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A B S T R A C T

To assess the bioaccumulation and toxicity of nanoparticles (NPs), analyzing and modelling the relationship 
between the size distribution of NPs in organisms and the exposure particle size distribution represents an 
important challenge. Previous studies mostly focused on the NPs with single size. However, the size distribution 
of NPs is wide and variable in the natural environment. There is a lack of research on the NPs with mixed sizes. 
This study investigated the size distribution of three gold (Au) NPs with different sizes and their mixtures within 
a ciliate Tetrahymena thermophila under the same number concentration of particles. Results revealed that smaller 
particles tended to aggregate and bioaccumulate more in cells. Using expectation–maximization algorithm, a 
particle size distribution model of NPs in cells was established. This model effectively simulated the size dis
tribution of NPs with mixed sizes in cells, demonstrating high accuracy with a mean absolute error of < 0.001, a 
root mean squared error of < 0.001, and a correlation coefficient exceeding 0.98. Experimental results further 
verified that the model reliably predicted the size distribution of NPs with mixed sizes in cells, and smaller 
particles accounted for a larger proportion of the size distribution and bioaccumulation. These results demon
strated the importance of particle size and size distribution of NPs in their environmental effects. Models 
developed here can provide guidance for future evaluation of the environmental risks of NPs mixtures.

1. Introduction

Engineered nanoparticles (NPs) are inevitably released into the 
environment due to their wide applications in many sectors 
(Santás-Miguel et al., 2023; Wu et al., 2020). Various NPs, such as ti
tanium dioxide NPs, silver NPs have been detected at concentrations up 
to μg/L in natural environment around the world (Markus et al., 2018; 
Xiao et al., 2019). Given existing studies have well illustrated that the 
NPs may trigger toxicities to organisms, exposure to NPs may pose po
tential risk to organisms and environment (Batley et al., 2013; Peij
nenburg et al., 2015). Addressing the risk of NPs require the 
understanding on the accumulation of NPs in organisms, which are 
significantly affected by the physicochemical properties of NPs, espe
cially particle size (Ganguly et al., 2018; Zhu et al., 2013). As reported, 
the cellular interaction, absorption, metabolism, and distribution of NPs 

in organisms depend on the particle size distribution of NPs (Eker et al., 
2024).

Many studies have already reported how single particle size affected 
the bioaccumulation and toxicity of NPs, and found that it was related to 
the distribution, fate, and interaction mechanisms of NPs in organisms 
(Feng et al., 2017). For example, smaller NPs with a larger surface area 
were more easily adsorbed on the cell surface and directly penetrated 
the cell wall and membrane (Chen et al., 2019). Therefore, smaller NPs 
were more ingested and accumulated, leading to more significant 
oxidative damage and metabolic toxicity (Wray and Klaine, 2015; Zhang 
and Wang, 2019). The surface energy and surface activity of NPs were 
also size-dependent and directly affected the physical adsorption, ionic 
bonding, covalent bonding, and aggregation of NPs, ultimately affecting 
the elimination, distribution, bioaccumulation, and toxicity of NPs 
(Cross et al., 2019; Zhu et al., 2013). These studies have sufficiently 
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explored the impact of size on the bioaccumulation and toxicity of NPs 
by setting different single particle size treatment groups. However, the 
size distribution of NPs is wide and variable in the natural environment. 
There is a lack of research on how the bioaccumulation and toxicity of 
NPs change under different particle size mixtures.

To accurately assess the impact of mixed particle size on the bio
accumulation and toxicity of NPs, it is essential to characterize and 
quantify their size distribution in organisms (Vidmar et al., 2018). 
However, it is impossible to experimentally determine the size distri
bution of NPs in organisms for all possible combinations of different 
sizes. Constructing a model to predict the size distribution of NPs with 
mixed sizes in biological systems is a potential solution. Mathematical 
models are powerful tools to analyze and unravel the general rule in 
experimental data of NPs (Rees et al., 2019; Summers et al., 2021). For 
example, a stochastic mathematical model consisting of a lattice-based 
random walk for the cell population and a multistage stochastic model 
of NPs internalization accurately derived analytic approximations of the 
NPs dosage distribution, and showed that NPs dosage can be described 
by a Poisson mixture distribution with rate parameters that are a func
tion of Beta-distributed random variables (Dowling et al., 2022). A nu
merical model obtained by simultaneously solving the energy equation, 
solute conservation equation, and the NPs transport equation predicted 
the effect of NPs size and local interface movement velocity on NPs 
engulfment (Jegatheesan and Bhattacharya, 2023). The free-volume 
theory was previously successfully used to explore the influence of 
NPs crowding on polymer shapes (Lim and Denton, 2014). Therefore, 
combining mathematical models with experimental data provides the 
possibility to predict the size distribution of NPs, which can be validated 
through statistical comparison of the predicted and experimental results 
(McColl et al., 2014).

In order to investigate and model the size distribution of NPs with 
different sizes and their mixtures, we firstly analyzed the size distribu
tion of NPs with a single size in organisms by single-particle inductively 
coupled plasma mass spectrometry (spICP-MS), and then established a 
mathematical model to simulate the size distribution of NPs with mixed 
sizes in organisms. The ciliate, Tetrahymena thermophila (T. thermophila) 
was selected as the model organism because they can uptake NPs non- 
selectively (Mortimer et al., 2011; Rajapakse et al., 2016). Gold (Au) 
NPs, a chemically stable NPs (Avellan et al., 2018), were selected as the 
model NPs. A mixture size distribution model based on the expect
ation–maximization (EM) algorithm was established. The model reliably 
simulated the particle size distribution of Au NPs with mixed sizes in 
cells, which enabled a more convenient estimation of the bio
accumulation, toxicity, and environmental risks of NPs.

2. Materials and methods

2.1. Synthesis and characterization of Au NPs

Au NPs were prepared according to the method reported by Gao 
et al., 2012. Detailed information is given in Text S1 (Supplementary 
Material). Three sizes of polyvinylpyrrolidone (PVP)-coated Au NPs (30, 
70, and 140 nm) were used. The synthesized Au NPs were characterized 
by scanning electron microscope (SEM) with an operating voltage of 
8.00 kV (ZEISS Sigma 500, Carl Zeiss, Germany). Au NPs suspensions 
were characterized by dynamic light scattering (DLS), and their zeta 
potentials were determined in triplicate (Nano ZS-ZEN3600, Malvern, 
England). The mass concentration of Au NPs in stock suspension was 
measured by ICP-MS (NexION 350D, Perkin Elmer, America). Prior to 
use, the suspensions were sonicated for 15 minutes to ensure the parti
cles did not aggregate in the exposure medium.

2.2. Exposure assays

T. thermophila SB210 were obtained from the Institute of Hydrobi
ology, Chinese Academy of Sciences, Wuhan. After a 48-hour culture 

(Text S2, Supplementary Material), T. thermophila in the logarithmic 
phase were centrifuged at 2500 rpm for 5 minutes and washed twice 
with fresh water. The precipitate was then resuspended in freshwater to 
obtain 1 × 106 cells/mL for subsequent experiments, determined using a 
Z2 Coulter counter (Beckman Coulter, America). The exposure medium 
was prepared by adjusting the Au NPs in the stock suspension to a 
specific particle concentration based on the mass concentration and size 
distribution, determined by ICP-MS and SEM measurements, respec
tively. The cells were mixed with an equal volume of exposure medium 
to obtain a final concentration of 5 × 105 cells/mL and 6.8 × 107 par
ticles/mL (Table 1). T. thermophila were exposed to the same number of 
Au NPs of three sizes for 6 hours to ensure equilibrium was reached 
between the Au NPs and cells in subsequent experiments (Wang et al., 
2019). Freshwater-exposed cells were used as the control.

2.3. Sample extraction and spICP-MS analysis

Following a 6-hour exposure period, the cell pellets were collected 
after centrifugation (2500 rpm) for 5 minutes at 4 ◦C and washed three 
times with phosphate buffer saline (PBS, 0.1 mol/L, pH 7.5) containing 
10 % v/v dimethyl sulfoxide (DMSO) (Abdolahpur Monikh et al., 2021). 
The unbound and loosely attached Au NPs in the supernatant were 
removed and the Au NPs with strong adhesion would ultimately be 
internalized by cells (Lesniak et al., 2013). Meanwhile, the content of Au 
in the supernatant was determined by ICP-MS to ensure that the cells 
were cleaned thoroughly. Au NPs internalized by cells were then 
extracted according to the method reported before (Gray et al., 2013). 
Specifically, cells were treated by an ultrasonic cell grinder (Scientz-IID, 
Ningbo Xinzhi Biotechnology Co. Ltd., China) to obtain a homogenate, 
which was mixed with ultrapure water and alkine tetramethylammo
nium hydroxide (TMAH, 25 % w/w, Shanghai Aladdin Co. Ltd., China) 
to a final concentration of 20 % w/w TMAH. The samples were then 
sonicated for 1 hour and rotated mechanically at 25 ◦C for 23 hours. 
Finally, to minimize the impact of pH increase caused by TMAH 
(Mohanraj et al., 2017), all samples were diluted to a final concentration 
of 1 % w/w TMAH and sonicated for at least 15 minutes prior to 
spICP-MS analysis (NexION 350D, Perkin Elmer, America). All samples 
were prepared in triplicate. Detailed information on the operating 
conditions and dissolved and particle calibrations of spICP-MS are pro
vided in Table S1 and Figure S1 (Supplementary Material). The trans
port efficiency was 7.06 %, and the size detection limit was 14.80 nm.

To evaluate the effectiveness of the digestion method in this study, 
spiked recovery experiments were conducted using standard Au NPs 
with concentrations of 100 μg/kg ww and sizes of 20, 50, and 80 nm 
(Nanopartz, America). After pipetting standard Au NPs solutions onto 
control cell pellets, sample extraction and analysis were as described 
previously. This method achieved recovery rates of 92.7 ± 0.3 %, 115 ±
3 %, and 122 ± 2 % for the 20, 50, and 80 nm Au NPs, respectively, and 
the impact of pH increase on the NPs size was effectively controlled, as 
the variation range of the size distribution was < 10 % (Figure S2, 
Supplementary Material).

Table 1 
The size and number concentration of Au NPs in each exposure group.

Group A B C A + B A + C B + C A + B 
+ C

30 nm 
(particles/ 
mL)

6.8 ×
107

– – 6.8 ×
107

6.8 ×
107

– 6.8 ×
107

70 nm 
(particles/ 
mL)

– 6.8 ×
107

– 6.8 ×
107

– 6.8 ×
107

6.8 ×
107

140 nm 
(particles/ 
mL)

– – 6.8 ×
107

– 6.8 ×
107

6.8 ×
107

6.8 ×
107
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2.4. The bioaccumulation metrics of NPs

In this study, the concentration factor (CF) was chosen to evaluate 
the bioaccumulation of Au NPs in T. thermophila. The CF described the 
ratio between the body burden of a substance (mg/kg dw) taken up from 
the surrounding medium (water) and the exposure concentration (mg/ 
L) (Arnot and Gobas, 2006). 1860 pg/cell was used as the cellular dry 
weight of T. thermophila (Mortimer et al., 2016).

The CF (L/g dw) value was calculated by Eq. (1): 

CF =
Corganism

Cwater
(1) 

where Corganism and Cwater represent the Au mass concentration in 
T. thermophila (mg/g dw) and the exposure medium (mg/L), respec
tively. Corganism and Cwater were obtained by ICP-MS after digesting 
T. thermophila and exposure medium with aqua regia (V (37 % HCl): V 
(68 % HNO3) = 3:1), respectively.

The number concentration factor (NCF, mL/g dw) was used to 
evaluate the number concentration change of Au NPs in T. thermophila 
by Eq. (2): 

NCF =
Norganism

Nwater
(2) 

where Norganism and Nwater represent the number concentration of Au 
NPs in T. thermophila (particles/g dw) and the exposure medium (par
ticles/mL), respectively.

2.5. EM algorithm-based mixture size distribution model

In general, the size distribution of NPs is continuous (Ali-zade, 2008). 

Any continuous distribution can be well approximated by an appro
priate finite mixture of a normal distributions model (Xu and Knight, 
2010). The finite mixture of normal distributions model is a mixed 
distribution composed of K different normal distributions, which can be 
used to represent the probability distribution of observed data in a 
population (Quandt and Ramsey, 1978). The mixture of normal distri
bution models is widely acknowledged as flexible and powerful proba
bilistic modelling tools for univariate and multivariate data since they 
can capture the leptokurtic, skewed, and multimodal characteristics of 
empirical data (Quandt and Ramsey, 1978). Various methods have been 
proposed and are used for estimating the unknown parameters in the 
mixed normal distributions models, of which the maximum likelihood 
estimation is one of the most popular because of its asymptotic statistical 
properties (Xu and Knight, 2010). The EM algorithm is the standard 
method used to fit mixtures of normal distributions model to observed 
data, which converge to a maximum likelihood (ML) estimate of the 
mixture parameters (Xu and Jordan, 1996). Therefore, predicting the 
size distribution of NPs in organisms by mixtures of normal distribution 
models and EM algorithm is an appropriate method.

2.5.1. Mixtures of normal distributions model based on EM algorithm
The mixture of normal distributions model is a hybrid distribution 

obtained by a linear combination of multiple single normal distribution 
models, with the restriction of the sum of the weight coefficients of each 
single model being equal to 1 (Wang and Taaffe, 2015). This approach 
has the advantages of simple structure, flexible shape, and good fitting 
performance. Moreover, this model is based on the minimum fitting 

error index, which can better describe the particle size distribution of Au 
NPs in cells.

Let x1, x2, …, xn denote a sequence sample of particle size of Au NPs 
in cells (nm) data of independent identically distributed random vari
ables with an unknown probability density function f(x). The proba
bility density function of f(x) is considered as a mixture of normal 
distributions model with K components, which can be expressed as 
follows: 

f(x|θ) =
∑K

i=1
λiϕ(x|θi

)

(3) 

where θ is the optimal model parameter, for which θ = (λ̃i,μ̃i,θ̃i), λi is the 
probability that the observation data belong to the ith normal distribu
tion, and 

∑K
i=1 λi = 1, λi ≥ 0, ϕ(x|θi) is the probability density function of 

ith normal distribution, θi =
(
μi, σ2

i
)
, and μi is the mean value and the 

location parameter, and σi is the standard deviation and the scale 
parameter.

The EM algorithm is an iterative algorithm that alternates between 
guessing a probability distribution over completions of missing data 
given the current model (the E-step) and re-estimating the model pa
rameters using these completions (the M-step) (Dempster et al., 1977; 
Do and Batzoglou, 2008). The steps for updating the mixed normal 
distributions model parameters, λi, μi, and σi, through the EM algorithm 
are as follows (Quandt and Ramsey, 1978): 

(1) Define the value of K, which equals to 2 or 3 in this study. Set the 
initial value for each unknown parameters λi, μi, and σi, and calculate 
the logarithmic likelihood function log h(θ) of Eq. (4):  

(2) The E-step: Calculate the “posterior” probabilities (conditional on 
the original particle size distribution and the current value of pa
rameters λi, μi, and σi) of component inclusion by Eq. (5): 

γik =
λkϕ(xi|θk)

∑K
k=1λkϕ(xi|θk)

(5) 

where γjk is the posterior probability of data j from sub model k, ϕ
(
xj
⃒
⃒θk

)

is the probability density function of kth normal distribution, and θk =
(
μk,σ2

k
)
, i = 1, …, n, k = 1, …, K. 

(3) The M-step: Calculate the parameters λi, μi, and σi after a new 
round of iteration: 

λk
new =

1
n
∑n

i=1
γik, for k = 1, ⋯, K (6) 

μk
new =

∑n
i=1(γikxi)
∑n

i=1γik
, for k = 1, ⋯, K. (7) 

σk
2 new =

∑n
i=1γik(xi − μk

new)(xi − μk
new)

T

∑n
i=1γik

, for k = 1, ⋯, K. (8) 

log h(θ) = logf(x|θ) =
∑n

i=1
log

∑K

k=1
λkϕ(xk|θk), i = 1, ⋯, n and k = 1, ⋯, K (4) 
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(4) Repeat the E-step and M-step calculations until parameters or 
likelihood functions of Eq. (4) converge.

These calculation and modelling processes were realized by the mix 
tools package in the R 3.5.2 software, which provided a set of functions 
for analyzing a variety of infinite mixture models (Benaglia et al., 2009).

2.5.2. Model evaluation
The mean absolute error (MAE), root mean squared error (RMSE), 

and correlation coefficient (ρ) between the predicted and experimental 
results were used to evaluate the EM algorithm-based mixture size dis
tribution model in this study (Eqs. (9)-(12)). MAE and RMSE can 
quantify the deviation between predicted and experimental results with 
smaller values indicating better precision of the model. ρ can represent 
the linear correlation between predicted and experimental results. The 
accuracy of the model is higher when the ρ value is closer to 1 (Ma et al., 
2022). 

Ei = Yʹ
i − Yi (9) 

MAE=
1
n
∑n

i=1
|Ei| (10) 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
E2

i

√

(11) 

ρ =
cov(P1,P2)
̅̅̅̅̅̅̅̅̅̅̅̅
D(P1)

√ ̅̅̅̅̅̅̅̅̅̅̅̅
D(P2)

√ (12) 

where i = 1, 2, …, m, m is the array of frequency distribution histograms, 
Ȳi is the ordinate value of the ith histogram, Yi

’ is the corresponding 
function value of the fitted probability density curve, n is the number of 
sample sequences, P is the observed value of a sequence sample, cov is 
the covariance, and D is the variance.

2.6. Data analysis

Results were expressed as mean value ± standard deviation (n = 3). 
To conduct statistical analyses of the data, SPSS software (IBM SPSS 
Statistics 19.0) was employed. Pearson correlation coefficient (r) was 
calculated to evaluate the extent of the linear relationship between two 
variables.

3. Results and discussion

3.1. Characterization of Au NPs

The particle shape, size distribution, hydrodynamic diameter, and 
zeta potential of three Au NP suspensions were characterized. As illus
trated, the Au NPs were spherical and monodispersed (Fig. 1). The mean 
diameters of A, B, and C were 29 ± 4 nm, 67 ± 13 nm, and 143 ± 28 nm, 
respectively. The hydrodynamic size and size distribution were 
measured by DLS (Figure S3, Supplementary Material), with hydrody
namic diameters of 68.3 ± 0.15, 107.4 ± 0.54, and 176 ± 1 nm, and 
polydispersity indexes (PDI) of 0.32 ± 0.02, 0.16 ± 0.01, and 0.071 ±
0.018, for A, B, and C, respectively. The zeta potentials were − 31.9 mV, 
− 0.03 mV, and +0.27 mV for A, B, and C, respectively.

3.2. Size distribution of Au NPs in T. thermophila

As illustrated, Au NPs were monodispersed (Fig. 1b). However, the 
size distributions in T. thermophila were relatively evenly dispersed, with 
a slight right skew (Fig. 2a), demonstrating that Au NPs aggregated into 
larger particles with different particle sizes in T. thermophila. Excluding 
the minor influence of particle size increase during the extraction pro
cess, the mean and deviation values of the size distribution of all Au NPs 
in T. thermophila were much larger than the exposure size distribution, 
suggesting strong aggregation of Au NPs. In addition, the average size 
increased to 495 % of group A, 184 % of group B, and 130 % of group C 
in cells with increasing exposure particle size. The size distributions in 
cells (Fig. 2a) were wider than the exposure size distributions (Fig. 1b). 

Fig. 1. Characterization of gold nanoparticles (Au NPs). (a) Scanning electron microscope (SEM) images of the Au NPs with different sizes. (b) Size distributions of 
Au NPs according to the SEM images, with 606 NPs for particle A, 419 NPs for particle B, and 128 NPs for particle C.
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These findings indicated that Au NPs aggregated after ingestion by 
T. thermophila, with the smallest Au NPs (i.e., group A with 30 nm 
particles) showing the most significant aggregation in cells. NPs had a 
large volume-specific surface area and a high surface energy, making 
them susceptible to agglomeration to diminish their surface area and 
energy (Gatoo et al., 2014). Smaller NPs had a larger volume-specific 
surface area and higher surface energy (Abdolahpur Monikh et al., 

2019), which further enhanced particle aggregation to form larger stable 
particles.

The size distributions of NPs with mixed sizes in T. thermophila were 
relatively evenly dispersed with a slight right skew (Fig. 2b). Au NPs 
with mixed sizes also aggregated in T. thermophila. The average size 
increased to 266 % of group A + B, 228 % of group A + B + C, and 218 % 
of group B + C in T. thermophila with increasing exposure particle size, 

Fig. 2. The size distribution of Au NPs with (a) single size and (b) mixed sizes in cells. The size distribution was measured by single-particle inductively coupled 
plasma mass spectrometry (spICP-MS), where the area under the curves is equal to 1.

Y. Li et al.                                                                                                                                                                                                                                        Aquatic Toxicology 280 (2025) 107286 

5 



which also indicated that smaller NPs were more likely to aggregate.

3.3. Au NPs bioaccumulation in T. thermophila

As described in Section 2.3, the content of Au in the removed 

supernatant during the cell cleaning process was 0.008 ± 0.004 μg/L. 
This ensured that unbound and loosely attached Au NPs were thor
oughly cleaned, and only the Au NPs internalized by the cells were ul
timately detected (Lesniak et al., 2013). The CF was further calculated to 
evaluate the bioaccumulation of Au NPs in T. thermophila (Fig. 3 and 
Table S2, Supplementary Material). The CF value of group A was 
significantly higher than that of other groups. The CF values decreased 
first and then tended to remain unchanged with increasing exposure 
particle size, indicating the size-dependent bioaccumulation of Au NPs 
in T. thermophila. As a unicellular organism, T. thermophila ingested large 
NPs through endocytosis, while small NPs could pass directly through 
cell membranes, circumventing complex reactions and high energy 
consumption (Behra et al., 2013; Hartenstein and Martinez, 2019). 
Additionally, smaller particles with larger specific surface areas were 
more easily adsorbed due to their relatively large surface area available 
for direct contact between the particles and cells, and then they accu
mulated in cells (Chen et al., 2019; Cross et al., 2019).

3.4. Establishment of the EM algorithm-based mixture size distribution 
model

Using the three single size distribution results in cells and consid
ering the randomness of NPs size, the EM algorithm-based mixture size 
distribution model was established to simulate the size distribution in 
cells when T. thermophila were exposed to mixtures of A, B, and C with 
the same particle number concentration (Fig. 4). The size distributions 
of mixed A, B, and C in cells were effectively simulated by the model 
based on the EM algorithm. The MAE and RMSE values were close to 
0 and ρ was close to 1 (MAE < 0.001, RMSE < 0.001, ρ > 0.98) (Table 2
and Figure S4, Supplementary Material).

Fig. 3. The concentration factor (CF) values on all exposure groups. The cor
relation coefficient between CF and exposure particle size was -0.674, p =
0.097. The data presented represents the mean ± standard deviation (n = 3).

Fig. 4. Predictions of size distribution of mixed size exposure groups in cells. (a) A + B, (b) A + C, (c) B + C, and (d) A + B + C with the same concentration ratio of 
1:1:1 based on the expectation–maximization (EM) algorithm and experimental results of single particle exposure groups.
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The model predictions demonstrated that the size distributions of 
mixed sizes in cells were relatively evenly dispersed with a slight right 
skew (Fig. 4). This was analogous to the experimental results (Fig. 2b). 
The simulation showed that the smaller particle accounted for a large 
proportion in the mixed distribution when the particle size difference 
between the mixtures was small, such as A + B and B + C (λ1 > 0.6) 
(Table 2). However, the results were different when the particle size 
difference in the mixtures was large, i.e., A + C (λ1 ≈ λ2) and A + B + C 
(λ1 ≈ λ3). The parameters μi and σi of the EM algorithm-based mixture 
size distribution model were different under the four exposure groups, 
indicating that the mixed distribution was not a simple linear combi
nation of single size distribution. This might be due to the different 
degrees of aggregation of NPs in organisms with different particle sizes. 

Moreover, parameter σ of larger NPs in the EM algorithm-based mixture 
size distribution model was greater than that of smaller NPs, which 
might be related to the interaction forces between particles (Wang et al., 
2021).

3.5. Validation of the EM algorithm-based mixture size distribution model

To evaluate and validate the EM algorithm-based mixture size dis
tribution model, the simulated and experimental results were compared 
(Fig. 5 and Figure S5, Supplementary Material). The model was effective 
in predicting the particle size distributions of mixed size exposure 
groups in cells, except for the group A + B + C. The large difference 
between the simulated and experimental size frequency of A + B + C 

Table 2 
Parameters of the EM algorithm-based mixture size distribution model. Weight coefficient (λ), expectation (µ), standard deviation (σ), mean absolute error (MAE), root 
mean squared error (RMSE), and correlation coefficient (ρ) of EM algorithm-based mixture size distribution model.

Group Compound 1 Compound 2 Compound 3 MAE RMSE ρ

λ1 μ1 σ1 λ2 μ2 σ2 λ3 μ3 σ3

A + B 0.736 112.5 24.8 0.264 163.0 43.0 – – – 2.95 × 10− 4 5.34 × 10− 4 0.991
A + C 0.498 134.8 34.6 0.502 214.3 31.3 – – – 3.02 × 10− 4 4.48 × 10− 4 0.986
B + C 0.675 117.5 26.4 0.325 191.3 40.5 – – – 2.56 × 10− 4 4.33 × 10− 4 0.992
A + B + C 0.247 105.4 20.1 0.550 131.4 32.1 0.203 213.2 31.4 2.40 × 10− 4 4.17 × 10− 4 0.992

Note: Ʃλi = 1.

Fig. 5. Experimental validation of the mixture of normal distribution models based on the EM algorithm. Comparisons of particle size distribution frequency in cells 
of (a) A + B, (b) A + C, (c) B + C, and (d) A + B + C between predicted results based on the EM algorithm and experimental results of mixed particle size exposure 
groups. The abscissa represents the predicted results based on the EM algorithm. The ordinate represents the experimental results of mixed particle size exposure 
groups. The red dotted line represents the case where y equals x.
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could be due to the interaction forces among the NPs. Based on classical 
DLVO theory (Wang et al., 2021), the interaction forces (VT), Van der 
Waals forces (VA), and electrostatic repulsion forces (VR) between par
ticles were calculated and simulated by R 3.5.2 software (Text S3 and 
Figure S6, Supplementary Material) (Benaglia et al., 2009). The inter
action forces became smaller with larger particle size, so the particle 
system was more unstable (Sefcik et al., 2005). Therefore, the interac
tion forces between NPs differed more when the particle size difference 
increased, making the EM algorithm-based mixture size distribution 
model less effective.

On another aspect, the large difference between the simulated and 
experimental size frequency of A + B + C could also be due to the in
teractions between NPs and proteins. For example, the adsorption of 
proteins by NPs, the tertiary structure, thermodynamics and kinetic 
stability, and function of proteins were all affected by the particle size 
(Shang et al., 2009; Wang et al., 2011). Larger NPs could adsorb more 
proteins and change the function of proteins more effectively due to 
their higher surface area (García-Álvarez et al., 2018). These processes 
might result in differences between simulated and experimental size 
frequency. In the future, the EM algorithm-based mixture size distri
bution model needs to be further improved to correct the effect of 
interaction forces among NPs and between NPs and proteins.

In the EM algorithm-based mixture size distribution model, a 

parameter k was defined as the ratio of smaller and larger NPs in the 
model, and it was calculated according to Eqs. (13)-(14). 

k =
λ1μ1

λ2μ2
(13) 

k =
λ1μ1 + λ2μ2

λ2μ2 + λ3μ3
(14) 

where λi is the weight coefficient that the observation data belong to the 
ith normal distribution, μi is the expectation value of the ith normal dis
tribution. They were obtained by the EM algorithm-based mixture size 
distribution model and listed in Table 2.

The relationships among k, NCF, CF, and exposure size of NPs were 
analyzed (Fig. 6). There were negative correlations between the expo
sure size of NPs, NCF, and CF (r = − 0.963, p = 0.037; r = − 0.942, p =
0.058, respectively), indicating that the bioaccumulation of NPs was 
related to the particle size, and increased with the decrease of size. There 
was a positive correlation between k and NCF (r = 0.998, p = 0.0016; 
Fig. 6c). The NCF increased with the increase of proportion of smaller 
NPs, which was consistent with the relationship of exposure size of NPs 
and NCF. However, the CF first increased and then tended to remain 
unchanged with the increase of k, which was different from the rela
tionship of exposure size of NPs and CF. The bioaccumulation of NPs 

Fig. 6. Relationships between the (a) exposure size of NPs and NCF, (b) exposure size of NPs and CF, (c) k and NCF, and (d) k and CF. The data presented represents 
the mean ± standard deviation (n = 3).
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tended to be saturated with the increase of proportion of smaller NPs, 
indicating that smaller NPs were more important in bioaccumulation. 
Similarly, the specific surface area of NPs, binding to cell membrane 
receptors, inflammatory responses, genotoxicity, developmental 
toxicity, and intracellular migration processes were more affected by 
smaller NPs (Bai et al., 2014; Park et al., 2011; Schübbe et al., 2012). 
Therefore, compared with the exposure size of NPs, the parameter k 
calculated based on the mixture size distribution model in this study 
described the bioaccumulation of NPs more scientifically.

4. Conclusion

This study applied spICP-MS for investigating the bioaccumulation 
and size distribution of NPs in organisms, established the mixture size 
distribution model based on EM algorithm, and effectively simulated the 
size distribution of Au NPs with different sizes. It is feasible to simulate 
and predict the size distribution of NPs based on the mixture size dis
tribution model in the future, with the prerequisite of obtaining the basic 
information including types and size distributions of NPs in organisms. 
This study provided the foundation for further exploration of the toxicity 
and environmental risk of NPs with different sizes. However, further 
research is still needed in the following areas: (a) correct the effect of 
interaction forces among NPs and between NPs and proteins on the EM 
algorithm-based mixture size distribution model, and the interaction 
forces can be investigated using atomic force microscopy, quartz crystal 
microbalance, molecular dynamics, and so on, (b) use different dose 
metrics to explore whether these particle properties are suitable for 
quantifying the bioaccumulation and toxicity of NPs. For example, 
surface area (SA) and volume-specific surface area (VSSA) provide in
sights into the reactivity and biological interactions of NPs, which are 
critical for assessing the environmental and health impacts of NPs, and 
(c) increase the suite of NPs and organisms to verify the effectiveness of 
the EM algorithm-based mixture size distribution model established in 
this study.
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