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ARTICLE INFO ABSTRACT

Edited by: Richard Handy This study critically evaluates an analytical approach combining enzymatic extraction and single particle ICP-MS

(spICP-MS) for quantifying europium-doped polystyrene nanoplastics (Eu-PS-NPs) bioaccumulated in tomato

Keywords: tissues. Optimization of extraction parameters identified citrate buffer at pH 6.5 and a digestion temperature of
Na]“"PlaS“CS 37 °C as the most effective extraction conditions, while maintaining particle stability. Experiments with spiked
Polystyrene

tomato tissues demonstrated that extraction efficiency is highly tissue-specific, with optimal digestion of 24 h for
stem, leaf, and fruit, and 36 h for root tissues, and enzyme concentrations ranging from 10 to 100 mg per sample.
Under optimized conditions, good extraction recoveries (85 — 116 %) were achieved for particle number and
mass concentrations, particle size and mass, and total Eu mass, with the majority of extracted Eu associated with
NPs and around 10 % as ionic Eu. In contrast, analysis of tomato samples exposed to Eu-PS-NPs during their
growth revealed substantially lower and tissue-dependent extraction recoveries. Root and stem tissues yielded
only 18 — 32 % of total Eu mass concentration, while leaves showed recoveries < 21 % under most extraction
conditions. Fruit samples exhibited higher apparent recoveries (66 — 80 % after 24 h digestion), likely due to the
acidic environment promoting Eu leaching from NPs. Across all exposed tissues, ionic Eu fraction dominates
(reaching up to 97 % in fruits), indicating extensive leaching from Eu-PS-NPs in the tomato plants. These findings
underscore the importance of accounting for matrix effects, metal leaching, and the limitation of extrapolating
recoveries from spiked controls to exposed samples when interpreting spICP-MS data from plant exposure studies
with metal-doped NPs.

Enzymatic extraction
Single particle ICP-MS
Tomato
Bioaccumulation

1. Introduction crop productivity and reduce water and agrochemical demands, their

use contributes to long-term soil contamination from the release of

Global plastic waste is expected to nearly triple, from 353 million
tons (Mt) in 2019 to about 1014 Mt by 2060 (OECD, 2024), with agri-
culture contributing 12.5 Mt, predominantly through the use of films for
mulch, silage, and greenhouses, as well as in irrigation systems, twines,
nets, and pipes (FAO, 2021). Although agricultural plastics can enhance

micro- and nanoplastics (MNPs), which have been extensively reported
in agricultural soils worldwide (Biiks and Kaupenjohann, 2020), with a
global stock estimated at 1.5-6.6 Mt (Maddela et al., 2023; Kedzierski
et al., 2023). The abundance of MNPs in soil is influenced by multiple
factors, including agricultural practices, soil management, land use,
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proximity to industrial or urban areas, roads and highways, application
of biosolids or sludge, the use of treated irrigation water, and the history
of plastic use in agriculture (Sahai et al., 2025). Among these, irrigation
water has been identified as one of the prominent sources of MNP
contamination in agricultural soils (Guo et al., 2023; Pérez-Reveron
et al., 2022; Ragoobur et al., 2021). In response to such concerns, the
European Union’s recent Directive (EU) 2024/3019 concerning urban
wastewater treatment (Directive, 2025) mandates member states to
monitor and reduce MP pollution in urban wastewater and sludge,
particularly when reused in agriculture, to align with the EU’s broader
zero-pollution objectives.

Beyond their environmental persistence, MNPs can have various
negative effects on soil ecosystems, soil biota and plant health (Tian
et al., 2022). Of growing concern is the uptake, translocation, and bio-
accumulation of MNPs by crops. Recent studies have demonstrated the
uptake of MNPs in a variety of plants, including Triticum aestivum
(wheat) (Taylor et al., 2020; Gong et al., 2021), Lactuca sativa (lettuce)
(Gong et al., 2021; Lian et al., 2021), Arabidopsis thaliana (thale cress)
(Taylor et al., 2020; Sun et al., 2020), Pisum sativum (pea) (Kim et al.,
2022), Oryza sativa (rice) (Liu et al., 2022), Daucus carota (carrot) (Dong
et al., 2021), Murraya exotica (orange jasmine) (Zhang et al., 2019),
Raphanus sativus (radish) (Gong et al., 2021; Tympa et al., 2021), Zea
mays (maize) (Gong et al., 2021; Sun et al., 2021), Allium cepa (onion)
seeds (Giorgetti et al., 2020a), Cucumis sativus (cucumber) (Li et al.,
2021a, 2021b) and Vicia faba (fava bean or broad bean) (Jiang et al.,
2019). The accumulation of MNPs in plants may impair plant health,
including its nutritional quality, biomass production, and decrease crop
production, as well as open another pathway for MNPs to enter the
human food chain, affecting food safety and human health. Of particular
concern are nanoplastics (NPs), which are more readily absorbed by
plants and pose greater ecological risks than MPs. This issue has led to a
surge in research efforts focused on the uptake of NPs by plants and their
subsequent impact.

Detecting and quantifying NPs in plant tissues remains a significant
analytical challenge due to their small size, irregular shape, and varied
polymeric compositions (Yu et al., 2024). Analytical techniques such as
confocal laser scanning microscopy (CLSM) (Taylor et al., 2020; Sun
et al., 2020; Kim et al., 2022; Liu et al., 2022; Li et al., 2021a, 2020),
transmission electron microscopy (TEM) (Giorgetti et al., 2020b),
time-resolved optical imaging/fluorescence imaging and scanning
electron microscopy (SEM) (Luo et al., 2022a), pyrolysis gas chroma-
tography/mass spectrometry (Py-GC/MS) (Li et al., 2021b), inductively
coupled plasma mass spectrometry (ICP-MS) alone (Wang et al., 2022)
or coupled with laser ablation (LA) (Wang et al., 2024) have been
employed so far, though each suffers from particular limitations. For
example, fluorescence-based techniques may be limited by high (size)
detection thresholds and background interference, while most micro-
scopic imaging techniques lack quantification and can analyze only
small, potentially unrepresentative tissue areas. In contrast, (LA)ICP-MS
provides a quantitative, sensitive, and interference-free (spatial) anal-
ysis of NPs that are either intentionally labelled with metal or contain
metal-based plastic additives, though it does not allow
particle-by-particle counting. In this context, single particle ICP-MS
(spICP-MS) has emerged as a promising technique for the detection
and quantification of bioaccumulated engineered nanoparticles (ENPs)
in plant tissues. It offers particle-specific data on number concentration,
mass concentration, and size distribution, with high sensitivity and low
detection limits. SpICP-MS has been successfully used to detect a range
of metal-containing ENPs, such as CeO,, Pd, Au, CuO, and Pt-NPs in
various plants (Dan et al., 2015; Kinska et al., 2018; Keller et al., 2018;
Jiménez-Lamana et al., 2016). Besides ENPs, spICP-MS has recently
been explored for detecting MPs by relying on the detection of carbon;
however, due to high carbon background levels and limited carbon
sensitivity, its application is typically limited to particles larger than ~1
pm (Laborda et al., 2013; Bolea-Fernandez et al., 2020). To enable the
analysis of smaller plastic particles by spICP-MS, metal-labelled NPs can
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be used, where trace metals (e.g., Eu, Ag, Au) serve as detectable
proxies, allowing for sensitive analysis of NPs well below the carbon
detection threshold (Lee et al., 2014; Caceres).

Employing metal-doped NPs in controlled laboratory-scale exposure
studies offers a promising approach to better understand the mecha-
nisms underlying NPs uptake and bioaccumulation in plants. To date,
the uptake and bioaccumulation of metal-doped NPs in plants has been
assessed solely through bulk metal analysis following acid digestion and
conventional ICP-MS (Li et al., 2021b; Luo et al., 2022b). This approach
lacks particle-specific information, limiting insights into critical pa-
rameters such as particle size and number, factors that govern their
behaviour, bioavailability, and potential toxicity in plants. While
spICP-MS offers the capability to overcome these limitations, its appli-
cation in plant systems remains unexplored. A major barrier towards
standardized methods is the absence of extraction protocols capable of
isolating metal-doped NPs from plant tissues without compromising
their physicochemical integrity. Existing digestion methods, primarily
optimized for the extraction and spICP-MS analysis of ENPs in plants,
have utilized enzymatic treatment, often using Macerozyme R-10 (Wang
et al., 2022; Dan et al., 2015; Keller et al., 2018; Jiménez-Lamana et al.,
2016; Wei et al., 2021) or acid digestion (Luo et al., 2022a; Kinska et al.,
2018). However, when applied to NPs, acidic conditions can degrade
specific polymers, such as polyamide and polyurethane, altering their
chemical structure or leading to their agglomeration (Enders et al.,
2017). An alternative approach involving alkaline digestion using tet-
ramethylammonium hydroxide (TMAH), followed by cellulose precipi-
tation with ethanol and ultrasonic leaching with dichloromethane, has
been reported for the extraction of metal-labelled NPs from cucumber
(Li et al., 2021b) and lettuce (Li et al., 2023). The effectiveness of this
extraction method was evaluated by Py-GC/MS analysis and further
validated by conventional ICP-MS measurements. Another alkaline
digestion protocol based on TMAH has also been reported to achieve
quantitative recovery of metal-doped PS NPs from zebrafish tissues,
enabling subsequent analysis by single-particle ICP-MS (Lai et al., 2025).
However, there is a need to develop an extraction protocol specifically
tailored for spICP-MS analysis of metal-doped NPs in plants, to enable
accurate particle-specific quantification, thus deepening the mecha-
nistic understanding of nanoparticle-plant interactions.

The objective of this research was to assess the feasibility of enzy-
matic extraction for isolating europium (Eu)-doped PS nanoparticles
from tomato samples, followed by their quantification and size charac-
terization utilizing spICP-MS. In this study, we systematically examine
the influence of various parameters, such as buffer pH, digestion tem-
perature, digestion time, and enzyme concentration, on the extraction
efficacy from tomato samples spiked with known concentrations of Eu-
doped PS NPs. Based on recovery rates obtained for particle concen-
tration and size in spiked samples, the optimal extraction parameters are
identified. Additionally, we evaluate the effectiveness of the extraction
protocol on tomato samples that were exposed to Eu-doped PS NPs
throughout their growth and report the most favourable sample pre-
treatment conditions based on calculated total Eu extraction re-
coveries. Lastly, we emphasize the differences in the applicability of this
method for extracting Eu-doped PS NPs from spiked tomato samples and
tomato samples exposed to NPs under real exposure scenarios, while
also addressing its limitations.

2. Materials and methods
2.1. Reagents and materials

Ultrapure water (18.2 MQcm) was obtained using the Milli-Q® ul-
trapure water system (Millipore, Bedford, MA, USA). Ionic Europium
(Eu) ICP standard, containing 1000 mg/L of Eu as EusO3 in 2-3 % HNO3,
and ionic Gold (Au) ICP standard, containing 1000 mg/L of Au as H
(AuCly) in 7 % HCI, were supplied as Certipur®, Supelco, from Merck
KGaA (Darmstadt, Germany). Carboxyl Europium Chelate polystyrene
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NPs, hereafter referred to as Eu-PS-NPs, were purchased from Bangs
Laboratories Inc. (USA). The stock suspension was supplied as 1 % solids
(w/v) in deionized water with 0.05 % sodium azide, and contained
2.322 x 10'2 particles/mL with a mean diameter of 198 nm. According
to the manufacturer’s data sheet, the material consists of carbox-
yl-functionalized PS NPs containing an internal Eu (III) chelate label and
a PS-COOH surface suitable for covalent coupling. Lanthanide-doped PS
particles prepared this way are generally not metal-core particles;
rather, Eu is present as an organic chelate complex dispersed within the
PS matrix, typically enriched toward the outer region where carboxyl
groups are located, effectively resulting in a PS core with an Eu-rich
outer layer (Liang et al., 2015). The Eu mass fraction within a PS par-
ticle was determined to be 1.67 % by using Equations S1 and S2. Gold
nanoparticle (AuNPs) standard (NanoXact™) was purchased from
nanoComposix, Inc. (CA, USA) as an aqueous suspension in 2 mM so-
dium citrate. The AuNPs had a mean diameter of 51 + 5 nm, a mass
concentration of 0.053 mg/mL, a hydrodynamic diameter of 54 nm, and
a zeta potential of —46 mV. Citrate buffer solutions were prepared using
citric acid (CeHsO7) and sodium citrate dihydrate (NasCeHsO7-2H20, ACS
reagent, >99.0 %), purchased from Sigma-Aldrich (MO, USA). Pectinase
from Rhizopus sp. (Macerozyme R-10), with an optimal activity of
400-800 units/g solid reported at pH 4.0, was also obtained from
Sigma-Aldrich. True Rinse ICP-MS Washout Solution, containing 2 %
v/v HCl and 0.5 % w/v Thiourea, was purchased from Inorganic Ven-
tures (VA, USA). Nitric acid (67-69 % wt. HNOg3) was purchased from
Carlo Erba Reagents (Italy), while hydrochloric acid (30 % wt. HCI),
hydrofluoric acid (40 % wt. HF), and hydrogen peroxide (30 % wt-H205)
were obtained from Merck. The standard reference material SRM 1570a
(Spinach Leaves, NIST, USA; Eu reference mass fraction
0.0055 + 0.0010 mg/kg) was used to verify the accuracy of total Eu
concentration measurements in digested tomato tissues. The Hoagland
Arnon nutrient solution (Table S1) was prepared as described by Resh
using potable water (Resh, 2025).

2.2. Plant cultivation

Tomato plants (Solanum lycopersicum L. cv. Rally) were grown hy-
droponically for five weeks in plastic tanks in a greenhouse located at
the Biotechnical Faculty, University of Ljubljana, under monitored
environmental conditions using a USB temperature and humidity data
logger (DL-121TH Volcraft, Hirschau, Germany). The mean daily air
temperature was between 13 °C and 28 °C, and the relative humidity
was between 45 % and 85 %. The seedlings were cultivated in peat
substrate, and when the plants had five fully developed leaves
(BBCH105), they were transferred to the Aerofarm hydroponic system
(Terra Aquatica, Italy), which consisted of a tank filled with 40 L of
Hoagland - Arnon nutrient solution. The air pump was used to aerate the
nutrient solution. Each tank containing three tomato seedlings was
covered with inert polyester foam. One tank served as a control with
tomatoes exposed to the nutrient solution only, while the others con-
tained plants exposed to the nutrient solution spiked with 1 mg/L of Eu-
PS-NPs. The pH of the nutrient solution was adjusted weekly to 7.0 using
nitric acid. Due to plant transpiration, the nutrient solution was
replenished weekly to 40 L. The spiked nutrient solution used for
replenishment contained the same concentration of Eu-PS-NPs as those
present at the start of the experiment. When plants reached the stage of
the first mature fruit (BBCH 809), samples were carefully collected,
divided into roots, stems, leaves, and fruits, and dried in an oven at 60°C
for 48 h. The dried samples were ground in a mortar with the addition of
liquid nitrogen to powder and stored in sealed vials for further analysis.

2.3. Optimization of enzymatic extraction using spiked tomato samples
Enzymatic extraction of Eu-PS-NPs from tomato samples was opti-

mized through a sequence of distinct phases, including an initial stage
“homogenization’, wherein 25 mg of plant sample (dried and milled) was
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mixed with 8 mL of 2 mM citrate buffer in a 15 mL Falcon tube. The
resultant mixture was subjected to agitation on a rotary shaker (Edmund
Biihler 181 GmbH, Germany) at 100 rpm for 5 min to promote effective
mixing. In the subsequent digestion stage, 2 mL of Macerozyme R-10
enzyme solution was added to the sample and allowed to incubate
within a temperature-regulated rotary shaker. Once complete, the
samples underwent centrifugation or settling to remove any residual
plant debris. The supernatant was collected and diluted with Milli-Q
water to achieve an optimal particle concentration (2 x10° - 108 par-
ticles/L) for the spICP-MS analysis.

The optimization of the citrate buffer pH during the homogenization
stage, temperature during the digestion stage, and post-digestion step is
provided in Supplementary Data Text S1. In brief, the impact of three
citrate buffer pH values (4.5, 5.5, and 6.5) and two digestion tempera-
tures (25°C and 37°C) on particle stability was assessed by incubating
25 ng/L of Eu-PS-NPs (expressed as Eu mass concentration) in citrate
buffer solutions for 24 h. Particle number and mass concentrations, as
well as particle diameter and mass obtained by spICP-MS were
compared to those of the original Eu-PS-NPs water suspensions.

For the optimization of digestion time and enzyme concentration,
spiked tomato samples were subjected to two different digestion times
(24 h and 36 h) and three different enzyme concentrations prepared in a
2 mL aqueous solution (10 mg/sample, 50 mg/sample, and 100 mg/
sample). For this purpose, control tomato tissues were spiked with Eu-
PS-NPs at 10 mg/kg (root) and 10 ug/kg (stem, leaf, fruit) (See Sup-
plementary Data Text S2). Finally, seven different combinations of post-
digestion stage (30 min settling, and centrifugation at 1000 rpm for
3 min, 1000 rpm for 5 min, 2000 rpm for 3 min, 2000 rpm for 5 min,
4000 rpm for 3 min and 4000 rpm for 5 min) were evaluated using
control root samples spiked with Eu-PS-NPs at 10 mg/kg
(Supplementary Data Text S1). Extraction recoveries were calculated by
comparing the relevant parameters of the extracted Eu-PS-NPs obtained
by spICP-MS (particle number/mass concentrations, median particle
diameter/mass) to those of the spiked Eu-PS-NPs solution. Total Eu mass
extraction recovery for spiked samples was determined by comparing
the total extractable Eu mass concentration (including Eu in both
nanoparticulate and ionic forms) determined by spICP-MS with the Eu
mass concentration spiked into the control tomato samples.

2.4. Optimization of enzymatic extraction using exposed tomato samples

The effectiveness of the enzymatic extraction was also evaluated for
tomatoes exposed to Eu-PS-NPs as described in Section 2.2 (hereafter
referred to as “exposed tomato samples”). All enzymatic extraction and
spICP-MS parameters were kept consistent with the experiments
involving spiked samples. Briefly, 25 mg of the exposed tomato sample
(dried and milled) was mixed with 8 mL of citrate buffer (pH 6.5) in a
15 mL Falcon tube, agitated on a rotary shaker at 100 rpm for 5 min,
followed by the addition of 2 mL solution containing 10 mg, 50 mg, or
100 mg Macerozyme R-10 enzyme (in separate batches). This mixture
was allowed to incubate at 37°C for 24 or 36 h (in separate batches).
Digested samples were allowed to settle for 30 min, after which the
supernatant was collected and diluted to obtain the optimal particle
concentration for spICP-MS analysis. All experiments were conducted in
triplicate. Total Eu mass extraction recoveries for exposed tomato
samples were determined by comparing the total extractable Eu mass
concentration (including Eu in both nanoparticulate and ionic forms)
determined by spICP-MS with the Eu mass concentration obtained using
ICP-MS after microwave-assisted digestion of the sample.

2.5. spICP-MS analysis of the extracted Eu-PS-NPs

The Eu-PS-NPs in extracted tomato samples were measured using
spICP-MS on an Agilent 7900 ICP-MS system (Santa Clara, CA, USA)
equipped with a MicroMist nebulizer. The analysis was conducted in
time-resolved mode with a sampling period of 0.0001 s and a total
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acquisition time of 60 s per sample, targeting the Eu isotope at m/z of
153 to detect europium-labelled PS NPs. Detailed instrumental param-
eters are provided in Table S2.

Quantification was performed based on a calibration curve obtained
using ionic Eu standard solutions prepared in 0.1 % HNO3 aqueous so-
lution with Eu mass concentrations ranging from 0.5 to 10 ng/mL. The
calibration curve was used to calculate the particle mass, which was
converted to mass-equivalent PS particle diameter based on the known
Eu mass fraction in Eu-PS-NPs (1.67 %) and polystyrene density of
spherical particles (1.06 g/cm®). Transport efficiency was calculated
using the particle size method by analyzing the AuNPs suspension with a
known average particle diameter prepared in water (132 ng/L) and ionic
Au standards prepared in True Rinse solution (0.5 — 5 ng/mL). An ac-
curate sample flow rate was determined for each analysis using the
gravimetric method, and the rinsing procedure with 1-min aspiration of
4 % HNOg acid and water after each analysis. The acquired data were
processed using the Single Nanoparticle Application Module in the
MassHunter 5.2 Workstation Software (Agilent Technologies). The same
threshold, manually selected to achieve a symmetrical particle size
distribution while excluding background signals, was applied to all
samples to ensure comparability among treatments. The Eu mass frac-
tions associated with the nanoparticulate and ionic forms were deter-
mined by quantifying their respective contributions to the total Eu mass
concentration. The total Eu mass concentration was calculated by
averaging the signal intensity across the entire measurement window,
capturing both discrete particle events and the continuous background
signal corresponding to dissolved Eu.

2.6. Determination of total Eu mass concentration in tomato samples

The total Eu mass concentration in digested tomato tissues was
determined using ICP-MS analysis following a microwave-assisted
digestion. Briefly, 0.2 g of plant sample was weighed into a Teflon
vessel, and 7 mL of 30 % (w/w) Hy05, 1 mL of 68 % (w/w) HNO3, and
0.05 mL of 40 % (w/w) HF were added. The vessels were left open for
30 min to allow initial reactions. The samples were then digested using
the CEM Corporation MARS 5 Microwave System (Matthews, NC, USA)
as follows: 20 min ramp to 140 °C, a 2 min hold at 140 °C, followed by a
15 min ramp to 200 °C and a 60 min hold at 200 °C, with a subsequent
cooling period of 30 min. After digestion, the solutions were transferred
to 30 mL tubes and diluted to 20 mL with Milli-Q water. The digestion
procedure was validated using SRM 1570a processed under identical
conditions. ICP-MS analysis was carried out in He mode, targeting Eu
isotope at m/z of 153. External calibration was performed using ionic Eu
standards prepared in 3.4 % HNOs in a concentration range of 0.005 —
20 ng/mL, and an online internal standardization using a 25 ng/mL
solution of Rh, Ir, and Bi. Blanks and SRM 1570a were included in each
batch for quality control.

2.7. SEM and DLS analysis

The shape and size of the Eu-PS-NPs were investigated by scanning
electron microscope (SEM, Verios 4 G HP, Thermo Fisher Scientific Inc.,
USA). Eu-PS-NP particles were dispersed in distilled water, dropped
onto an aluminum SEM holder, and dried at 25°C and 60°C to assess any
changes in particle morphology resulting from exposure to 60°C during
the drying of tomato samples. The behaviour of Eu-PS-NPs (10 mg/L PS,
corresponding to 0.167 mg/L Eu) was assessed in Milli-Q water (pH 7.7)
and citrate buffer at varying pH (4.5, 5.5, and 6.5). Zeta potential, hy-
drodynamic diameter, median diameter (D50 intensity), and poly-
dispersity index (PDI) were measured as indicators of particle stability
and size distribution using dynamic light scattering (DLS Litesizer 500,
Anton Paar GmbH, Graz, Austria).
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2.8. Statistical analyses

Significant differences were assessed using a paired two-sample t-
test, with p < 0.05 considered statistically significant.

3. Results and discussion
3.1. Characterisation of Eu-PS-NPs

The basic characteristics of the Eu-PS-NPs in water suspension are
presented in Table 1.

The results of the spICP-MS analysis were in good agreement with
the expected parameters (as provided by standard’s manufacturer),
including particle number (92.6 %) and mass concentrations (88.1 %),
median particle diameter (97.1 %), and median particle mass (91.4 %).
These results demonstrate that the spICP-MS method, utilizing time-
resolved analysis of the Eu isotope signal, provides a robust, accurate,
and reliable approach for their quantification and size characterization.
Also, the Eu mass concentration associated with particles accounted for
88.1 % of the total Eu mass concentration, while the ionic Eu mass
fraction was 10.5 + 0.3 %, indicating the amount of Eu already leached
from NPs in water suspension. Zeta potential analysis confirmed the
stability of Eu-PS-NPs in water, revealing a strongly negative surface
charge that promotes electrostatic repulsion. The hydrodynamic diam-
eter (256 + 11 nm) and median diameter (221 + 2 nm) obtained by DLS,
which measures the size of the core particles along with any surface
coating and solvation layers, were, as expected, larger than the median
particle diameter obtained by spICP-MS (192.1 nm), with a PDI of 22 %,
indicating a moderately uniform size distribution.

In citrate buffers (see Table S3), Eu-PS-NPs exhibited negative zeta
potential values ranging from - 54.5 £ 1.1 mV at pH 6.41 to -
37.8 £ 1.1 mV at pH 4.53. An observed trend of decreasing negative
charge with decreasing pH is consistent with the protonation of surface
carboxyl (COO-) functional groups or their interaction with sodium
cations present in the citrate buffer. The less negative zeta potential at
PH 4.53 suggests reduced electrostatic repulsion among particles, which
may promote particle aggregation and sedimentation. Accordingly, the
hydrodynamic diameter increased progressively with decreasing pH of
the citrate buffer (from 277 + 1 nm at pH 6.41-284 + 6 nm and
313 + 2 nm at pH 5.42 and pH 4.53, respectively), suggesting a greater
tendency for aggregation at lower pH values. The median diameter
(D50) values followed a similar trend, with PDI values remaining rela-
tively consistent across all media (ranging from 20 % to 22 %), indi-
cating a sufficiently uniform size distribution across all pH levels despite
changes in size and aggregation behaviour.

3.2. Optimization of enzymatic extraction parameters using spiked
tomato samples

3.2.1. Optimization of citrate buffer pH and digestion temperature
The effect of citrate buffer pH (4,5, 5.5, and 6.5) and digestion
temperature (25 and 37°C) on the Eu-PS-NPs stability was evaluated as

Table 1

Summary of the Eu-PS-NPs characteristics in water suspension. Results are
presented as mean + STD (N = 3). Values in [] represent recoveries, calculated
by comparing spICP-MS values with expected values.

Eu-PS-NPs parameter Determined value

(5.4 + 3.2) x 107 [92.6 + 5.5 %]
220.2 + 11.6 [88.1 =+ 4.6 %]
192.1 + 1.2 [97.1 + 0.7 %]
3938 + 69 [91.4 + 2.0 %]

Particle number concentration (particles/L)
Eu particle mass concentration (ng/L)
Median particle diameter (nm)

Median PS particle mass (ag)

Hydrodynamic diameter (nm) 256 + 11
Median diameter (D50 intensity, nm) 221 +2
PDI (%) 22+2
Zeta potential (mV) -47.1+ 0.6
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described in Section 2.3. Recovery values for all treatments are shown in
Fig. 1a, with detailed data in Table S4. Incubation for 24 h in citrate
buffer at pH 6.5, at either 25 or 37°C, gave the highest recovery (> 91 %
for particle number and mass concentrations, and 100 % for median
particle diameter and mass). Other treatment conditions generally gave
10 - 25 % lower recoveries at pH 4.5 and 5.5, regardless of temperature,
suggesting that more acidic conditions hinder extraction recovery, due
to particle aggregation or degradation. However, pH-induced aggrega-
tion did not compromise particle size recovery, which remained near
100 % under acidic conditions. Namely, aggregation produced larger
agglomerates that are more prone to sedimentation or inefficient
nebulization, leading to under detection by spICP-MS. Consequently,
particle number concentrations decreased while the measured particle
size of the detectable fraction remained largely unchanged.

Although a digestion temperature of 25°C resulted in slightly lower
mean values for particle number and mass concentration recoveries,
these differences are not statistically significant. Based on these results,
incubation of Eu-PS-NPs in citrate buffer at pH 6.5 and 37°C was
selected as the optimal conditions.

3.2.2. Optimization of the post-digestion stage

To separate the extracted Eu-PS-NPs from residual plant debris
following digestion, the digested spiked root samples were subjected to
30 min settling or centrifugation at varying durations and speeds as
described in Section 2.3. Recovery values for all treatment groups are
depicted in Fig. 1b and detailed in Table S5. The centrifugation at 1000
or 2000 rpm for 3 or 5 min exhibited similarly high recoveries for

Particle number concentration recovery (%)

Median particle diameter recovery (%)

Recovery (%)
B [} o]
o o o

N
o
1
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particle number (112 — 117 %) and mass concentration (110 -111 %).
All these treatment groups displayed similar recoveries to the control
group (no centrifugation with 30 min settling time). In all treatment
groups, the recoveries for median particle diameter (98 — 99 %) and
median particle mass (94 — 97 %) remained stable and comparable,
thereby demonstrating no effect of centrifugation on particle size and
mass. Based on the data, all subsequent analyses applied a 30 min post-
digestion settling step.

3.2.3. Optimization of digestion time and enzyme concentration

To evaluate the impact of digestion time (24 h vs. 36 h) and enzyme
concentration (10, 50, 100 mg of enzyme per 25 mg of sample) on the
extraction of Eu-PS-NPs from tomato tissue, spiked root, stem, leaf, and
fruit samples were prepared and treated as described in Section 2.3. The
results are given in Table S6 and graphically presented in Fig. 2.

Roots: 24 h digestion of the spiked root samples with 10 mg
enzyme/sample resulted in a particle number concentration recovery of
103.5 + 4.6 %, and particle mass concentration recovery of 94.8
+ 3.7 %. While increasing enzyme concentration had minimal effect on
the recoveries, with no statistically significant differences observed,
extending the digestion time to 36 h improved both particle number and
mass concentration recoveries. After 36 h of digestion, the particle
number and mass concentration recoveries increased compared to 24 h,
reaching 114.0 £ 10.3 % and 112.5 + 7.6 % at 10 mg enzyme/sample,
respectively. With longer digestion times, recoveries for median particle
diameter (98 %) and particle mass (95 %) improved compared to 24 h
digestion. Higher recoveries at 36 h suggest that extended enzyme

m Particle mass concentration recovery (%)
m Median particle mass recovery (%) a
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Fig. 1. Eu-PS-NPs recoveries for different citrate buffer pH and digestion temperatures (a), and different post-digestion conditions (b). Results are given as mean +

STD (N = 3). rpm = revolutions per minute; min = min.
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Fig. 2. Extraction recoveries of Eu-PS-NPs from spiked tomato tissues following enzymatic digestion under varying enzyme concentrations and digestion durations.
Bars represent mean + STD (N = 3) for: (a) particle number concentration recovery, (b) particle mass concentration recovery, (c) median particle diameter recovery,
(d) median particle mass recovery, (e) total Eu mass extraction recovery with relative contributions of nanoparticulate and ionic Eu forms. h = h; mg = milligrams.

exposure more effectively liberates or stabilizes NPs from the root ma-
trix. Interestingly, increasing enzyme concentration did not significantly
improve recoveries, suggesting that extraction efficiency reaches a
threshold, beyond which further enzyme addition offers no added
benefits.

Stems: A 24 h digestion of spiked stem samples using 10 mg
enzyme/sample resulted in recoveries of 90.0 + 3.5 % for particle
number concentration and 78.7 + 2.7 % for particle mass concentra-
tion. Increasing the enzyme concentration did not result in significant
improvements in particle recoveries. After 36 h of digestion, particle
number (78.3 +5.4%) and mass concentration recovery (73.2
+ 4.7 %) decreased when using 10 mg enzyme/sample. The median
particle diameter recoveries remained consistent across treatment
groups, ranging from 96.1 % to 98.1 %, indicating that the digestion
process had minimal impact on particle shape. In contrast to spiked root
samples, spiked stem samples showed reduced recoveries with extended
digestion, implying that optimal extraction conditions differ signifi-
cantly between stems and roots. Macerozyme R-10 is primarily a pec-
tinase enzyme used for cell wall digestion. Root cell walls, particularly in

the epidermis, contain significant amounts of pectin in the middle
lamella (Chialva et al., 2019), whereas stems have more cellulose- and
lignin-rich secondary walls (Dahal et al., 2010), which could explain the
lower extraction recovery in stems compared to roots.

Leaves: A 24 h digestion of spiked leaf samples using 10 mg
enzyme/sample resulted in recoveries of 66.7 + 5.2 % for particle
number concentration and 76.3 + 7.0 % for particle mass concentra-
tion. Increasing the enzyme concentration resulted in recovery losses of
up to 18 %, while prolonged digestion (36 h) led to an even more pro-
nounced decrease in recoveries by as much as 47 %. For instance, 36 h
digestion with 10 mg enzyme/sample yielded a particle number con-
centration recovery of 26.5 + 3.7 %, which decreased to 18.8 + 2.3 %
with 100 mg enzyme/sample. The median particle diameter and mass
recoveries remained relatively stable and consistently high across all
treatment groups, ranging from 103.3 % to 105.0 % and from 110.2 %
to 115.8 %, respectively, suggesting the formation of larger particle
aggregates during extraction. Significantly lower extraction recoveries
observed in leaves compared to roots and stems could be explained by
the variations in anatomical structure across different tomato parts. Leaf
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surfaces contain very-long-chain aliphatics (VLCAs) and triterpenoids
that form a highly hydrophobic barrier, which could render the leaf
tissue resistant to enzymatic degradation (Seufert et al., 2022). The
lipophilic surface of NPs will have a strong affinity with the leaf wax
layer, potentially causing them to embed within this matrix rather than
being released during enzymatic digestion (Zhou and Xia, 2024).

Moreover, the observed pattern of decreasing NPs extraction recov-
ery with prolonged digestion in spiked tomato stems and leaves, con-
trasted with increasing recovery in spiked roots with time, strongly
suggests tissue-specific interactions between NPs and plant compounds
released during enzymatic extraction. Tomato plants exhibit significant
variation in phenolic compound distribution across different tissues:
leaves contain the highest diversity and levels of phenolic compounds,
particularly flavonoids and hydroxycinnamic acids; stems possess in-
termediate levels of phenolics, with distinct composition profiles
compared to leaves, while roots exhibit the lowest phenolic content
among the three tissue types, with minimal flavonoid accumulation
(Larbat et al., 2014; Silva-Beltran et al., 2015). The primary mechanism
responsible for decreased NPs extraction recovery with increased time in
leaf and stem tissues likely involves polyphenol-mediated coagulation of
NPs during the extraction. These interactions become more pronounced
with prolonged digestion as more polyphenols are released from cellular
compartments, explaining the progressive decrease in NPs recovery
from leaf and stem tissues. Interestingly, this phenomenon has been
previously reported and studied as an efficient strategy for MPs removal
from water samples through metal-phenolic bonding, leading to their
coagulation and settlement (Park). It should be noted that the metal-
—phenol coagulation mechanism has not yet been investigated in detail
and is currently proposed as a working hypothesis to explain the
observed recovery losses.

Fruits: A 24 h digestion of the spiked fruit samples with 10 mg
enzyme/sample yielded recoveries of 102.3 + 5.1 % for particle number
concentration and 96.9 + 7.4 % for particle mass concentration. While
increasing enzyme concentration had minimal effect on recoveries, with
no significant differences observed, extending the digestion time to 36 h
significantly reduced recoveries. Following 36 h of digestion with 10 mg
enzyme/sample, particle number concentration recovery dropped to
34.9 + 5.00 %, and particle mass concentration recovery to 30.9
+ 4.4 %. The reduction in extraction recoveries observed with pro-
longed digestion time could be attributed to the destabilization of NPs
under their extended exposure to acidic conditions. A low pH likely
promoted NPs aggregation, as indicated by the increase in hydrody-
namic diameter and the reduction in negative surface charge with
decreasing pH (Section 3.1), ultimately leading to particle loss, as evi-
denced by the decrease in particle number and mass concentration re-
coveries under lower pH conditions (Section 3.2.1). Specifically, tomato
fruits are naturally acidic, primarily due to the presence of organic acids
such as citric and malic acids (Agius et al., 2018), particularly concen-
trated in the pericarp and locular tissues (Mahakun et al., 1979).
Increasing enzyme concentrations led to improved yet still low re-
coveries (56.7 % for particle number concentration and 50.3 % for
particle mass concentration when using 100 mg enzyme/sample). The
median particle diameter and mass recoveries were relatively stable
across all treatment groups, ranging from 96.1 % to 98.2 % and from
88.8 % to 92.4 %, respectively, indicating that digestion maintains
particle diameter.

Maintaining minimal or well-controlled Eu leaching throughout the
analytical procedure is crucial for the reliable use of Eu as a proxy for NP
detection via spICP-MS. To assess potential Eu leaching during enzy-
matic digestion, we quantified Eu associated with both nanoparticulate
and ionic forms by spICP-MS, expressing them as mass fractions of the
total Eu mass concentration (Fig. 2e). The mass fraction of ionic Eu
relative to the total Eu mass concentration was not affected by the
enzymatic extraction and was comparable to that observed in the Eu-PS-
NPs water suspension (10.5 + 0.3 %, Section 3.1), ranging from 8 to
10 % in spiked roots, 10 -12 % in spiked leaves, and 11-14 % in spiked
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stems. Compared to the standard solution, only the spiked fruit sample
had a significantly higher mass fraction of ionic Eu detected (t-test,
p < 0.05), ranging between 17 % after 24 h and 28 % after 36 h of
digestion. The elevated mass fraction of ionic Eu in the presence of the
fruit matrix is likely due to its acidic nature, which promotes Eu leaching
from NPs.

3.2.4. Effect of drying temperature on the extraction efficiency

Before enzymatic extraction and subsequent spICP-MS analysis,
exposed tomato samples were first dried at 60°C for 48 h and then
ground using liquid nitrogen (Section 2.2). Oven-drying of plant tissues
at 60 °C was selected as a simple and widely established method that
efficiently removes moisture while preserving plant matrix integrity,
with the temperature remaining well below the glass transition tem-
perature of polystyrene (80-105 °C) and the melting range of its crys-
talline phases (240 —270 °C).

The influence of 60°C on the Eu-PS-NP morphology was studied
using SEM, and compared to the Eu-PS-NPs exposed to 25°C. The Eu-PS-
NPs imaged after 48 h exposure to 25°C were spherical, of uniform size
and shape and did not exhibit any deformations and/or aggregations
(Fig. 3a). Alternatively, after exposure to 60°C, Eu-PS-NPs predomi-
nantly retained their spherical morphology but exhibited slight de-
formations, including signs of melting and aggregation, with particles
adhering to one another. These observations suggest that a drying
temperature of 60°C is likely to affect the integrity of the Eu-PS-NPs in
the exposed tomatoes and, consequently, influence the ability to extract
them from the samples effectively.

To test this hypothesis, separate batch experiments were conducted
to assess the effect of 60°C on Eu-PS-NPs extraction recoveries, in which
control tomato samples were spiked with Eu-PS-NPs and exposed to
either 25°C or 60°C for 48 h. A significant reduction in particle number
and mass concentrations, as well as total Eu mass concentration, was
observed in the spiked samples exposed to 60°C for all tomato tissues
(Figure S1). The extent of loss varied among different tomato parts, with
the greatest decrease observed in roots (around 65 %) and the least in
stems (approx. 27 %). Exposure of leaf samples to 60°C led to reductions
in particle diameter and mass, whereas no significant changes were
observed in particle size for other tomato tissues. Furthermore, the
drying step resulted in only a minimal increase in ionic Eu (0.3 % in-
crease observed in roots and up to 6.2 % increase in fruit), suggesting a
negligible impact of sample drying on Eu leaching. Taking these results
into account, correction factors were calculated for each tomato part
(Table S7) to compensate for particle loss caused by the prior exposure
of tomato samples to 60°C during the drying step. It should also be noted
that the brief cryogenic grinding step in liquid nitrogen applied to plant
samples after drying may affect the physical state of PS NPs. The stan-
dard’s manufacturer advises against prolonged exposure to freezing
temperatures, as this may induce their irreversible aggregation; how-
ever, the potential impact of this step on NPs extraction efficiency from
plant tissue was not assessed in the present study.

3.3. Evaluation of enzymatic extraction parameters for the analysis of Eu-
PS-NPs accumulated in exposed tomato samples

The enzymatic extraction procedure was further tested on tomatoes
exposed to Eu-PS-NPs. The distinction between spiked and exposed
samples is important, as extraction from spiked samples targets exter-
nally introduced Eu-PS-NPs, allowing assessment of how digestion pa-
rameters and matrix composition affect NPs stability and recoveries. In
contrast, extraction from exposed tomato samples requires isolation of
internally accumulated particles through the digestion of the plant
matrix, providing a measure of the actual efficacy of the extraction
process. Notably, whereas most published studies have relied on spiked
samples alone to demonstrate the efficacy of the digestion procedures,
distinguishing between spiked and exposed tomato samples, our study
facilitates a more objective assessment of the extraction protocol under
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Fig. 3. SEM analysis of Eu-PS-NPs exposed to 25°C (a) and 60°C (b) for 48 h. nm = nanometers.

controlled and biologically relevant conditions, while also highlighting key differences in recovery behaviour.
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Fig. 4. Results for Eu-PS-NPs extracted from exposed tomato samples following enzymatic digestion under varying enzyme concentrations and digestion durations.
Bars represent mean + STD (N = 3) for: (a) total Eu mass extraction recovery with relative contributions of nanoparticulate and ionic Eu forms, (b) particle number
concentration, (c) particle mass concentration, (d) median particle diameter recovery, and (e) median particle mass recovery. Data have been corrected using the
drying loss factors and matrix-specific recovery factors determined from spiked samples. h = h; mg = milligrams.
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3.3.1. Impact of digestion time and enzyme concentration on extraction
efficiency

To calculate the total Eu mass extraction recovery from exposed to-
matoes, another correction factor was introduced in addition to the one
accounting for particle loss due to drying at 60°C (see Section 3.2.4).
This second correction factor, specific to each tomato part and derived
from the recoveries of spiked samples (Table S7), accounts for any
matrix-specific or procedural losses observed during the extraction from
the spiked samples.

Total Eu mass extraction recoveries varied depending on tissue type,
digestion time, and enzyme concentration used (Fig. 4a). In the case of
root samples, 24 h digestions using 10, 50, and 100 mg enzyme/sample
resulted in recoveries of 18.6 & 3.1 %, 24.0 & 2.3 %, and 29.9 4+ 2.0 %,
respectively, with slight increase observed when extending the digestion
time to 36 h. For stem samples, the highest recovery of 30.2 & 10.0 %
was achieved with 50 mg enzyme/sample after 24 h digestion, whereas
both lower and higher enzyme concentrations, as well as prolonged
digestion to 36 h resulted in lower recoveries. For leaf samples, 24 h
digestion with 10 mg enzyme/sample resulted in a recovery of 17.3
+ 10.1 %, which further decreased to 5.2 & 6.1 % as the enzyme con-
centration increased. However, 36 h digestion at 50 mg enzyme/sample
significantly improved recovery to 69.8 + 22.8 %, which may be influ-
enced by an outlier sample, as the bioaccumulation of NPs in plants is
known to be heterogeneous and typically follows a clustered distribution
pattern (Sahai et al., 2024). Fruit samples showed high apparent re-
coveries already after 24 h of digestion (ranging from 66.1 + 3.5 % to
79.6 £ 23.6 %). However, after 36 h, the recoveries exceeded 160 %
across all enzyme concentrations. This anomaly may be explained by the
results from spiked fruit samples, where recoveries reduced by half after
36 h (40 — 60 %) as opposed to 24 h (100 — 110 %, see Fig. 2). When
these reduced recoveries are used to calculate correction factors for total
Eu mass extraction recoveries, they can result in recoveries in exposed
fruits exceeding 100 %. Given that nearly 100 % recovery was achieved
in spiked fruit samples after 24 h, prolonged digestion (36 h) appears
unnecessary for fruit.

This discrepancy between the high recoveries observed in spiked
samples and the lower recoveries in exposed samples is likely attribut-
able to differences in NP localization within the plant matrix. In spiked
samples, NPs are predominantly associated with the surface of the
biomass, making them readily accessible to enzymatic digestion and
subsequent release. In contrast, in exposed samples, NPs are biologically
incorporated into plant tissues, where they may become potentially
trapped within complex lignocellulosic structures or intracellular com-
partments. Two possible mechanisms may account for the reduced re-
coveries in exposed samples. First, a fraction of the NPs may remain
associated with undigested plant residues that are removed during the
post-digestion settling step. This suggests that, although enzymatic
digestion partially disrupts the plant matrix, it may be insufficient to
fully liberate particles embedded within recalcitrant structural compo-
nents. In this context, repeated or sequential extraction steps could be
explored to improve particle release. Second, the enzymatic activity of
Macerozyme R-10 alone may be inadequate to achieve complete tissue
digestion. It is therefore important to emphasize that these data repre-
sent only the extractable fraction of Eu-PS NPs and thus likely under-
estimate the total amount of Eu-PS NPs bioaccumulated in the exposed
tomato tissues. Future work should therefore investigate alternative
alkaline treatments using TMAH, which has been shown to efficiently
release NPs from biological tissues (Li et al., 2021b, 2023; Lai et al.,
2025), or complementary enzyme systems, including combinations of
cellulases, hemicellulases, lignin-degrading enzymes, and proteases (e.g.,
proteinase K), to enhance matrix degradation and improve nanoparticle
extraction efficiency. It is also important to note that the recovery values
reported here refer to total Eu mass concentration, which includes
nanoparticulate-associated Eu fraction, representing intact Eu-PS-NPs,
and ionic Eu fraction present in the sample as a result of Eu leaching
from NPs. Calculating mass fraction of ionic Eu in the extracts of exposed
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tomato samples revealed that the vast majority of Eu detected was
present in ionic form, with only a minor and highly treatment-dependent
fraction remaining associated with intact NPs (Fig. 4a). In root samples,
the ionic Eu fraction ranged from 75.8 + 3.1 % after 24 h of digestion
with 10 mg enzyme/sample to 86.8 + 1.4 % after 36 h with 100 mg
enzyme/sample. Stem samples showed the lowest ionic Eu fraction after
24 h with 10 mg enzyme/sample (58.5 + 11.3 %), which increased to
72.9 + 3.2 % after 36 h with 50 mg enzyme/sample. Leaf samples
exhibited variable ionic Eu fraction, ranging from 71.6 £+ 35.4 % (24 h
with 100 mg enzyme/sample) to 86.2 + 1.3 % (36 h with 50 mg enzy-
me/sample). In fruit extracts, the ionic Eu fraction dominated, ac-
counting for 92.3 + 3.7 % after 24 h with 10 mg enzyme/sample, and
increasing to 97.1 + 0.9 % after 36 h with the same enzyme concen-
tration, leaving less than 7.7 + 3.7 % of Eu associated with intact par-
ticles. Neither enzymatic treatment itself nor sample drying at 60 °C
significantly contributed to the leaching of ionic Eu from Eu-PS-NPs, as
observed in spiked samples (Sections 3.2.3 and 3.2.4). Instead, the sig-
nificant presence of ionic Eu in exposed tomato samples likely results
from the leaching of bioaccumulated Eu-PS-NPs within the tissue during
plant exposure, further influenced by the tomato matrix. One of the
tissue-specific factors that may influence Eu leaching is pH. A moderate
inverse correlation was observed between the pH values of extracts from
exposed tomatoes (Table S9) and the ionic Eu mass fraction (r = -0.52),
suggesting that lower pH might contribute to Eu leaching, although it is
not the only influencing driver. Eu(Ill) chelates (e.g., Eu-NTA, p-diket-
onates) exhibit optimal stability at pH 6-8 but protonate and release free
Eu® * below pH 5 due to competition from H* ions (Kokko et al., 2007).
Finally, a multifactor ANOVA, including factors such as tissue type,
digestion time, enzyme concentration, and pH, revealed that tissue type
alone accounted for more than 70 % of the explained variance in ionic
Eu mass fractions (SS = 1.393; F = 17.6; p < 0.0001). It is, however,
important to keep in mind that this tissue-specific variance itself is a
result of different compositional profiles and tissue pH. Furthermore, the
substantial leaching observed in our samples can be attributed to the
architecture of NPs employed in this study. As described in Section 2.1,
the particles used here are manufactured such that metal tracer is pre-
sent as an organic chelate dispersed within the PS matrix and enriched
toward the particle periphery, where carboxyl groups are located,
effectively yielding a PS core with an Eu-rich outer layer (Liang et al.,
2015). Particle integrity can be further verified using scanning or
transmission  electron  microscopy (STEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) to reveal the spatial distri-
bution of Eu, or by monitoring fluorescence quenching of Eu-chelates,
which serves as an in-situ indicator of label dissociation (Weissman,
1942). This structural arrangement leaves the Eu chelate relatively
exposed and susceptible to protonation under acidic conditions (Kokko
et al., 2007), which can promote dissociation and leaching in biological
environments, such as the acidic tissues of tomato fruits. These findings
indicate that NPs labelled in this manner are not suitable as quantitative
tracers in acidic biological matrices or for long-term exposure experi-
ments, as the metal signal may no longer reliably represent the polymer
particle. To avoid desorption, an alternative and more robust approach
is the fabrication of an MNP containing an entrapped metal in a core—
shell structure. In such designs, a metal-rich core is fully encapsulated
within a polymer shell, preventing direct interaction between the metal
and the surrounding environment (Mitrano et al., 2019). This configu-
ration enables higher metal loading per particle and has been shown to
exhibit minimal leaching in water and simple media (Crosset-Perrotin
et al., 2025). Nevertheless, the possibility of metal leaching from cor-
e-shell NPs within complex plant tissues has not yet been conclusively
excluded. Given that plant and food matrices are often acidic and rich in
organic ligands, optimal tracer designs would ideally involve deeply
encapsulated labels—for example, europium complexes covalently fixed
within a silica core and protected by an outer polymer shell—or be
complemented by polymer-specific analytical techniques, such as
pyrolysis-GC-MS, to independently verify NP fate.
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The absolute values for particle number concentration (particles/kg)
extracted from exposed tomato samples also exhibited tissue-specific
responses to enzyme concentrations and digestion times (Fig. 4b). In
root samples, a 24 h digestion with 10 mg enzyme/sample yielded the
highest particle number concentration of 5.64 x 1012 + 4,12 x 10!
particles/kg, which declined with increasing enzyme concentration.
Extending the digestion to 36 h at the same enzyme concentration
further increased the particle number concentration to 7.58 x 102 +
1.33 x 10! 2 particles/kg, while higher enzyme concentrations also led
to a reduction in particle number. In stem samples, the particle number
concentration after 24 h of digestion with 10 mg enzyme/sample was
1.35 x 10 ' ° £ 3.76 x 10°, with no significant changes observed upon
extending the digestion time or increasing the enzyme concentrations.
The particle number concentration extracted from exposed leaf samples
showed a time-dependent trend, ranging from 2.04 to 5.90 x 10° par-
ticles/kg after 24 h of digestion and increasing to 6.96-8.53 x 10°
particles/kg after 36 h, suggesting that extended digestion can help
mitigate enzyme-induced particle loss in waxy or cuticle-rich leaf
matrices. In fruit samples, particle number concentrations were uni-
formly low (1.47-2.48 x 10° particles/kg), with no significant variation
observed across different enzyme concentrations or digestion durations.
The particle mass concentrations of Eu-PS-NPs extracted from exposed
tomato samples exhibited similar trends to those observed in particle
number concentrations, with tissue-specific variations in response to
enzyme concentrations and digestion times (Fig. 4c).

Moreover, the median particle diameters and median particle masses
of the extracted Eu-PS-NPs were compared to those of the Eu-PS-NPs
aqueous suspension (Fig. 4d and e). In root samples, median diameters
ranged from 90.8 % to 92.6 % across all enzyme concentrations and
digestion times, with corresponding median particle masses between
74.8 % and 79.4 % of the standard. Similarly, NPs extracted from stem
samples exhibited median particle diameters ranging from 91.3 % (after
24 h with 10 mg enzyme/sample) to 94.0 % (after 36 h with 100 mg
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enzyme/sample), with corresponding median particle mass recoveries
between 76.0 % and 82.9 %. Furthermore, leaf samples contained par-
ticles with median particle diameters spanning from 91.9 % (24 h with
50 mg enzyme/sample) up to 96.9 % (36 h with 100 mg enzyme/sam-
ple) and median particle masses ranging from 77.7 % to 91.1 %. In
contrast, particles extracted from exposed fruit samples exhibited the
most pronounced reduction in both median particle diameter and mass.
Median diameter decreased from 86.3 % (after 24h with 10 mg
enzyme/sample) to as low as 82.3 % following 36 h digestion with
50 mg enzyme/sample. Similarly, median particle masses decreased
from 64.4 % to 55.8 %. Particle sizes detected in both spiked and
exposed tomatoes were smaller than those in the standard solutions,
with a more pronounced reduction in the exposed samples (Fig. 5),
indicating a stronger impact on particle integrity during bio-
accumulation in tomato tissues. This reduction may be attributed to the
partial leaching of Eu from the chelated PS-NPs, leading to decreased
particle signal intensity in spICP-MS measurements and, consequently,
smaller calculated particle mass and diameter. A Pearsons correlation
analysis between the median particle diameter and mass fraction of ionic
Eu reveals a moderate negative correlation, with a coefficient of —0.71.
Similarly, a coefficient of —0.69 is observed between the median particle
mass and the ionic Eu fraction, demonstrating that the leaching of Eu
from Eu-PS-NPs is moderately responsible for the reduction in both
particle mass and diameter observed in exposed tomato samples. The
reduction in particle size and mass was particularly notable in exposed
fruit samples (Fig. 5d), further confirming the increased Eu leaching
from NPs in this tissue, most likely due to the acidic nature of the fruit
matrix. Furthermore, exposed samples exhibited a greater number of
larger particles compared to both standard Eu-PS-NPs and those
extracted from spiked samples, further highlighting the heterogeneous
nature of NPs bioaccumulation in plants, which typically follows a
clustered distribution pattern.
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Fig. 5. Number-based particle size distribution of Eu-PS-NPs extracted from spiked and exposed tomato samples, compared to the particle size distribution of Eu-PS-
NPs standards prepared in water solution. Distributions in roots (a), stems (b), leaves (c), and fruits (d) were obtained under optimized extraction conditions. h = h;

mg = milligrams; nm = nanometers.
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3.3.2. Effect of post-digestion pH adjustment on the extraction efficiency

The pH of the extraction medium can influence the stability of the
Eu-PS-NP (Sections 3.1 and 3.2.1), which ultimately affects their re-
covery. For instance, the pH of extracts from exposed tomato samples
varied noticeably depending on enzyme concentration and digestion
time across different tomato tissues (Table S9). Increasing enzyme
concentration led to a drop in pH, with the most significant changes
observed in root and leaf samples. For example, in root tissue, the pH
decreased from 6.24 at 10 mg enzyme/sample to 5.47 at 100 mg
enzyme/sample after 24 h digestion, while in leaves, it reduced from
6.61 to 4.80 under the same conditions. Fruit samples also exhibited
lower pH values across all treatments (pH 4.94-4.86), likely due to their
naturally higher acidity. These findings suggest that, in addition to the
selected citrate buffer pH, enzyme concentration significantly affects the
pH environment during digestion, which in turn may impact the effec-
tiveness of NPs recovery from different tomato tissues. To test this hy-
pothesis, exposed tomato samples were subjected to an additional post-
digestion pH adjustment step, where the pH of the digested samples was
adjusted to 7.0 + 0.2 before collection of the supernatant. Overall, pH
adjustment had no significant impact on the extraction of Eu-PS-NPs
compared to non-adjusted samples (Tables S10 and S11). In some
treatment groups, recovery was even reduced. Although slight im-
provements were observed in some instances (e.g., fruit samples), these
increases were not statistically significant due to intra-replicate
variability.

All previously reported recoveries were obtained from samples
extracted using a citrate buffer at pH 6.5, selected based on the optimal
pH for NPs stability (Section 3.2.1), despite the optimal activity of
Macerozyme R-10 being reported at pH 4.0. To evaluate whether the
starting pH limited plant digestion efficiency and contributed to lower
extraction recoveries of Eu-PS-NPs from exposed tomato samples,
additional exposed stem samples were digested using citrate buffer at pH
4.5 and analyzed by spICP-MS. Adjusting the citrate buffer pH to 4.5 did
not enhance the extraction efficiency; instead, it resulted in a significant
decrease in the particle number and mass concentration of Eu-PS-NPs
recovered from the exposed stem samples compared to those extracted
with citrate buffer at pH 6.5 (Table S12).

4. Conclusions

This study provides valuable methodological insights into the anal-
ysis of metal-labelled NPs in plants, importantly contributing to
advancing the understanding of plant exposure and responses to NPs. As
more evidence emerges demonstrating the bioaccumulation of MNPs in
plants, it becomes imperative that suitable analytical methodologies are
developed capable of performing selective, sensitive, and quantitative
analysis of NPs inside plant tissues. This study presents an analytical
procedure for quantifying Eu-labelled PS NPs in different tomato tissues,
combining enzymatic extraction with spICP-MS analysis. Systematic
optimization of the extraction conditions using spiked tomato samples
revealed that optimal extraction conditions are highly tissue-specific,
and that prolonged digestion times or higher enzyme concentrations
generally do not improve extraction efficiency. The extraction of Eu-PS-
NPs from exposed tomato samples was also highly tissue-specific, with
total Eu mass recoveries significantly lower than those observed in
spiked samples. In spiked samples, most Eu was associated with NPs,
with only about 10 % present as ionic Eu, comparable to the standard
Eu-PS-NPs suspension, whereas in exposed tomato samples, Eu was
mainly ionic (up to 97 % in fruits), indicating extensive leaching within
the plant, while digestion parameters had minimal impact.

These differences between spiked and exposed tomato samples
highlight two critical considerations for quantitative spICP-MS analysis
of metal-labelled NPs bioaccumulated in plants. First, extraction re-
coveries based on the evaluation of total Eu mass concentration and
derived solely from spiked control samples can misrepresent actual
extraction efficiency from exposed tomato tissues. Evaluation of ionic Eu

11

Ecotoxicology and Environmental Safety 311 (2026) 119873

content and matrix-specific correction factors is therefore essential for
reliable interpretation of the results. Second, these results highlight the
importance of developing metal tracers for NPs that remain embedded
within the polymer matrix and stable within plant tissue, ensuring their
reliable use as digestion protocols require a balance between achieving
complete tissue breakdown while preserving NPs' integrity. Particle ar-
chitectures such as those employed in this study, in which the Eu chelate
is embedded within the polymer matrix but preferentially enriched in an
outer shell, are susceptible to substantial tracer leaching when exposed
to acidic biological matrices over extended periods. This susceptibility
limits their suitability for quantitative applications under such condi-
tions. Future studies should therefore investigate more robust tracer
designs, such as covalently bound labels or well-defined core-shell
lanthanide architectures, to enhance tracer stability. Single-particle ICP-
MS remains a powerful analytical technique, as it provides number-
based particle concentrations and size information with very low
detection limits. However, complementary polymer-specific methods,
such as pyrolysis GC-MS, can be used to quantify the nanoplastic itself,
acknowledging that it lacks direct information on particle size or num-
ber, and is therefore best applied alongside particle-resolved approaches
such as asymmetric flow field-flow fractionation (AF4) or nanoparticle
tracking analysis (NTA). Future research should explore alkaline treat-
ment or alternative enzyme combinations, such as mixtures of cellulase,
hemicellulase, ligninase, proteinase-K, or other proteases, in an attempt to
enhance extraction efficiency, as well as prioritize tissue-specific
extraction protocols, accounting for variations in anatomical structure,
biochemical composition, hydration level, and nanoparticle-matrix in-
teractions. It should be noted that the uptake and tissue distribution
patterns reported here are specific to Eu-PS NPs with the particular size
and surface chemistry employed in this study, and should not be directly
extrapolated to uncoated or differently functionalized PS nanoparticles,
which may exhibit substantially different aggregation behaviours and
bioreactivities. Future investigations should include comparative
studies of other metal-doped, uncoated, and alternatively surface-
modified PS NPs (including both metal- and organic-functionalized
variants) to distinguish effects attributable to the tracer from those
inherent to the polymer itself.
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