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Abstract

While the exact health risks associated with nanoplastics are currently the focus of intense research, there is no doubt that
humans are exposed to nanoplastics and that food could be a major source of exposure. Nanoplastics are released from
plastic materials and articles used during food production, processing, storage, preparation, and serving. They are also
likely to enter the food chain via contaminated water, air, and soil. However, very limited exposure data for risk assessment
exists so far due to the lack of suitable analytical methods. Nanoplastic detection in food poses a great analytical challenge
due to the complexity of plastics and food matrices as well as the small size and expectedly low concentration of the plastic
particles. Multidetector field flow fractionation has emerged as a valuable analytical technique for nanoparticle separation
over the last decades, and the first studies using the technique for analyzing nanoplastics in complex matrices are emerging.
In combination with online detectors and offline analysis, multidetector field flow fractionation is a powerful platform for
advanced characterization of nanoplastics in food by reducing sample complexity, which otherwise hampers the full potential
of most analytical techniques. The focus of this article is to present the current state of the art of multidetector field flow
fractionation for nanoplastic analysis and to discuss future trends and needs aiming at the analysis of nanoplastics in food.
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Introduction

Nanoplastics were flagged together with microplastics as a
potential future food safety issue by European Food Safety
Authority’s Panel on Contaminants in the Food Chain
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already in 2016 [1]. However, the impact of a contaminated
food chain on humans and the resulting health hazards are
unclear due to the limited number of studies on the topic
[2]. Evidence for gastrointestinal uptake of nanoplastics
is emerging [3]. Human exposure is further evidenced by
detection of plastic particles in human blood and stool [4, 5].
Currently, various definitions for nanoplastics exist. Nano-
plastics could, e.g., be defined as nanomaterials as specified
in the European Commission Recommendation on the defi-
nition of nanomaterials [6]. Here, a material is considered
a nanomaterial if it consists of 50% or more solid particles
with one or more external dimensions in the size range of 1
to 100 nm in the number-based size distribution. In the con-
text of this article, we will follow the proposal by Hartmann
et al. [7] that nanoplastics are objects in the size range of 1
to < 1000 nm consisting of synthetic or heavily modified nat-
ural polymers as an essential ingredient that, when present in
natural environments without fulfilling an intended function,
are solid and water insoluble at 20 °C. They can have vari-
ous shapes and structures and might be either intentionally
produced (primary nanoplastics) or formed by fragmentation
in the environment or during use (secondary nanoplastics).
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To date, several analytical methods have been reported
for the identification and quantification of microplastics
(1 ym to 1 or 5 mm depending on the definition) in dif-
ferent food matrices, including fruit, vegetables, table salt,
bottled water, milk, and seafood [8, 9]. At the same time,
there is only a limited number of studies reporting on the
development of analytical methods for nanoplastics in food.
To gain a better insight into the presence of nanoplastics in
food and understand actual human exposure to nanoplastics
(in qualitative and quantitative terms) and potential risk for
human health, it is of utmost importance to develop appro-
priate analytical methods with high accuracy, selectivity,
and sensitivity. Ideally, the analytical method should allow
detection (presence yes/no), identification (which type of
plastics), characterization (size, shape, etc.), and quantifica-
tion (mass and/or number concentration) of nanoplastics.

Analytical challenges related to nanoplastic analysis are
described in several reviews and also apply to nanoplastic
analysis in food [10-13]. Briefly summarized, potential chal-
lenges are:

e The similarity in composition, and consequently also
density, of nanoplastics and food matrix constituents
makes chemical/physical separation challenging.

e The small size is expected to make nanoplastics more
vulnerable toward chemical degradation during sample
preparation (the procedures working for microplastics
cannot be applied) [14].

e The small size prevents separation of nanoplastics from
the matrix by conventional sieves and filters as used for
microplastics [13].

e Most techniques for the identification of microplastics
are not directly applicable to nanoplastics.

e Most analytical techniques are not sensitive enough to
cope with the expectedly low number and mass concen-
trations in food [10].

Detectors /
fraction

collector
HPLC pump
(carrier flow)

External field
Sample

(autosampleror
manual
injection)

FFF channel

e Analytical techniques are impacted by interferences
caused by matrix residues [10].

e Contamination is expected to occur during sampling, sam-
ple preparation, and analysis (as it is for microplastics)
[10], but the levels and main sources are so far unknown.

e Suitable reference materials that are required for method
validation, harmonization, and standardization are lack-
ing [10, 11].

To overcome these challenges, work is continuously
ongoing to improve sample preparation procedures, to adapt
existing and to develop entirely new analytical techniques.
Field flow fractionation (FFF) is a very promising technique
for reducing sample complexity by separating nanoplastics
from ions, molecules, and organic and inorganic colloids/
particulate matter including residues from matrix degra-
dation during sample preparation, which could otherwise
interfere with the analysis. FFF can further be coupled to an
array of online detectors (multidetector (MD)-FFF), which
can provide direct information on the nanoplastics during
the separation like size or carbon concentration.

FFF is a separation technique, where retention is caused
by balancing the diffusional movement of particles and an
externally generated field force, which acts on the particles
perpendicular to the laminar flow of a carrier liquid through
the FFF channel (Fig. 1) [15]. The channel is typically a few
hundred micrometers high and contains no stationary phase.
The external field pushes the particles toward the accumu-
lation wall from where the particles diffuse back. Depend-
ing on the resulting position of the particles in the channel,
they will be transported at different velocities toward the
detectors due to the parabolic flow rate profile in the chan-
nel. Different field forces can be applied, e.g., a symmetric
or asymmetric flow (AF4), a centrifugal force (centrifugal/
sedimentation FFF), or an electrical field (electrical FFF).
The type of field force determines which property of the
particles is responsible for the separation.

Lateral cross section of an AF4 channel

50-750 pm

Accumulation wall

Cross flow (membrane/frit)

Fig.1 Typical setup of an FFF system (left) and separation principle of AF4 in normal mode (right)
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The most commonly used type of field flow fractiona-
tion for nano-sized particles is AF4. Here, a flow per-
pendicular to the wall, the so-called cross flow, is split
off from the main channel flow (parallel to the wall) and
leaving the channel through a semipermeable membrane
(Fig. 1) [16]. The separation depends on the diffusion coef-
ficient of the particles, which is related to their hydrody-
namic diameter [15]. Particles in the size range of approxi-
mately 1 to 1000 nm, which is the relevant size range for
nanoplastics, are typically separated in normal mode (prin-
ciple shown in Fig. 1). Here, smaller particles elute first
due to their higher diffusion coefficient and the resulting
larger distance from the accumulation wall where the flow
velocity is higher. At larger particle sizes (> 1 um), steric
inversion occurs where the normal-mode separation begins
to convert to steric-mode separation (largest particles elute
first). The presence of particles with sizes below and above
the steric inversion allows no meaningful separation, and
pre-fractionation of the sample, e.g., by filtration and cen-
trifugation, is required [15]. The asymmetric principle is
easier to operate and has increased separation efficiency
in comparison to symmetric FFF [16]. The major advan-
tage of AF4 is the flexibility and versatility made possible
by applying an optimized cross flow profile, varying the
retention power in the course of elution. Hollow-fiber flow
FFF (HF5), which works by a similar principle but in a
fiber instead of a channel, currently plays a minor role, but
could become more important for routine applications that
benefit from a disposable separation device [16]. Another
type of FFF for nano-sized particles is centrifugal (or sedi-
mentation) FFF that separates according to buoyant mass,
which is related to particle size and density [17]. Its lower
size limit depends on the density difference between the
carrier liquid and the particles and the maximum speed
of the centrifuge. The dependence of the separation on
density makes sedimentation FFF interesting for the sepa-
ration of polymer types with different densities and when
differences between matrix and nanoplastics exist.

FFF uses many components of the classical liquid chro-
matography system including autosampler, pumps, and
detectors (Fig. 1), and is often called a chromatography-like
technique. The main advantage over chromatography-based
separation techniques like size-exclusion (SEC) and hydro-
dynamic chromatography (HDC) is the already-mentioned
absence of a stationary phase which avoids the interaction
with particles and mechanical stress. For a more detailed
comparison of AF4 with other separation techniques, the
reader is referred to [12].

After a short summary of the current knowledge regard-
ing the occurrence of nanoplastics in food, we will give an
overview on the application of FFF for pure nanoplastics
and for nanoplastics in complex matrices, suitable online
detectors, and techniques for offline analysis. Finally, we

will provide an outlook on the future of nanoplastic analysis
in food using FFF.

What do we know about the occurrence
of nanoplastics in food?

According to a review by Toussaint et al. from 2019 [6], only
a minimal number of studies have evaluated the presence
of nanoplastics in species that are part of the human food
chain. The review lists one study that describes the capacity
of nanoplastic adsorption onto algae and five studies that
demonstrate the uptake of nanoplastics in marine species
such as mussels, oysters, and fish. However, it also mentions
that no peer-reviewed study has so far clearly demonstrated
the presence of nanoplastics in the related food products.

Very few studies have proved the presence of nanoplastics
in environmental samples so far. The first of these studies
by Ter Halle et al. detected nanoplastics (polyvinyl chloride/
PVC, polyethylene terephthalate/PET, polystyrene/PS, and
polyethylene/PE) in the North Atlantic Subtropical Gyre
in 2017 [18]. Another study by the same research group
detected nanoplastics (PVC, PS, PE) in soil amended with
plastic debris [19]. Nanoplastics have further been detected,
e.g., in alpine snow [20] and in water sampled from a Green-
land firn core as well as an Antarctic Sea ice core [21].

The limited number of published studies, reporting the
presence of nanoplastics in food, environmental samples,
human tissues, and other complex matrices, is most likely
related to the analytical challenges that we address here
in this paper. These analytical challenges are reduced in
controlled release studies due to the absence of a com-
plex matrix and the potentially higher concentrations of
nanoplastics (in comparison to environmental samples).
Looking at release studies of nanoplastics with relevance to
food, one major source of nanoplastics appears to be plastic
food contact materials (FCMs), i.e., materials and articles
used during food production, processing, storage, prepa-
ration, and serving. This source would most likely affect
all foods. A worst-case scenario appears to be the heating
of food in single-use plastics. The release of nanoplastics
from FCMs under relevant use conditions has been demon-
strated for, e.g., nylon and PET teabags (steeping at 95 °C)
[22], polypropylene (PP) infant feeding bottles (standard
formula-preparation steps including cleaning, sterilizing,
and mixing) [23], and food-grade nylon bags (exposure
to ultrapure water at 22 °C or 90 °C for 1 h) as well as
hot beverage cups lined with low-density PE (exposure to
ultrapure water at 22 °C or 100 °C for 20 min allowed
to cool naturally during exposure) [24]. Temperature was
demonstrated to increase the release of plastic particles
[23, 24]. Released nanoplastic concentrations in all studies
were in the range of approximately 10'! to 10'? particles/L.
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However, more detailed experiments are needed to confirm
with certainty a potential release of plastic particles [25].
It cannot be excluded that, for example, crystallization of
oligomers plays a role in some of these findings [25].

Besides the direct release into food from plastic FCMs,
nanoplastics will also enter the food chain via contami-
nated soil, water, and air. As mentioned previously, nan-
oplastics were already demonstrated to exist in (plastic
debris—amended) soil and ocean water. Most focus in rela-
tion to microplastics has been on seafood due to the obvi-
ous link to marine pollution with plastics. A recent study
provided the first quantitative assessment of nanoplastic
uptake by the fish gut using palladium-labeled nanoplas-
tics in an ex vivo gut sac exposure [26]. Out of 1.03x 10!
particles, 700,000 particles (i.e., 0.007%) passed across the
gut epithelium.

Fruits and vegetables might contain nanoplastics originat-
ing from nanoplastic-contaminated soil or water, including
contamination via the use of agricultural film, sludge and
organic fertilizer application, sewage irrigation, and atmos-
pheric deposition [9]. Current studies show that nano- and
microplastics are mainly concentrated in the roots of fruits
and vegetables, but also transferred to other parts of the
plants [9]. It was recently demonstrated that <3% of the
administrated dose (5000 pg/L) of 244-nm europium-doped
PS particles was transported to the shoots of wheat and let-
tuce [27]. Root vegetables might be particularly interesting
to study, as their edible parts might contain a higher con-
centration of nanoplastics than other fruits and vegetables.

In many cases, it will not be possible to say whether nano-
plastics were already in the food before processing or not.
Examples are drinking water and beverages where nanoplas-
tics could originate from freshwater sources or be released
from plastic pipes, processing equipment, or the bottle.
Similarly, microplastics detected in 23 milk samples from
Mexico were likely released from damaged filtration mem-
branes used in the dairy industry rather than being already
present in the cow’s milk [28].

How can FFF help with the analysis
of nanoplastics in food?

FFF for analysis of pure nanoplastics

The FFF community has typically used PS (latex) nano-
spheres for channel calibration, and separation of this type
of “nanoplastics” can be easily achieved. While most work
of recent years (related to analysis of particles) has focused
on metal and metal oxide nanoparticles, a few studies on
plastic particles do exist. Contado et al. used symmetric flow
and sedimentation field flow fractionation combined with
online UV absorption detection for size characterization of
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biodegradable polylactic acid (PLA) nanospheres with sizes
of 90, 220, 300, and 390 nm [17]. Gigault et al. investigated
PS-based nanoplastics by AF4 coupled to UV-vis spectros-
copy and multi-angle light scattering (MALS) [29]. In a
study by Paul et al., AF4 in combination with online MALS
and dynamic light scattering (DLS) was used to characterize
25-nm poly(methyl methacrylate) (PMMA), 250-nm PLA,
and 366-nm melamine formaldehyde nanoplastics [30].

One general challenge of FFF are particle-membrane
interactions, which might be overcome by carefully adjust-
ing the pH and ionic strength of the carrier liquid as well
as by the addition of surfactants [15]. Typical surfactants
for FFF are sodium dodecyl sulfate and the commercial
detergent mixes FL-70 (Fisher Scientific) and NovaChem
(Postnova). Exemplifying this, polydisperse PE nanoplastics
(<500 nm) could not be separated in 0.47 mM NaHCO,
buffer as used for PS spheres, most likely due to their hydro-
phobic character [31]. Changing the carrier liquid to 0.025%
(v/v) FL-70 allowed separation of the PE nanoplastics. The
most commonly used membrane materials are polyethersul-
fone and regenerated cellulose.

Another parameter of FFF that needs to be controlled is
the mass of sample (ng to pg) that can be injected before
“overloading” phenomena are observed. In combination
with the sample dilution that occurs during fractionation,
a low injected mass might result in nanoplastic concentra-
tions too low for the online detectors and/or potential offline
analysis. Semi-preparative channels allow the injection of
larger sample amounts. In addition, instrumental solutions
exist where the sample dilution is reduced about tenfold via
an additional outlet flow at the end of the channel that is
actively regulated [16].

The principal challenges in method development for FFF
are described, e.g., in [15].

FFF for analysis of nanoplastics in complex matrices
including food

Drinking water and some beverages might be injected
directly into FFF. For semi-solid and solid foods, some form
of sample preparation will be required to convert the sample
into a suspension (Fig. 2). The sample preparation method
will depend on the composition of the food and needs to
assure that the nanoplastics are not significantly altered.
Protocols for microplastics, using strong acids/bases or oxi-
dants, are most likely not directly applicable to nanoplastics
as these are expected to be more vulnerable to chemical deg-
radation due to their high surface area to volume ratio [14].
Enzymatic digestion, as a relatively mild procedure, appears
to be a promising approach [31], but is matrix-specific and
leaves some of the matrix in the form of particulates in the
nanosize range [32].



Finding the tiny plastic needle in the haystack: how field flow fractionation can help to analyze... 1

Degradation of the Separation of

matrix without
altering the
nanoplastics

!

= |[oenE

nanoplastics from

ions, smaller and
larger nanoparticles/

colloids/molecules

Detection, characterization, identification and
quantification of nanoplastics

_>’ Online detectors ‘

Field flow
fractionation

Sample
preparation

»

(sp)ICP-MS, Raman
microscopy

e.g.. MALS, DLS, TOC/OCD, A
\

< o,

) g\ =

™

===

Fractions
——)>|  Offline analysis ‘
HHH e.g., pyrGC-MS, NALDI-TOF-
'I I ! "l MS, Raman mlcrosopy SEM,
O

Fig.2 The potential role of field flow fractionation in the analysis of nanoplastics in food

So far, very few studies exist that attempted to apply
FFF for analyzing nanoplastics in a complex matrix. Wahl
et al. made use of AF4 when analyzing nanoplastics (con-
centrations not reported) in soil amended with plastic
debris [19]: AF4 was used prior to analysis by pyrolysis
gas chromatography-mass spectrometry (pyrGC-MS) (for
nanoplastic identification) to remove soil organic matter
that remained after the soil-water extraction. Nanoplastic
sizes were determined by online MALS detection. Hydro-
dynamic sizes were further calculated from AF4 retention
times. Valsesia et al. made use of MD-AF4 mainly as a
preparative technique for analyzing 100-nm PS spheres in
tunicates after enzymatic digestion [32]. No proper sepa-
ration of the PS spheres was achieved, most likely due to
channel overloading. Online UV and MALS were used to
determine the size of the eluting fractions. Approximate
particle number concentrations were determined by SEM
after spotting of the fractions on a surface-functionalized
chip (limit of detection/LOD 10° particles/organism, cor-
responding to 1 ng/g) and nanoplastics chemically identi-
fied by confocal Raman microscopy.

Correia et al. tested the applicability of MD-AF4 to ana-
lyze either 100 nm PS spheres or polydisperse PE nano-
plastics (< 500 nm) spiked to European seabass followed by
enzymatic digestion [31]. Separation and online size deter-
mination by MALS were possible for the PS spheres in the
enzymatically digested fish but not for the PE nanoplastics
due to a high background light scattering signal of the spiked
and non-spiked fish. It was suggested that one or more of the
components present in FL-70, which was used in the carrier
liquid, interacted with organic residues from the enzymatic
digestion. The LOD for the 100-nm PS spheres in fish based
on the 90° light scattering signal was 52 pg/g fish. Combin-
ing this with an analytical method for identification of the
nanoplastics’ chemical composition was not attempted in the
study, but offline analysis by spectroscopy or spectrometry
techniques was suggested.

These studies demonstrate the potential of FFF when used
in combination with online detectors and offline analysis. In

the following section, we will discuss suitable online detec-
tors in more detail.

Suitable online detectors for FFF for nanoplastic
analysis

Classical online detection techniques for FFF are UV—vis
spectroscopy, DLS, MALS, and inductively coupled plasma-
mass spectrometry (ICP-MS) (Table 1). DLS and MALS
allow, besides detection, an online determination of particle
size (characterization). In principle, AF4 theory permits the
determination of hydrodynamic diameter from the retention
time, but higher accuracy and significantly more informa-
tion are obtained by direct determination with MALS and
DLS [16]. MALS is typically applicable for particles with
diameters > 20 nm (non-isotropic scatterers) and online
DLS for particles between 1 and 100 nm. Both techniques
are applicable for nanoplastics but require sufficiently high
concentrations. Coupling of FFF and nanoparticle tracking
analysis (NTA) is possible if a flow splitter is applied [33]
and has been successfully demonstrated for a mixture of 50-,
100-, and 200-nm PS beads. NTA allows size determina-
tion and more importantly particle counting down to particle
sizes of ~30 nm.

AF4-ICP-MS has primarily been used for metal and metal
oxide nanoparticles. In general, ICP-MS is rarely used for
carbon determination due to the high ionization potential of
carbon, which results in low ionization efficiency leading to
high limits of detection (LOD), and due to high carbon back-
ground levels [34]. Nischwitz et al. used AF4-ICP-MS to
successfully detect and quantify 21-, 100-, 250-, and 740-nm
PS spheres (injected mass 100 ug) based on the '*C-signal
[35]. The same researchers coupled quadrupole ICP-MS or
an organic carbon detector (OCD) to AF4 for analyzing par-
ticulate carbon in freshwater samples and obtained LODs
for carbon of 1.4 mg/L for AF4-ICP-MS and 0.08 mg/L
for AF4-OCD [34]. Mowla et al. quantified mixtures of
50-, 100-, 200-, and 500-nm PS spheres by AF4 coupled
to a total organic carbon (TOC) detector [36]. The limit of
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quantification (LOQ) was estimated to be < 0.3 pg injected
mass for all particle sizes. In a mixture with clay (inorganic
colloid) and humic acid (dissolved organic matter), the TOC
detector maintained the sensitivity to the nanoplastics with-
out interference from the co-eluting clay. Further, online
fluorescence detection was applied after Nile Red staining
of the nanoplastics but a highly variable response with par-
ticle size and an anomalously low dye uptake by the 200-nm
particles was observed. It must be kept in mind that ICP-MS,
TOC analyzer, and OCD allow distinguishing carbon-based
from inorganic particles/colloids, but they do not provide
information about the nature of the measured carbon. If the
presence of any other carbon-based particle can be excluded
(e.g., by suitable sample preparation), detection and quanti-
fication of nanoplastics would be possible.

Schwaferts et al. coupled AF4 and centrifugal FFF not
only to UV and MALS, but also Raman micro-spectros-
copy, to analyze the size and composition of monodisperse
200-600-nm PS and 500-nm PMMA nanoplastics [37]. Low
Raman scattering was overcome by trapping the nanoplastics
with 2D optical tweezers. The setup enabled identification of
200-nm PS particles at number concentrations of 4.5x 10"3
particles/L (200 mg/L). The authors conclude that it will be
necessary to validate the application range of the technique
to preprocessed samples and demonstrate its applicability
for real-world samples and that in many cases a concentra-
tion step will be vital to provide a sufficiently high particle
number.

Considering the limitations of the existing online detec-
tors, there appears to be a need for finding additional tech-
niques that are suitable for online coupling to FFF. These
techniques should be compatible with the carrier liquids
used for AF4 (water containing surfactants or aqueous buff-
ers). Their sensitivities need to be sufficient for the expected
mass/number concentrations of nanoplastics, and they need
to work at a certain flow rate. The typical flow rates of AF4
are around 0.5—1 mL/min but could be further reduced by a
flow split or a solution that retains the nanoplastics, like the
previously described optical tweezers.

There are various potential online techniques based on
mass spectrometry. ICP-MS has already been mentioned
as a technique used for coupling to FFF. A modification of
“classical” ICP-MS is single-particle ICP-MS (spICP-MS),
which has been widely applied to the analysis of inorganic
nanoparticles due to its high sensitivity, selectivity, and fast
analysis and which has also shown potential for the detec-
tion, size characterization, and mass/number quantification
of larger nanoplastics (depending on the definition) and
microplastics in the size range of 0.62 to 5 um with limits of
detection down to 10° particles/L when monitoring the '>C
[38] or 13C signal [39, 40]. spICP-MS has, e.g., been applied
for the detection of 1- to 5-um PS particles in ultrapure water
[39, 40] and seawater [38] as well as for the screening of

1- to 5-um microplastics released from plastic teabags [40].
The detection of smaller nanoplastics by spICP-MS via
monitoring of the carbon signal can be limited by the high
carbon background typically present in food matrices and
surfactants used in a carrier liquid and/or by the interfer-
ences from the co-existing carbon-containing particles. As
an alternative, labeling of nanoplastics with metal probes
(e.g., nanoparticles, ions, and organometallic compounds),
followed by spICP-MS detection of the corresponding metal,
could be a more sensitive and selective approach [41]. Using
this approach, nanoplastics that were separated from samples
and in situ labeled with gold nanoparticles were counted
in environmental waters with sizes down to 50 nm [42].
Barber et al. demonstrated the coupling of asymmetric flow
and centrifugal FFF with spICP-MS for characterizing gold
nanoparticles contained in nanoplastic colloids (polystyrene-
block-poly(acrylic acid)) [43].

Since the high-energy plasma of the ICP-MS atomizes
plastic particles, information regarding their chemical iden-
tity is lost. Milder ionization techniques would allow for the
detection of marker molecules and therewith the determi-
nation of a plastic particle’s chemical identity. Regarding
this, interesting results have been achieved in the field of
aerosol analysis. Costa Vera et al. used commercial PS latex
spheres with mean diameters of 196, 496, 806, 966, and
1495 nm as size calibration standards for their single aero-
sol particle bipolar time-of-flight instrument (LAMPAS 2)
[44]. They were able to receive mass spectra for both polari-
ties featuring smaller hydrocarbon ions; however, due to the
ionization technique (UV-laser), no intact styrene monomers
were generated. The mass spectra received from this setup
did not, for various reasons, allow for a size correlation via
signal intensity. However, this work proves that even sub-
micrometer particles of relevant plastic types (here PS) can
be characterized by advanced mass spectrometers. Given a
successful size separation via an FFF-related technique and
a suitable ionization source, particle size, chemical identity,
and particle numbers could be determined in a single run. A
promising design for a suitable ion source might be “laser
spray,” which might be seen as a hybrid of electrospray and
matrix-assisted laser desorption/ionization (MALDI) [45].

Potential offline techniques for analysis
of nanoplastic-containing fractions collected
from FFF

In addition to online analysis, fractions from FFF can
be collected, either manually or automatically, using a
fraction collector. The typical sample volumes can be
expected to be in the milliliter range, depending on the
flow rate used for the separation and the fraction of inter-
est. Any of the techniques listed in Table 1 and many
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more are applicable. The listed techniques require a vary-
ing degree of resources, and not all will be suitable for
screening large numbers of samples.

Most techniques will benefit from the reduced sample
complexity, as potential interferences are removed or at
least reduced. As an example, pyrGC-MS was demon-
strated to be applicable for detecting PS and PMMA in
tissues of aquatic animals (i.e., potential seafood) after
alkaline digestion and protein precipitation [46]. How-
ever, the authors of the study highlight that remaining
organic matters may affect the pyrGC-MS signal of
micro- and nanoplastics, in particular when the polymers
only produce one indicator compound.

Potential issues with surfactants used in the carrier
liquid have to be considered in relation to the offline
techniques. As examples, low degradation temperatures
(lower than for the plastics, i.e., < 500/600 °C) would be
favorable for pyrGC-MS whereas formation of micelles
should be avoided for light scattering—based techniques.
A washing step after the FFF separation could be useful to
remove the surfactants. A concentration step, like solvent
evaporation, centrifugation, or centrifugal ultrafiltration,
might be required if the nanoplastic concentration is too
low.

Whereas size information and carbon concentration
might be retrieved from MD-FFF, the currently only
commercially available online detection system, an opti-
cal trapping-based Raman flow cell, for the identification
of nanoplastics has still to demonstrate its applicability to
real-world samples [37]. Potential offline techniques that
could be applied for the purpose of nanoplastic identifica-
tion are the aforementioned pyrGC-MS, liquid chroma-
tography coupled to high-resolution-mass spectrometry
(LC-HRMYS), nanostructured laser desorption/ionization
time-of-flight mass spectrometry (NALDI-TOF-MS),
and thermal desorption-proton transfer reaction-mass
spectrometry (TD-PTR-MS). Schirinzi et al. separated PS
particles from aqueous media by filtration and dissolved/
extracted them in toluene [47]. After concentrating the
solution, detection limits of around 30 pg/L in LC-HRMS
were achieved. Replacing the filtration or rather introduc-
ing a size separation via FFF might create a powerful tool
without significantly changing the sample preparation and
analysis time. Wang et al. used NALDI-TOF-MS to ana-
lyze trace amounts of plastics in snow with reported LODs
of 100 pg for PE down to 5 pg for PEG [48]. TD-PTR-MS
was applied for the analysis of nanoplastics in water sam-
pled from a Greenland firn core and an Antarctic Sea ice
core after filtration of the samples through a 200-nm filter
[21]. The calculated LOD for PS was 0.34 ng.

For further characterization of the nanoplastics besides
size, like shape and porosity, electron microscopy appears
to be particularly suitable.

@ Springer

Outlook: How could the future
of nanoplastics analysis in food involving
FFF look like?

As mentioned before, the ideal method should allow detec-
tion, characterization, identification, and quantification of
nanoplastics in the food. It should be quick (i.e., allow
high sample throughput), cheap, and sensitive. The sample
preparation protocol would ideally be generic and inde-
pendent of the type of food matrix and nanoplastic type.
The separation system would allow injection of large sam-
ple volumes, online size determination followed by online
identification, and quantification of the nanoplastics on a
single-particle basis.

Although generic sample preparation protocols are
favorable, they have not yet been either successfully
developed or applied for engineered nanomaterials in
complex matrices. Acid and alkaline approaches are more
generic regarding the type of food matrix but might not
be applicable for all types of nanoplastics. If the aim is
to have a generic method for all types of nanoplastics, a
certain specificity toward the food matrix probably has to
be accepted. Sample amounts that can be processed might
be limited, and therefore, pre-concentration and sample
pooling is required. The perfect online identification/quan-
tification system for nanoplastics, ideally also working on
a single-nanoplastic basis, still needs to be developed.

An example of a more feasible and tiered approach for
now could look like this:

(1) Dilution or, if necessary, enzymatic digestion of the
food using proteases, lipases, and amylases depending on
the composition of the food.

(2) Detection and size determination of nano-sized par-
ticulates in the samples by AF4 coupled to UV, MALS,
DLS and OCD, or ICP-MS.

(3) Fraction collection (flow splitter before ICP-MS
required), concentration by ultrafiltration, washing, and
subsequent:

e Characterization (size and shape) by electron or atomic
force microscopy

e Identification and quantification by a suitable MS
method (e.g., pyrGC-MS, NALDI-TOF-MS, TD-PTR-
MS)

With the increasing application in the field of nanopar-
ticles and nanoplastics, AF4 could become a mainstream
technique. This would further enhance instrumental and
software developments and finally make AF4 accessi-
ble to a wider user base [16]. The analyst would benefit
from novel channels that allow, e.g., easier membrane
replacement, larger variety and/or better quality of FFF
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membranes (e.g., with reduced roughness), and intelligent
software that provides the optimal separation parameters
[16].

Finally, it should be mentioned that advanced analyti-
cal developments are not the only line of action to achieve
a reliable assessment of risk related to nanoplastics in our
food. Hazard identification and characterization studies can
make use of labeled and, consequently, more easily analyz-
able nanoplastics. Here, it is key that the studied materials
match the “real” nanoplastics in terms of polymer types,
sizes, shapes, and surface properties. Exposure assessment
can be supported by mechanistic studies with labeled parti-
cles as well. Finally, release studies for food contact materi-
als could as a starting point make use of food simulants to
reduce sample complexity.
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