0.2% of the provisional tolerable weekly intake 
[33]. However, the authors were not able to quantify Se in 
the particulate form, which could provide additional infor-
mation on the dietary benefits of studied fish species.

Quantification of biogenic Se NPs in Se-rich food and 
supplements is gaining some interest because not only 
particulate Se is less toxic than selenite and some organic 
Se species, but it also can easily be reduced to selenide 
for biosynthesis of essential organic Se species. A multi-
instrumental approach was used to identify the size of Se 
NPs in two strains of yeast which size varied between a few 
nm and 250 nm [34]. Intact cells were transported into the 
plasma of ICP-MS by high nebulisation efficiency introduc-
tion system specifically designed for single-cell analysis to 
determine the selenium content within individual cells. Lysis 
through mechanical disruption was applied to prove the pres-
ence of Se-containing NPs, and released Se NPs down to 
20 nm could be detected by spICP-MS. Where spICP-MS 
reached the size LOD, the complementary information on 
the NPs < 20 nm was obtained by SDS-containing reversed 
phase liquid chromatography that allowed to distinguish 
between NP-bound Se and low-molecular species, probably 
selenite. In order to check the presence of elemental sele-
nium (the form of Se present in the Se NPs) in the yeast 
lysates, a derivatisation with sodium sulphite was carried 
out as well prior to the chromatographic analysis. TEM with 
energy-dispersive X-ray spectroscopy (EDX) was applied as 
a confirmative technique.

Similarly, biogenic Se NPs were found in several strains 
of lactic acid bacteria, bifidobacterial and yeast used in 
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production of dairy products [35]. Location of the Se NPs 
was strain dependent, either intra or extracellular with 
one straining containing NPs in both regions. A relatively 
good agreement was reported between the size of particles 
detected by spICP-MS and TEM which ranged between 60 
and 260 nm. However, when selected bacteria cultures were 
spiked into the dairy products, the particle number recovery 
was satisfactory only for one sample out of three although 
the particle size agreed with measured size without the dairy 
matrix. This observation highlights the challenges caused by 
interactions between the NPs and matrix constituents which 
requires more detailed investigations into sample prepara-
tion strategies.

The anti-microbial properties of Ag NPs led to their wide 
use in consumer products including food packaging, contain-
ers and utensils. Silver NPs are known to be unstable and can 
undergo partial dissolution and subsequent NP formation. 
Therefore, a question had arisen, what happens when Ag 
NPs enter the gastrointestinal tract. Several animal feeding 
studies provided very good evidence of the dynamic behav-
iour of Ag NPs in the gastrointestinal tract [36, 37]. Simul-
taneous exposures of groups of rats to Ag NPs and ionic Ag 
(Ag+) have shown that NPs undergo partial dissolution upon 
ingestion which is enhanced by the low pH in the stomach; 
thus, the exposure to NPs could erroneously be considered 
without a harm. However, the studies have also shown that 
Ag ions form biogenic NPs in vivo. The biogenic Ag NPs 
were found in several organs of the studied rats, and it is 
not clear whether it was the Ag+ which were distributed to 
various organs (GI tract, lungs, testis, brain) and afterwards 
underwent NPs formation or if the NPs were formed in the 
GI tract and then re-distributed through the body. Although 
some elimination of biogenic NPs had been observed, the 
elimination particularly from the brain and testis occurred 
at an extremely slow rate. The sizing of NPs was performed 
by different techniques in each study, and while Loeschner 
et al. [36] reported size of ≤ 12 nm, NPs detected by van der 
Zande et al. [37] were between 20 and 30 nm. Elemental 
analysis of the agglomerated particles by EDX revealed the 
presence of Se and S [36] (Fig. 3). In another study, biogenic 
Ag NPs formed during simulated gastrointestinal digestion 
of AgNO3 were found to be associated with S and Cl [38]. 
A comparison between simulated GI digestion of AgNO3 
solution with and without protein content found a negligi-
ble number of NPs was found in the artificial saliva and 
gastric juice, but the particle number increased significantly 
in the artificial intestinal juice. It should be noted that Ag 
NPs were formed only when proteins were added into the 
AgNO3 solution. The added proteins were to simulate com-
position of ingested food, and it appears that they provide a 
nucleation centre for Ag+ to bind and eventually form NPs. 
The size of the NPs was found to be ≤ 20–30 nm which was 
limited by instruments’ limit of detection. Despite the fact 

that the deposition of Ag as particles in the human body 
has been observed and studied for several decades [39], it is 
only recently that a method for the separation, mass quanti-
fication and size characterisation of Ag NPs and Ag+ based 
on SEC–ICP–MS was development and applied to different 
organs in vivo [40].

Some bio-imaging techniques provide non-destructive 
analysis and are well suited for exploratory studies of 
biogenic NPs embedded in the tissue. With particles of 
unknown reactivity, non-destructive techniques may be 
preferred as even gentle extraction methods may alter their 
composition. In a recent study, synchrotron µ-XRF was used 
to map lead (Pb) and Se distribution pattern in the brain of 
mice exposed to Pb [41]. The study showed that Pb-exposed 
mice accumulated significantly more Pb in the brain than the 
control, and formation of Pb-containing NPs was observed. 
Interestingly, large number of Pb-containing NPs spatially 
co-localised with Se NPs and the molar ratio in the large 
clusters calculated from the elemental maps approached 1. 
Although no investigation into ionic species of Pb or Se 
was conducted in this study, the authors have suggested that 
formation of Pb NPs proceeded through binding to Se in 
SelP as it was previously demonstrated in biosynthesis of 
HgSe NPs.

In conclusion, combination of quantitative and qualita-
tive techniques significantly advanced our understanding of 
formation biogenic NPs. Analysis of both fractions dissolved 
and particulate are necessary to identify the intermediates 
between ionic forms of the analyte present in the food and 
NPs found in the host organisms. Increasing number of pub-
lications have found biogenic NPs present in large number 
of foods; however, very few studies focus on the dietary 

Fig. 3   Energy-dispersive x-ray emission spectra of nanosized par-
ticles in lysosomes of Ag acetate exposed rats (red line) and corre-
sponding background spectra (black line), i.e. spectra of surround-
ing tissue containing no visible particles (unstained sections). The 
osmium signal originated from the tissue fixation procedure in which 
osmium tetroxide was used as a post-fixative. The TEM image shows 
the analysed particle-containing area. Originally published in [36]
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implications of these food products. Although the interest in 
the analysis of biogenic NPs is diversifying, a comprehen-
sive analysis is obstructed by their interactions with matrix 
in which they are present and so far, only semi-quantitative 
results are being published.

Outlook

In the last two decades, we have seen a significant increase 
in the development of analytical methods for the charac-
terisation of NPs. Many of the used techniques, like SEM, 
TEM, AF4-ICP-MS and spICP-MS, are not part of the clas-
sical speciation analysis word; some techniques like (SDS-
containing) reversed phase liquid chromatography and SEC 
coupled to ICP-MS originate from there. Slowly the worlds 
of NP characterisation and classical speciation are merging, 
and NPs are no longer considered a separate phenomenon 
but a part of the trace element species family.

Developments in NP analysis continue, for example, in 
relation to spICP-MS. ICP-MS and single-particle analy-
sis have been around for several decades, but it is in recent 
instrument models that the manufacturers provided signifi-
cantly shorter dwell and settling time and software solutions 
making the technique accessible to all ICP-MS users. With 
these fundamental improvements, the interests in spICP-MS 
applications grew exponentially which resulted in several 
trends: (i) diversity of analysed food for the presence of 
NPs expanded; (ii) demands for precise and accurate results 
increased and with them the need for suitable reference 
materials as demonstrated by interlaboratory comparison 
studies [16, 42] and the EU project NanoLyse [43, 44]; (iii) 
identification of NPs by using the multielement detection 
capabilities of time-of-flight ICP-MS in single-particle mode 
is pursued in diverse disciplines of analytical chemistry [45], 
and it is only a matter of time when it will reach food analy-
sis; and (iv) size detection limits are pushed to lower values 
by making use of the higher sensitivity of double-focusing or 
sector field ICP-MS [46, 47]. Food matrices are presenting 
significant challenges in analysis of NPs and to succeed fun-
damental research into sample preparation is still required.

Studying the fate of NPs in food and the GIT remains of 
high importance for assessing the risk related to NPs already 
present in food and the development of novel foods contain-
ing engineered NPs. In vitro dissolution tests are a valuable 
tool for assessing the bioaccessibility/bioavailability of NPs 
and could play a potential regulatory role for orally ingested 
NPs in the future if harmonisation and standardisation 
efforts are successful. Regarding the analysis of NPs in such 
complex systems, multi-technique approaches are already 
applied, but more work needs to be done when it comes 
to the determination of the “dissolved fraction”. A simpli-
fied approach using (ultra)filtration or (ultra)centrifugation 
might not suffice in a complex matrix containing proteins 

and other large molecules. Classical speciation analysis like 
SEC–ICP–MS could be employed to identify and quantify 
the newly formed species including the matrix-bound ions. 
Also, the potential of FFF- and chromatography-based tech-
niques coupled to ICP-MS for investigating the NPs and 
their dissolved species should be further explored.

An increasing variety of biogenic NPs is being identi-
fied in food. This class of NPs is currently understudied; 
however, one can expect steady increase in the number of 
publications. The extensive research put into identification 
of intermediates in HgSe NP biosynthesis provided a blue-
print for future studies of biogenic NPs and incorporated 
NP analysis into speciation framework. Investigations into 
chemical species must include NP analysis to provide com-
prehensive information about analyte behaviour in the host 
organism. With the world of NP characterisation and classi-
cal speciation growing together, the experts of both worlds 
should join forces. We might sometimes use a slightly differ-
ent language, but we can learn a lot from each other.

Acknowledgements  Illustrations used for production of the graphic 
abstract and Fig. 1 are licensed under CC-BY 3.0 Unported (https://​
creat​iveco​mmons.​org/​licen​ses/​by/3.​0/) or 4.0 Unported (https://​creat​
iveco​mmons.​org/​licen​ses/​by/4.​0/). All illustrations were created by 
Servier https://​smart.​servi​er.​com/ besides the rice plant which was 
created by Plant illustrations https://​figsh​are.​com/​autho​rs/​Plant_​Illus​
trati​ons/​37735​96.

Funding  Open access funding provided by Technical University of 
Denmark

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 IUPAC. Compendium of Chemical Terminology, 2nd ed. (the 
“Gold Book”). Compiled by A. D. McNaught and A. Wilkinson. 
Online version (2019-) created by S. J. Chalk. Oxford: Blackwell 
Scientific Publications; 1997.

	 2.	 Armenta S, de la Guardia M. Speciation analysis of food. In: 
Handbook of Mineral Elements in Food. John Wiley & Sons, Ltd, 
Chichester, UK, 2015. pp 177–188.

https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://smart.servier.com/
https://figshare.com/authors/Plant_Illustrations/3773596
https://figshare.com/authors/Plant_Illustrations/3773596
http://creativecommons.org/licenses/by/4.0/


2593Nanoparticles as a younger member of the trace element species family — a food perspective﻿	

1 3

	 3.	 Wrobel K, Wrobel K. Methodological aspects of speciation analy-
sis in food products. Handb Miner Elem Food 2015;391–453. 
https://​doi.​org/​10.​1002/​97811​18654​316.​CH18.

	 4.	 Tschiche HR, Bierkandt FS, Creutzenberg O, Fessard V, Franz 
R, Greiner R, Gruber-Traub C, Haas K-H, Haase A, Hartwig A, 
Hesse B, Hund-Rinke K, Iden P, Kromer C, Löschner K, Mutz 
D, Rakow A, Rasmussen K, Rauscher H, Richter H, Schoon J, 
Schmid O, Som C, Spindler LM, Tovar GEM, Westerhoff P, 
Wohlleben W, Luch A, Laux P. Analytical and toxicological 
aspects of nanomaterials in different product groups: Challenges 
and opportunities. NanoImpact 2022;100416. https://​doi.​org/​10.​
1016/j.​impact.​2022.​100416.

	 5.	 Correia M, Verleysen E, Loeschner K. Analytical challenges and 
practical solutions for enforcing labeling of nanoingredients in 
food products in the European Union. In: Amparo López Rubio, 
Maria José Fabra Rovira, Marta martínez Sanz LGG-M (ed) 
Nanomaterials for Food Applications. Elsevier, 2019. pp 273–311.

	 6.	 EFSA Scientific Committee, More S, Bampidis V, Benford D, 
Bragard C, Halldorsson T, Hernández‐Jerez A, Bennekou SH, 
Koutsoumanis K, Lambré C, Machera K, Naegeli H, Nielsen S, 
Schlatter J, Schrenk D, Silano (deceased) V, Turck D, Younes 
M, Castenmiller J, Chaudhry Q, Cubadda F, Franz R, Gott D, 
Mast J, Mortensen A, Oomen AG, Weigel S, Barthelemy E, 
Rincon A, Tarazona J, Schoonjans R. Guidance on technical 
requirements for regulated food and feed product applications 
to establish the presence of small particles including nanoparti-
cles. EFSA J 2021;19:6769.https://​doi.​org/​10.​2903/j.​efsa.​2021.​
6769.

	 7.	 Sohal IS, Cho YK, O’Fallon KS, Gaines P, Demokritou P, Bello 
D. Dissolution behavior and biodurability of ingested engineered 
nanomaterials in the gastrointestinal environment. ACS Nano. 
2018;12:8115–28. https://​doi.​org/​10.​1021/​acsna​no.​8b029​78.

	 8.	 Misra SK, Dybowska A, Berhanu D, Luoma SN, Valsami-Jones 
E. The complexity of nanoparticle dissolution and its importance 
in nanotoxicological studies. Sci Total Environ. 2012;438:225–32. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2012.​08.​066.

	 9.	 Taboada-López MV, Vázquez-Expósito G, Domínguez-González 
R, Herbello-Hermelo P, Bermejo-Barrera P, Moreda-Piñeiro A. 
Biopersistence rate of metallic nanoparticles in the gastro-intesti-
nal human tract (stage 0 of the EFSA guidance for nanomaterials 
risk assessment). Food Chem. 2021;360:130002. https://​doi.​org/​
10.​1016/j.​foodc​hem.​2021.​130002.

	10.	 Wu W, Zhang R, McClements DJ, Chefetz B, Polubesova T, Xing 
B. Transformation and speciation analysis of silver nanoparticles 
of dietary supplement in simulated human gastrointestinal tract. 
Environ Sci Technol. 2018;52:8792–800. https://​doi.​org/​10.​1021/​
acs.​est.​8b013​93.

	11.	 DeLoid GM, Wang Y, Kapronezai K, Lorente LR, Zhang R, Pyr-
giotakis G, Konduru NV, Ericsson M, White JC, De La Torre-
Roche R, Xiao H, McClements DJ, Demokritou P. An integrated 
methodology for assessing the impact of food matrix and gastroin-
testinal effects on the biokinetics and cellular toxicity of ingested 
engineered nanomaterials. Part Fibre Toxicol. 2017;14:40. https://​
doi.​org/​10.​1186/​s12989-​017-​0221-5.

	12.	 Bove P, Malvindi MA, Kote SS, Bertorelli R, Summa M, Sabella 
S. Dissolution test for risk assessment of nanoparticles: a pilot 
study. Nanoscale. 2017;9:6315–26. https://​doi.​org/​10.​1039/​
C6NR0​8131B.

	13.	 Sieg H, Kästner C, Krause B, Meyer T, Burel A, Böhmert L, 
Lichtenstein D, Jungnickel H, Tentschert J, Laux P, Braeun-
ing A, Estrela-Lopis I, Gauffre F, Fessard V, Meijer J, Luch A, 
Thünemann AF, Lampen A. Impact of an artificial digestion 
procedure on aluminum-containing nanomaterials. Langmuir. 
2017;33:10726–35. https://​doi.​org/​10.​1021/​acs.​langm​uir.​7b027​
29.

	14.	 Lichtenstein D, Ebmeyer J, Knappe P, Juling S, Böhmert L, 
Selve S, Niemann B, Braeuning A, Thünemann AF, Lampen A. 
Impact of food components during in vitro digestion of silver 
nanoparticles on cellular uptake and cytotoxicity in intestinal 
cells. Biol Chem. 2015;396:1255–64. https://​doi.​org/​10.​1515/​
hsz-​2015-​0145.

	15.	 Wiecinski PN, Metz KM, Mangham AN, Jacobson KH, Ham-
ers RJ, Pedersen JA. Gastrointestinal biodurability of engineered 
nanoparticles: development of an in vitro assay. Nanotoxicology. 
2009;3:202–14. https://​doi.​org/​10.​1080/​17435​39090​28595​56.

	16.	 Geiss O, Bianchi I, Senaldi C, Bucher G, Verleysen E, Waege-
neers N, Brassinne F, Mast J, Loeschner K, Vidmar J, Aureli F, 
Cubadda F, Raggi A, Iacoponi F, Peters R, Undas A, Müller A, 
Meinhardt A-K, Walz E, Gräf V, Barrero-Moreno J. Particle size 
analysis of pristine food-grade titanium dioxide and E 171 in con-
fectionery products: interlaboratory testing of a single-particle 
inductively coupled plasma mass spectrometry screening method 
and confirmation with transmission electron micr. Food Con-
trol. 2021;120:107550. https://​doi.​org/​10.​1016/j.​foodc​ont.​2020.​
107550.

	17.	 Bolea E, Jiménez-Lamana J, Laborda F, Abad-Álvaro I, Bladé 
C, Arola L, Castillo JR. Detection and characterization of silver 
nanoparticles and dissolved species of silver in culture medium 
and cells by AsFlFFF-UV-Vis-ICPMS: application to nanotoxicity 
tests. Analyst. 2014;139:914–22. https://​doi.​org/​10.​1039/​C3AN0​
1443F.

	18.	 Pornwilard M-M, Somchue W, Shiowatana J, Siripinyanond A. 
Flow field-flow fractionation for particle size characterization of 
selenium nanoparticles incubated in gastrointestinal conditions. 
Food Res Int. 2014;57:203–9. https://​doi.​org/​10.​1016/j.​foodr​es.​
2014.​01.​040.

	19.	 Tan P, Yang J, Nischwitz V. A novel approach for determination 
of the dissolved and the particulate fractions in aqueous samples 
by flow field flow fractionation via online monitoring of both the 
cross flow and the detector flow using ICP-MS. J Anal At Spec-
trom. 2020;35:548–59. https://​doi.​org/​10.​1039/​C9JA0​0313D.

	20.	 Fernández JG, Sánchez-González C, Bettmer J, Llopis J, 
Jakubowski N, Panne U, Montes-Bayón M. Quantitative assess-
ment of the metabolic products of iron oxide nanoparticles to 
be used as iron supplements in cell cultures. Anal Chim Acta. 
2018;1039:24–30. https://​doi.​org/​10.​1016/j.​aca.​2018.​08.​003.

	21.	 Soto-Alvaredo J, López-Chaves C, Sánchez-González C, Montes-
Bayón M, Llopis J, Bettmer J. Speciation of gold nanoparticles 
and low-molecular gold species in Wistar rat tissues by HPLC 
coupled to ICP-MS. J Anal At Spectrom. 2017;32:193–9. https://​
doi.​org/​10.​1039/​C6JA0​0248J.

	22.	 Jokar M, Pedersen GA, Loeschner K. Six open questions about 
the migration of engineered nano-objects from polymer-based 
food-contact materials: a review. Food Addit Contam Part A. 
2017;34:434–50. https://​doi.​org/​10.​1080/​19440​049.​2016.​12714​
62.

	23.	 Gajdosechova Z, Lawan MM, Urgast DS, Raab A, Scheckel KG, 
Lombi E, Kopittke PM, Loeschner K, Larsen EH, Woods G, 
Brownlow A, Read FL, Feldmann J, Krupp EM. In vivo forma-
tion of natural HgSe nanoparticles in the liver and brain of pilot 
whales. Sci Rep. 2016;6:34361. https://​doi.​org/​10.​1038/​srep3​
4361.

	24.	 Manceau A, Bourdineaud J-P, Oliveira RB, Sarrazin SLF, Krab-
benhoft DP, Eagles-Smith CA, Ackerman JT, Stewart AR, Ward-
Deitrich C, del Castillo Busto ME, Goenaga-Infante H, Wack 
A, Retegan M, Detlefs B, Glatzel P, Bustamante P, Nagy KL, 
Poulin BA. Demethylation of methylmercury in bird, fish, and 
earthworm. Environ Sci Technol. 2021;55:1527–34. https://​doi.​
org/​10.​1021/​acs.​est.​0c049​48.

	25.	 Manceau A, Gaillot A-C, Glatzel P, Cherel Y, Bustamante P. 
In vivo formation of HgSe nanoparticles and Hg–tetraselenolate 

https://doi.org/10.1002/9781118654316.CH18
https://doi.org/10.1016/j.impact.2022.100416
https://doi.org/10.1016/j.impact.2022.100416
https://doi.org/10.2903/j.efsa.2021.6769
https://doi.org/10.2903/j.efsa.2021.6769
https://doi.org/10.1021/acsnano.8b02978
https://doi.org/10.1016/j.scitotenv.2012.08.066
https://doi.org/10.1016/j.foodchem.2021.130002
https://doi.org/10.1016/j.foodchem.2021.130002
https://doi.org/10.1021/acs.est.8b01393
https://doi.org/10.1021/acs.est.8b01393
https://doi.org/10.1186/s12989-017-0221-5
https://doi.org/10.1186/s12989-017-0221-5
https://doi.org/10.1039/C6NR08131B
https://doi.org/10.1039/C6NR08131B
https://doi.org/10.1021/acs.langmuir.7b02729
https://doi.org/10.1021/acs.langmuir.7b02729
https://doi.org/10.1515/hsz-2015-0145
https://doi.org/10.1515/hsz-2015-0145
https://doi.org/10.1080/17435390902859556
https://doi.org/10.1016/j.foodcont.2020.107550
https://doi.org/10.1016/j.foodcont.2020.107550
https://doi.org/10.1039/C3AN01443F
https://doi.org/10.1039/C3AN01443F
https://doi.org/10.1016/j.foodres.2014.01.040
https://doi.org/10.1016/j.foodres.2014.01.040
https://doi.org/10.1039/C9JA00313D
https://doi.org/10.1016/j.aca.2018.08.003
https://doi.org/10.1039/C6JA00248J
https://doi.org/10.1039/C6JA00248J
https://doi.org/10.1080/19440049.2016.1271462
https://doi.org/10.1080/19440049.2016.1271462
https://doi.org/10.1038/srep34361
https://doi.org/10.1038/srep34361
https://doi.org/10.1021/acs.est.0c04948
https://doi.org/10.1021/acs.est.0c04948


2594	 Gajdosechova Z. , K. Loeschner 

1 3

complex from methylmercury in seabirds—implications for the 
Hg–Se antagonism. Environ Sci Technol. 2021;55:1515–26. 
https://​doi.​org/​10.​1021/​acs.​est.​0c062​69.

	26.	 Asaduzzaman AM, Schreckenbach G. Degradation mechanism 
of methyl mercury selenoamino acid complexes: a computational 
study. Inorg Chem. 2011;50:2366–72. https://​doi.​org/​10.​1021/​
ic102​1406.

	27.	 Tanaka Y, Usuzawa H, Yoshida M, Kumagai K, Kobayashi K, 
Matsuyama S, Inoue T, Matsunaga A, Shimura M, Ruiz Encinar J, 
Costa-Fernández JM, Fukumoto Y, Suzuki N, Ogra Y. Formation 
mechanism and toxicological significance of biogenic mercury 
selenide nanoparticles in human hepatoma HepG2 cells. Chem 
Res Toxicol. 2021;34:2471–84. https://​doi.​org/​10.​1021/​acs.​chemr​
estox.​1c002​31.

	28.	 Manceau A, Brossier R, Janssen SE, Rosera TJ, Krabbenhoft DP, 
Cherel Y, Bustamante P, Poulin BA. Mercury isotope fractiona-
tion by internal demethylation and biomineralization reactions in 
seabirds: implications for environmental mercury science. Environ 
Sci Technol. 2021;55:13942–52. https://​doi.​org/​10.​1021/​acs.​est.​
1c043​88.

	29.	 Manceau A, Brossier R, Poulin BA. Chemical forms of mercury 
in pilot whales determined from species-averaged mercury isotope 
signatures. ACS Earth Sp Chem. 2021;5:1591–9. https://​doi.​org/​
10.​1021/​acsea​rthsp​acech​em.​1c000​82.

	30.	 Li M, Juang CA, Ewald JD, Yin R, Mikkelsen B, Krabbenhoft DP, 
Balcom PH, Dassuncao C, Sunderland EM. Selenium and stable 
mercury isotopes provide new insights into mercury toxicokinetics 
in pilot whales. Sci Total Environ. 2020;710:136325. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2019.​136325.

	31.	 Queipo-Abad S, Pedrero Z, Marchán-Moreno C, El Hanafi K, 
Bérail S, Corns WT, Cherel Y, Bustamante P, Amouroux D. New 
insights into the biomineralization of mercury selenide nano-
particles through stable isotope analysis in giant petrel tissues. J 
Hazard Mater. 2022;425:127922. https://​doi.​org/​10.​1016/j.​jhazm​
at.​2021.​127922.

	32.	 Takahashi K, Ruiz Encinar J, Costa-Fernández JM, Ogra Y. Dis-
tributions of mercury and selenium in rats ingesting mercury 
selenide nanoparticles. Ecotoxicol Environ Saf. 2021;226:112867. 
https://​doi.​org/​10.​1016/j.​ecoenv.​2021.​112867.

	33.	 Suzuki Y, Kondo M, Akiyama H, Ogra Y. Presence of nano-sized 
mercury-containing particles in seafoods, and an estimate of die-
tary exposure. Environ Pollut. 2022;307:119555. https://​doi.​org/​
10.​1016/j.​envpol.​2022.​119555.

	34.	 Álvarez-Fernández García R, Corte-Rodríguez M, Macke M, LeB-
lanc KL, Mester Z, Montes-Bayón M, Bettmer J. Addressing the 
presence of biogenic selenium nanoparticles in yeast cells: analyt-
ical strategies based on ICP-TQ-MS. Analyst. 2020;145:1457–65. 
https://​doi.​org/​10.​1039/​C9AN0​1565E.

	35.	 Kantorová V, Krausová G, Hyršlová I, Loula M, Mestek O, 
Kaňa A. Determination of selenium nanoparticles in fer-
mented dairy products. Spectrochim Acta Part B At Spectrosc. 
2023;199:106592. https://​doi.​org/​10.​1016/j.​sab.​2022.​106592.

	36.	 Loeschner K, Hadrup N, Qvortrup K, Larsen A, Gao X, Vogel U, 
Mortensen A, Lam HR, Larsen EH. Distribution of silver in rats 
following 28 days of repeated oral exposure to silver nanoparticles 
or silver acetate. Part Fibre Toxicol. 2011;8:18. https://​doi.​org/​10.​
1186/​1743-​8977-8-​18.

	37.	 van der Zande M, Vandebriel RJ, Van Doren E, Kramer E, Herrera 
Rivera Z, Serrano-Rojero CS, Gremmer ER, Mast J, Peters RJBB, 
Hollman PCHH, Hendriksen PJMM, Marvin HJPP, Peijnenburg 
AACMCM, Bouwmeester H. Distribution, elimination, and toxic-
ity of silver nanoparticles and silver ions in rats after 28-day oral 

exposure. ACS Nano. 2012;6:7427–42. https://​doi.​org/​10.​1021/​
nn302​649p.

	38.	 Walczak AP, Fokkink R, Peters R, Tromp P, Herrera Rivera ZE, 
Rietjens IMCM, Hendriksen PJM, Bouwmeester H. Behaviour 
of silver nanoparticles and silver ions in an in vitro human gas-
trointestinal digestion model. Nanotoxicology. 2013;7:1198–210. 
https://​doi.​org/​10.​3109/​17435​390.​2012.​726382.

	39.	 Hadrup N, Sharma AK, Loeschner K. Toxicity of silver ions, metal-
lic silver, and silver nanoparticle materials after in vivo dermal and 
mucosal surface exposure: a review. Regul Toxicol Pharmacol. 
2018;98:257–67. https://​doi.​org/​10.​1016/j.​yrtph.​2018.​08.​007.

	40.	 Dong L, Lai Y, Zhou H, Yan B, Liu J. The biodistribution and 
transformation of nanoparticulate and ionic silver in rat organs 
in vivo. NanoImpact. 2020;20:100265. https://​doi.​org/​10.​1016/j.​
impact.​2020.​100265.

	41.	 Webb AN, Spiers KM, Falkenberg G, Gu H, Dwibhashyam SS, 
Du Y, Zheng W, Nie LH. Distribution of Pb and Se in mouse brain 
following subchronic Pb exposure by using synchrotron X-ray 
fluorescence. Neurotoxicology. 2022;88:106–15. https://​doi.​org/​
10.​1016/j.​neuro.​2021.​11.​006.

	42.	 Weigel S, Peters R, Loeschner K, Grombe R, Linsinger TPJ. 
Results of an interlaboratory method performance study for the 
size determination and quantification of silver nanoparticles in 
chicken meat by single-particle inductively coupled plasma mass 
spectrometry (sp-ICP-MS). Anal Bioanal Chem. 2017;409:4839–
48. https://​doi.​org/​10.​1007/​s00216-​017-​0427-2.

	43.	 Grombe R, Charoud-Got J, Emteborg H, Linsinger TPJ, Seghers J, 
Wagner S, von der Kammer F, Hofmann T, Dudkiewicz A, Llinas 
M, Solans C, Lehner A, Allmaier G. Production of reference mate-
rials for the detection and size determination of silica nanopar-
ticles in tomato soup. Anal Bioanal Chem. 2014;406:3895–907. 
https://​doi.​org/​10.​1007/​s00216-​013-​7554-1.

	44.	 Grombe R, Allmaier G, Charoud-Got J, Dudkiewicz A, Emteborg 
H, Hofmann T, Larsen EHEH, Lehner A, Llinàs M, Loeschner K, 
Mølhave K, Peters RJRJ, Seghers J, Solans C, von der Kammer 
F, Wagner S, Weigel S, Linsinger TPJ. Feasibility of the develop-
ment of reference materials for the detection of Ag nanoparticles 
in food: neat dispersions and spiked chicken meat. Accredit Qual 
Assur. 2015;20:3–16. https://​doi.​org/​10.​1007/​s00769-​014-​1100-5.

	45.	 Tian X, Jiang H, Hu L, Wang M, Cui W, Shi J, Liu G, Yin Y, Cai 
Y, Jiang G. Simultaneous multi-element and multi-isotope detec-
tion in single-particle ICP-MS analysis: principles and applica-
tions. TrAC Trends Anal Chem. 2022;157:116746. https://​doi.​org/​
10.​1016/J.​TRAC.​2022.​116746.

	46.	 Amiri N, Hadioui M, Chalifoux A, Wilkinson KJ. Characterizing 
silver nanoparticles in beverages and following their release from 
silver-containing food containers using sector field single parti-
cle inductively coupled plasma mass spectrometry (SP-ICP-MS). 
Meas Food. 2022;8:100061. https://​doi.​org/​10.​1016/J.​MEAFOO.​
2022.​100061.

	47.	 Hadioui M, Knapp G, Azimzada A, Jreije I, Frechette-Viens 
L, Wilkinson KJ. Lowering the size detection limits of Ag and 
TiO2 nanoparticles by single particle ICP-MS. Anal Chem. 
2019;91:13275–84. https://​doi.​org/​10.​1021/​ACS.​ANALC​HEM.​
9B040​07.

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1021/acs.est.0c06269
https://doi.org/10.1021/ic1021406
https://doi.org/10.1021/ic1021406
https://doi.org/10.1021/acs.chemrestox.1c00231
https://doi.org/10.1021/acs.chemrestox.1c00231
https://doi.org/10.1021/acs.est.1c04388
https://doi.org/10.1021/acs.est.1c04388
https://doi.org/10.1021/acsearthspacechem.1c00082
https://doi.org/10.1021/acsearthspacechem.1c00082
https://doi.org/10.1016/j.scitotenv.2019.136325
https://doi.org/10.1016/j.scitotenv.2019.136325
https://doi.org/10.1016/j.jhazmat.2021.127922
https://doi.org/10.1016/j.jhazmat.2021.127922
https://doi.org/10.1016/j.ecoenv.2021.112867
https://doi.org/10.1016/j.envpol.2022.119555
https://doi.org/10.1016/j.envpol.2022.119555
https://doi.org/10.1039/C9AN01565E
https://doi.org/10.1016/j.sab.2022.106592
https://doi.org/10.1186/1743-8977-8-18
https://doi.org/10.1186/1743-8977-8-18
https://doi.org/10.1021/nn302649p
https://doi.org/10.1021/nn302649p
https://doi.org/10.3109/17435390.2012.726382
https://doi.org/10.1016/j.yrtph.2018.08.007
https://doi.org/10.1016/j.impact.2020.100265
https://doi.org/10.1016/j.impact.2020.100265
https://doi.org/10.1016/j.neuro.2021.11.006
https://doi.org/10.1016/j.neuro.2021.11.006
https://doi.org/10.1007/s00216-017-0427-2
https://doi.org/10.1007/s00216-013-7554-1
https://doi.org/10.1007/s00769-014-1100-5
https://doi.org/10.1016/J.TRAC.2022.116746
https://doi.org/10.1016/J.TRAC.2022.116746
https://doi.org/10.1016/J.MEAFOO.2022.100061
https://doi.org/10.1016/J.MEAFOO.2022.100061
https://doi.org/10.1021/ACS.ANALCHEM.9B04007
https://doi.org/10.1021/ACS.ANALCHEM.9B04007

