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Nanoplastics (NPls) have been recognized as emerging persistent toxic particulates in aquatic environments

and their interactions with biota pose growing ecological concerns. Yet, the mechanisms governing their

cellular association and resulting toxicity remain poorly resolved because population-level assays obscure

the inherent variability among individual cells. Here, we integrate single-cell inductively coupled plasma mass

spectrometry (SC-ICP-MS) with Gaussian mixture modelling (GMM) to quantify the dynamic heterogeneous

association of Eu-doped polystyrene nanoplastics (Eu-doped NPls) with the model microalga Chlorella

vulgaris. The GMM analysis identified distinct subpopulations exhibiting variable particle association that shift

dynamically with exposure time and concentration. Across exposures of 5–20 mg L−1, GMM analysis revealed

that the majority of microalgal cells (35–65%) belonged to low-association clusters, whereas only a small

fraction (0–10%) exhibited high NPls association, with pronounced temporal and concentration-dependent

shifts in subpopulation structure. A generalized linear model (GLM) further demonstrated that these high-

burden subpopulations disproportionately account for observed growth inhibition, increasing from 12.75% at

5 mg L−1 to 39.34% and 43.05% at 10 and 20 mg L−1, respectively. Synchrotron-based nano X-ray

fluorescence (nano-XRF) provided spatial evidence consistent with particle localization within or closely

associated with algal cell, while physiological endpoints (chlorophyll-a content, CO2 fixation, ROS, and MDA

levels) validated the toxicity trends. This integrative single-cell and unsupervised machine-learning modelling

framework provides quantitative evidence that stochastic, heterogeneous interactions underpin NPls toxicity

in microalgae. The approach offers a transferable analytical paradigm for elucidating the fate and effects of

persistent plastic pollutants in aquatic ecosystems.

1. Introduction

Discarded mismanaged plastic waste are prone to be exposed
to physical and chemical degradation in the environment,
eventually fragmenting into microplastics (MPls, <5 mm) and
nanoplastics (NPls, <1 μm), both of which are increasingly
categorized as persistence toxic substance (PTS).1–4 Although
not all plastics fully degrade to the nanoscale, fragmentation
can generate extremely high particle numbers; for instance, a
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Environmental significance

Nanoplastic toxicity in aquatic systems is often assessed using population-level measurements, which can obscure important variability among individual
cells. Using single-cell ICP-MS, this study reveals heterogeneous association of europium-doped polystyrene nanoplastics (Eu-doped NPls) within the
freshwater microalga Chlorella vulgaris, a key primary producer in aquatic food webs. Unsupervised Gaussian mixture modelling identifies dynamically
shifting cellular subpopulations with distinct NPls burdens. Generalised linear modelling further demonstrates that a small fraction of highly burdened
cells disproportionately contributes to growth inhibition. By integrating single-cell measurements with data-driven analysis, this work provides new insight
into how NPls interact with microalgal populations and highlights the importance of cellular heterogeneity in assessing the ecological risks of persistent
NPls pollution.
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single consumer product has been shown to release up to 17
billion NPl particles.5 Their nanoscale size gives NPls the ability
to interfere with fundamental biological processes down to the
cellular level, promoting bioaccumulation and a potential to
reach humans through trophic transfer. This bioaccumulation
may potentially generate a threat to human health through the
consumption of aquatic-derived food products. For example, a
recent study has reported that at least 2 mg of NPls is ingested
annually by European citizens through seafood consumption.6

Microalgae are one of the most important unicellular
organisms in aquatic ecosystems, as they are involved in many
biogeochemical cycles and play a significant role as primary
producers in the aquatic food chain. The impact of NPls
exposure to microalgae has been recognised widely, ranging
from growth inhibition, morphological damage, reduced
photosynthetic ability as well as cellular oxidative stress.7,8

However, there are limited studies addressing the quantitative
association of NPls with microalgal cells, which is essential for
elucidating the mechanistic link between particle–cell
interactions and cellular toxicity. The lack of quantitative data
is largely due to most conventional particle-tracking techniques
struggling at the relevant size and concentration ranges of
NPls.9 Additionally, the inherent similarity of most plastic
polymer materials to naturally occurring biochemicals such as
proteins and biopolymers, adds to the difficulty of a practical
determination of their impact.10 Techniques such as
fluorescence microscopy and flow cytometry rely on intrinsic or
post-staining dyes prone to photobleaching, algal
autofluorescence, and dye transfer, while vibrational
spectroscopy (μ-FTIR, Raman) and bulk mass-spectrometric
methods (Py-GC-MS, TG-GC-MS) provide polymer identification
or quantification but lack the spatial resolution and single-cell
sensitivity to reveal population heterogeneity.11–13

A practical way around this analytical limitation is to use
metal-doped NPls. Embedding trace amounts of an element
that has a minimum background in natural waters to the NPl
particle, favours its detection using inductively coupled
plasma mass spectrometry (ICP-MS). More importantly,
coupling the same tracer concept to single-cell ICP-MS
(SC-ICP-MS) allows counting of metal-labelled particles in
individual cells. For instance, a recent study reported that
more than 60% of Pseudokirchneriella subcapitata cells had
an association with europium (Eu)-doped NPls after exposure
for 72 h.14 Another study revealed that Cryptomonas ovata
and Cryptomonas ozolini cells associated with aggregates of
palladium (Pd)-doped NPls.15

Heterogeneous cellular association profiles of
nanoparticles (NPs), including NPls, where most cells
internalise few or no particles while a minority accumulate
disproportionately high loads, has been reported in a few
recent studies.16–18 Such sub-population variability is critical
because cells with elevated intracellular particle content, even
when they represent only a small fraction of the total cell
count, could lead to population level effects.19 At the same
time, population-averaged measurements can hide the true
toxic potential of NPls, underestimate hazard, and obscure

mechanistic insight. Resolving these hidden subpopulations
by combining SC-ICP-MS with data-driven clustering
approach such as Gaussian mixture model (GMM) provides a
more accurate picture of distribution, recognises cellular
toxicity, and enables predictive models that link cellular
heterogeneity to bulk-scale effects.

GMM is an unsupervised machine learning based on
probabilistic clustering method that assumes the data are
generated from a mixture of multiple Gaussian distributions,
each representing a cluster. These clusters are interpreted as
subpopulations that have a different level of NPls association
on a per-cell basis. Unlike hard-threshold methods, GMM
offers a flexible, data-driven approach that accounts for
overlapping distributions and allows for soft classification of
cells.20 This is particularly advantageous for biological systems,
where variability and heterogeneity are inherent, and where
subpopulations may not be cleanly separable.21,22 By modelling
the distribution of association intensities, GMM enables more
understanding of how NPls burden varies across individual cells
and how these distributions evolve under different exposure
conditions. The resulting subpopulation patterns can then be
explored in relation to population-level growth inhibition via a
generalised linear model (GLM).

Herein, a novel integrative single-cell framework was
presented to elucidate the dynamic and heterogeneous
association of NPls with microalgae cells. Europium doped
polystyrene NPls (Eu-doped NPls) were used as the model NPls
in this study, taking advantage of the low natural abundance of
Eu and its high sensitivity detection by mass spectrometry.
Polystyrene (PS) was purposively chosen since it is one of the
most widespread plastics in the environment and is supported
by substantial body of existing research.23 The freshwater green
algae Chlorella vulgaris (C. vulgaris) was chosen as a model
unicellular organism due to its widespread ecological
niche.24,25 Single-cell mass-spectrometric quantification of Eu-
doped NPls was integrated with Gaussian-mixture clustering
(GMM) and generalized linear modelling (GLM) to decipher
how distinct microalgal subpopulations relates to the overall
growth-inhibition response. By supplying the first detailed
quantitative cell-association for NPls in microalgae, this study
adds critical knowledge and offers parameters that will
improve understanding of risks posed by NPls pollution in the
aquatic environment.

2. Materials and methods
2.1 Chemicals and reagents

All chemicals and reagents in this study were of
analytical grade. Styrene (98%), potassium persulfate
(KPS), sodium dodecyl sulfate (SDS), acetoacetyl
methylmethacrylate (AAEM) europium(III) nitrate
hydrate, hydrogen peroxide (H2O2, 30%), nitric acid
(HNO3, 70%), concentrated sulfuric acid (H2SO4),
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA),
trichloroacetic acid (TCA), 2-thiobarbituric acid
(TBA), glutaraldehyde solution (25%), bovine serum
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albumin (BSA), phenol, and glucose were supplied
from Sigma Aldrich (Gillingham, UK). Phosphate-
buffered saline (10× PBS), ethanol (99.8%,
analytical grade), and methanol (99.8%, analytical
grade) were obtained from Thermo Fisher Scientific
(Gloucester, UK). The Bio-Rad protein assay dye
reagent concentrate was obtained from Bio-Rad
(Watford, UK).

2.2 Microalgae cultivation

The green microalgae C. vulgaris (CCAP 211/11B) used in this
study was obtained from Culture Collection of Algae and
Protozoa (CCAP, UK). Cultures were grown in sterilized Bold's
basal media (BBM), with the detailed composition provided
in Table S1. Stock cultures were maintained in 1 litre (L)
flasks and cultivated in a plant growth chamber at 22 °C
under 4800 lux illumination with a 16 : 8 h light–dark cycle.
Continuous aeration was provided by bubbling air through a
0.25 μm syringe filter (Whatman, UK) to keep the cells in
suspension, and the flasks were shaken at least once daily to
prevent sedimentation. Cell density was manually determined
using a counting chamber under a light microscope.
Additionally, the optical density (OD) of the cultures was
measured at 680 nm using a UV-visible spectrophotometer
(Shimadzu, Japan) and correlated linearly with cell density
(R2 = 0.99) to facilitate quantification (Fig. S1). Cultures were
renewed every 6–7 days during the exponential phase to
maintain the stock.

2.3 Eu-doped NPl characterisation in culture media

Eu-doped polystyrene NPls were synthesized by doping Eu
into their structure, as described in a previous study26 and
provided in Text S1. In this synthesis batch, the Eu loading
per particle was estimated by combining particle number
measurements from single-particle ICP-MS (SP-ICP-MS) with
bulk Eu mass quantification by ICP-MS. Eu-doped NPls were
dispersed in deionized water (DIW) containing 0.1 wt% SDS to
minimize particle aggregation. Suspensions were prepared at
nominal concentrations of 5, 10 and 20 mg L−1 and sonicated
in a bath sonicator for at least 40 min to ensure
homogeneous dispersion. Each suspension was then divided
into two aliquots: one for particle number determination by
SP-ICP-MS and the other for complete digestion followed by
ICP-MS analysis to quantify total Eu mass. The estimated Eu
loading per particle was subsequently calculated by dividing
the measured Eu mass concentration with the corresponding
particle number concentration. Because this calculation is
based on the Eu-bearing particle events detectable under the
applied analytical conditions, the resulting value is
interpreted here as an operational, event-based estimate for
the analytically resolved particle population.

To assess the particle morphology, a stock solution (1000
mg L−1) was prepared in DIW and stored at
4 °C. Transmission electron microscopy (TEM) was used to
characterize the size and morphology of the Eu-doped NPls.

To assess stability of Eu-doped NPls in BBM, the stock
solution was diluted to 10 mg L−1 in BBM and aged for seven
days under constant shaking (120 rpm) at room temperature
(22 °C). Daily aliquots were analysed for hydrodynamic size
and zeta potential using dynamic light scattering (DLS) with
a Zetasizer Nano ZS (Malvern Instruments Ltd., UK).
Measurements were performed using disposable cuvettes
with approximately 1 mL sample volume, and samples were
analysed without dilution. Hydrodynamic size was
determined from seven independent replicates with 20 runs
per replicate, while zeta potential measurements were
conducted in triplicate with 50 runs per replicate.
Additionally, Eu leaching was monitored by filtering aliquots
through a 20 nm Whatman syringe filter, followed by leached
Eu quantification using ICP-MS analysis.

2.4 Experimental setup

The toxicity of Eu-doped NPls to C. vulgaris cells was
evaluated using an algal growth inhibition test based on
OECD 201 guidelines with slight modifications.27 In brief,
Eu-doped NPls were first dispersed in 250 mL of sterile BBM
in Erlenmeyer flasks to achieve final concentrations of 5, 10
and 20 mg L−1. These concentration ranges simulate a
scenario in which NPl levels could increase up to 1014 times
the current concentration of MPls and to enable mechanistic
investigation and ensure sufficient signal for single-cell
analytical detection.28 Prior to the growth inhibition test,
each flask was sonicated for at least 10 minutes to ensure
homogeneous dispersion. Pre-cultured C. vulgaris cells in
their exponential phase were then inoculated into each flask,
including the negative control (without Eu-doped NPls), at an
initial cell density of 1 × 106 cells per mL. The growth
inhibition test was performed over a 72 h period in a growth
chamber maintained at 22 °C under 4800 lux illumination
and a 16 : 8 h light–dark cycle. First order nonlinear kinetic
model was used to assess the cells growth rate under
different range of Eu-doped NPls concentration and
inhibition rate (IR) was calculated by comparing the cells
count to control group (Text S2).

2.5 Determination of cellular association using ICP-MS and
SC-ICP-MS

The uptake of Eu-doped NPls by microalgal cells was
quantified by measuring the amount of Eu in the
supernatant (representing the remaining NPls) and pellet
(representing the biomass of C. vulgaris) using ICP-MS in
KED mode and in individual cells (representing associated
Eu-doped NPls) using SC-ICP-MS. Measurements were
conducted at 24, 48 and 72 h for each treatment. Briefly,
biomass from each experimental flask was collected at each
sampling time and centrifuged at 3600g for 10 min. The
supernatant was then collected and digested with
concentrated nitric acid for quantification of the remaining
Eu-doped NPls using ICP-MS (PerkinElmer Inc., UK); detailed
digestion protocols can be found in Text S3. The cell pellet
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was washed three times with 10× PBS to remove any loosely
bound Eu-doped NPls and subsequently resuspended in 10
mL of 10× PBS. The obtained cell pellet was digested to
determine the bulk Eu-doped NPl association and partly
redispersed in DIW for further SC-ICP-MS analysis
(PerkinElmer Inc., UK). The number of cells detected by
SC-ICP-MS was compared to the total cell count obtained
manually using counting chamber, following established
algal enumeration methods.14 Detailed operational
parameters for both ICP-MS and SC-ICP-MS are provided
in Tables S2 and S3, respectively.

Eu events in SC-ICP-MS were identified using a 3σ
threshold above the background signal, where the event
threshold was defined as the mean background signal plus
three times the standard deviation of the baseline noise,
following commonly used event-discrimination approaches
in SC- and SP-ICP-MS.29–31 Under the acquisition conditions
used in this study, this corresponded to a signal threshold of
1.01 counts per dwell, which was applied to
distinguish true Eu events from background
fluctuations. The mass-equivalent detection limit for Eu was
then estimated by converting the instrumental signal
threshold to mass using the calibration slope applied in the
SC-ICP-MS data processing workflow.32 Based on this
approach, the event-level detection limit was estimated to be
approximately 45 ag Eu per event. The detailed calculation is
provided in Text S4.

2.6 Computational and statistical modelling

To resolve heterogeneity in single-cell association data,
Gaussian mixture models (GMM) were applied to Eu mass
distributions obtained from SC-ICP-MS. The optimal number
of clusters/subpopulations was determined by the Bayesian
information criterion (BIC), and cluster weights were used to
describe the relative abundance of subpopulations across
exposure conditions. To link subpopulation structure with
population-level toxicity, a generalised linear model (GLM)
was developed using dose, exposure time, and selected
GMM-derived cluster proportions as predictors of growth
inhibition. Model quality was evaluated by Akaike
information criterion (AIC), root-mean-square error (RMSE),
and pseudo-R2. All modelling and visualization were
performed in R (version 4.5.0) using mclust and glm
packages. Detailed parameter settings, and diagnostics are
provided in Text S5 and S6.

2.7 Synchrotron-based nanoscale X-ray fluorescence imaging

For detailed nanoscale elemental mapping and
chemical imaging, synchrotron radiation X-ray
fluorescence (nano-XRF) was employed to probe the
Eu localization within the cells exposed to Eu-doped NPls. In
this study, fixed and dehydrated samples were prepared by
mounting them onto 5 × 5 mm2 silicon nitride (Si3N4)
membranes (Silson Ltd., Warwickshire, UK). XRF scanning
was then performed at the I14 Hard X-ray Nanoprobe

beamline at Diamond Light Source (UK) using a finely focused
50 × 50 nm beam, an incident energy of 9 keV, and a
four-element silicon drift detector (SGX-Ray Spec, UK), as
described elsewhere.33 High-resolution XRF maps were
acquired by raster scanning the sample through the X-ray
focus, using a 50 nm step size with 15 ms dwell time over 10
μm size areas. The PyMca suite was employed for batch fitting
and pixel-by-pixel background subtraction, and additional
image processing was performed using ImageJ software.34

2.8 Growth and physiological endpoint analysis

2.8.1 Determination of chlorophyll-a and CO2 uptake rate.
To evaluate the photosynthesis performance of the Eu-doped
NPls-exposed and unexposed C. vulgaris cell, chlorophyll-a
(Chl-a) determination was performed following previously
described protocols using a methanol extraction method.35 The
Chl-a was recorded daily at 24, 48 and 72 h. Accordingly, at the
end of exposure test, CO2 uptake rate was also determined by
measuring the productivity of the biomass and elemental
carbon.36,37 The detailed protocol for both Chl-a measurement
and CO2 uptake is outlined in Text S7 and S8.

2.8.2 Cellular stress and soluble EPS biochemical
responses. Intracellular reactive oxygen species (ROS) was
measured at 24, 48 and 72 h using the fluorescent dye
H2DCFDA and reported as percentage by comparing to
control.38 The complete protocols for ROS measurement
provided in Text S9. Lipid peroxidation was determined by
measuring malondialdehyde (MDA) equivalents at 24, 48,
and 72 h (Text S10), according to a previously described
method.39 Here, soluble EPS were quantified as dissolved
organic carbon (DOC) using a TOC analyzer (Model TOC-L,
Shimadzu).40 Additionally, the protein content of the soluble
EPS was measured using the BSA assay,41 and the
carbohydrate content was determined using the phenol-
sulphuric acid assay.42 The detailed procedure for soluble
EPS measurement and protein-to-carbohydrate ratio is
described in the Text S11. ATR-FTIR (PerkinElmer Inc.
Instruments, UK) was further used to examine the changes in
surface chemistry of the exposed and unexposed cells (Text
S12). To complement the results, at the end of the exposure
test, scanning electron microscope (SEM) (Carl Zeiss Inc.,
UK) analysis was performed to examine changes in the
morphology of microalgal cells upon exposure to Eu-doped
NPls (Text S13).

2.9 Statistical analysis

Data normality was assessed using the Shapiro–Wilk test.
Statistical comparisons were performed using one-way
analysis of variance (ANOVA) for parametric data or the
Kruskal–Wallis test for non-parametric data, both at a 5%
significance level. Statistical analyses were conducted using
SigmaPlot 15.0. Cluster analysis (subpopulation) and its link
to growth inhibition were modelled using Gaussian mixture
model (GMM) and generalised linear model (GLM) using R
(v4.5.0). Pearson correlation of pixel-wise nano-XRF data
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was conducted to analyse the elemental colocalization
using R (v4.5.0).

3. Results and discussion
3.1 Eu-doped NPls characterization in Bold's basal media
(BBM)

The synthesis batch of Eu-doped NPls produced particles
with consistent Eu incorporation. Based on combined
SP-ICP-MS particle number measurements and bulk Eu
quantification by ICP-MS after digestion, the calculated
Eu content was 0.86 ± 0.06 μg Eu per mg NPls,
corresponding to an estimated Eu loading of 13.02 ±
2.68 ag Eu per particle. This estimate is directly linked

to the Eu-bearing particle events resolved by SP-ICP-MS
and is therefore used here as the primary analytical
estimate of particle-associated Eu loading. The
calculation procedure used to estimate Eu content and
per-particle loading is summarized in Table S4.

To assess the particle behaviour in exposure media,
Eu-doped NPls were characterized in BBM over a period
of 7 days. A schematic overview of the particle system is
shown in Fig. 1A, illustrating the polymeric matrix with
doped Eu tracer. TEM revealed spherical, monodisperse
particles with moderate agglomeration (Fig. 1B), with a mean
particle diameter of 31.94 ± 4.17 nm (inset). DLS
measurements revealed that the Eu-doped NPls exhibited
moderate agglomeration upon dispersion in BBM, with

Fig. 1 Characterization of Eu-doped NPls in BBM. (A) Schematic illustration of the Eu-doped NPls system used in this study. Particles consist of a
polymeric matrix embedded with Eu tracer, enabling multimodal detection. (B) TEM image showing spherical NPls with moderate aggregation.
Inset: Size distribution histogram based on particle diameter measurements (n = 100), fitted with a Gaussian curve. (C) Changes in hydrodynamic
diameter of Eu-doped NPls over 7 days in BBM. Data presented as box plots with individual data points (n = 7). (D) Temporal changes in zeta
potential (mV) of Eu-doped NPls in BBM. Plot graphs represent mean ± standard deviation (SD) (n = 3).
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hydrodynamic diameter ranging from 151.55 ± 2.74 nm to
171.75 ± 14.24 nm over the period of 7 days (Fig. 1C). This
increase in size reflects weak interparticle interactions and
ionic strength effects in BBM. The discrepancy between the
primary particle size and the larger hydrodynamic diameter
can be explained by partial aggregation in suspension and
methodological differences where DLS measures the solvated,
intensity-weighted hydrodynamic size, including any loosely
bound corona, whereas TEM is performed under high
vacuum, so the hydration layer collapses and only the
dry-state core is imaged.

Simultaneously, the zeta potential values varied from
−14.94 ± 0.94 mV to −36.5 ± 2.01 mV (Fig. 1D) but generally
remained predominantly negative over the 7 days period in
BBM, indicating stable colloidal dispersion. However, a slight
decrease in magnitude after day 3 suggests potential surface
modification, aggregation, or interaction with media
components over time, which was due to the existing K+, Na+,
Ca2+, Mg2+ and PO4

3− in the medium. As these ions diffuse
into the electrical double layer, they compress the Debye
length and screen surface charge, invariably pushing the
charge toward zero. Additionally, no measurable release of
Eu was detected over the 7 days exposure period, confirming
that the Eu remained securely encapsulated within the PS
polymer matrix. This further confirmed that Eu-doped NPls
remained suspended and colloidally stable during the

exposure period, enabling reliable interaction with microalgal
cells in subsequent toxicity assays.

3.2 Eu-doped NPls association with C. vulgaris cells

3.2.1 Accumulation of Eu-doped NPl in C. vulgaris. A
first-order nonlinear kinetic model revealed that the growth
rate of C. vulgaris decreased with increasing Eu-doped NPl
concentrations, showing a clear dose-dependent inhibition
trend (Fig. S2A and B). No growth inhibition above 50% was
observed in this study, which aligns well with the reported 72
h EC50 of 19.9 mg L−1 for 50 nm NPls against C. vulgaris.43

The bulk weight of NPls accumulated in the C. vulgaris
biomass was then estimated from the linear mass correlation
between Eu and NPls (R2 = 0.99) (Fig. S3A). The exposure
concentrations used in this study (5–20 mg L−1) correspond
to approximately 3.7 × 1011–1.8 × 1012 particles L−1, based on
the particle number calibration obtained from SP-ICP-MS
measurements (Fig. S3B). These concentrations are higher
than currently reported environmental estimates for NPl in
aquatic systems. However, elevated concentrations were
intentionally employed in this study to facilitate measurable
NPl–cell interactions under controlled laboratory conditions
and to enable statistically robust single-cell ICP-MS analysis,
as commonly applied in mechanistic nanoparticle exposure
studies.44 The concentration of Eu-doped NPls in digested

Fig. 2 Bulk and cellular association of Eu-doped NPls with Chlorella vulgaris. (A) Total Eu-doped NPls concentration measured in pellet and (B)
supernatant of C. vulgaris during exposure, obtained by measuring Eu using ICP-MS. (C) The proportion of cells associated with Eu-doped NPls
obtained by SC-ICP-MS relative to whole cell population manually counted using counting chamber. (D) The weight proportions of each cluster derived
from GMM based on Eu mass distribution recorded from SC-ICP-MS. D1–D9 are arranged by concentration from top to bottom (5, 10, and 20 mg L−1)
and exposure time from left to right (24, 48, and 72 h). Plots graphs represent mean ± SD (n = 3). Bars with an asterisk indicate statistically significant
differences (* = p < 0.05, ** = p < 0.01, *** = p < 0.001) using one-way ANOVA followed by post hoc multiple comparison testing.
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C. vulgaris cells pellet and supernatant during growth
inhibition test is shown in Fig. 2A and B. The calculated
recovery rate of Eu-doped NPls was ranged from approximately
84% to 122% across the different exposure conditions and time
points (Table S5), which falls within the range commonly
reported for nanoparticle mass balance measurements.45

A relatively consistent proportion (50–70%) of the
Eu-doped NPls remained freely dispersed in the media,
suggesting that only one-third of Eu-doped NPls associated to
the algae in bulk. Interestingly, despite the ongoing cell
division and the continued presence of unbound NPls in the
supernatant, the biomass-normalised NPl burdens in the
pellet (3.5–5.7 μg mg−1) indicated an apparent decreasing
trend, although this trend was not statistically significant.
This suggests that newly formed cells did not substantially
increase overall particle uptake, potentially due to cellular
physiological responses involving enhanced soluble EPS
release, as evidenced by the statistically significant increase
in dissolved organic carbon (DOC) in the supernatant across
all concentrations and time points (Fig. S4A), reflecting
elevated soluble EPS production. The soluble EPS
composition also shifted in response to exposure, as reflected
by an elevated protein-to-carbohydrate (P/C) ratio (Fig. S4B),
indicating a metabolic reallocation towards proteinaceous
soluble EPS components that may chelate or bind Eu-doped
NPls. Secreted soluble EPS is often the first to interact
with foreign materials leading to stabilization (e.g.
through bio-corona formation), aggregation and
sedimentation of the particle, making it less available for
the newly divided cells.46

3.2.2 Quantitative association analysis using single-cell
ICP-MS. Following bulk-phase analysis, SC-ICP-MS was used
to resolve the extent and variability of Eu-doped NPl
association across individual algal cells. In this approach, Eu
events detected during SC-ICP-MS measurements were
interpreted primarily as arising from cell-associated Eu-doped
NPls. To evaluate the potential contribution of soluble EPS
to Eu-doped NPls aggregation, a control experiment was
performed in which Eu-doped NPls were incubated with
cell-free algal filtrate. After 24 h, the z-average particle size
increased significantly compared to suspensions in DIW
and BBM (Fig. S5A), indicating that soluble EPS can
promote particle aggregation. However, sequential washing
performed on a representative exposure condition showed
that most loosely associated Eu-doped NPls were removed
during the first PBS wash, while negligible concentrations
were detected in the second and third washes (Fig. S5B),
indicating effective removal of weakly bound particles prior
to analysis. Therefore, while EPS-induced aggregation may
occur in the exposure medium, the contribution of free
aggregates to the detected Eu events is expected to be
minimal. Accordingly, SC-ICP-MS signals are interpreted
conservatively as reflecting primarily cell-associated Eu-
doped NPls.

Control measurements were performed to evaluate
potential background Eu signals. Algal suspensions without

Eu-doped NPls produced no detectable Eu events, confirming
that algal cells themselves do not generate Eu spikes under
the measurement conditions. In addition, a particle-only
suspension analysed under identical SC-ICP-MS conditions
produced only a very small number of Eu events (<5 events
per acquisition; Fig. S6).

This observation is consistent with the estimated Eu
loading of the particles (13.02 ± 2.68 ag Eu per particle),
which is below the calculated SC-ICP-MS event detection
limit of 45 ag per event in this study. On this basis,
individual free-floating Eu-doped NPls would not be
expected to generate resolvable single-particle events, and
the few detected events in the particle-only control are more
likely to reflect transient aggregates or coincident entry of
multiple particles into the plasma. In contrast, samples
containing exposed algal cells generated hundreds to
thousands of Eu events, supporting the interpretation that
most Eu events detected in the exposure experiments arose
from cell-associated Eu-doped NPls, although a minor
contribution from residual particle aggregates cannot be
completely excluded.

The recorded cells number from the instrument indicated
number of cells positively contained Eu-doped NPls. This cell
number was then normalized to the whole population
number obtained via manual cells counting chamber.14 The
data revealed that Eu-doped NPls association with C. vulgaris
cells were both dose- and time-dependent (Fig. 2C). At 5 mg
L−1, roughly 53% of cells carried detectable Eu at 24 h, but
that fraction fell to 25% by 72 h. At 10 mg L−1 the initial
association was higher (69%) and likewise dropped to 31%
by 72 h, while at 20 mg L−1 a very large fraction (87%) of cells
was Eu-positive at 24 h, decreasing to 45% after 72 h. Similar
results have been reported for nanoparticle (NP) association
with cells, for instance, in a previous study less than 50% of
Pseudokirchneriella subcapitata cells were associated with gold
NPs after 72 h.47 Note that the SC-ICP-MS revealed the
cumulative association of NPls with the cells, which included
the tightly bound NPls as well as NPls that internalized into
the cells.

This continuous reduction of the proportion of Eu-doped
NPls associated cells can be explained by the growth dilution
effect of cell–particle over time. In actively dividing cells, any
associated particles would be partitioned between daughter
cells, suggesting that the particle load per cell is theoretically
halved in each generation.48 Although this phenomenon has
not previously been demonstrated in microalgae, analogous
mitotic dilution effects have been reported in other biological
systems and for different nanomaterials. Recent studies
showed that the uptake of NPls to human colorectal cancer
cell lines (HCT116) decreased after prolong exposure (up to 7
days) implying that cell proliferation outnumber the constant
particle concentration.49 This classical mitotic dilution has
been also observed in other studies examining other NPs
loading in cells. A study exposing silica NPs to human lung
fibroblasts (WI-38) showed a gradual decreased of total
accumulated particle in proliferating cells while in
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senescence (cell-cycle arrested), the cells loading remained
unchanged.50 Collectively, their findings emphasized that cell
division leads to redistribution of particle between each
generation, creating the wide cell-to-cell variance on a
stochastic association.16,47,51 This suggest that growth
dilution associated with cell division may also contribute to
heterogeneous NPls association dynamics in microalgae.

3.2.3 Modelling the subpopulation of cells associated with
Eu-doped NPls using Gaussian mixture model (GMM). The
Eu mass measured in a single event of SC-ICP-MS corresponds
to an individual algal cell, recorded as a function of elemental
mass distribution. Based on this dataset, a Gaussian mixture
model (GMM) was applied using an expectation–maximization
(EM) algorithm to identify distinct clusters within the
Eu-doped NPl-associated cell population. The estimated
proportion of each subpopulation across sampling time points
and nominal exposure concentrations is presented in Fig. 2D.
The detailed model summary and evaluation, including fitting
diagnostics and classification metrics, are provided in the
Table S6 and Fig. S7.

The model consistently identified at least three
subpopulations of associated cells across all doses and time
points, with two additional subpopulations appearing under
certain conditions. These were categorized by increasing Eu
mass depicting: subpopulation 1 (very low), subpopulation 2
(low), subpopulation 3 (moderate), subpopulation 4 (high),
and subpopulation 5 (very high), as seen in density plot (Fig.
S8). Most associated cells belonged to subpopulation 1,
suggesting that most algal cells carried only a small quantity
of Eu-doped NPls. In contrast, the subpopulation 5 appeared
only at the highest exposure concentration (20 mg L−1) after
24 h, indicating a supply-driven association mechanism
where elevated particle availability increases the likelihood of
early cell–particle interactions.

To provide an approximate interpretation of the Eu
signals in terms of particle burden, the mean Eu mass
associated with each GMM-derived cluster was converted to
particle equivalents per cell using the estimated average Eu
loading of the synthesized Eu-doped NPls. Across
treatments, the cluster mean masses spanned approximately
50 to 2650 ag Eu per cell, corresponding to roughly 4 to 200
particle equivalents per cell, indicating substantial
heterogeneity in NPls association among individual cells. An
order-of-magnitude estimation indicates that even in the
highest-burden subpopulation, the total volume of
associated Eu-doped NPls represents only a very small
fraction of the algal cell volume (∼10−4%), assuming an
algal cell size of 3–5 μm and an individual Eu-doped NPls
size of 31.94 ± 4.17 nm. This suggests that the observed
particle burden is not physically inconsistent with
intracellular accommodation, although spatial localisation
cannot be resolved by SC-ICP-MS. Because the GMM
represents a soft-clustering approach, these components
should be interpreted as overlapping modes within a
continuous distribution of Eu burdens rather than discrete
cellular classes. Consequently, the derived particle-

equivalent values should be interpreted as approximate
association burdens rather than exact particle numbers per
cell. A summary of the corresponding Eu mass ranges and
their approximate particle-equivalent burdens in each
subpopulation is provided in Table S7.

Based on the observed decline in total associated cells
over time, a rise in the low content (subpopulation 1) was
initially expected, consistent with the growth dilution
hypothesis. As dividing cells inherit internalized particles,
the per-cell load should theoretically decrease, shifting the
distribution toward lower mass clusters. However, the GMM
analysis did not show a significant increase in subpopulation
1 over time. This may be explained by asymmetric
inheritance of the Eu-doped NPls and the generation of
particle-free daughter cells, which fall below the SC-ICP-MS
detection threshold and are not included in the clustering.48

Interestingly, an increase in the high-content
subpopulation (subpopulation 3) was observed after 72 h in
the 10 and 20 mg L−1 treatments, despite an overall reduction
in the fraction of associated cells. This suggests that a subset
of cells either remained actively loaded or encountered
localized concentrations of Eu-doped NPls later in the
exposure period. Such findings point to a dynamic and
heterogeneous pattern of cell–particle interaction, where
particle association is governed not only by dose and time
but also by physiological variability within the algal
population. These GMM-derived trends highlight the
dynamic and heterogeneous nature of NPl association over
the 72 h exposure period. To our knowledge, this is among
the first studies to quantitatively describe dynamic
subpopulation shifts in NPl-associated algal cells at the
single-cell level.

3.3 Linking subpopulation profiles to toxicity with
generalized linear model (GLM)

For better understanding of the relationship between
subpopulation profiles and the outcome toxicity at
population level, an exploratory GLM was
developed. This model combines the predicted
interrelations outcome of dose, time and subpopulation on
growth inhibition. The goal is to find whether some
subpopulation has influence on the inhibition observed at
population level. While a full GLM including all identified
clusters were initially considered, comparative model
evaluation based on AIC, RMSE, and pseudo-R2 indicated
that a reduced model including only subpopulation 1 (low
association) and subpopulation 3 (high association) provided
better predictive performance (Table S8). This reduced GLM
was therefore selected for further analysis because it provided
the best overall fit among the tested pairwise modes and
offered an interpretable framework for exploring link
between subpopulation structure and growth inhibition.

The predicted growth inhibition with the actual observed
values of the reduced GLM with subpopulation 1 and 3 is
shown in Fig. 3A. The observed and predicted inhibition
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values showed close agreement around the 1 : 1 line,
indicating that the reduced model captured a substantial
proportion of the variation in growth inhibition (r2 = 0.9;
RMSE 2.9). Dose and exposure time were positively associated
with growth inhibition in the reduced model, with both
predictors showing statistically significant effect. The model
estimated that every 1 mg L−1 increase in Eu-doped NPl
concentration will increase the growth inhibition 0.89% and
every hour extent in the exposure time will give 0.55%
inhibition. Although the coefficients for subpopulation 1
(0.105) and 3 (0.088) did not reach conventional statistical
significance, their positive effect estimates were retained in
the best performing model and may indicate an exploratory
association between subpopulation structure and growth
inhibition, so it should not be dismissed completely.52,53 The
larger positive coefficient estimated for subpopulation 3,
relative to subpopulation 1, is consistent with a stronger
association between higher-burden cells and growth
inhibition, although this pattern should be interpreted
cautiously. Together, these results are consistent with the
hypothesis that higher-burden subpopulation may contribute
more strongly to the observed inhibition whereas low-burden
cells may reflect weaker or sub-lethal responses.

The predicted outcome of growth inhibition in relation of
changing variables of dose, exposure time and the proportion
of subpopulation 1 and 3 with their respective CI (grey area
around the line) is shown in Fig. 3B. The effect-plots showed
that growth inhibition in C. vulgaris rises linearly with both
Eu-doped NPls dose and exposure time, confirming the
classical dose- and time-dependent toxicity reported for
polymeric and metal-oxide NPs in previously reported
studies.48,50 The model reveals a pronounced contribution as
the proportion of subpopulation 3 rises to 50%, predicted
inhibition almost doubles, underscoring the role of heavily
loaded hot-spot cells in driving population-level toxicity. In
contrast, the low-burden subpopulation shows only a modest

and uncertain effect. Together, the plots support a two-tier
mechanism: (i) dose and time establish the external
exposure pressure, (ii) toxicity is amplified by a minority of
uptake-competent cells that accumulate large particle loads,
an effect of high-accumulating cell dominance that has been
recently recognized for variety of NP.17,18,54 These findings
highlight the importance of coupling bulk measurements
with single-cell statistics to capture the heterogeneous and
non-linear nature of particle–cell interactions.

3.4 Nanoplastic association and distribution via nano-XRF
mapping

To illustrate the association of algal cells with Eu-doped
NPls, nano-XRF maps of microalgae exposed to 10 mg L−1

Eu-doped NPls exposure treatment (Fig. 4A–H) were carried
out, and its corresponding fitted XRF spectrum from PyMca
analysis (Fig. 4I) was presented. Synchrotron nano-XRF was
employed because it provides sub-micron spatial resolution
and high sensitivity for trace elements, enabling elemental
mapping at the scale of individual cells. Compared with
conventional techniques such as LA-ICP-MS or SEM-EDS,
synchrotron-based XRF allows higher spatial resolution and
improved detection of low-abundance tracer elements such
as Eu in biological samples.55,56 The 10 mg L−1 concentration
was selected as it produced the most distinct and robust Eu
signal, indicative of Eu-doped NPls localization while control
cells showed no Eu signal as confirmed by the PyMca fitting
(Fig. S9). Based on the 10 × 10 μm scan area and the 2–3 μm
Eu-rich region, the elemental maps likely represented a
single C. vulgaris cell. While the broader field of view may
contain additional cellular material or extracellular signal,
the spatial coincidence of elemental signals within the
mapped region is consistent with this interpretation.

Chlorella vulgaris cells typically range from 2–10 μm in
diameter, although the nano-XRF maps presented here

Fig. 3 Reduced GLM of growth inhibition as a function of NPls exposure and cell subpopulation structure. (A) Observed versus predicted algal
growth inhibition (%), modelled using dose, exposure time, and proportions of cluster 1 and cluster 3 (identified via Gaussian mixture model of
SC-ICP-MS data). Data points are color-coded by exposure time (24 h in red, 48 h in green, and 72 h in blue). (B) Partial effects of individual
predictors on predicted growth inhibition. Shaded regions represent 95% confidence intervals (CI).
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primarily reflect elemental distributions and do not provide
sufficient morphological contrast to delineate the cell
boundary clearly. The bright Eu hotspots therefore indicate
localized accumulation or association of Eu-doped NPls
rather than the full cellular extent. The Eu signal forms an
approximately circular or oval region 2–3 μm in diameter,
suggesting that Eu-doped NPls were concentrated within a
localized region of the mapped cellular are. Notably, Eu was
not spread uniformly throughout the cell, instead it appeared
in a clustered accumulation. The field suggested that some
neighbouring cell or debris had P and other elements but
negligible Eu. This implied cell-to-cell variability in NPls
association, where some cells accumulate significant
amounts of the particles while others may not. Such
heterogeneity could arise from differences in cell
physiological state and the stochastic contact with the
particulate contaminants.

Pixel-wise analysis indicated positive correlations between
Eu and several biologically relevant elemental markers,
particularly Mn and Fe (r2 = 0.863 and r2 = 0.846, respectively;
p < 0.001) across four regions of interest (Fig. S10). Algal cells
naturally contain Mn and Fe as essential micronutrient
involved in photosynthetic processes and various enzymatic
functions.57 In some regions, Eu hotspots appeared spatially
proximal to Mn and Fe enriched areas, suggesting that Eu-
doped NPls may associate with regions enriched in these
biologically relevant metals. However, the degree of spatial
coincidence varied among different ROIs, indicating
heterogeneous relationships between Eu hotspots and
cellular elemental distributions. Additionally, a weaker Eu–Ca
correlation (r2 = 0.303, p < 0.001) suggests that part of the Eu
signal may also be associated with Ca-rich cell
surface structure. Together, these observations indicate
that Eu-doped NPls may interact with algal cells through

Fig. 4 Representative synchrotron nano-XRF elemental maps of a C. vulgaris cell exposed to Eu-doped NPls. (A–H) Spatial distribution of a
specific element, with warmer colours indicating higher concentration or fluorescence intensity. (I) Fitted XRF spectrum for the region, verifying
peak assignments.

Environmental Science: Nano Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
 1

40
5.

 D
ow

nl
oa

de
d 

on
 1

2/
03

/1
40

5 
06

:1
8:

28
 ..

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6en00046k


2534 | Environ. Sci.: Nano, 2026, 13, 2524–2540 This journal is © The Royal Society of Chemistry 2026

combination of surface association and possible intracellular
localisation. Nevertheless, given the two-dimensional nature
of nano-XRF maps, definitive discrimination between surface
attachment and internalisation would require further
techniques, such as three-dimensional imaging approaches.

The observed elemental association suggests that
Eu-doped NPls may occur in regions enriched in
metals (Fig. S11). Biologically, such elemental environments
may correspond to intracellular compartments where algae
regulate metal homeostasis, such as vacuole-like structures.58

However, since the nano-XRF only provides two-dimensional
projected elemental maps, these observations should be
interpreted cautiously and do not provide definitive evidence
of intracellular localisation. Previous studies have reported
internalisation of nano-sized particles in microorganisms,

including observation of NPls within Chlamydomonas
reinhardtii,59 which may provide a possible explanation for
the spatial patterns observed here. Additionally, SEM imaging
revealed attachment of Eu-doped NPls-EPS network on the
surface of the C. vulgaris cells (Fig. S12). The presence of
visible attachment was further exacerbated as the exposure
concentration increased. Collectively, these data demonstrate
that Eu-doped NPls may associate with algal cells both at the
surface and potentially within cellular regions.

3.5 Eu-doped NPls toxicity to Chlorella vulgaris: physiological
endpoint analysis

3.5.1 Photosynthesis and carbon uptake. To further
understand the growth impact resulting from the Eu-doped

Fig. 5 Physiological endpoints analysis of C. vulgaris during 72 h growth inhibition test. (A) Daily changes of chlorophyll-a concentration
during 72 h inhibition test (asterisk sign shows significance level compared to control). (B) CO2 fixation rate at the end of 72 h inhibition
test. (C) Intracellular ROS production relative to control (D) lipid peroxidation expressed by MDA level generated plot graphs represent mean
± SD (n = 3) and bars with an asterisk indicates statistically significant difference (* = p < 0.05, ** = p < 0.01, *** = p < 0.001) when
compared to control using Kruskal–Wallis test.
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NPls exposure, Chl-a, a photosynthesis biomarker was
characterized. Chl-a trends capture how the growth change
induced by the Eu-doped NPls ultimately translating into
physiological stress. In the present data the pigment pool
climbed steadily in all treatments, but the reduction between
the control and the Eu-doped NPls treated group widened
from only 10% at 24 h to 23%, 26% and 29% at 5, 10 and 20
mg L−1 after 72 h, respectively (Fig. 5A). The decline runs
almost in parallel with the fall in specific growth rate,
signifying the inter-relation between growth depression and
photosynthesis ability. The behaviour and magnitude of the
pigment loss match closely with published NPls exposure
studies on freshwater microalgae. For instance, 50 nm
PS-NPls were shown to lower Chl-a in C. vulgaris by 18–37%
over 72 h at concentration between 10–50 mg L−1.43 Likewise,
a 29.64% of Chl-a inhibition rate compared to control was
found in Chlorella pyrenoidosa after being exposed to 50 mg
L−1 of 80 nm PS-NPls.60 These studies support the present
observations that NPls can effectively impair Chl-a function
through light blockage and internal oxidative damage,
resulting in disruptive photosynthesis activity.59

The CO2-fixation assay further confirmed the inhibitory
effect of Eu-doped NPls to photosynthesis. The control
culture converted 0.055 g biomass L−1 d−1, whereas fixation
fell to 0.048, 0.046 and 0.044 g biomass L−1 d−1 at 5, 10 and 20
mg L−1 Eu-doped NPls, respectively, implying a cumulative drop
of 20% at the highest dose (Fig. 5B). The disturbance in Chl-a
function leads to fewer ATP and NADPH availability for
processing the Calvin cycle in photosynthesis reaction which
resulted in decrease CO2 fixation rate. Additionally, the pH of
the medium during exposure test was recorded and showed a
gradual increase from 6.4 to 7.6 in the control, but only to
7.4 in the 20 mg L−1 treatment (Fig. S13). The increase of pH
is expected, as CO2 uptake during photosynthesis
consumes protons. In aquatic species that rely on a
carbon-concentrating mechanism, bicarbonate (HCO3

−) is
actively imported and then converted back to intracellular
CO2 via carbonic anhydrase.61,62 In the presence of Eu-doped
NPls as stress-source, slower alkalization in medium reflects
to reduced proton consumption. This signifies that less
functional pigment corresponding to fewer electrons entering
the Calvin cycle, so fewer protons are consumed as CO2 is
hydrated to HCO3

−, and the medium alkalises more slowly.
Similar patterns were also reported by previous study where
a dose-dependent fall in CO2-fixation rate (and glucose
output) of C. vulgaris exposed to pristine 50 nm PS-NPls
down 15–35% between 0.1 and 10 mg L−1.36

3.5.2 Reactive oxygen species (ROS) and lipid peroxidation.
The oxidative damage arising from NPls chemical reactivity
with the cells was detected by measuring the intracellular
ROS generation. Over the 72 h exposure period, all treatment
groups exhibited a gradual increase in ROS production,
correlated positively with increasing Eu-doped NPls
concentration and exposure duration (Fig. 5C). At 72 h
exposure, the maximum ROS production reached 113.4 ±
9.24%, 117.24 ± 7.9%, and 122.8 ± 1.9% for the 5, 10, and 20

mg L−1 groups, respectively, relative to the control. A similar
monotonic increase (up to 130% of the control at 50 mg L−1,
72 h) was described for C. vulgaris exposed to 50 nm PS-NPls
by a recent study,43 which linked the burst to electron
leakage from photosynthetic and respiratory chains when
NPls adsorb to the cell. Another study reported an almost
identical ROS escalation (20–40% above control) in
Chlamydomonas reinhardtii during a 96 h exposure to 10–100
mg L−1 PS-NPls, underscoring that oxidative stress is a
conserved early response across green microalgae.63

Similarly, ROS escalation has been reported for Chlorella
pyrenoidosa exposed to 20 nm PS-NPls after 13 days at 50–100
mg L−1 where ROS activity rose significantly above the
control.64 The gradual build-up in the present data implying
that prolonged particle–cell contact, rather than the initial
shading flocs, is the main ROS trigger.

Malondialdehyde (MDA) is a three-carbon dialdehyde
produced when poly-unsaturated fatty acids (PUFAs) in
biological membranes undergo free-radical chain oxidation.
Because each propagation step both amplifies the radical
load and consumes an additional PUFA, the amount of MDA
formed is directly proportional to the extent of lipid
peroxidation, making it a widely accepted quantitative
biomarker of oxidative membrane damage.65,66 In the present
experiment, MDA production followed a comparable trend
with ROS generation. As seen in Fig. 5D, MDA concentrations
rose from 4 mmol/106 cells in the control to 6 mmol at 24 h
and 15 mmol at 72 h under 20 mg L−1 Eu-doped NPls, almost
2.5-fold increase. The coupling is expected, excess ROS
initiates the PUFA chain reaction, and the resulting MDA can
diffuse and form cross-links with proteins or DNA,
compounding cellular stress.67 Additionally, FTIR analysis of
biomass at the end of observation revealed emergence of a
new carbonyl shoulder at 1720 cm−1 which may be assigned
to oxidised lipids or newly formed –COOH groups on photo-
aged PS, strengthens with dose, in line with the elevated ROS
and MDA levels (Fig. S14).

4. Environmental implications

In real aquatic systems, NPls exposure is inherently dynamic
and heterogeneous, shaped by spatial patchiness, varied
concentration hotspot, and biological activity.68–70 Our results
show that NPls association with C. vulgaris is not static but
evolves through the combined effects of encounter frequency,
biological feed-backs, and population growth, offering insight
into how exposure may unfold in natural environments.
Specifically, increasing NPls concentrations elevated the
probability of cell–particle encounters while simultaneously
stimulating soluble EPS secretion and compositional shifts,
indicating a concentration-dependent biological response that
can modify particle behaviour and local exposure conditions.

Soluble EPS production introduces a key feedback
mechanism where protein-rich soluble EPS may enhance
transient particle retention and aggregation within the
cellular microenvironment, increasing effective exposure for
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a subset of cells, while EPS-mediated aggregation and
restabilisation may reduce particle availability for others, as
demonstrated in our results as well as other studies.70–72 This
dual role contributes to the dynamic and heterogeneous
association patterns resolved by single-cell analysis.
Importantly, our observations also indicate that
population growth and cell division dilute per-cell NPls
burdens over time, as particles may redistributed among
daughter cells. Such growth dilution can reduce the
average cellular burden even when particles persist in the
surrounding medium, partially masking exposure if only
bulk metrics are considered. Comparably, quantitative
evidence from plant systems further indicates that NPls
burdens can be decoupled from external concentrations
due to biological modulation and organisms responses,
reinforcing the need to consider dynamic exposure rather
than static dose assumptions.73

In real-world systems, these processes likely operate
simultaneously. During algal blooms or periods of rapid
primary production, growth dilution may lower mean cellular
burdens, as also demonstrated for others aquatic
contaminant dynamic.74,75 However, our results suggest that
high-burden subpopulations can persist, driven by repeated
encounters or EPS-mediated retention. Thus, temporal
exposure peaks such as those occurring near wastewater
discharges, resuspension events, or convergence zones,76–78

may generate transient but ecologically relevant
subpopulations experiencing elevated stress, even as the
overall population continues to grow. This implies that
environmental risk is governed not solely by external NPls
concentrations, but by the interplay between exposure
intensity, organismal responses (such as soluble EPS
secretion), and population dynamics.

Beyond the ecological insights, this study also
demonstrates the value of single-cell analytical approaches
for environmental NPl research. Conventional bulk
measurements typically assume uniform exposure across
populations, which can obscure the presence of highly
exposed subpopulations that disproportionately contribute to
biological effects. By integrating SC-ICP-MS with GMM, this
approach enables the resolution of heterogeneous exposure
patterns at the individual-cell level, providing a more realistic
representation of how NPls interact with microbial
communities in natural systems. Such analytical frameworks
may therefore help bridge the gap between laboratory
observations and environmental complexity by capturing
stochastic and heterogeneous exposure processes that are
otherwise hidden in population-averaged measurements.

Together, our findings indicate that NPls impacts in
natural systems emerge from coupled physical–biological
processes, where encounter-driven association, soluble EPS-
mediated feed-backs, and growth dilution jointly shape
exposure distributions. Accounting for these interacting
mechanisms is therefore essential for translating laboratory
observations to realistic environmental scenarios and for
improving ecological risk assessments of NPls.

5. Conclusion

This study establishes a quantitative framework for
deciphering the cell-level heterogeneity underlying NPls
toxicity in microalgae. By using Eu as tracer and coupling SC-
ICP-MS with unsupervised GMM and GLM, this study
resolved the dynamic subpopulations of C. vulgaris cells
exhibiting variable association with Eu-doped NPls. This
analytical workflow enables the identification of
heterogeneous exposure patterns that cannot be captured by
conventional bulk measurements. The modelling results
suggested that a minority of highly burdened cells may
contribute disproportionately to overall growth inhibition,
offering one possible explanation for inconsistencies often
observed in bulk toxicity assays.

Synchrotron nano-XRF imaging further provided spatial
evidence consistent with particle localisation within or closely
associated with algal cells, while complementary biochemical
markers confirmed associated cellular stress responses.
These observations suggest that NPl toxicity emerges from
heterogeneous and time-dependent cell–particle interactions,
rather than uniform exposure across population. However, it
should be noted that quadrupole-based SC-ICP-MS is limited
to sequential elemental detection, which restricts
simultaneous observation of tracer elements and endogenous
cellular metals within the same event. Emerging approaches
such as inductively coupled plasma time-of-flight mass
spectrometry (ICP-TOF-MS), which enable multi-element
detection at the single-cell level, may further expand the
capability to investigate nanoparticle–cell interactions in
future studies. Integrating these emerging analytical tools
with statistical frameworks such as the GMM-based approach
developed here may further advance the mechanistic
understanding of NPl exposure and toxicity in complex
environmental systems.
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