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Understanding the accumulation mechanisms and particle-specific effects of nanoparticles in aquatic
organisms is crucial for assessing ecotoxicological risks of nanomaterials. The aim of this study is to
evaluate the influence of copper nanoparticles (CUNPs) particle size (40-60 nm and 60-80 nm) on

the subcellular partitioning kinetics of Cu in grass carp (Ctenopharyngodon idellus) tissues, utilizing

a Bayesian two-compartment toxicokinetic (TK) model. Fish were exposed to these CuNPs at
concentrations of 0.03, 0.1, and 0.3 pg mL~* for 10 days. Bayesian Markov chain Monte Carlo (MCMC)
simulation enabled stochastic estimation of uptake (k,p), detoxification (k,), and elimination (k) rate
constants, along with uncertainty quantification. Results showed that smaller CUNP particle sizes
affect greater Cu accumulation in the liver and kidney at low to moderate concentrations than at
high concentrations, likely due to particle aggregation at higher exposure level. Bayesian TK model
revealed tissue-specific kinetic profiles, larger CUNP exhibited faster uptake, while smaller particle
enhanced higher detoxification rates, especially in the liver and intestine. These results showed how
particle size and concentration affect Cu subcellular fate through dynamic detoxification mechanisms.
In conclusion, Bayesian MCMC subcellular partitioning TK model advances the understanding of
particle size effects in aquatic nanotoxicology, emphasizing the importance of considering particle
characteristics and exposure levels in assessing biological responses and environmental risks of
exposure to CuNPs in aquatic ecosystems.
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Copper nanoparticles (CuNPs) exhibit modulated characteristics dependent on their shape, particle size, and
density'. Their high specific surface area and reaction activity foster novel benefits across various sectors,
including semiconductor technology, biomaterials, energy production, and environmental technology®. The
extensive production of CuNPs leads to their discharge into aquatic environments through industrial effluents,
antimicrobial waste from domestic sources, and agricultural practices. CuNPs come into direct contact with
receiving water environments and aquatic organisms upon release. Adam et al.> estimated that surface waters in
Europe receive up to 23% of the total nanometal burden across various environmental compartments, including
air, sludge-treated soil, surface water, natural and urban soil, and subsurface environments. Predictions from
the NanoFate model show that the release of CuNPs into freshwater environments would increase dissolved Cu
concentrations from 1 to 100 ng L™ !, primarily due to the dissolution and aggregation of CuNPs*. Furthermore,
CuNPs release Cu in nanoparticles or ionic form>, both of which have the potential to accumulate in aquatic
organisms, raising concerns about potential risks to ecological health posed by CuNPs.
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The transport, accumulation, and toxicity of nanomaterials are dependent on factors such as size, shape,
surface reactivity, crystallinity, aggregation, and dissolution®~8. In particular, particle size is directly correlated
with key factors influencing nanoparticle fate, bioaccumulation, and toxicological behavior®!°. While numerous
studies have observed that organisms exposed to smaller metallic nanoparticles tend to accumulate metal more
readily'""'%, contrasting evidence suggests that larger particle sizes result in greater metal accumulation!®!3.
However, it remains unclear whether the size of metallic nanoparticles directly influences metal accumulation,
and most research on particle size-dependent metal accumulation in aquatic organisms has focused on silver
nanoparticle!®!3. The current limited understanding of nanoeffects arises from the relationship between particle
size and its impact on particle characteristics, which ultimately influence toxicokinetics and nanotoxicity.
Burello and Worth!* emphasized the importance of considering the size effects and nanoparticle characteristics
in nanotoxicological studies. Nevertheless, few studies have addressed the dynamic kinetic of partitioning into
the metabolically active pool (MAP) and the metabolically detoxified pool (MDP).

The presence of metallic nanoparticles at the subcellular level plays a crucial role in determining the
processes of nanotoxicity in aquatic organisms, influencing both their toxicity and detoxification processes'>1.
The effectiveness of activating and detoxifying metallic nanoparticles depends on the threshold concentration of
subcellular partitioning in both the MAP and the MDP of the affected organism!>!”. Furthermore, subcellular
partitioning allows a more accurate assessment of the metal load and its potential harmful effects on the
organism'®'®, thus enhancing the overall knowledge gained from the research in this field. It is crucial to
quantitatively assess the absorption and depuration kinetics of metallic nanoparticles at the subcellular level, as
this can significantly improve the evaluation and prediction of metal accumulation and associated toxicity, which
may induce cellular damage and generate reactive oxygen species?*!. However, compartmentalized subcellular
partitioning into the MAP and MDP is rarely studied in terms of absorption and depuration kinetics?2. However,
there is currently a lack of subcellular toxicokinetic models for metallic nanoparticles. One of the few studies
to utilize such models evaluated the impact of cadmium nanoparticles on bivalves!®. Understanding the
toxicokinetics of CuNPs at the subcellular level reveals mechanistic insight and provides critical parameters for
predictive models that can support environmental risk assessments and enhance monitoring strategies.

Insufficient subcellular toxicokinetic data on the size-dependent effects of metallic nanoparticles is
characterized by uncertainty and variability, changes that Bayesian analysis can address to optimize model
simulations?»?*. By integrating prior knowledge and experimental data, Bayesian analysis (i.e., Markov chain
Monte Carlo (MCMC) techniques) facilitates the optimization of parameterization, providing posterior
distributions rather than point estimates and extending the potential for uncertainty analysis?»?. Furthermore,
Bayesian MCMC methods provide a robust framework for evaluating toxicokinetic (TK) model structures,
incorporating multiple datasets and a wide range of parameter values. As a result, this approach could
significantly contribute to elucidating the factors that influence the toxicokinetics of nanoparticles?®. These
advantages enhance the reliability of toxicokinetic modeling by capturing parameter uncertainty and biological
variability to support scenario-based modeling efforts relevant to metallic nanoparticle exposures in aquatic
environments.

This study hypothesizes that particle size influences the subcellular partitioning kinetics of Cu in the MAP
and MDP in aquatic organisms following CuNP exposure. To test this hypothesis, we focused on examining
Cu subcellular partitioning in tissues of grass carp (Ctenopharyngodon idellus). Additionally, we aimed to
develop a subcellular partitioning TK model incorporating Bayesian analysis to estimate size-dependent
CuNP toxicokinetic parameters. The integrated approach provides a quantitative framework for improving
the understanding of CuNP behavior in aquatic organisms, addressing environmental risk assessment and
management of nanoparticles.

Materials and methods

Nanoparticle solutions and characterization

The particle sizes of 40-60 nm and 60-80 nm copper nanopowder used were purchased from Sigma-Aldrich (>
99.5% purity). The 1000 mg L' CuNP stock solutions were prepared by dispersing 40 mg of Cu nanopowder
in 40 mL of ultrapure water (Millipore) by an ultrasonic homogenizer (Hielscher UP50H) to avoid aggregating.
Then, the stocks were ultrasonicated with a 30 kHz ultrasonic frequency and 100% amplitudes for at least 30 min
to increase dispersion before the dosing event. We put 10 pL of drop solution (100 mg L™! CuNPs) onto a 200-
mesh copper grid and dried it overnight at room temperature for particle image analysis. The image analysis of
the CuNPs by transmission electron microscopy (Hitachi HT7700) revealed the morphology, aggregation, and
particle size in ultrapure water (Fig. S1). The diameters of the 40-60 nm and 60-80 nm individual CuNPs were
approximately 40 nm and 60 nm, respectively. The CuNPs appeared spherical, and particle size distribution with
a mean particle size of 72.548 + 68.305 nm (n = 218) of 40-60 nm, and a mean particle size of 86.182 + 61.016
nm (n = 151) for 60-80 nm (both including aggregates). The mean sizes of aggregates were 169.997 + 74.973
nm (range: 81.562-357.865 nm; n = 53) for 40-60 nm and 163.810 + 73.576 nm (range: 86.701-403.392 nm; n
= 42) for 60-80 nm.

Experimental design

Grass carp (Ctenopharyngodon idellus) were obtained from Yuantai Fish Hatchery in Changhua County, Taiwan.
Juvenile fish (body weight: 13.45 +8.69 g; body length: 10.95+2.20 cm) were acclimated in 50-L tanks filled with
tap water dechlorinated at a temperature of 26-28 °C, pH 8.2+ 0.04, and dissolved oxygen 7.8+0.2 mg L' in a
12-hour light-dark cycle for 14 days before the exposure tests. The water quality of Kaohsiung tap water was as
follows: total hardness 158.83 mg L™}, alkalinity 104.15 mg L™}, total dissolved solids 296.67 mg L', ammonia
was ND, and background Cu level <0.01 mg L~ The fish were fed commercial fish pellets (2.0 mm) daily at a
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rate of 1% of their gross body weight during the acclimation period, but they were intentionally not fed for 24 h
before and during the test to minimize the intake of fecal debris and Cu from the food.

Fish were exposed to CuNPs on controlled laboratory conditions with two particle sizes (40-60 nm and
60-80 nm) and three concentrations (0.03 pg mL~ 1, 0.1 pg mL~ !, and 0.3 ug mL~!) for 10 days. The particle
sizes were selected based on CuNP size-dependent toxicity in rat neurons®’, and exposure concentrations were
adjusted with reference to previous CuNP bioaccumulation studies in fish?*?°. Thirty-two fish in each treatment
group were randomly allocated into two tanks. All treatments were performed in 50-L water volume within
indoor rectangular fiberglass aquaria (60 x 37 x 36 cm), and a 50% water change, along with re-dosing, was
performed every two days. To avoid the potential influence of dietary Cu accumulation, fish were not fed during
the 10-day exposure period. The duration chosen to prevent starvation-related physiological stress, as grass carp
fingerlings can survive without food for at least 15 days®® Similar experimental durations have been used in
CuNP accumulation studies?33!. Five fish were sampled at 0, 2, 4, 6, 8, and 10 days to analyze subcellular copper
partitioning in liver, kidney, and intestine. The grass carps were anesthetized with benzocaine hydrochloride
solution during the sampling. The dissected intestine, kidney, and liver samples were cleaned with ultrapure
water and freeze-stored at — 80 °C in the dark until analyzed. No mortality was observed during the experiment.
The fish were euthanized using benzocaine hydrochloride solution at 250 mg L~ 1. The procedures for the
exposure bioassays were approved by the Ethical and Scientific Committee of Kaohsiung Medical University. All
experimental procedures were conducted in accordance with relevant guidelines and regulations. The exposure
experiments were performed in accordance with the OECD Test Guideline 305 for bioaccumulation in fish. This
study was reported in accordance with the ARRIVE guidelines®2.

Subcellular partitioning and chemical analysis

A modified method based on Wallace et al.?° and Geffard et al.* was used to homogenize tissues and separate
subcellular fractions by centrifugation. Five subcellular partitioning were isolated: metal-rich granules,
organelles, heat-denatured proteins, metallothionein-like protein, and cellular debris. The separated subcellular
fractions were analyzed for Cu residues. The frozen tissues (stored at — 80 °C) was transferred into a pre-weighted
2-mL tube. After weighing, the tissue was mixed with lysis buffer (10 mM Tris-HCl and 5 mM 2-ME) in an ice
bath. The mixture was homogenized using a homogenizer (Tissue-Tearor Modle 98570, Dremel) at medium
speed. The tissue-to-lysis buffer ratio was 1:4. The homogenized tissue was first centrifuged at 1500 g at 4 °C for
30 min (Micro 17TR, Hanil, Korea) to obtain a pellet (P1) and supernatant (S1). The pellet (P1) was suspended
in 1 N NaOH (half volume of lysis buffer) and heated at 100 °C for 2 min before adding ultrapure water (half
volume of lysis buffer) to the pellet and heating at 65 °C for 60 min. To separate the metal-rich granules (P2) and
cellular debris (S2), the mixture was re-centrifuged at 10,000 g at 4 °C for 10 min. The supernatant 1 (S1) was
transferred to a polycarbonate bottle (Beckman Coulter, USA) and re-centrifuged at 100,000 g at 4 °C for 60 min
by ultracentrifuge (Optima L-90 K preparative ultracentrifuge, Beckman Coulter, USA; Rotor: Type 70.1 Ti) to
separate the organelles (P3) and cytosol (S3). The cytosol (S3) was heated at 80 °C for 10 min and cooled at 0 °C
for 60 min. After denaturation, the cytosol was re-centrifuged at 30,000 g at 4 °C for 20 minutes to separate the
final pellet (P4, heat-denatured protein) and supernatant (S4, metallothionein-like protein).

Both the pellet and supernatant samples were digested in 1 mL HNO, at 80 °C for 6 h and Cu analysis was
conducted by a Flame Atomic Absorption Spectrometer (Perkin-Elmer PinAAcle 500, USA). Analytical quality
control was ensured with certified reference materials (Dogfish muscle, DORM-2, National Research Council,
Canada). The limit of detection was 20 pg g~! for tissues samples and 20 pg L™! for water samples, with a
recovery value of 102.8 +22.8%.

Bayesian two-compartmental toxicokinetic model

The two-compartment toxicokinetic model (Fig. 1), modified from the theoretical framework of metal
accumulation proposed by Rainbow™, was applied to describe the time-course Cu concentrations during CuNP
exposure. Based on the metal subcellular distribution concept, Cu can be accumulated and distributed in two
compartments: the metabolically active pool (MAP) and the metabolically detoxification pool (MDP). The MAP
comprises the toxic actions that occur in organelles and heat-denatured proteins, and the MDP comprises the
defective responses in metallothionein and metal-rich granules. Metallothionein proteins are rich in cysteine,

kuA l l kuD

Fig. 1. Schematic of a two-compartmental toxicokinetic model illustrating CuNP distribution among
subcellular partitioning in grass carp.
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comprising over 30% of the total amino acid residues, and have a high affinity for metal cations®. Previous
studies have shown that metallothionein-like proteins can be rapidly induced by exposure to ambient metals,
particularly copper, zinc, and cadmium, and that these proteins subsequently bind specifically to incoming
metals®*-%%, without passing through the MAP, highlighting the role of metallothionein-like proteins in the
cellular response exposure. In this model, we incorporated direct uptake of CuNPs from water into both MDP
and MAP. This assumption accounts for the simultaneous accumulation of Cu in both pools: the MAP where Cu
supports metabolic and enzymatic function, and MDP where metals are sequestered for detoxification. Based on
metabolic requirements for essential metals, Cu accumulates in the MAP to support the enzyme requirement.
When metal levels exceed metabolic needs, they are transferred to the MDP for detoxified storage, and
elimination of accumulated metal occurs primarily in MDP3. For example, copper accumulates in metal-rich
granules and is eliminated detoxified through the cell cycle in alimentary tract®®. The processes of Cu kinetics
within the grass carps following exposure to CuNPs were assumed to include the influx from water into both the
MAP and MDP, the detoxifying transfer from the MAP to the MDP, and the efflux occurring in the MDP. The
mathematical equations for these processes are as follows:

dcC t
%() =kuaCw — kaCnap
dC t
%U =kupCw + kaCmapr — keCupP
where C,,,(¢) and CMDP(t) are the concentrations of Cu distributed in the MAP and the MDP (ug Cu g~! tissue),

respectively, and C,_ is the CuNP concentration in solution (ug CuNP mL™" water). k_, and k  are the uptake
rate of the MAP and the MDP compartments (mL g! day™!), respectively, k, is the elimination rate (day™), and
k, is the detoxification rate (day™ b,

The toxicokinetic parameters, i.e., ku a0 kuD, ke, and k ” for each exposure combination of CuNP concentrations
and particle sizes were estimated and optimized using the Bayesian Markov chain Monte Carlo (MCMC) method.
The main notion of Bayes’ theorem for parameter estimation is to acquire the joint posteriors, which combined
the data likelihood with the prior knowledge of the parameters. First, for the prior estimates, due to the lack of
parametric information regarding subcellular partitioning in the literature, we used the Cu concentration data
profiles and applied least-squares curve fitting with the Levenberg-Marquardt (LM) algorithm to obtain the
means and standard deviations (SDs) of the parameters. The LM algorithm was implemented using OpenModel
2.4.2 software. The prior distributions for most parameters were assigned as log-normal distributions with a
truncated setting, where the maximum value was set to ten times the mean. However, if the estimated SD was
extremely larger than its mean, the prior distribution was set as a uniform distribution, ranging from 10~7 to
10, to provide considerable freedom in sampling spaces for testing. Subsequently, the likelihood of the data was
assumed to be based on the variances of the concentration data.

To execute the MCMC algorithm, the Metropolis-Hastings (MH) algorithm was employed to combine the
datalikelihood and the prior distributions and to generate four Markov chains for obtaining posterior parametric
estimates. The MCMC computation was implemented using MCSim software (version 6.1.0) within an R Studio
interface. Each independent chain possessed 2,000 iterations, of which the first half were “burn-in,” and the last
half of those were used to examine the convergence and estimate the posterior distributions of the involved
parameters. The estimated scale reduction (R) established by Gelman and Rubin’’ was used to examine the
convergence of the Markov chains. Values of & below 1.2 indicate that the chains have likely converged and the
model results are considered stable.

Statistical analysis
We used the mean arctangent absolute percentage error (MAAPE) as the goodness-of-fit index to assess the
model fitting performance. The calculated equation proposed by Kim and Kim*! is as follows:

1« E; — P,
MAAPE = - Z arctan (‘ 5

0

) x 100%

1=

where E, and P, are the experimental and predicted values given by a particular time point i. Considering the
range of the arctangent and referring to Moreno et al.*?, we determined that the acceptable level for model
accuracy should be lower than 50%. This value reflects the average angular error between predicted and observed
values, and a MAAPE below 50% is considered to indicate an acceptable predictive performance in similar
biological modeling contexts.

Data were tested for normality, homogeneity of variance, and independence prior to statistical analyses.
Statistical differences in Cu accumulation between small-sized and large-sized particle treatments, the MAP and
the MDP, and exposure times on day 0 and day 10 were analyzed using the t-test when assumption were satisfied;
otherwise, the Mann-Whitney U-test was used instead. The difference among the exposure concentrations was
tested using the one-way ANOVA with Tukey’s test. The Kruskal-Wallis test followed by the Dunn’s post-hoc
test was used when assumptions were not satisfied. A factor analysis of mixed data (FAMD), a type of principal
component analysis (PCA) designed for datasets containing categorical variables, was used to examine the
associations among the CuNP exposure concentrations, nanoparticle sizes, and the subcellular partitioning
of Cu in the intestine, kidney, and liver during the 10-day exposure period. This PCA method was referred
to in Rocha et al.!". Input factors included the concentration in the different subcellular fractions and their
percentages to describe the subcellular partitioning. After obtaining the posterior parameters, a hierarchical
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clustering on principal components (HCPC) approach was employed to evaluate the interrelatedness of the
kinetic parameters, the exposure concentration and particle size. The standard processes of the HCPC approach
were included in a FAMD followed by hierarchical clustering. The clustering was depicted by a dendrogram
based on Ward’s minimum variance method with calculating Euclidean distances. All FAMD and HCPC analysis
in this study were conducted by R version 3.6.3 with the FactoMineR*® (v2.4) and factoextra (v1.0.7)* packages.
The significance level was set such that the p-value was less than 0.05.

Results

Tissue-specific subcellular partitioning kinetic parameters

The measured Cu concentrations in the MAP and the MDP of the livers, kidneys, and intestines of grass carps
exposed to 0.03, 0.1, and 0.3 pg mL~! CuNPs, with particle sizes ranging from 40 to 60 nm and 60-80 nm is
presented in Fig. 2. Cu accumulation followed the order: liver > kidney > intestine, with concentrations generally
increasing over time across all tissues. Cu concentrations measured at initial exposure and at the end of the 10-
day exposure period revealed an overall increase in Cu concentration in both the MAP and MDP of all three
tissues, with a few exceptions (Fig. S2). Specifically, no significant increase was observed in the MDP of livers for
60-80 nm CuNPs at 0.3 ug mL"?, the MDP of the kidneys, and the 40-60 nm CuNPs at 0.3 pg mL~" in the MAP
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Fig. 2. Comparison of the observed time-course data (mean + SD) to simulated concentrations in the
metabolically active pool (MAP) and metabolically detoxified pool (MDP) of (A-L) liver, (M-X) kidneys and
(Y-AJ) intestines in grass crap exposed to 0.03, 0.1, and 0.3 ug mL~! CuNPs of 40-60 and 60-80 nm. Circular
and diamond markers represent experimental data for MAP and MDD, respectively. Orange and green shaded
areas with solid lines indicate simulated concentrations for MAP and MDP, respectively, along with 95%
confidence intervals. Data are shown as mean +SD; n =5 unless noted (See Table S2 for condition with n=4).
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and MDP of the intestines (Fig. S2C, I, O). Although these cases showed no significant differences, a tendency
toward the lowest accumulation was observed in the intestines under the highest exposure concentration of
smaller particle size (40-60 nm at 0.3 pg mL™!).

We applied the Bayesian two-compartment toxicokinetic model to fit the observed Cu concentrations in the
MAP and the MDP of the livers, kidneys, and intestines following CuNP exposures, in order to estimate the
kinetic parameters of MAP and MDP (Fig. 2). The model showed good model fitting performance, as indicated
by MAAPE values, from most tissues and treatments (Fig. S3). However, exceptions were observed in the kidney
exposed to 0.1 pg mL™! (Fig. S3B), where higher MAAPE values were found for the MAP (40-60 nm: 56.96%)
and for both the MAP and MDP (60-80 nm: 54.03% and 53.10%, respectively). The results revealed that Bayesian
subcellular toxicokinetic modeling can be applied to predict accumulation, biological activity, and detoxification
under environmentally relevant CuNP exposure scenarios.

The model predictions revealed a linear increase in Cu concentration in the MAP and MDP of livers
exposed to the lowest and highest concentration of 40-60 nm CuNPs and the lowest concentration of 60-80 nm
treatments (Fig. 2A, B, E-H) and in the kidneys throughout the exposure period for all treatments (Fig. 2M-X).
In contrast, Cu accumulation in the intestines was slower, particularity at the highest concentration of 40-60
nm CuNPs (Fig. 2AC, AD). In general, Cu accumulation in the MAP reached equilibrium more quickly than
in the MDP, particularly in the intestines and livers, suggesting limited toxicity concerns for CuNPs exposure.
Furthermore, at the end of the exposure, the livers and intestines exhibited higher Cu accumulation in the MDP
compared to the MAP, especially following exposure to smaller-sized CuNPs (liver: 0.1 ug mL~! and 0.3 pg mL™Y;
intestine: 0.03 ug mL™; Fig. S4). Across all tissues, Cu accumulation was higher in the MDP than in the MAP,
particularly in the livers and intestines, emphasizing the role of detoxification in these tissues.

The convergence assessment confirmed that the estimated kinetic parameters met the criteria (Table S1,
Fig. 3). The uptake rate constant for the MAP (k) in all tissues decreased as the concentration of small
particles increased (Fig. 3A-C). Similarly, k , in the kidneys also decreased with increasing concentrations of
large-particle CuNPs (Fig. 3B). In addition, the uptake rate constant for MDP (k ) in the intestines declined
with increasing concentration from both particle size treatments (Fig. 3F), whereas k , in the liver remained
unaffected (Fig. 3D). When comparing the estimated kinetic parameters between MAP and MDP, we observed
tissue-specific trends. In the livers, k , was quicker than the k  for the large particle treatment (Fig. 3A, D),
whereas in the intestines, a quicker k , was observed for the small particle treatment (Fig. 3C, F).

Although smaller-sized CuNPs were associated with higher potential toxicity in the intestines, as indicated
by k,, > k p» the transfer rate from the MAP to the MDP for detoxification (k,) was also quicker for the smaller
particle exposures (0.41-0.57 day™!) compared to the larger particle exposures (0.05-0.1 day™!) (Fig. 31). In
the liver, both k, and elimination rate constant (k,) increased with increasing CuNP exposure concentration
in the larger particle treatment, indicating enhanced detoxification and elimination (Fig. 3G, J). In contrast,
the kidneys exhibited minimal differences k; and k_ values between small and large particle treatments (Fig.
3H, K). These results suggest that the livers and intestines play critical roles in detoxification in response to
CuNP exposure. Furthermore, exposure to larger particles is associated with greater liver detoxification and
elimination stability than smaller particles. These subcellular partitioning kinetic parameters provide insights
into tissue-specific detoxification processes and could be essential for developing further predictive models.
However, a mechanistic model alone is not sufficient to fully elucidate the detoxification mechanisms. A
more comprehensive understanding of nanoparticle detoxification at the cellular level could be achieved by
incorporating biochemical biomarkers, such as metallothioneines, oxidative stress, and related enzymatic
responses.

To compare k , and k;, we first examined their correlation to assess whether these two parameters are
independent, as the model structure suggests that k , and k; may be correlated. We computed Pearson’s
correlation coefficients across various conditions. Strong correlations (r > 0.7) were observed in five specific
cases: the intestine exposed to 40-60 nm CuNP at 0.03 and 0.3 pg mL~}; the kidney exposed to 40-60 nm and
60-80 nm CuNP at 0.1 ug mL™'; and the liver exposed to 60-80 nm CuNP at 0.3 ug mL™" (Fig. S5). For most
other combinations of tissues, exposure concentration, and particle size, the correlations were moderate to weak
(r <0.7). These findings indicate that individual parameter estimates remain interpretable despite some observed
correlations.

Influence of particle size and concentration on subcellular accumulation

Figure 4 illustrates a comparison between the two particle sizes revealed that smaller-sized CuNPs had higher
Cu accumulation than large-sized CuNPs under certain conditions: at the lowest concentration exposures
in the MDP of the livers (Fig. 4A), in the MAP and the MDP of the kidneys (Fig. 4D), and at the moderate
concentration exposure in the MDP of both livers and kidneys (Fig. 4B, E). However, at the highest exposure
concentration, Cu accumulation was lower in the MAP and the MDP of the kidneys with smaller-sized CuNPs,
and at moderate exposure concentration, it was a lower accumulation in the MAP of the intestines compared to
the larger-sized CuNPs (Fig. 4F). These findings indicated that smaller-sized CuNPs generally led to higher Cu
accumulation in the liver and kidneys. However, at the highest exposure concentration, CuNP exposure did not
enhance Cu accumulation, particularly with smaller-sized CuNPs.

Cu accumulation in the MAP and the MDP of the tissues showed significant differences among exposure
concentrations to CuNPs of the same particle size (Fig. 5), except in the intestines. For the smaller particle size
(40-60 nm), the highest concentration exposure is associated with the lowest Cu accumulation in the livers
(MAP: p=0.017; MDP: p=0.017, Fig. 5A), and the MAP and the MDP of the kidneys (MAP: p=0.0096; MDP:
p=0.013, Fig. 5C). Conversely, for the larger particle size (60-80 nm), the highest accumulation in the MAP and
the MDP of the livers (MAP: p=0.039; MDP: p=0.032, Fig. 5B) and the kidneys (MAP: p=0.012; MDP: p=0.012;
Fig. 5D) was observed at the moderate exposure concentration. The results showed that, despite increasing
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Fig. 3. Posterior distributions (mean + SD) of parameters updated in a two-compartment TK model with the
Bayesian approach using CuNP subcellular data from (A, D, G, J) liver, (B, E, H, K) kidney and (C, F, I, L)
intestine. Bar colors represent different kinetic parameters: red (uptake rate of the MAP, k ,), green (uptake
rate of the MDP, kuD), blue (detoxification rate, k Cl), and yellow (elimination rate, ke). Solid and hatched bars
correspond to exposure concentrations of 0.03, 0.1, and 0.3 ug mL™", as indicated in the legend.

exposure concentrations, smaller-sized CuNPs did not affect greater Cu accumulation in either the MAP or
the MDP. The relative proportions of Cu distribution into MAP, MDP, and cellular debris further support the
detoxification role of MDP, especially under exposure to smaller sized CuNPs (Fig. S6).

Multivariate analysis of partitioning and toxicokinetics

We further examined the effects of particle size and concentration on the toxicity and detoxification of CuNPs
in three tissues. Principal components analysis (PCA) revealed that the principal components explain72.6%,
73.1%, and 65.4% of the total variability in the livers, kidneys, and intestines respectively (Fig. 6). Dimension 2 of
the PCA clearly distinguished Cu accumulation between exposure to small- and large-sized CuNPs. For the liver
and intestine, exposure to the small-sized CuNPs was closely related to the proportion of Cu in MDP (% MDP)
(Fig. 6A, B, E, F). Conversely, the influence of larger-sized CuNPs on the kidneys correlated with the proportion
of Cu concentration in MAP (% MAP) (Fig. 6C, D). Additionally, we used toxicokinetic parameters to assess
variability in Cu accumulation across particle sizes, exposure concentrations, and tissues. Hierarchical clustering
analyses indicated no significant toxicokinetic variability between particle size treatments, and the toxicokinetic
function of the livers showed high similarity to those of the intestines (Fig. S7). The k_, in all three tissues was
distinctly grouped according to small-size and large-size CuNP exposures. The detoxification rate constant (k)
and elimination rate constant (k,) were also separated similarly by particle size. These findings suggest that
particle size significantly influences the detoxification and elimination capacities.
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Fig. 4. Comparison of the effects of exposure to different sizes of CuNPs on copper accumulation in the
MAP and the MDP across various tissues: (A-C) liver, (D-F) kidney, and (G-I) intestine. Red bars represent
40-60 nm CuNPs and blue bars represent 60-80 nm CuNPs. Data are shown as mean + SD (n=5). Statistical
tests: t-test for liver and kidney; Mann-Whitney U-test for intestine. Statistical significance is indicated as

*p<0.05, **p<0.01, "p<0.001, and ns=not significant.

Discussion

Effects of particle size and concentration on toxicokinetics

This study indicates that smaller CuNP sizes (40-60 nm), combined with lower to moderate exposure
concentrations, are associated with higher Cu accumulation in the kidneys and liver of grass carp. Particle
size plays a pivotal role in chemical absorption and subsequent biological effects. Specifically, smaller particles
possess a larger surface area relative to their volume, leading to quicker dissolution in aquatic environments.
Previous studies reported that 50-nm CuNPs released approximately 41% of their Cu ions within 24 h, compared
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to only 23% released by 78-nm CuNPs under similar conditions**. This increased dissolution not only
enhances bioavailability but also elevates toxicity through chemical oxidation processes, particularly in copper
oxide?”. Our findings reveal that smaller sizes of CuNPs, ranging from 40 to 60 nm, affect the linear increase
in Cu accumulation in the MAP of the kidneys and liver, indicating a dual process of toxicological impact and
detoxification response. Notably, this aligns with prior research demonstrated that smaller-sized CuNPs exhibited
significantly higher toxicity compared to bulk CuO, with toxicity increase ranging from 40- to 50-fold*-%C.
This heightened toxicity is attributed to the substantial release of Cu ions from smaller CuNPs, which are more
reactive and bioavailable. However, it is important to note that nanoparticle-induced toxicity extends beyond
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Fig. 6. PCA plots for examining the correlation among Cu concentrations in different subcellular partitioning
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size-dependent dissolution. Baek and An®! demonstrated that Cu nanotoxicity arises not only from dissolved
Cu but also from direct effects of intact nanoparticles. While metal ions may be more readily distributed to the
metabolically active pool?’, intact particles are more likely to be sequestered in the metabolically detoxified
pool, as part of the subcellular strategy to isolate and neutralize potentially harmful particles®?. In this study,
we measured total Cu concentrations without distinguishing between particle and ionic forms. The extent to
which the accumulated Cu originated from intact nanoparticles or from dissolved Cu ions remains uncertain.
This distinction is important, as ionic Cu and CuNPs may exhibit different bioavailability and toxicity. Advanced
techniques such as single-particle ICP-MS and X-ray absorption spectroscopy can differentiate between
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nanoparticle and ionic forms of Cu and better understand the contributions to accumulation and toxicity>>>4.
Additionally, the characteristics of CuNPs, including shape, surface charge, and aggregation behavior,
significantly influence their distribution, toxicity, and interactions with biological systems. For example,
nanoparticle aggregation in different environments, such as water, plasma, and cellular compartments, alter their
surface properties and bioactivity>>~>%. While this study quantitative confirmed particle aggregation and size
distribution in suspension, it did not include quantitative analyses in the actual exposure medium, where such
measurements are challenging at low exposure concentrations®®. This limitation is important, as quantitative
characterization would enhance a clear understanding of nanoparticle behavior under environmentally relevant
conditions. These findings underscore the complexity of CuNP on accumulation and toxicity, which is not solely
governed by particle size but also modulated by nanoparticle-specific characteristics and environmental factors.
Therefore, a comprehensive understanding of these interactions is essential for accurately assessing the risks
associated with CuNP exposure.

Although the study design included three CuNP exposure concentrations to establish quantitative,
concentration-dependent toxicokinetic parameters, the results did not demonstrate monotonic trends across
tissues or subcellular. In particular, Cu accumulation decreased or plateaued at higher concentrations in smaller-
sized CuNPs. In light of these patterns, we emphasized qualitative comparisons to interpret the influence of
particle size, exposure level, and tissues on subcellular partitioning and bioavailability. Lower Cu accumulation
was observed in fish exposed to smaller-sized CuNP at higher concentrations, whereas higher Cu accumulation
was observed at lower concentrations of smaller-sized CuNPs. Specifically, at high concentrations, we observed
reduced Cu accumulations in the MAP of the kidneys and livers of grass carp, particularly for small-sized
CuNP. This aligns with our toxicokinetic findings, which show that the uptake rates in both MAP and MDP
compartments decreased as exposure concentration increased, particularly for smaller particles. However,
these results differ from the findings of Zhao and Wang!!, who reported that the influx rate of small silver
nanoparticles continued to increase at higher concentrations during short-term exposure. This discrepancy
could be explained by the aggregation behavior of nanoparticles in the external environment. In particular,
environmental factors such as dissolved organic matter, pH, ionic strength, and divalent cation concentrations
influence the aggregation behavior of metallic nanoparticles in aquatic systems, with low pH and high divalent
cation concentration exerting the strongest effect®*-62. The stability of CuNPs is also affected by the salinity and
pH of natural waters, with smaller particles that tend to remain suspended under high salinity conditions®.
However, our study did not include actual concentrations of CuNP in the experimental exposure solution and
nanoparticle characteristic in the actual exposure medium, which limits the ability to provide environmentally
relevant information about the bioavailability of CuNPs. Both particle size and concentration strongly influence
aggregation dynamics. Although actual CuNP concentrations in the exposure tanks were not determined, we
measured total Cu concentration in fish culture medium at nominal concentration of 0.1-1 mg L~ ! CuNPs.
These results indicated greater losses for larger particles (60-80 nm, 0.008-0.348 mg L~ 1) relative to smaller
particles (40-60 nm, 0.060-0.700 mg L™ 1), which is consistent with finding that particle size strongly affects
dissolved Cu concentrations in exposure media®. At 100 mg L~ ! of CuNPs, the dissolved Cu concentration
for 40 nm CuNPs was ~ 0.1 mg L™ ! in daphnia culture medium and ~ 0.6 mg L™ ! in deionized water, while 25
nm CuNPs reached ~ 1.0 mg L™ ! in both media. For instance, higher exposure concentrations of nanoparticles
are rapid and extensively promote aggregation compared to lower exposure concentrations®>, particularly in
small-sized nanoparticles®”. Hua et al.% further demonstrated that 50-nm CuNPs exhibited an approximately 18-
fold increase in aggregation under high concentrations, compared to only a 6.5-fold increase for 100-nm CuNP,
with no discernible influence from concentration variations in larger particles. The aggregation of small-sized
CuNP in water leads to several downstream effects, including a reduction of waterborne copper concentrations
by over 86% compared to the initial exposure concentration and an increase in nanoparticle size>”%®, which
affects cellular uptake. Consequently, under high-concentration exposure, smaller-sized CuNPs influence lower
bioavailability and reduced Cu accumulation in tissues of grass carp. These results demonstrate that nanoparticle
aggregation may limit metal uptake under environmentally realistic high-concentration scenarios. This finding
underscores the importance of considering particle size, concentration, and aggregation-related reduction
in bioavailability in determining the toxicokinetic and toxicodynamic outcomes of CuNP exposure. While
high toxicity could potentially impair physiological functions and reduce uptake, no abnormal physiological
behaviors were observed in any treatment group during the exposure period. We interpret that under the tested
concentrations, CuNP exposure did not induce overt physiological stress that would interfere with normal
uptake processes. Therefore, the reduced Cu accumulation observed at higher CuNP concentrations is more
plausibly attributed to nanoparticle aggregation and related to decreased bioavailability. Previous studies showed
increased nanoparticle concentrations promote particle aggregation, limiting cellular uptake®>6:69,

Tissues detoxification kinetics and implications for risk assessment

Our study revealed a significant Cu accumulation in the intestines over time following waterborne exposure,
consistent with previous research demonstrating CuNP exposure in goldfish (Carassius auratus) and carp
(Cyprinus carpio) via the waterborne route”?. These findings highlight the role of waterborne CuNP exposure
as a pathway for Cu accumulation in the intestines through internalization across the gills. Exposure to smaller
particle sizes of CuNPs notably increased the Cu accumulation in the liver and intestinal MDPs, suggesting their
involvement in storage and detoxification mechanisms. Moreover, CuNPs achieve Cu concentration equilibrium
more rapidly in the liver and intestinal MAP, suggesting minimal concerns regarding toxicity during exposure.
To further illustrate the pathway of CuNP absorption and tissue-specific distribution, a conceptual flowchart
depicting the transport among the intestine, liver, and kidney has been shown in Fig. S8. Scola et al.! indicated
that the bivalve Scrobicularia plana mitigates CuNP toxicity by sequestering Cu into metal-rich granules and
upregulating protective proteins like metallothionein, thereby promoting detoxification. Similarly, the fish liver
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plays a critical role in both storing and metabolizing Cu, particularly metallothionein-mediate pathways”’.
Additionally, Wang et al.”! found that HSP 70 and HSP 90 were upregulated in the intestines of Epinephelus
coioides during CuNP exposure, facilitating apoptosis regulation and enhancing the detoxification mechanism.
Incorporating detoxification rate (k,) into toxicokinetic frameworks allows for the prediction of metal retention
and long-term toxicity under different exposure conditions and the development of more accurate environmental
risk assessment models.

In the toxicokinetic framework of subcellular partitioning, which includes two uptake rates and detoxification
rate. The uptake rate k , respesents the transfer of Cu into MAP, which is associated with toxic effects. In contrast,
k , describes the rate of uptake into MDP, reflecting storage and detoxification mechanisms. The detoxification
rate (k) characterizes the ability to migrate toxicity by transferring Cu from the MAP to the MDP. The relative
magnitudes of k , and k , indicate the balance between toxic burden and detoxification capacity in tissues. For
instance, a higher proportion of Cu accumulates in the active pool relative to detoxification pathways in k_,
exceeds k p,, implying the potential for causing toxic stress. In the case of smaller CuNP sizes, observed toxicity
in the intestines (i.e., k , > k ), is mitigated through the detoxification rate (k,), which facilitates the transfer
of Cu from the MAP to the MDP for detoxification. Conversely, in the liver, toxicity becomes apparent in larger
particle sizes (also characterized by k , > k ), although detoxification rates (k;) consistently increase with
exposure concentration. Our results show that the intestines and liver detoxification capacities are primarily
governed by the transfer rate of Cu from MAP to MDP. Tissue-specific toxicokinetics and detoxification in
subcellular processes should be considered in CuNP risk assessments. The toxicokinetic model of subcellular
partitioning provides important insights by (i) linking the exposure characteristic in nanoparticle size and
concentration of CuNP with the biodistribution pattern, and (ii) tissue-specific physiological function influence
accumulation, transformation, and detoxification dynamics of CuNPs. This model provides a quantitative basis
for toxicological risk assessment and emphasizes that the differences in uptake and detoxification reflect the
intrinsic defense capacities of different tissues under nanoparticle-induced stress.

Studies on Cu accumulation and detoxification kinetics in fish tissues in response to CuNP exposure remain
limited, posing challenges in directly comparing activation and detoxifying rates. The finding that detoxification
capacity varies by particle size and tissue type highlights the importance of considering organism-level defense
mechanisms in environmental risk assessments. By quantifying Cu redistribution from MAP to MDP, our
approach provides a mechanistic basis for refining toxicokinetic models to reflect real-world exposure and
biological response scenarios better.

Hampton et al.”> demonstrated that vesicles can reach diameters of up to 200 nm, indicating that the excretion
of CuNPs from the liver is feasible. Additionally, the reabsorption of Cu metallothionein in the liver, followed
by the synthesis of thionein in the kidneys, contributes to the eventual accumulation of Cu in the kidneys”. The
tissue-level redistribution processes and initial uptake play an important role in long-term metal accumulation
patterns. Nanoparticle kinetics of uptake and excretion are not solely influenced by particle size but also by
interactions with cellular or protein elements, such as the protein corona, within physiological environments”*.
Larger nanoparticles tend to attract proteins with higher molecular weights in biological fluids, while smaller
nanoparticles predominantly interact with lower molecular weight proteins on their surfaces’. These protein-
nanoparticle interactions can moderate nanoparticle behavior in biological fluids, potentially affecting internal
bioavailability and detoxification efficiency’®”’. Although this study did not directly examine protein corona
formation, such interactions may partly explain the observed tissue-specific accumulation pattern and kinetic
differences. Not only particle size but also protein corona formation and other characteristics influence
detoxification and activation processes in aquatic organisms. This highlights a knowledge gap in understanding
how physicochemical properties modulate subcellular toxicokinetics. Overall, integrating subcellular
partitioning kinetics into ecotoxicological models enhances the model capacity to simulate organismal
responses under varying nanoparticle exposure scenarios. This approach provides a pathway for developing
predictive, physiologically relevant risk frameworks that bridge the gap between experimental ecotoxicology and
environmental management.

Conclusions

The Bayesian inference subcellular partitioning TK model provided robust estimations of toxicokinetic
parameters, revealing differential uptake and detoxification rates across tissues and particle sizes. Notably,
smaller particle sizes are associated with enhanced detoxification rates, a quick transfer of Cu to the MDP for
storage and elimination in the intestines and liver. It is worth mentioning that higher concentrations of small-
sized CuNPs did not consistently increase Cu accumulation in tissues, suggesting the possibility of aggregation
effects or altered uptake mechanisms. Thus, the interaction between particle size and concentration underscores
the dynamic complexity of CuNPs in aquatic organisms, in which higher concentrations can alter accumulation
patterns and toxicity profiles despite particle size effects. Overall, our findings highlight the importance of
considering both particle characteristics and exposure levels in assessing the environmental risks and biological
responses associated with CuNP exposure in aquatic ecosystems.
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The data from this study are available from the corresponding author upon reasonable request.
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