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Environmental significance

14C-labelled nanoplastics reveal size-dependent
bioaccumulation in juvenile rainbow trout
(Oncorhynchus myekiss)

Maya Al-Sid-Cheikh, @©1*@ Joyce W. L. Ang, ©° Gareth T. W. Law, ©°
Ana |. Catarino, @ 1° Theodore B. Henry, ¢ Steve J. Rowland, @
Marc-Andre Cormier (2 §° and Richard C. Thompson 2

Concerns have been raised about the occurrence of nanoplastics (NP) in the environment. Herein we
investigated size-dependent uptake, biodistribution, and egestion of 20 and 250 nm [**Clnanopolystyrene
in juvenile rainbow trout (Oncorhynchus mykiss) at environmentally relevant concentrations: a single-day
“high-dose” (250 Ng Gy, * (~ppb) fed once) and a 5 day “low-dose” (8 Ng Gy, ). Following single-day
‘high” dose exposure, 20 nm particles - but not 250 nm - were detected in internal tissues, indicating
translocation across gut endothelia. Rapid depuration returned NP concentrations to control levels within
10 days, with no evidence of accumulation in organs. The presence of 20 nm NPs in circulation suggests
temporary vascular transport without parenchymal retention. Translocation of 20 nm NPs across the gut
endothelia and association with blood cells should be investigated to determine the cell types involved and
the outcome of these associations. These results indicate that uptake-depuration kinetics for [*C]
nanopolystyrene in rainbow trout differ from those of other chemical substances (e.g., metals, persistent
organic pollutants) and likely have different implications on organism health. The results of this study and
the methods developed provide a means of studying and comparing the fate of NPs in organisms such as
bivalves and fish.

Detection of nanoplastics at environmentally realistic concentrations remains analytically challenging. By combining intrinsic '“C-labelling with
quantitative whole-body autoradiography (QWBA), we resolve size-dependent uptake, transient systemic distribution, and rapid depuration of 20 nm and

250 nm polystyrene nanoplastics in juvenile trout under environmentally relevant low-dose dietary exposure. These data clarify how particle size and

exposure design govern biodistribution at relevant concentrations and provide benchmarks to inform ecological risk assessment.
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Introduction

Nanoplastics (NPs; defined as plastic particles smaller than 1
pm (ref. 1-4) are a growing environmental concern due to
their ability to cross biological barriers,” raising concerns
about potential bioaccumulation and transfer through food

b Radiochemistry Unit, Department of Chemistry, Faculty of Science, University of
Helsinki, A.I Virtasen Aukio 1, P.O. Box 55, Helsinki, FI-00014, Finland

“School of Geography, Earth and Environmental Sciences, University of Plymouth,
Drake Circus, Plymouth, PL4 8AA, UK

 Institute of Life and Earth Sciences Heriot-Watt University, John Muir Building,
Edinburgh, EH14 4AS, UK

¢ Department of Earth Sciences, University of Oxford, South Parks Road, Oxford,
OX1 3AN, UK

+ Present address: EaStCHEM School of Chemistry, University of Edinburgh,
Joseph Black Building, Edinburgh, EH9 3F], United Kingdom.

+ Present address: Flanders Marine Institute (VLIZ), Research Division, Ocean
and Human Health, InnovOcean Campus, Jacobsenstraat 1, 8400 Oostende,
Belgium.

§ Present address: School of Geographical & Earth Sciences, University of
Glasgow, Main Building, Glasgow, G12 8QQ, United Kingdom.

This journal is © The Royal Society of Chemistry 2026

webs, which could make them one of the most hazardous
forms of plastic litter.® Global plastic production continues to
rise, with 9-14 million tonnes of plastic litter entering the
environment annually, potentially increasing to 23-37 million
tonnes by 2040.”'" Despite international efforts, including
the ongoing negotiations of the United Nations Plastic
Pollution Treaty (INC-4, 2024), understanding of NP
behaviour in organisms and ecosystems remains limited,
largely due to analytical challenges associated with detecting
small particles at environmentally relevant concentrations.
Predicted environmental concentrations of NPs—for example,
1 pg L™ to 15 pg L™ for ~50 nm particles and below 0.5 ug
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L™ for 5 um particles—are orders of magnitude lower than
those often used in laboratory studies.'* Despite these low
concentrations, studies have shown that NPs can translocate
within organisms.”

Laboratory-based experiments complement environmental
monitoring by allowing precise control over NP parameters
such as size, morphology, concentration, water chemistry,
and exposure regimes. Although these experiments may not
fully replicate ecological conditions, they allow investigation
of NP behaviour and mechanisms of action, particularly
under chronic or complex exposure scenarios. However,
experimental studies have been criticized for using particle
concentrations in single-day high-dose exposures that exceed
environmentally realistic levels."'™ For example, studies
using extrinsic labelling of metal-doped nanopolystyrene
(nPS) required excessively high feed concentrations (10 mg
Pd as PS-Pd NPs per kg', ~2 g NPs per kg) to detect
particles in tissues,"*'® emphasizing the difficulty of
measuring NPs at environmentally realistic concentrations.
While such high doses provide mechanistic insight, they
risk misinterpreting the potential impact of NPs on
organisms and ecosystems,'® underscoring the need for
studies at environmentally relevant concentrations.
Moreover, differences in polymer type and particle
morphology may also influence NP behaviour, as
polyethylene and polypropylene, or fibres versus spheres,
display distinct aggregation and wuptake dynamics that
remain underexplored in toxicokinetic studies.

Intrinsic radiolabelling of nPS with **C enables sensitive
quantification of NPs at predicted concentrations (<10 pg
L™") and small particle sizes (down to 20 nm,>"”), addressing
previous analytical limitations. By incorporating **C into the
polymer backbone, quantitative whole-body autoradiography
(QWBA) enables spatially resolved tracking of NP
accumulation in tissues, eliminating cross-contamination
risks inherent to dissection-based methods.'®>° This method
significantly enhances sensitivity and spatial resolution,
enabling detection and quantification of NPs in organ
substructures and biological fluids, providing a detailed,
contamination-free profile of NP distribution.’**° QWBA has
been validated over 20 years as the ‘gold standard®' for
producing reliable and precise tissue concentration data,
offering accuracy and reproducibility.>® While liquid
scintillation counting (LSC) remains a complementary and
widely used method for quantifying radiotracers, its reliance
on bulk dissection makes it more prone to contamination
artefacts, which QWBA can overcome. Together, these
approaches allow comparison of NP behaviour based on size:
smaller particles (<100 nm) may penetrate biological barriers
more readily, while larger particles (>100 nm) may
accumulate differently or be cleared wvia distinct
pathways.>**>>* Such spatially resolved toxicokinetic data are
essential to understand NP behaviour, uptake, depuration,
and potential toxicity in vertebrates.

We selected nPS as a model system due to its widespread
production, accounting for approximately 7% of global
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polymer output (US Department of Energy, 2024), and its
prevalence in environmental samples.”® Its well-characterized
chemical structure and predictable behaviour make it an
ideal standard material. Incorporation of **C enables QWBA
of ["“C]nPS in biological specimens. We investigate the
toxicokinetics (i.e. uptake and depuration) of small (20 nm,
nPS,,) and large (250 nm, nPS,s,) nPS in rainbow trout
(Oncorhynchus mykiss), under two exposure scenarios: a
single-day high-dose exposure (250 ng g,.. ') and a short-
term, environmentally relevant exposure (8 ng gwlw_"1 for 5
days). The smaller size (20 nm) was selected to represent
particles capable of crossing biological barriers and entering
systemic circulation, as reported for nanoparticles below 100
nm.>**° The inclusion of 250 nm particles reflects the upper
nanoscale range, relevant to environmental NPs and
regulatory definitions, and enables assessment of size
thresholds for biological barrier penetration. These sizes were
chosen not only for comparison but also to evaluate potential
limitations in crossing biological barriers such as gut
epithelia and lymphoid tissues, which are known to restrict
particles above ~200 nm.>*?**' This approach enables
assessment of size-dependent uptake mechanisms, clearance
dynamics, and distribution under controlled
conditions in the vertebrate model—critical for accurate
environmental risk assessment. By integrating intrinsic
radiolabelling with high-resolution autoradiography, this
study provides the first spatially resolved quantification of
NP biodistribution and clearance in fish exposed to
environmentally relevant concentrations.

tissue

Materials and methods
Radiosynthesis of ['*C]-polystyrene nanoparticles

Radiolabelled  polystyrene  nanoparticles  ([**C]nPS)
originated from the same batch previously described and
characterized in Al-Sid-Cheikh et al."” Full synthesis details
and physicochemical characterization, including particle
distribution, morphology, and radiolabel
incorporation, are provided in that publication and
summarised in Text S1. A ['*C]-styrene tracer (specific
activity 2.22 GBq mmol ™!, ARC Inc.) was incorporated into
the polymerisation mixture, and the unreacted monomer
was removed by repeated ultrafiltration (30 kDa cut-off).
Two size fractions were produced—nominal diameters of
20 nm ([**C]nPS,) and 250 nm ([**C]nPS,5,)—representing
the nanoscale and submicrometre size ranges relevant to
environmental exposure.

Hydrodynamic size and surface charge were determined
by dynamic light scattering (DLS) and surface charge (zeta
potential) was measured in ultrapure water (18.2 MQ cm), pH
6 in a sodium chloride solution (5 mM), 25 °C. Polydispersity
index (PDI) values were 0.07 for [**C]nPS,, and 0.08 for [**C]
nPS,5,, consistent with narrow size distributions. Particle size
and morphology were confirmed by transmission electron
microscopy (TEM). Representative mean diameters were 25 +
13 nm and 248 + 21 nm with zeta potentials of -129 + 10 mV

size

This journal is © The Royal Society of Chemistry 2026
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(20 nm) and -84 + 12 mV (250 nm), respectively. FTIR and
Raman spectra were consistent with the polystyrene
backbone (Fig. S1). The detailed synthesis conditions,
purification steps, and full physicochemical characterisation
are provided in Text S1 and Al-Sid-Cheikh et al. (2020).

Ethical approval and animal husbandry

Ethical approval. All animal experimental procedures were
approved by the Radioprotection and Animal Welfare
Committee at Heriot-Watt University (Scotland, United
Kingdom). Experiments were conducted in accordance with
UK Home Office regulations under Project Licence PL
Number P70BAC026 (Principal Investigator: TB Henry).
Juvenile rainbow trout (Oncorhynchus mykiss) were handled
following the approved protocols, and euthanasia was
performed in accordance with Schedule 1 of the UK Animals
(Scientific Procedures) Act 1986.

Fish husbandry and stocking. Juvenile rainbow trout (O.
mykiss) were acclimated for 14 days prior to exposure in 1000
L recirculating tanks under a 12:12 h light: dark cycle. Fish
were fed commercial pellets (Nutrafin Basix A-7176) at 2%
body weight per day. Exposure tanks were stocked at ~7-11 g
L™ (28-32 fish of ~17 + 2 gy, per 60 L tank), a loading that,
under continuous flow and oxygenation, maintains stable
dissolved oxygen and nitrogenous wastes while supporting
normal feeding behaviour. The exposure design followed UK
Home Office husbandry standards.

[14

CJ-1labelled feed preparation

Pelletisation method. Commercial dry pellets (Nutrafin
Basix A-7176) were hydrated with ultrapure water at a water:
food ratio = 0.5:1 (50 g water per 100 g dry feed) to form a
homogeneous paste. The paste was spread on a coated, non-
stick bench to a thickness of a few millimetres and passed
through a metallic mesh to produce uniform pellets. Pellets
were dried at 50 °C overnight and stored at room
temperature in the dark until use.

Dose formulation. Ultrapure water containing [**C]nPS,,
or ["*C]nPS,5, was mixed into the feed paste to achieve target
activities of:

- Single-day high-dose: 250 + 21.2 ng "C per gy.. (14.8
KkBq gw.w. )

- Low-dose: 8 + 0.8 ng "*C per gy.w. (4.1 kBq . ")

For a batch of 100 g dry feed + 50 g water (wet weight
150 g), the total [**C]nPS required was 37.5 ug (high-dose)
and 1.2 pg (low-dose). Batch homogeneity was assessed by
LSC (see Solid-sample method) on subsamples taken across
the batches.

Leaching control. Leaching of [**CnPS from the feed was
evaluated using triplicate pre- and post-feeding tank water
samples for both exposure scenarios. Daily water samples
were additionally collected to track excretion into the water
column. All the samples were analysed by LSC (See liquid-
sample method), and activities were consistently below the

This journal is © The Royal Society of Chemistry 2026
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minimum detectable activity (MDA; 0.07 Bq g '), across all
sampling points, confirming negligible feed-derived leaching.

Exposure design

System and water quality. Experiments were conducted in
single-pass, flow-through 60 L tanks supplied continuously
with dechlorinated Edinburgh municipal water via serial
activated-carbon filtration (free chlorine below detection),
followed by zeolite ion-exchange for ammonium control. Per-
tank flow was set to 12.5 L h™", equivalent to 5 tank volumes
per day and a hydraulic residence time of ~4.8 h, consistent
with flow-through practice exemplified in the OECD Test
Guideline 203 (=5 tank volumes per 24 h). Water quality was
maintained within rainbow-trout husbandry ranges (8-10 °C;
conductivity &~ 250 uS em™; [Ca*'] & 1 mM; pH 7.5-8.0), with
dissolved oxygen at saturation. Temperature, pH,
conductivity, dissolved oxygen were logged daily.

Feeding protocol and dosing. Fish were fasted for 24 h
prior to exposure. Spiked pellets (prepared as described in
Feed preparation) were delivered as group feeding at the tank
level, with rations calculated from the mean wet biomass per
tank to achieve the intended dose (ng gw.. '). To ensure
complete consumption and avoid loss of pellets to the
outflow, incoming water was briefly paused (static mode) for
a few minutes during feeding and resumed immediately once
all pellets had been consumed.

- Single-day high-dose exposure: one meal formulated to
deliver 250 Ng ..

- Five day low-dose exposure: one meal per day for 5
consecutive days at 8 ng gy.w. d.

After the exposure period, fish were returned to the
standard commercial diet (unspiked Nutrafin Basix A-7176)
at the acclimation ration (~2% body mass per d) for the
duration of depuration.

Intake verification. Feeding was visually monitored
throughout: all pellets were consumed (i.e. 100% ingestion of
the [**C]nPS) within minutes, and no dominance or unequal
intake was observed.

Replicates and controls. Two replicate tanks per treatment
were used. At each timepoint, fish were euthanised by
overdose of MS-222 (tricaine methanesulfonate), rinsed, and
prepared for either toxicokinetic (TK, ie. total **C LSC) or
tissue distribution (i.e. QWBA). Two fish per replicate tank (n
= 4 per timepoint) were sampled for LSC and QWBA. A total
of 324 fish were used across all treatments (Table S1).
Controls comprised particle-free feed and unlabelled nPS
(size-matched) to verify background '*C and rule out artefacts
from the polymer matrix. Control fish were sampled at the
same timepoints as exposed fish (see below).

Sampling schedule and allocation. - Single-day high-dose
exposure followed by 13 days of depuration with sampling at
0.2,0.8, 1,2, 4,7, 8,10, and 13 days.

- Five day low-dose exposure followed by 10 days of
depuration with sampling at 1, 3, 6, 7, 9, 12, and 15 days
(where day 1 corresponds to the first exposure day).

Environ. Sci.: Nano
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T, corresponds to the start of the exposure. Control fish
(particle-free feed and unlabelled nPS) were sampled at the
same timepoints.

Total radiocarbon (C) quantification

Solid-sample method for food, tissues and faeces. All solid
matrices (dietary pellets, whole-body tissues and faeces)
were prepared using a unified solid-sample protocol. All
solid samples were weighed on analytical balances. Briefly,
weighed solids were digested in Solvable™ (PerkinElmer,
USA), an aqueous quaternary ammonium hydroxide
solubiliser, at a ratio of 1 mL per 100 mg of sample in 20
mL glass scintillation vials. Vials were incubated at 55 °C
for 2 h to achieve complete solubilisation. To eliminate
residual colour and minimise quenching, 30% H,0, was
added at 100-200 pL per mL of Solvable, followed by an
additional 45 min incubation at 55 °C until solutions were
clear. After cooling to room temperature, digests were
combined with Ultima Gold™ scintillation cocktail
(PerkinElmer) at a ratio of 2.5 mL digest to 10 mL cocktail,
capped, mixed gently, and equilibrated for 24 h in the dark
prior to counting on a Hidex 300SL. Each analytical batch
included procedural blanks and '*C standards; instrument
performance was verified daily.

Food pellets (dietary feed). Individual pellets (typically
50-200 mg post-drying) were digested and counted as above.
To verify pellet-to-pellet homogeneity, 5-10 pellets per feed
batch were analysed and the relative standard deviation
(RSD) reported. The five-day low-dose feed (nominal 8 ng g™
d™") showed RSD = 9.8%, corresponding to 8.00 + 0.78 ng g *
and per feeding day. The single-day high-dose feed (nominal
250 ng g '; batch activity 14.8 kBq) showed RSD = 8.5%,
corresponding to 250.0 + 21.25 ng g . These values (<10%
RSD) confirm the homogeneous distribution of [**C]nPS in
the prepared feeds.

Whole-body tissues. For toxicokinetic analysis, each fish
was processed as a whole-body sample rather than dissected
organs to avoid cross-contamination and to pair with QWBA
for spatial resolution. Fish were blended to a uniform
homogenate, freeze-dried, and ground to a fine powder. From
each homogenised fish, 10 aliquots were collected to ensure
representative sampling; <200 mg aliquots were digested and
counted following the protocol above. Tissue concentrations
are reported as ng gy = and/or kBq g ', with wet-weight
values back-calculated from dry-aliquot data using fish-
specific moisture factors.

Faeces. Faeces were collected daily prior to feeding (during
exposure and depuration), immediately frozen (-20 °C), then
freeze-dried, homogenised to a fine powder, and analysed by
LSC using the solid-sample protocol (Solvable™ digestion,
H,0, bleaching; typical aliquots 50-200 mg). Results are
reported as ng g " or kBq g .

Liquid-sample method. Tank water was sampled from the
mid-water column using pre-rinsed glass pipettes to avoid
bottom disturbance and transferred into 20 mL glass
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scintillation vials. 10 mL of water was combined with 10 mL
Ultima Gold™ scintillation cocktail (PerkinElmer) to achieve
a single-phase mixture suitable for aqueous counting. Vials
were capped and inverted gently to avoid aerosol formation
prior to counting on a Hidex 300SL. Each batch included
procedural blanks prepared from the same dechlorinated
municipal water used for husbandry; blank count rates were
subtracted from all measurements. Triplicate vials were
prepared per sampling point (routine daily samples for TK
mass balance, and pre- and post-feeding on exposure days to
assess potential leaching from feed).

Liquid scintillation counting (LSC, Hidex 300 SL)

Instrument. Activities of '*C-labelled samples were
measured on a Hidex 300 SL liquid scintillation counter
operated in triple-coincidence (TDCR) mode with three PMTs
(120° geometry). TDCR provides absolute activity counting
without  internal/external  standards and  mitigates
chemiluminescence artefacts; an external standard option is
available but was not required.

Counting windows and spectra. Regions of interest (ROI)
for 'C B-emission were defined in MikroWin using the
instrument’'s beta spectra and QPE/QPI indicators; ROI
placement followed Hidex guidance for window selection
and was verified against unquenched and matrix-
matched standards.

Quench correction. Quench and counting efficiency were
determined automatically by TDCR, with efficiency calculated
from the ratio of triple to double coincidences. Where
required, a TDCR quench curve was generated from '*C
standards and applied by MikroWin (cubic-spline fit).
Channel-ratio and external-standard procedures are
supported but were not used.

Detection and quantification limits. For food, tissues and
faeces measured by LSC, the limit of detection (LOD) and
limit of quantification (LOQ) for 'C were 3.14 x 10 ng
10—3 1

Sww. . and 8.62 X ng gww. , respectively. The
minimum detectable activity (MDA) used in leaching
checks of tank water was 0.07 Bq g '. Comprehensive

LOD/LOQ values for all matrices and methods (including
QWBA) are provided in Table S2.

Quality assurance and quality control (QA/QC). Each LSC
batch included procedural blanks (Solvable™/H,0,/cocktail
without sample) to establish background and the MDA;
blank counts were subtracted from all the samples.
Instrument performance was verified daily with traceable
14C standards and internal controls, and quench/efficiency
were monitored by the instrument's TDCR quench curve
in Mikrowin. Samples were measured in triple-coincidence
mode to minimise chemiluminescence effects; 24 h dark
equilibration was applied for consistency prior to
counting. Recovery checks were performed by spiking
known activities of [**C] standards into representative
matrices (food, tissue, faeces) and were accepted when
within 90-110% of expected values.

This journal is © The Royal Society of Chemistry 2026
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Quantitative whole-body autoradiography (QWBA)

Whole-body autoradiography was conducted on fish sampled
from both single-day high-dose and five-day low-dose
exposure experiments to visualise tissue distribution of [**C]
nPS. Fish were embedded in 2.5% carboxymethyl cellulose,
flash-frozen in a liquid N, bath, and cryosectioned (20 um)
every 0.75 mm. Sections were mounted on tape and exposed
for 7 days to phosphor imaging plates, then scanned at 25
pum resolution using a Typhoon FLA 9000. Quantification was
performed using AIDA v5.0 SP3 software with calibration
against '*C polymer standards.

Autoradiograms were validated using internal (serum-
embedded or PMMA-embedded) standards and cross-
checked on an alternative digital autoradiography platform
(BeaQuant). Comparison of the two systems confirmed
linearity of response (R> > 0.99) and no detectable bias (Full
details in Text S2; Fig. S2 and S3). The limit of detection
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(LOD) and limit of quantification (LOQ) for both analytical
techniques are reported in Table S2 of the SI.

Toxicokinetic modelling

Time-resolved tissue concentrations were fitted to first-order
one-compartment models using the MOSAICpipace Web
platform.**>* Uptake (k,) and elimination (k.) rate
constants, biological half-lives (¢1,), and biomagnification
factors (BMF), BMFg,) were derived by Bayesian inference.
Model performance was evaluated through posterior
predictive checks and 95% credibility intervals. Full model
specifications and parameter tables are provided in Text S3
and Fig. S5 and S6.

Statistical analyses

All data were processed in R (v4.3.1). Two-way ANOVA
followed by Tukey's post hoc tests was used to test the effects

nPS in Tissue nPS in Faeces
Uptakg Depuration Depuration i
00 (a) (b)
) il
= 4
(&)
< i1y
0, e
06— ey L @ @@ @ 0. 8 @ g Q0.0 ...
0 5 Time (days) 10 15 0 5 Time (days)10 15
Uptake ) Depuration Uptake Depuration
= 10
100 + i
: 3 (c) s & (d)
E s | :
S E - | s [
9 - 60 ! 26+
E o r i o +
O r ! Q I | BN
E,c, 20 é ‘ 2 ¢ _.,1 LY
0 ': ! - i ‘\xx‘=:::..t:::li:'.=:iiiii'".’"'T“'T"!‘ 0 ':.. N ; . . \'.*-:.\f:-,,,. 5B
0 ® Time (days) 10 15 0 5 Time (days)10 15

Fig. 1 Quantification of **C NP in (a) O. mykiss tissues and (b) faeces over time. Subfigure (a) displays the **C concentrations in tissues following
single-day high-dose exposure to 250 ng gw.w. - of 20 nm (red circles) and 250 nm (blue circles) **C labelled nPS at 250 ng g, * in food, while
(b) shows the corresponding *C concentrations in faeces during the same exposure. Subfigure (c) presents the concentrations in tissues after
lower dose exposure over 5 days to 8 ng gW_W_’1 of 20 nm (red squares) and 250 nm (blue squares) *C labelled nPS, while (d) shows the
corresponding **C concentrations in faeces following the same exposure. The data points show the concentrations of polystyrene nanoparticles
(ng g™ of tissue wet weight or of (ug g% faeces dry weight as mean + S.D., where n = 6 or 7 per data point. These data can also be expressed as
the number of particles per gram of wet weight (SI, Text S2). Blue and red dotted lines are fitting curves except for (c and d). Complete regression
analyses show different kinetics, including a larger bioconcentration factor for smaller particles, given in the Sl (Fig. S4 and S5, Text S3 and Table
S4). The grey vertical dotted line indicates the end of the uptake period and the beginning of the depuration period. Note: feed was consumed
within minutes. Uptake is displayed over the first day to capture post-prandial Gl transit, absorption and systemic distribution until tissue
activity exceeded detection thresholds. Tanks were briefly static during feeding (few minutes); flow-through resumed immediately thereafter.
All pre-/post-feeding water samples were below MDA/LOD (0.07 Bq g%, confirming negligible leaching.

This journal is © The Royal Society of Chemistry 2026 Environ. Sci.: Nano
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of particle size and dose. Results are presented as mean +
SD, and significance was accepted at p < 0.05.

Results
Toxicokinetics (TK): uptake and depuration

Daily '“C measurements were conducted on tissues
(Fig. 1a and c) and faeces (Fig. 1b and d) of O. mykiss
exposed to [“*C]nPS,, (pink circles) and ['*C]nPS,s, (blue
circles) under two exposure scenarios: a single-day high-
dose (single feed at 250 ng g, ') and short-term low-dose
(5 day feed at 8 ng g, ', Fig. 1). Although all feed was
consumed within minutes, uptake is shown over the first
day to reflect the time required for gastrointestinal transit
and systemic absorption of NPs. The limits of detection
(LOD) and quantification (LOQ) for '*C using liquid
scintillation counting were 3.14 x 10 ng gy.w. — and 8.62 x
107 ng gw.w. |, respectively (Table S2).

The single-day high-dose (250 ng gy.. ') exposure resulted
in the highest tissue concentrations, reaching 90.0 + 6.8 ngc
Zww. - for [MCInPS, and 51.0 = 11.9 ngc L. . for [Y'C]
nPS,5, after a single day (Fig. 1a). Tissue concentration of
[**C]nPS,s50 was consistently lower than that of [“*C]nPS,,
(~0.3 and 9.1 times lower, p-value < 0.001, t test, n = 4). In
faeces, peak concentrations occurred after 2 days (8.3 + 0.9
UZe Gwav. - for [M*CInPS,0; 6.0 + 0.6 UZc Gwaw. - for [**CInPS,s50;
Fig. 1b). Both tissues and faeces exhibited exponential
depuration, with near-complete elimination within six days.

During the 5 day low-dose exposure, tissue accumulation
reached 40.1 * 3.1 ngc gww. * ([V*C]nPS,0) and 11.8 + 1.0 ng¢
Zww.  ([**CInPS;s50) three days (Fig. 1c). The
concentration of ["*C]nPS,, was consistently higher than that
of ["*C]nPS,s0, by approximatively 0.2- to 6.3-fold (Fig. 1c).
The concentrations of [“*C]nPS in the tissues decreased
rapidly between 3 and 6 days. A notable difference was also
observed between [“*C]nPS,, and [**C]nPS,5, concentrations
in faeces (Fig. 1d). The peak faecal concentration of [**C]
nPS,50 (3.6 * 0.4 ugc Sww. ) occurred after 3 days of exposure,
whereas the peak for ["'CInPS,, (4.2 + 0.5 pgc Zww. ') Was
observed after 5 days, coinciding with the end of the

after

exposure period (Fig. 1d). The concentration patterns in
faeces during the depuration phase (from day 6 onwards)
were similar for both particle sizes, although the larger
particles exhibited a faster depuration rate than the smaller
ones (Fig. 1d). These differences suggest size-dependent
elimination rates or clearance mechanism between the two
particle sizes. By day 10, depuration from the tissues was
complete for both NP sizes, as confirmed by the low [*'C]
levels measured in both tissues and faeces.

MOSAIC modelling

MOSAICp;pace provided posterior distribution for the uptake
rate via food (ky, d'), elimination rate via excretion (Kee,
d™"), and BMF, reported as kinetic BMF (BMF,) and the
steady-state BMF (BMFg,, Fig. 2). In toxicokinetics, BMF
involves at least two trophic levels: the prey (lower trophic
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Fig. 2 Mean * S.D. of bioaccumulation kinetic parameters provided by
MOSAICpicace- Numbers with different letters are significantly different
(p < 0.05). Light pink: [**CInPS,0, short-term low-dose (8 Ng guy.w. * for
5 days); light blue: [**CInPS,s0, short-term low-dose (8 Ng gw.w. * for 5
days); dark pink: [**CInPS,o, single-day high-dose exposure (250
Ng guw.w. * for 1 days); and dark blue: [**CInPS,s0, single-day high-dose
exposure (250 ng guw.w. * for 1 days). Abbreviations: k. uptake rate via
food (expressed d™); ke, elimination rate via excretion (expressed d™);
biomagnification factor (BMF); BMF,, kinetic BMF; BMF,,, BMF steady-
state BMF.

level) and the predator (higher trophic level). BMF is
defined as the ratio of contaminant concentration in the
predator to that in the prey. In this TK model, the term
‘bioaccumulation metrics’ is used generically to denote
BMF when exposure occurs via the food, and does not
necessarily refer to a classical prey-predator relationship. In
our study, fish were fed homemade pellets distributed
uniformly throughout the tanks, which they consumed as
their primary food source.

Exposure-regime effects. Significant differences in uptake
and depuration were observed between the two exposure
concentrations/methods for all parameters, including the
elimination rates. BMF values were consistently higher under
the short-term low-dose regime for both particle sizes.
Specifically, BMF values were 239 + 64 for 20 nm nPS and
275 + 43 for 250 nm nPS during the five-day low-dose
exposure, compared to 9 + 0.9 and 10 + 1.1, respectively,
under the single-day high-dose exposure. Similarly, BMFj
values were markedly higher under the low-dose regime (334
+ 30 for 20 nm and 694 + 45 for 250 nm) than under the
high-dose regime (31 + 2.0 and 13 + 0.7, respectively). These
results emphasize that biomagnification potential is greater
under environmentally relevant low-dose conditions, likely
due to prolonged exposure and sustained uptake, despite
lower absolute concentrations. This finding highlights the
importance of considering chronic dietary exposure scenarios
when assessing NP bioaccumulation and ecological risk.

Uptake (ky¢). Under the low-dose regime, k¢ differed by
size (172.5 + 12.5 d™* for 20 nm; 84.3 + 10 d™* for 250 nm; p
< 0.005). In the single-day high-dose regime, ks values were
similar between sizes (10.5 + 0.6 d™* and 10.0 + 0.8 d™"), as
expected for a single feeding event.

This journal is © The Royal Society of Chemistry 2026
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Elimination (k.). With low-dose exposure, k.. values
were 0.25 = 0.04 (20 nm) and 0.25 + 0.02 d' (250 nm),
giving biological half-lives (t,5) of 2.7 + 0.4 d and 2.8 +
0.03 d, respectively. Under high-dose exposure, k.. values
differed by size (0.33 + 0.02 d™' for 20 nm; 0.75 + 0.07
d™ for 250 nm; p < 0.005), corresponding to t,5 of 2.1 +
0.2 d and 0.9 =+ 0.09 d. These results suggest size-
dependent elimination in the single-day dosing context.
Consistent with first-order depuration, concentrations
declined exponentially following uptake.

Spatially-resolved analysis: organ-specific patterns

QWBA robustness. The robustness of the QWBA was
confirmed by: (i) comparing phosphor screen and real-time
autoradiography, (ii) quantifying background contributions, and
(iii) performing Monte Carlo simulations for organ-specific
detector efficiency. All methods produced consistent LOD and
LOQ values (Table S2, Fig. S3). Background “*C contributed
<1.75% of detected activity, confirming that measurements
reflect [**C]nPS (Text S2). Monte Carlo simulations indicated
negligible organ-specific bias, except for the skeleton (Table S5).
These results confirm QWBA as a reproducible and robust
technique for spatially-resolved toxicokinetics.

Single-day high-dose exposure (one feed at 250 ng g,... )
Fig. 3 presents the temporal distribution of [*'C]nPS,, in
whole-body autoradiograms at 0.2, 1, and 4 days.

[**CInPS,. At 0.2 days post-exposure (Fig. 3a), [**CnPS,,
activity was localised primarily in the oesophagus, stomach,
pyloric caeca, intestine, kidney, fins, eyes, and teeth,
indicating the immediate ingestion of labelled particles and
quick movement towards the bloodstream.

By 1 day (Fig. 3b), activity was concentrated in the pyloric
caeca, intestine and kidney, demonstrating the progressive
passage of particles through the digestive system.
Quantitative analysis (Fig. 3d) showed the highest [**C]nPSy,
concentration in the kidney (294.6 pgc Zww. ), suggesting
early renal accumulation or filtration. [*“C]nPS,, was also
detected in the liver, with concentrations of 5.4 ugc gw_w__l at
1 day and 61.7 pgc gw_w,'1 at 4 days, and in the pyloric caeca,
where concentrations remained relatively high (125.5-253.5
Ugc Zww. ') before decreasing to 28.2 pgc gw.w._1 by day 4.

At 4 days post-exposure (Fig. 3c), autoradiograms revealed
faint but distinct activity near the hepatic and renal regions,
as well as in other organs including the eyes, bones, fins, and
skin, suggesting particle redistribution from the
gastrointestinal tract over time. The measured activities were
above the LOD but close to the LOQ (2.89 X 107 ug gw.w. ),
indicating that a limited degree of systemic translocation
occurred, although the signal intensity prevents precise
quantification. The delayed activity observed in the kidney
and liver supports the hypothesis that small [“*C]nPS,,
particles can transiently cross biological barriers.

[**CnPS,50. Activity was below LOQ in most organs, with
detectable levels confined to the digestive tract and intestine
(Fig. S6, Table S2). These findings provide spatially resolved
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Fig. 3 Quantitative whole-body autoradiography analysis of [*C]
nPS,o in O. mykiss following single-day high-dose exposure to 250 ng
Jwuw. - at (a) 0.2 day, (b) 1 day, and (c) 4 days post-ingestion. Colour
scales represent linear signal-to-noise (S/N) ratios; scale bars = 1 cm.
Corresponding histological sections are provided in Fig. S7. (d) Organ-
specific [**CInPS,o quantification (ng gw_w_’l) above the LOD (9.53 x
10 ug Jww. D) and LOQ (2.89 x 1073 ug Gww. D). Panels (a-d) show
[*CInPS,0 only; [**CINPS,50 signals were Gl-confined and below LOQ
in systemic tissues at these time points (see Fig. S6, Table S2). Error
bars represent inter-section variability (n = 12). Abbreviations: B (bone),
E (eye), F (fin), Gi (gills), | (intestine), K (kidney), L (liver), M (muscle), Oe
(oesophagus), PC (pyloric caeca), Sk (skin), S (stomach), T (teeth).

evidence for size-dependent distribution, with broader organ
presence for 20 nm than 250 nm particles.

Environmentally relevant low-dose exposure (5d at 8 ng
Zww. ). Fig. 4 summarises spatial and temporal patterns
across major organs during exposure and depuration.

Tissue distribution. In fish exposed to [**C]nPS,, (Fig. 4a),
radioactivity was detected in the stomach, pyloric caeca, and
intestine, with evidence of translocation via the circulatory
system into deeper organs such as the liver, kidney, eyes, and
bones. A similar, though less pronounced, pattern was
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Fig. 4 Quantitative whole-body autoradiography (QWBA) images of the distribution of [**CInPS in O. mykiss after 5 days of dietary exposure
followed by 7 day depuration phase. Autoradiograms show distribution of 20 nm (a-c) and 250 nm (e-g) particles at (a and e) 0.2 day, (b and f) 1
day, and (c and g) 4 days ingestion. Organ-specific **C quantification through time is presented in (d) and (h), where O d represents the start of
exposure. Colour intensities correspond to the signal-to-noise (S/N) ratio (linear scale; higher intensity = higher [**CInPS concentration). The scale
bar represents 1 cm. Physical tissue sections associated with the autoradiograms are provided in Fig. S8 and S9. Data in (d) and (h) (mean + SD, n =
12) are above the LOD (3.31 x 10™° ug guw.w ) and LOQ (1.01 x 1072 pug gw.. 1. Abbreviations: B (bone), E (eye), Fi (fin), Gi (gills), | (intestine), K
(kidney), L (liver), M (muscle), PC (pyrolic ceca), Sk (skin), and S (stomach). *The absence of a visible signal for 20 nm particles at day 3 reflects
concentrations below the autoradiography quantification threshold rather than absence of particles.

observed for [**C]nPS,s, (Fig. 4b), where signal intensity was
strongest in the gastrointestinal tract and lower in the skin
and liver. This behaviour contrasts with the limited tissue
distribution observed under single-day high-dose (24 h) high-
dose exposure (Fig. S6).

Organ kinetics. Toxicokinetic assessment of each organ
was feasible for both [“C]nPSy, and [“*C]nPS,s0
(Fig. 4d and h). Distinct organ kinetics were observed
between the two particle sizes. The concentration of [**C]
nPS,, remained relatively constant throughout the 5-day
exposure and up to 3 days post-exposure (ie., 9 days in all),
followed by a sharp decline by day 15 when no organs were

Environ. Sci.: Nano

above detection limits. The highest concentrations of [**C]
nPS,5, occurred after 3 d of exposure (153.6 + 71.4 in the
whole fish and 98.9 + 16.7 ugc gwlw_’1 in the intestine),
followed by a general decrease, except in the stomach and
kidney where concentrations continued to increase up to 6
days (109.6 + 15.1 and 64.7 + 66.9 ugc Zw.w. ', respectively).

Discussion

Integrated summary of size-dependent uptake and clearance

Our combined TK and QWBA data demonstrate a clear size
dependence in the dietary uptake and fate of intrinsically

This journal is © The Royal Society of Chemistry 2026
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"C-labelled nPS in juvenile rainbow trout. Following
ingestion, both sizes (20 and 250 nm) exhibit early
localisation within the gastrointestinal (GI) tract, but only the
20 nm fraction shows short-lived, low-level signals beyond
the GI tract—most consistently in hepatic and renal regions
—before elimination. In contrast, 250 nm particles remain
GI-confined across the time course. TK time series in whole-
body tissues and faeces (Fig. la-d) reveal rapid, first-order
depuration for both sizes once feeding ceases, with tissue
burdens returning close to background within ~10 days
under the regimes tested. Together, these findings support
transient systemic access for 20 nm particles at
environmentally relevant doses and minimal parenchymal
retention for either size. Fig. 5 provides a conceptual overview
of routes and compartments pertinent to dietary uptake and
potential enterohepatic recirculation.

In this conceptual view, dietary ingestion would first load
the stomach and pyloric caeca; sub-100-200 nm particles
then cross local epithelia (gut-associated lymphoid tissue:
GALT) and enter either the portal venous circulation to the
liver or the lymphatic route to systemic blood.>****'*> In the
liver, opsonisation and Kupffer cell uptake drive rapid
handling, with a proportion returning to the intestinal lumen
via bile (enterohepatic recirculation), consistent with the
faecal peaks observed in Fig. 1b and d. Larger particles (=250
nm) are predominantly retained luminally and cleared as
faeces because their size exceeds efficient endocytosis
thresholds.>*' Once in blood, particles may associate with
circulating  cells, facilitating  short-range transport;
systemically, splenic filtration (~150 nm) and renal size
selectivity (<10 nm filtration; mesangial/peritubular
interactions for larger) constrain residence and promote

e I e e -
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Fig. 5 Conceptual model of nPS;, and nPSyso distribution

mechanisms in rainbow trout (O. mykiss), highlighting absorption sites
in the stomach and liver during dietary exposure (adapted from Al-Sid-
Cheikh et al., 2019).
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clearance.*®*™*' Transient ocular/skeletal signals should be
interpreted cautiously in light of the skeleton detector-
efficiency caveat (Table S5). The arrow weights in Fig. 5
reflect the size-dependence seen in QWBA: robust GI — liver
— lumen loops for 20 nm, weak/absent systemic arrows for
250 nm (Fig. 3 and 4).

Why tissue concentrations can exceed faecal concentrations
during exposure

Although spiked feed was consumed within minutes,
apparent tissue concentrations can temporarily exceed faecal
loads during the exposure phase. This arises from two
concurrent processes: (i) epithelial absorption of a fraction
of ingested particles across the gut wall, followed by a brief
presence in vascularised tissues (e.g. liver, kidney) until
clearance; and (ii) luminal egestion of the non-absorbed
fraction over hours to days. Once particles enter circulation
—even briefly—they contribute to measurable tissue
burdens, whereas faecal concentrations primarily reflect the
non-absorbed fraction. This mechanistic dichotomy—
absorption with transient retention vs. luminal egestion—
explains the early maxima and the 1-2 day lag to faecal
peaks (Fig. 1b and d). Fig. 5 highlights the gut as the
primary absorption site and the liver as a secondary
processing compartment.*

Mechanistic interpretation of epithelial transport and
transient systemic access

The spatial patterns resolved by QWBA (Fig. 3 and 4) are
consistent with known size constraints on epithelial
transport. Nanoparticles in the sub-100-200 nm range can
traverse mucosal barriers through endocytic pathways (e.g.,
clathrin/caveolae-mediated endocytosis, macropinocytosis)
and thereby reach portal venous or lymphatic routes.
Particles of ~250 nm are more likely retained luminally and
eliminated in faeces.

In fish, gut-associated lymphoid tissue (GALT)—a network
of immune structures embedded within the intestinal
mucosa—plays a central role in antigen sampling and
immune surveillance and offers plausible sampling of
particulate matter directly from the lumen. GALT contains
lymphoid aggregates and specialized epithelial cells capable
of internalizing particulate matter from the gut lumen. Sub-
100-200 nm particles can cross intestinal epithelia via
transcellular endocytic pathways (e.g., clathrin-mediated
endocytosis, macropinocytosis), enabling access to GALT and,
transiently, systemic circulation,>*?>*31:3>

Once internalised, particle surfaces will acquire a protein
corona that promotes opsonisation and recognition by the
mononuclear phagocyte system (MPS)—notably Kupffer cells
in the liver and macrophages in the spleen—facilitating fast
handling and redistribution.*” This fast handling is well
documented for uncoated engineered gold nanoparticles
(ENP-Au).>***** We note that the reported size thresholds for
splenic slits (around 100 nm)*” and renal filtration (effective
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mainly for particles <10 nm)*®* come from mammalian
studies. Since fish differ anatomically and physiologically,
these values cannot be directly transferred, and the
thresholds for O. mykiss should be viewed as approximate.
Within this framework, the renal signal observed for 20 nm
particles is most reasonably interpreted as non-glomerular
handling (e.g., mesangial/peritubular associations, vascular
trapping, sequestration) rather than efficient
filtration.

The 20 nm kidney signal most plausibly reflects non-
glomerular handling (e.g., peritubular uptake,
trapping, immune sequestration) rather than filtration. For
context, mammalian nanoparticle literature typically places
efficient renal filtration in the very small domain (<~10 nm).
Accordingly, our data do not allow estimation of a fish
glomerular size cut-off.

immune

vascular

Influence of the dosing regime on apparent accumulation

The two dietary regimes—single-day high-dose and five-day
low-dose—map complementary regions of the exposure-
response space. The single-day high-dose design, while
mechanistically useful to accentuate size differences, can
over-represent short-lived systemic signals relative to chronic
environmental exposure. The five-day low-dose design better
mimics chronic dietary intake: under sustained feeding,
apparent accumulation metrics (e.g., BMF) rise during the
uptake phase even as elimination proceeds; once exposure
stops, rapid depuration collapses these metrics. The
qualitative differences evident in Fig. 1 (tissues and faeces)
and Fig. 4 (organ traces) highlight that regime choice (dose,
duration, feeding schedule) strongly shapes apparent
bioaccumulation without implying long retention.

Interpreting particulate bioaccumulation metrics (Kyf, Kee;
BMF,, BMF,)

TK fitting (MOSAIC) provides exposure-regime-dependent
uptake via food (k,¢) and elimination via excretion (ke.), along
with bioaccumulation metrics (BMF, and BMFg). Two
considerations are central for particulates:

1) BMF > 1 during multi-day exposure reflects sustained
dietary input and short-lived internalisation, not the long
biological half-lives characteristic of hydrophobic organic
chemicals. Under the five-day low-dose regime, BMF values
are higher than under single-day dosing because prolonged
feeding raises the numerator (predator burden during
uptake), while elimination continues; after exposure ceases,
first-order depuration reduces BMF rapidly.

2) Size and regime dependence in ky and ke track
the threshold-like nature of epithelial transport and
immune/biliary handling. In the low-dose context, 20 nm
particles typically exhibit a higher k., than 250 nm,
consistent with more effective barrier crossing, whereas
elimination constants may be similar or slightly slower
for 20 nm due to brief residence in hepatic or reticulo-
endothelial compartments prior to clearance. In single-
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day dosing, the 250 nm fraction can show a faster
apparent k. consistent with dominant luminal egestion
and minimal systemic access.

Practically, BMF,/BMF, should not be read as evidence
for trophic magnification in the classical sense for NPs;
rather, they quantify exposure-phase internalisation under
the tested diet regimes.

QWBA robustness

We established QWBA's robustness through cross-platform
comparison (phosphor screens vs. real-time autoradiography),
internal embedded standards, and Monte Carlo simulations
for detector efficiency across tissues (see SI: Text S2, Fig. S2
and S3, Table S5). Background ''C contributions were
minimal, and limits of detection/quantification were
consistent between platforms. One caveat is a modest
efficiency bias in skeletal regions; because dense mineralised
matrices can modestly alter  detection efficiency, skeletal
signals were interpreted conservatively. Bone detection were
reproducible across sections/animals, anatomically plausible,
and—where available—confirmed across platforms. Skeletal
signals are reported qualitatively. These checks support
confidence in spatial trends while acknowledging known
analytical constraints.

Post-epithelial handling: MPS, biliary clearance,
immune-mediated redistribution

Once across the epithelium, protein-corona formation and
opsonisation favour Kupffer cell uptake in the liver and
sequestration by splenic macrophages; together these
processes constitute rapid MPS handling. Biliary excretion
provides a route back to the intestinal lumen (enterohepatic
cycling), consistent with faecal peaks following or
overlapping tissue maxima (Fig. 1b and d). The immune
system (macrophages, neutrophils) can drive redistribution
and local inflammatory signalling, potentially contributing to
organ-to-organ movement at low levels.*™*” This is captured
by QWBA as faint extra-GI signals for 20 nm early in
depuration. The absence of persistent muscle burdens and
the short whole-body half-lives argue against meaningful
long-term storage under the conditions studied.

Organ-specific kinetics and spatial-temporal patterns

QWBA images and quantification (Fig. 3 and 4; SI Fig. S6-S9)
allow time-resolved insight into organ kinetics. For 20 nm
particles under high-dose single-feeding, signals localise
rapidly to the stomach, pyloric caeca, intestine, with transient
presence in kidney and hepatic regions at early time points
(Fig. 3a-d). Under five-day low-dose exposure, GI
compartments (stomach, pyloric caeca, intestine) dominate,
with lower-intensity but detectable signals in liver, kidney,
skin, fins, and eyes (Fig. 4a-d). For 250 nm, signals remain
GI-confined and below LOQ in systemic organs at matched
time points (Fig. 4e-h; Fig. S6). These patterns align with the
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size-limited transport and rapid clearance mechanisms
described above.

Dissolved-chemical paradigm mispredicts NP behaviour

The uptake and depuration kinetics of nPS observed in this
study differ fundamentally from those of metals and
persistent organic pollutants (POPs). Metals such as
methylmercury and cadmium exhibit biological half-lives of
weeks to months due to strong binding to proteins and slow
elimination,*® whereas POPs (e.g,, PCBs, DDT) persist for
months to years in fish tissues, driven by high lipophilicity
(logK,w, > 6) and limited biotransformation;*>*° these
properties result in high biomagnification potential (BMF
commonly 5-20, occasionally > 100 in top predators).**" In
contrast, nPS particles behave as discrete particulates:
translocation and clearance are size-dependent, with near-
complete depuration under the exposure regimes tested (see
Fig. 1; Table S4). NP behaviour therefore does not follow
classical bioaccumulation paradigms based on solubility and
lipophilicity but is governed by particle size, morphology,
and surface properties.” Comparable size-dependent
biodistribution has been reported for ENP-Au and ENP-Ag,
including  preferential accumulation in liver and
spleen.*>*** Consequently, risk assessment frameworks
designed for dissolved chemicals may not adequately capture
the behaviour of NPs characterised by shortlived
internalisation and limited potential for long-term retention
under environmentally relevant conditions.

Environmental realism, exposure design, and limitations

We examined sub-100 nm particles (nanomaterial-like
behaviour) alongside 250 nm particles (upper nanoscale), to
bracket thresholds for uptake and clearance in relation to
definitions of NPs (<1000 nm).® The single-day high-dose
scenario is informative mechanistically (clear size contrast,
convenient kinetics) but can over-represent transient
systemic signals relative to chronic environmental exposure;
conversely, the five-day low-dose regime better mimics
chronic dietary intake and yielded distinct dynamics (higher
BMF during exposure, similar rapid clearance post-
exposure). Together, these regimes map the
exposure-response space and emphasise that regime
choice (dose and duration) strongly shapes apparent
accumulation metrics—even when long-term retention is
limited. Several caveats warrant emphasis:

e Particle identity: we used pristine, spherical polystyrene
as a benchmark to isolate particle size effects at controlled
dose, supported by intrinsic *C labelling and QWBA for
sensitive, spatially resolved quantification.>"”*°
Environmental particles, however, are typically aged/
heterogeneous: oxidation introduces oxygen-containing
groups (e.g., hydroxyl, carbonyl, carboxyl),>>™” roughness
increases, and surfaces host biofilms;>® these changes alter
hydrophilicity, charge and aggregation, and can enhance
contaminant sorption,”®®® thereby modulating membrane
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interactions, kinetics and toxicity.*" Future work should
therefore incorporate aged/weathered polymers and chronic
low-level dietary regimes to resolve how surface chemistry,
roughness, sorbed contaminants and biofilms impact
translocation, tissue distribution and trophic transfer.

¢ Species physiology: Species-specific physiology (e.g.,
spleen architecture, renal thresholds) may shift size gates
relative to mammalian benchmarks; we therefore avoid

hard cut-offs for fish and treat extra-mammalian
inferences cautiously.

Despite these limitations, the integrated TK-QWBA
approach quantitatively resolves size-dependent

biodistribution and clearance at realistic concentrations,
providing a  contamination-resistant  alternative  to
dissection-based quantification and a strong basis for
mechanistic inference.

Ecological and trophic transfer implications

From a consumer perspective, rapid depuration and
negligible muscle retention argue for limited long-term body
burdens, reducing direct human exposure via fillets under
conditions comparable to this study. Ecologically, however,
transient internalisation during the diet phase implies the
possibility of trophic transfer, especially under chronic, low-
level exposures or in species with slower gut transit and
different immune handling. Beyond mass balance, functional
endpoints (digestion efficiency, mucus production, immune
tone, epithelial integrity) deserve attention because the short-
lived presence can still modulate physiology in ways not
captured by bulk concentration metrics alone.

Policy and assessment implications

The data advocate a shift from dissolved-chemical paradigms
toward particle-kinetic modelling for NPs. Practically, this
means:

(i) prioritising chronic, low-dose dietary studies to quantify
exposure-phase internalisation without conflating it with long
retention;

(ii) incorporating aged/weathered particles (oxidised,
roughened, biofilm-bearing; with sorbed co-contaminants) to
capture environmental realism; and

(iii) embedding fish-specific physiology (e.g., spleen/renal
size selectivity) in bioaccumulation models to avoid
mammal-centric biases. These steps will improve ecological
realism and regulatory relevance.

Conclusions

Intrinsic *C labelling combined with QWBA provides a
sensitive, contamination-resistant route to quantify and
image NP biodistribution at environmentally relevant
concentrations. By embedding '*C in the polymer backbone,
we achieve accurate spatial quantification without dissection.

Our data reveal size-dependent toxicokinetics: 20 nm nPS
transiently appears in hepatic/renal regions while 250
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nm remains Gl-confined; both sizes depurate rapidly (¢,
~ 0.9-2.7 d; near-complete clearance < ~10 d).
Exposure regime matters: multi-day low-dose feeding elevates
apparent accumulation during uptake relative to single-day
dosing, yet post-exposure depuration is rapid. MOSAIC
modelling confirms this with ku¢/ke. estimates and BMF
metrics, where higher BMF,/BMF,, under low-dose reflects
sustained dietary input, not long retention.

Spatially resolved QWBA shows organ-specific patterns
(pyloric caeca, intestine, liver) for 20 nm consistent with
GALT-mediated transport and endocytic pathways. A modest
detector-efficiency bias in skeletal regions was noted;
accordingly, bone signals were interpreted conservatively.

Collectively, NPs in fish behave as particulates, not as
dissolved lipophilic chemicals: size, morphology and surface
chemistry govern brief internalisation and rapid elimination.
These insights argue for particle-kinetic models and chronic,
realistic dietary studies—including aged/biofilm-bearing
particles—to  refine ecological risk, trophic-transfer
assessments and policy guidance.
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[**C]nPS C-labelled nanopolystyrene particles

ATR Attenuated total reflection

BMF Biomagnification factors

BMFy Biomagnification  factors  given  as
probability distributions: kinetic

BMF, BMF at steady-state

CMC Carboxymethylcellulose

DLU Digital light units

Dpm Disintegration per minutes

ENPs Engineered nanoparticles

Fg Fraction of electrons emitted

FLA Fluorescent image analyzer
FTIR Fourier-transform infrared spectroscopy
Kee Elimination rates of excretion
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KPS Potassium persulfate
Kut Uptake rate of food

LOD Limit of detection

LOQ Limit of quantification

MDA Minimum detectable activity

MOSAICp;pace MOdeling and StAtistical tools for
ecotoxicology

NaOH Sodium hydroxide

NPs Nanoplastics

nPS nanopolystyrene

pH potential hydrogen

PMMA Poly(methyl methacrylate)

PSL Photostimulated luminescence

Toxicokinetics ~ TK

QWBA Quantitative-whole body autoradiography

S.D. Standard deviation

SDS Sodium dodecyl sulfate
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of FTIR and Raman spectroscopy analyses of particles (Fig.
S1), calibration curves for QWBA (Fig. S2), comparison of
autoradiographs from BeaQuant and phosphor screen
autoradiography (Fig. S3), and MOSAIC Bioacc modelling for
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emission fractions of *C from different organs are provided
in Tables S1-S5. See DOI: https://doi.org/10.1039/d5en00985e
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