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ABSTRACT: The transfer of nanoparticles (NPs) through the o3
terrestrial food chain via foliar uptake presents poorly understood m
risks, especially in scenarios involving copollution and plant Cc(
translocation. Herein, we exposed the radishes to single and mixed
foliar doses of CeO, NPs and deuterated polystyrene (DPS),
investigating the trophic transfer of NPs from radish shoots/roots
to snails. Compared to single treatments, mixture treatments
increased Ce uptake by plants but had no effect on DPS uptake.
Additionally, mixture treatments did not affect the movement of Ce
and DPS from shoots to roots. Under NP mixture exposure, trophic
transfer efficiencies (TTF) for Ce (2.09 X 107%) and DPS (2.54 X
107%) significantly decreased in shoot-feeding snails. In root-feeding
snails, TTF for Ce (3.32 X 107") also showed a significant decrease,
while TTF for DPS remained unchanged. Mixture treatments exhibited differential impacts on different snail body parts, particularly
leading to biomagnification of DPS in the digestive glands and soft tissues (TTF > 1) of snails consuming roots exposed to mixtures.
Both CeO, and DPS displayed a sudden increase in assimilation efficiency following translocation to the roots. This study provides
insights into changes during trophic transfer due to coexposure and plant translocation processes associated with nanoparticles,
enhancing our comprehension regarding their environmental risks.
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H INTRODUCTION

for extended periods, there is a lack of research on their
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Nanoparticles (NPs) refer to materials with at least one
dimension measuring below 100 nm. Metal-based engineered
nanomaterials (ENMs) and polymer-based nanoplastics are
two well-known types of functional materials within this
category.' Engineered nanomaterials are intentionally manu-
factured materials designed for specific applications, typically
with uniform compositions, while nanoplastics mainly result
from the decomposition of plastic waste in the environment.”
The development of new industrial materials has led to their
widespread presence in societally relevant products and the
environment. Plastic production has dramatically increased
over time, from 1.5 million tons in 1950 to 390 million tons in
2021." Global ENMs production is estimated to range from
several thousand to no more than one million tons annually.®

However, our understanding of the environmental risks
associated with nanomaterials lags behind our ability to design
and apply these materials. This has resulted in concerns about
“nano-pollution” on a global scale.”” Numerous studies have
been conducted in soil and water environments, revealing the
potential adverse effects of NPs exposure on organisms and
their subsequent transfer through the food chain.”” While it is
known that NPs can exist as fine particulates in the atmosphere
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regional and global exposure pathways.'* Plants act as a natural
“green barrier” on the earth’s surface, with their leaves serving
as the primary sites for atmospheric NPs deposition and
accumulation. After being deposited onto the leaf surface, NPs
are primarily taken up by leaves through stomata, hydathodes,
and cuticle permeability."'~'* The uptake of NPs is influenced
by key factors such as size, surface area, chemical composition,
and hydrophilicity/hydrophobicity.'>'°
limit for NP uptake varies among plant species due to
physiological and anatomical differences but generally falls
below 100 nm."”~*° In real-world scenarios, NPs may undergo
aggregation, dissolution, transformation, and deposition under
biological or abiotic pressures, which can significantly impact
their characteristics. Unlike extensive research on NP transfer

The size exclusion
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through the root system, limited studies have focused on
exploring and examining how these particles are taken up by
plant leaves from the atmosphere and subsequently transferred
through the food chain to higher trophic levels. Given the
crucial ecological role of food-source plants as primary
producers and their function as important pathways for
pollutants entering herbivores and human bodies, it is
imperative that further research be conducted on the exposure
of leaf surfaces to NPs in the food chain.

Previous research has demonstrated that various types of
NPs can be taken up by plants and be transferred along the
food chain, including TiO,, Ag,O, CeO,, Fe;O, and ZnO
NPs.>!72° For instance, in the tobacco—tobacco hornworm
(Nicotiana tabacum-Manduca sexta) food chain, plants took up
S, 10, and 15 nm gold NPs through hydroponics, which
resulted in bioaccumulation factors of 6.2, 11.6, and 9.6,
respectively.”” However, studies have also shown uptake and
internalization by plants but no significant accumulation and
biomagnification of, for instance, CeO, NPs in the lettuce-
hornworm-chicken (Lactuca sativa - Spodoptera litura - Gallus
gallus domesticus) and pakchoi-snail (Brassica chinensis -
Achatina fulica) food chains.””*® These studies primarily
focus on describing differences in transfer efficiency caused by
morphological and size variations within a single material due
to high variability between different NPs flows across trophic
levels. However, when considering the coexistence of nano-
materials such as representative ENMs and nanoplastics
present in mixtures, their transport within the food chain
remains largely unknown due to several reasons. First, there are
significant differences in chemical composition and density
between metal-based and polymer-based NPs, which makes it
challenging to extrapolate data from single exposures alone.”
Moreover, the coexistence of NPs may lead to interaction that
result in the formation of complex pollutants, thereby altering
the environmental behavior of individual NPs and sub-
sequently affecting plant accumulation and food chain transfer.
Additionally, the mechanisms for nanoplastics transfer within
the food chain remain unknown due to limitations associated
with detecting carbon-based materials in organisms amidst the
typical carbon-rich context of biota.

Additionally, nanoparticles can relocate to other plant organs
following internalization and several studies have documented
the biotransformation of certain NPs (such as CuO, CeO,, and
Se NPs) in different parts of plants like rice and
cucumber.”>*°7* It is reasonable to hypothesize that leaf-
exposed NPs may migrate toward the roots, thereby
influencing NP transfer efficiency along food chains and their
bioavailability. To our knowledge, no investigations have been
conducted to compare the performance of NPs stored in
various plant organs, particularly edible parts, with respect to
trophic transfer along the food chain and their subsequent
impact on consumers. This comparison is crucial considering
the stochastic feeding behavior of animals consuming different
plant components. Cherry radish (Raphanus sativus L.) is an
important cruciferous food crop with edible parts ranging from
above-ground green leaves to swollen underground taproot.”
CeO, is among one of globally most-produced ENMs and is
widely used in industrial applications like polishing agents,
catalysts, preservatives, and sensors.”* In agriculture specifi-
cally, it serves as growth regulator, pesticide, fertilizer, nutrient,
or drug carrier.”> Moreover, field studies have demonstrated
the presence of polystyrene (PS) micro- and nanoplastics on
plant surfaces.’® "’ Additionally, CeO, NPs are utilized as

additives to enhance the mechanical strength and thermal
stability of PS products.””" Based on realistic scenarios,
representative NPs chosen were CeO, and PS, capable of
reaching plants either through intentional artificial application
or nonspontaneous atmospheric deposition leading to foliar
coexposure.

In this study, we have established a food chain involving
cherry radish (shoot/root) and snails. For the first time, we
synthesized deuterated polystyrene (DPS) in order to address
the challenges of detecting carbon-based materials within the
carbon-rich context of organisms. Our hypothesis is 2-fold: 1)
Foliar exposure to a mixture of NPs affects the uptake and
translocation of CeO,/DPS in plants as compared to exposure
to the individual particles, 2) Nanoparticles stored in leaves
and roots behave differently regarding trophic transfer
efficiency and consumer accumulation as well as distribution
under single and mixed exposure modes. The results of this
study will enhance our understanding of how DPS-CeO,
mixtures behave in organisms through the food chain pathway.

B MATERIALS AND METHODS

Preparation of NPs and Organism. Following the
method described by Tian et al, with minor modifications,
deuterium-labeled styrene monomers were used to synthesize
DPS NPs via emulsion polymerization (Text S1).** The
chemical structure of the synthesized DPS was confirmed using
u-Fourier transform infrared (u-FTIR) (Nicolet iN10, Thermo
Fisher Scientificc, USA) (Figure S1), with a deuterium
substitution rate of the target product reaching 85%. The
CeO, NPs, with a purity >99.95% and a particle size <50 nm,
were procured from Sigma-Aldrich (St. Louis, Missouri, USA).

The morphology, particle size, and zeta potential of the two
types of nanomaterials were characterized using transmission
electron microscopy (TEM) (Tecani G2 Spirit TWIN, FEI,
Netherlands) and dynamic light scattering (DLS) (Anton Paar
Litesizer 500, Graz, Austria), as outlined in Table 1.

Table 1. Material Characterization Parameters of
Nanoparticle (NP) Solutions from Different Treatment
Groups at a Concentration of 100 mg/L, Including CeO,,
DPS, and Their Mixtures

Parameters CeO, DPS Mixture
pH 5.90 5.96 591
Polydispersity index 0.264 0.238 0.231
Zeta potential (mV) —284 + 1.3* —264 + 12 -28.6 + L.I°
Average particle size 47.8 + 10.8 80.7 + 0.8 /
Hydrodynamic size 417 + 49* 221 + 25 276 + 67°

“Different letters indicate significant differences between treatment
groups (p < 0.05).

Cherry radish seeds were purchased from Hezhiyuan Seed
Industry (Shandong Province, China). Snails (Bradybaena
ravida) were acquired from a breeding facility in Sugian City,
Jiangsu Province, China. Following thorough cleaning with
ultrapure water, the snails were fed fresh uncontaminated
cherry radish shoots and roots for 1 week to acclimate them to
the experimental conditions.

Plant Planting and Foliar Spraying with Nano-
particles. The detailed methods for plant culture are provided
in Text S2. For the foliar spraying experiment, we estimated
the deposition level of DPS (100 ug/d/plant) based on
previous studies that investigated the dust retention capacity
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and measured mass concentrations of microplastics in dust
samples.* ™" The exposure doses of CeO, were set at 100 ug/
d/plant, falling within the range of reference NPs application in
agriculture and facilitating comparative studies.”® Specifically,
we prepared suspensions of CeO,, DPS, and a mixture of both
at a concentration of 100 mg/L NPs in ultrapure water.
Ultrapure water was used as a blank control and all groups
were supplemented with 0.1% v/v Tween 20 as a dispersant.
Commencing from the 22nd day after transplanting the plants
into the soil, a sonicated suspension of NPs (1 mL) was
uniformly sprayed onto the leaf surface at 10:00 am daily for a
consecutive period of 14 days. This duration coincided with a
period of high stomatal conductance in most plants.*” During
foliar exposure, each plant was individually treated on an
operating table while ensuring that the shoot, soil, and pot
were meticulously covered with aluminum foil and kitchen
paper to minimize accidental NP exposure and cross-
contamination errors (see Figure S2). Considering the
potential loss during the exposure operation, an experiment
on spraying efliciency was conducted to determine the actual
exposure dose (Text S3, Table S1). A total of four treatment
groups were included: control, CeO, (100 mg/L in spray
solution, equivalent to a dosage of 100 pg/d/plant, an actual
exposure dose of 86.3 pg/d/plant), DPS (100 mg/L in spray
solution, equivalent to a dosage of 100 pg/d/plant, an actual
exposure dose of 81.7 ug/d/plant), and mixture (CeO,+DPS)
(spray solution containing 100 mg/L CeO, and 100 mg/L
DPS, an actual exposure dose of 83.1 ug CeO,/d/plant and
80.5 pug DPS/d/plant). Each group had 38 replicates. After 37
days, the plants were harvested. Following gentle cleaning, the
shoots and roots were carefully separated before being
ultrasonically washed three times with ultrapure water to
eliminate surface NPs. Washing experiments have verified the
effectiveness of the cleaning procedures (Figure S3, Table S2),
which successfully removed most of the adsorbed NPs on the
leaf surfaces. The liquid collected from the cleaning procedures
was analyzed to determine the ratio of adsorbed and absorbed
NPs (Figure S4). The samples were then wiped dry and
weighed to record the fresh weight. All samples were divided
into two parts: one part was stored at —80 °C for chemical
analysis, while the other part was kept at 4 °C for snail feeding.

Feeding Protocol. The snails were fasted for 48 h prior to
the experiment in order to ensure consistent consumption at
the beginning of exposure. Snails of similar size and weight
were selected, and S individuals were placed in each
transparent glass feeding box as a biological replicate, which
was lined with moistened gauze to maintain humidity. The
experiment consisted of 8 treatment groups: shoot feeding
(control, CeO,, DPS, mixture) and root feeding (control,
CeO,, DPS, mixture), each with 6 replicates. Feeding plants for
each treatment group were uniformly cut into chunks and
provided to the snails at a daily intake of 2.5 g of shoots and
3.0 g of roots per box. The gauze was replaced and the boxes
were cleaned during each feeding interval to eliminate any
potential influence from environmental changes on snail
behavior. In addition, unconsumed food and feces were
collected daily from the inner walls of the transparent glass
feeding boxes for the purpose of calculating ingestion and
excretion rates. Further, continuous monitoring of snail weight
was carried out. Based on observations from a preliminary
study that feeding balance is achieved within 14 days, this fixed
feeding pattern was maintained for a duration of 14 days before
fasting the snails for an additional period of 48 h in order to

obtain postintestinal samples. Subsequently, all snails from
each group underwent anesthesia using 75% alcohol after being
washed with ultrapure water; they were then quickly dissected
into shell, soft tissue, and digestive gland components. All
tissues were stored at —80 °C for subsequent analysis.

In Vitro Simulation of CeO, Dissolution and Release
in Plants. Simulated leaf apoplast fluid, simulated xylem sap,
and simulated phloem sap were prepared according to
established methods (Table S3) from previous research.”* ™’
CeO, solutions (50 mg/L) and mixture solutions (50 mg/L
CeO, and 50 mg/L DPS) were prepared using ultrapure water
and these simulated fluids, respectively. The solutions were
kept shaking in the dark (100 rpm) throughout the testing
period, with 4 mL of liquid sampled at time points of 0, 1, 2, 4,
7, 10, and 14 days. Subsequently, the samples were then
filtered (Millipore, 3 kDa, ultrafiltration centrifuge) and
acidified with 2% v/v HNO; for further detection of dissolved
Ce released from CeO, NPs.

Chemical Analysis. Following complete freeze-drying, the
samples were pulverized using a high through-put tissue
grinder (Wonbio-800, Shanghai) and then standardized
through an 80-mesh sieve before storage in a constant
temperature drying oven for subsequent analysis.

The total concentrations of Ce, Ca, Na, Mg, Al, Cu, Fe, Mg,
and Zn in the samples were determined using inductively
coupled plasma-mass spectrometry (ICP-MS, iCAPQ, Thermo
Fisher Scientific, USA): see Text S4 and Table S4 for details.
Single particle inductively coupled plasma mass spectrometry
(SP-ICP-MS, NexION2000G, PerkinElmer, CA, USA) analysis
was performed on plant samples treated with CeO, NPs
(information provided in Text SS and Table SS).

The hydrogen concentration was determined using an
elemental analyzer (Elementar Vario EL Cube, Germany).
The stable isotope ratio §’H was measured with a gas
chromatography/elemental analysis/water balance stable iso-
tope mass spectrometer (TRACE 1310/EA Isolink/PreCon/
253 Plus IRMS, Thermo Fisher Scientific, USA). See Text S6
for the specific procedure.

During the analysis, one laboratory standard sample was
included for calibration of every 10 samples, with each sample
tested three times. The long-term standard deviation of the test
instrument was 6*H < 1.0%oc. The & values of the USGS 88,
USGS 89, USGS 90 and USGS 91 standard samples were
linearly fitted with their true values to correct the measured
values Ogmple further. In line with IUPAC protocols, &
expressed as the per mille difference in atomic ratios of *H/'H
relative to the Vienna Standard Mean Ocean Water (V-
SMOW):

sample 18

sample

1000

ARsample = [ + 1] X ARstandard

(1)

where ARy, and ARj;,4.q Tepresent the atomic ratios of
*H/'H in the samples and standard samples, with AR, 4.d
being the constant of 1.56 X 107

The mass concentration of DPS in the sample was
determined as follows:

sample

2 X AR
X 100%

MRD, _——
2 X ARsample +1 (2)

sample —
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Figure 1. Transmission electron microscopy (TEM) images of nanoparticles (NPs) solution at a concentration of 100 mg/L, including (A) CeO,
NPs, (B) deuterium-labeled polystyrene (DPS) NPs, and (C) binary NPs mixture. The average hydrodynamic diameters of CeO,, DPS, and their

mixtures are shown in (D).
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where MRDy, 10 MRD, 0 and MRDppg denote the mass
ratio of deuterium in hydrogen elements in the test sample,
control group sample and synthetic DPS, respectively.
Meanwhile, MRH,,,;. represents the mass ratio of hydrogen
elements in the experimental group sample. The coefficient 7
indicates the ratio of the relative molecular mass of DPS
(CsDy) to that of deuterium present in DPS. Mg refers to the
total mass of DPS in the sample, DW,, . signifies the dry
weight of the sample. Consequently, Cppg represents the total
mass concentration of deuterium-labeled polystyrene nano-
plastics.

Statistics and Analysis. The bioconcentration factor
(BCF) and translocation factor (TF) were employed to assess
the uptake and transport of NPs by plants, while trophic
transfer factors (TTFs), assimilation efficiency (AE), and
ingestion rate (IR) were used to quantify the nutrient transfer
and animal uptake of nanoparticles. Detailed calculation
formulas are provided in Text S7. The mass balance of
pollutants in the food chain under the open system was

21028

calculated based on the experimentally obtained quantitative
data of Ce and DPS in plants and snails (Tables S6 and S7).

Measurement results were presented as mean =+ standard
deviation (SD). Normality and homogeneity assumptions of
data variance were verified, and log transformation was applied
when necessary to correct deviations from these assumptions.
One-way ANOVA and nonpaired t-tests were conducted to
determine intergroup differences, with a significance threshold
set at 5% (p < 0.05). Statistical analysis and graph plotting
were performed using GraphPad Prism 8.0.2, Excel 2019, and
Origin 2021.

B RESULTS AND DISCUSSION

Characterization of Nanoparticles. The TEM images
revealed that CeO, nanoparticles exhibited a tendency to
aggregate, forming irregular agglomerates with an average
diameter of 47.8 + 10.8 nm (n = S50). In contrast, DPS
demonstrated superior dispersion as regular spherical particles
with an average diameter of 80.7 + 0.8 nm (n = 50) (Figure
1A,B). Furthermore, the combination of these two particle
types resulted in the formation of heterogeneous agglomerates
(Figure 1C). The DLS analysis was conducted in ultrapure
water at a controlled mass concentration of 100 mg/L CeO,/
DPS and their mixture (CeO,:100 mg/L, DPS:100 mg/L)
(Figure 1D, Table 1). The results showed that the hydro-
dynamic size of CeO, was approximately 417 + 49 nm, with a
zeta potential of —28.4 + 1.3 mV at pH 5.90. The
hydrodynamic size of DPS was 221 + 25 nm, with a zeta
potential of —=26.4 + 1.2 mV at pH 5.96. The hydrodynamic
size of nanoparticles in the mixture was 276 + 67 nm, with a
corresponding zeta potential of —28.6 & 1.1 mV at pH S5.91.
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Figure 2. Schematic diagram of the absorption, translocation, and accumulation of CeO, and deuterium-labeled polystyrene (DPS) nanoparticles
in cherry radish through foliar exposure (A). The contents of Ce and DPS in the shoots and roots of cherry radish upon single and mixture
exposures to CeO, and DPS nanoparticles (B). Particle size distribution of CeO, as measured by SP-ICP-MS in the shoots and roots of cherry
radish treated with CeO, NPs (C) and mixture NPs (D). The concentration values of all treatment groups have been adjusted by subtracting the
background values of the control group (Tables S8 and S9). The data are presented as mean + SD (n = 6 biological replicates). Significant

differences between different groups are denoted as *p < 0.0S.

Table 2. Bioconcentration Factor (BCF) of Ce/DPS Transfer from Solution to Plant in Different Treatments, Translocation
Factor (TF) of Ce/DPS Transfer from Shoot to Root, Trophic Transfer Factors (TTF) of Ce/DPS Transfer from Shoot/Root
to Animal Organs/Total Snail, Assimilation Efficiency (AE) and Ingestion Rate (IR) of Ce/DPS in Shoot-Feeding Snails and

Root-Feeding Snails®

Ce transfer

DPS transfer

CeO,

BCF BCF (solution to plant) 142 + 045

TF TF (shoot to root) (5.10 + 0.80) x E-3

TTF TTF (shoot to snail) (3.67 £ 0.30) x E-2
TTF (shoot to snail shell) (1.70 + 0.50) x E-3
TTF (shoot to snail soft tissues)  (4.90 + 1.30) X E-3
TTF (shoot to digestive gland) (1.32 + 0.46) X E-2
TTF (shoot to snail feces) 8.18 + 0.54
TTF (root to snail) (820 + 1.25) x E-1
TTF (root to snail shell) (391 + 0.61) x E-1
TTF (root to snail soft tissues) (2.26 £ 041) X E-1
TTF (root to digestive gland) (7.10 £ 1.70) X E-1
TTF (root to snail feces) 4.79 £ 0.67

AE (%) AE (shoot feeding snails) 2.50 + 0.52
AE (root feeding snails) 76.5 + 32

IR (g/g/d) IR (shoot feeding snails) (3.68 £ 0.71) X E-2

IR (root feeding snails) (1.01 + 0.17) X E-1

Mixture

277 + 0.14

(520 + 0.30) X E-3
(2.09 + 0.16) X E-2
(3.50 + 0.40) X E-3
(6.20 + 1.50) X E-3
(8.46 + 3.22) X E-2
5.59 +0.28

(3.32 + 0.67) X E-1
(3.19 + 0.49) X E-1

DPS

(6.98 + 1.67) X E-1
(2.02 + 0.28) X E-2
(4.58 + 0.42) X E-2
(1.80 + 0.40) X E-3
(495 + 0.96) x E-2
(4.89 + 0.52) X E2
6.68 + 0.47

(5.51 + 0.88) X E-1
(1.62 + 0.39) X E-2

Mixture

(7.33 + 1.36) X E-1
(1.98 + 0.25) X E-2
(2.54 + 0.32) X E2
(8.00 + 2.00) X E-4
(2.06 + 0.45) X E-2
(1.31 £ 0.18) X E-1
111 + 1§

(6.13 + 0.97) X E-1
(2.93 + 0.20) X E-2

(1.36 + 0.04) X E-1  * (578 +£0.80) X E-1  1.01 + 0.23 *
(223 £ 041) x E-1  *  (7.16 +£ 1.96) X E-1 132 + 0.18 *
1.93 + 0.21 * 331 +0.10 2.63 +0.18 *
3.95 + 0.66 * 111 + 49 1.81 + 0.78 *
70.1 + 12.3 65.5 + 16.5 76.2 + 13.4

(4.84 + 1.25) X E-2
(4.17 + 1.44) X E-2

*

(5.72 + 0.47) X E-2
(1.73 + 0.20) X E-1

(9.86 + 2.03) X E-2
(7.33 + 1.01) X E-2

*

*

“Values are expressed as mean = SD (n = 6). Different letters and “*” indicates a significant difference between treatment groups in the same

parameter (p < 0.05).

Accumulation and Translocation of Ce and DPS in
Plants. The 14-day foliar exposure of CeO,, DPS, and their
mixtures resulted in the absorption of Ce or DPS via the plant
leaves (Figure 2). In radish shoots, significantly higher

concentrations of Ce were observed after the mixture
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treatment (522 + 70 ug/g) compared to that found in single
CeO, treatment (365 + 42 ug/g) (p < 0.0S). This difference
in the calculated whole-plant BCF for Ce was consistently
observed, with values of 1.42 + 0.46 and 2.77 + 0.14 after
single CeO, treatment and mixture treatment, respectively (p <
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Figure 3. Experimental photographs illustrating the dissection of a snail into three parts: shell, soft tissues, and digestive gland (A). Total mass ratio
(B) and concentrations (C) of Ce and deuterium-labeled polystyrene (DPS) in the three body parts and feces of shoot-feeding snails and root-
feeding snails. (B) The mass percentage figures of the pollutant are indicated in each bar, with the total mass displayed at the bottom of each
column. The concentration values of all treatment groups have been adjusted by subtracting the background values of the control group (Tables S8
and S9). The data are presented as mean + SD (n = 6 experimental parallel samples). Significant differences between different groups are denoted

as *p < 0.0S.

0.05) (Table 2). These results show that foliar uptake of Ce is
promoted by the presence of DPS.

A comparison between single DPS treatment and mixture
treatment revealed that the concentrations of DPS in radish
shoots were 275 + 49 ug/g and 311 + 54 ug/g, respectively.
The BCF values for DPS in the entire plants were determined
to be 0.70 + 0.17 and 0.73 + 0.14 under the two treatments.
The presence of CeO, did not significantly alter the uptake of
DPS by plants.

The inconsistent effects of mixture exposure on the leaf
surface uptake of Ce and DPS can be attributed to changes in
the properties of NPs resulting from aggregation. These effects
are influenced by hydrophobicity, 7—7 stacking, and electro-
static interactions between particles.”’ In the CeO,-DPS
mixture solution, there was no significant change in zeta
potential compared to either the single CeO, or single DPS
dispersions, while the hydrodynamic diameter was significantly
smaller than that of the single CeO, solution (p < 0.05) and
similar to the hydrodynamic diameter of the single DPS
suspension (Figure 1D, Table 1). The charge and size of test
NPs are considered key factors limiting leaf uptake. The cell
wall and cuticle of plants typically carry negative charges with a
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higher affinity for positive charges, as demonstrated by Wang
et al, where positively charged PS (PS-NH**) accumulated
more in lettuce leaves than negatively charged PS (PS-
COO™).* The biological barrier imposed by leaves restricts
particle of specific particle size, as observed by Li et al., where
smaller-sized ZnO NPs accumulated more in the cytoplasm of
rice seedlings. This caused more severe cell damage, while
larger-sized NPs were effectively blocked.”” Therefore, it is
reasonable to speculate that changes in aggregate size in this
study could lead to differences in leaf uptake.

Foliar uptake followed by Ce or DPS translocated from
aboveground to underground parts (Figure 2). In radish roots,
Ce concentration in single CeO, treatment (1.47 + 0.38 pg/g)
were significantly lower than that in mixture treatment (3.48 +
1.17 ug/g) (p < 0.05), while the TF remained similar at
around 5.10 X 107> for both treatments (Table 2). In single
DPS and mixture treatments, the respective contents were 4.26
+ 1.15 ug/g and 5.56 + 1.48 ug/g and the respective TF
values were calculated as 2.02 X 1072 and 1.98 X 1072 Indeed,
mixture treatments do not affect transport capability of plants
for Ce or DPS. In addition, a significant disparity in the
translocation factor of Ce and DPS in plants was observed,
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Figure 4. Changes in food intake fresh weight of shoot-feeding snails (A) and root-feeding snails (B), and dry weight fecal excretion of shoot-
feeding snails (C) and root-feeding snails (D) during the feeding period. Each column represents the daily average during the observation period.
The data are presented as mean + SD (n = 6 replicate samples). Different letters indicate significant differences between treatment groups in the

same observation cycle (p < 0.0S).

irrespective of single or mixture treatment, indicating that DPS
exhibits higher ease of translocation in cherry radish. In situ
observations conducted on tomatoes and wheat revealed
deformation and compression of internalized polystyrene NPs
within intercellular spaces.”*> This morphological change
suggests the importance of the material properties of the NPs
in their interaction with plant cell structures. Considering the
Young’s modulus of CeO, (207—228 GPa) and DPS (2.1
GPa), it can be speculated a low mechanical strength of NPs
may facilitate their translocation within plants.”" The reduced
resistance to deformation allows DPS to navigate through plant
tissues more easily, enhancing their movement from shoot to
root. This could have important implications for understanding
how various NPs behave within plant systems and their
potential ecological impacts.

Trophic Transfer of Ce and DPS. Nanoparticles could
enter and accumulate in various parts of snails through the
food chain. To quantify the NPs, we analyzed dissected snails
and their feces (Figure 3A). Results revealed accumulation of
Ce and DPS in all treatments (Figure 3C). Within the shoot-
snail food chain, the mixture treatment exhibited elevated
concentrations of Ce in both the shell and digestive glands
compared to the single treatment. In contrast, DPS levels were
higher in feces and lower in shell and soft tissues under the
mixture treatment. In the root-snail food chain, the mixture
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treatment showed increased Ce concentrations in the shell and
soft tissues compared to the single treatment. In addition, DPS
concentrations were significantly higher in the shell, soft tissues
and digestive glands following mixture treatment. The
observed patterns suggest a synergistic accumulation of Ce in
snails consuming plants contaminated with mixed NPs in both
shoot and root pathways.

Overall, the TTF values for Ce and DPS showed a
significant decline in the total shoot-feeding snails following
mixture treatments compared to single treatments to NPs. The
TTF values for Ce in shoot-feeding snails (single exposure:
3.67 X 1072, mixture exposure: 2.09 X 1072) were found to be
similar to those observed in a previous study involving a
lettuce-snail food chain (TTF value: 3.70 X 1072).”* In
contrast, for root-feeding snails as a whole, the TTF value for
Ce significantly decreased following mixture treatments
compared to single treatments, while there was no significant
difference in the TTF value for DPS after mixture treatments.
Additionally, regardless of the single or mixed exposure to
CeO, or DPS, the TTF value from root to the total snail was
an order of magnitude higher than the TTF value from the
shoots to the total snail. The trophic transfer of Ce and DPS
was specifically driven by the type of food source.

Comparing the TTFs of Ce or DPS in different organismal
parts, the effects of mixture exposure on various parts did not
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show consistent effects with the overall effects on snails as
previously discussed (Table 2). For instance, in shoot-feeding
snails, the TTF values for Ce in the shell and soft tissues were
not different in the mixture treatment compared to the single
CeO, treatment, while the TTF value for Ce in the digestive
gland was higher. However, at the organism level, TTF values
for Ce were lower in the mixture treatment. In root-feeding
snails, the TTF values for DPS in shell, soft tissue and digestive
gland were higher in the mixture treatment compared to the
single DPS treatment, but there was no difference in the overall
TTFE value for DPS in snails. This discrepancy can be
attributed to the dynamic processes of pollutant absorption,
distribution, metabolism, and elimination within different
tissues or organs, leading to varied accumulation patterns. In
all treatments, TTF values for Ce or DPS in feces were 1—2
orders of magnitude higher than TTF values in other parts of
the snails, indicating that snails could excrete CeO, and DPS
captured through consuming plants. This finding is consistent
with previous studies on CeO, along the pakchoi-snail and
polystyrene along lettuce-snail food chains.”” Particularly, TTF
values greater than 1 were exclusively observed in the digestive
gland (1.01 + 0.23) and soft tissues (1.32 + 0.18) of snails that
consumed radish roots exposed to mixtures, indicating a
trophic transfer-mediated biomagnification of DPS originating
from NPs changing during translocation and mixed NPs
interaction. In this study, a 14-day exposure duration was
adopted assuming that pollutants reach an absorption-
excretion equilibrium in biota. Future studies should consider
prolonged exposure periods to adequately assess and predict
the ecological risks associated with the long-term trophic
transfer of target pollutants through food chains.

In summary, compared to single treatments, mixture
treatments pronouncedly affected the trophic transfer of Ce
and DPS. However, the transfer may be promoted or inhibited
depending on the food chain and the type of nanomaterials
involved. Moreover, the influence of exposure to mixtures may
not be consistent across both the overall and local aspects of
consumers. Conversely, previous studies constructing a lettuce-
snail food chain found that exposure of lettuce to nano-Ag or
nano-TiO, or their mixture did not affect the trophic transfer
of Ag or Ti.”' These conflicting results can be attributed to
various factors including species variations, NPs type, size and
concentration, and environmental influences.

In general, NPs are thermodynamically unstable due to their
high surface area to volume ratio. In this study, CeO, and DPS
may have interacted with each other and have undergone
complex physical and chemical transformation processes, such
as dissolution, adsorption, chelation, aggregation, and dis-
persion, thereby affecting their further environmental behav-
iors. For example, previous research has demonstrated that
when subjected to mixture treatments with nano-TiO, and
nano-ZnO, the adsorption of Zn** onto nano TiO, weakened
the inhibitory effect of nano-ZnO on bacterial ATP levels.”*
Additionally, it has also been reported that nano-CeO, and
nano-ZnO mixtures displayed higher cytotoxicity to Nitro-
somonas europaea compared to single NPs due to enhanced
synergistic effect mediated by electrostatic interactions
between these distinct NPs and cells.”” These interactions
play a crucial role in determining the behavior of NPs mixtures
within organisms. However, their effects may vary depending
on the specific materials involved since metal oxide NPs
generally exhibit greater environmental activity than other
types of NPs.>> This variability could potentially explain the

observed fluctuations in trophic transfer efficiency associated
with NPs mixture exposures as observed in our study. In
addition to microlevel interactions between CeO, NPs and
DPS NPs, mixture treatments may also disrupt trophic transfer
efficiency by altering the behavior of snails. While no changes
in snail body weight were observed in any treatment,
differences in ingestion and excretion rates between the single
CeO, or DPS treatments and mixture treatments were noted
(Figure SS, Figure 4). The presence of NPs mixture could
potentially affect the palatability of plant-based foods, resulting
in a direct negative impact on consumer feeding behavior. The
inhibition of consumer feeding behavior may stem from the
toxicity of NPs resulting from trophic transfer. It has been
reported that snails consumed green beans contaminated with
PS NPs experienced a reduction in food intake, which was
associated with a decline in gut microbiota viability and
histological damage in the digestive organs due to NP
accumulation.”® This underscores the ecological toxicity of
NPs, indicating their potential to disrupt not only individual
species but also broader food chain interactions. Additionally,
the NPs mixture may also influence plants, indirectly altering
consumer behavior by modulating plant metabolism.’
Previous research has shown that silicon quantum dots can
enhance the physical resistance of radishes to whitefly larvae by
increasing the accumulation of silicon and lignin, as well as
boosting chemical defense mechanisms against root-feeding
insects through the upregulation of secondary metabolites such
as jasmonic acid, salicylic acid, and diterpenes.”® In our study,
the different interference of CeO,, DPS, or their mixture on
the mineral element homeostasis in cherry radish shoots and
roots (Figure S6) were indicative of activation of plant
metabolic defenses. This activation may impact snail behavior,
as various elements play essential roles in plant metabolism bgr
providing energy and serving as enzyme components.sg’ 0
However, further evidence from metabolite data is needed to
support this hypothesis.

Biodistribution of NPs in Snails. The distribution of
pollutants in snails, as indicated by the proportion of localized
mass to their total mass, exhibited a distinct pattern depending
on whether the snails consume shoots or roots as their dietary
source (Figure 3B). Specifically, the distribution of Ce in
shoot-feeding snails showed a ranking pattern of feces (98.0%)
> soft tissues (1.50%) > digestive glands (0.25%) = shell
(0.25%) in single treatment, while in mixture treatment, the
ranking pattern shifted to feces (97.6%) > digestive glands
(1.51%) > soft tissues (0.51%) > shell (0.38%). The
distribution of DPS in shoot-feeding snails remained similar
to Ce in both single treatments and mixture treatments. Snails
consuming shoots adjusted their distribution strategy of Ce
and DPS when exposed to a mixture of CeO, and DPS NPs,
with more Ce and DPS entering the snail digestive glands
rather than the soft tissues.

In root-feeding snails, the distribution of Ce in both single
treatment and mixture treatment maintained the same ranking
of feces (CeQ, treatment: 42.6%, mixture treatment: 34.2%) >
shell (CeO, treatment: 30.4%, mixture treatment: 31.1%) >
soft tissues (CeO, treatment: 22.8%, mixture treatment:
23.0%) > digestive glands (CeO, treatment: 4.18%, mixture
treatment: 11.8%). The internal distribution of DPS NPs
remained unchanged in cases of single or mixture treatments,
with a ranking of soft tissues (DPS treatment: 39.7%, mixture
treatment: 52.7%) > digestive glands (DPS treatment: 36.2%,
mixture treatment: 26.4%) > feces (DPS treatment: 25.8%,
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mixture treatment: 19.4%) > shell (DPS treatment: 0.12%,
mixture treatment: 1.58%). The distribution pattern of root-
feeding snails remained unaltered when exposed to a mixture
of CeO, and DPS NPs compared to single exposure. However,
a significant difference was observed in the biodistribution
mode of Ce and DPS in root-feeding snails. In contrast to Ce,
DPS was found to be more likely to remain in the snail’s body
rather than being eliminated through the feces.

Combining the overall distribution patterns of Ce and DPS
in snails with the assimilation rate (AE) (Figure 3B, Table 2),
it is evident that the mixture treatments boosted the AE value
for Ce while diminishing the AE value for DPS in shoot-
feeding snails. The mixture treatments had no effect on AE
value for Ce or DPS in root-feeding snails. Importantly, in both
single and mixture treatments, the bioavailability of Ce and
DPS for root-feeding snails was significantly higher than the
bioavailability observed in shoot-feeding snails, revealing an
order-of-magnitude difference in AE values. Correspondingly,
from shoot-feeding snails to root-feeding snails, the percentage
for Ce decreased from 97.6—98.0% to 34.2—42.6%, and the
percentage for DPS decreased from 91.8—97.5% to 19.4—
25.8%. This underscores a consistent trend: the bioavailability
of NPs significantly increases following their translocation from
shoots to roots. Several factors may contribute to the observed
variances in bioavailability. First, differences in the morpho-
logical properties of NPs in shoots and roots may influence
their bioavailability. Analysis using SP-ICP-MS has revealed
that the average size of CeO, NPs in shoots (CeO, treatment:
59.3 + 0.3 nm, mixture treatment: 54.2 + 1.0 nm) is larger
than that of CeO, NPs in roots (CeO, treatment: 48.4 + 1.8
nm, mixture treatment: 41.3 + 0.2 nm) (Figure 2C,D). During
leaf absorption and translocation, size exclusion limits may
prevent larger individual NPs or aggregates from reaching the
roots. Nanoparticles dispersed in radish roots may depend on
smaller sizes with a higher probability of being transferred into
the snail’'s body rather than being excreted. Furthermore, in
vitro tracking simulations indicated that the dissolution of
CeO, NPs and the release of Ce ions occur in simulated xylem
sap (Figure S7). These results are consistent with previous
research,®’%> suggesting that CeO, in NP form within leaves
may undergo partial dissolution during transport or after
reaching the roots. Although there is currently a lack of
experimental evidence on the changes of DPS in plants, such
transformations during the translocation process appear to be
essential for the bioavailability of NPs. Second, food texture
can significantly influence the bioavailability of NPs.
Compared to cherry radish shoots, taproots containing
indigestible lignified fibers result in longer residence times in
the gastrointestinal tract of snails. This prolonged residence
time may contribute to a greater release of NPs into the
digestive system of the snails.”> Moreover, certain reducing
metabolites stored in plant roots, as well as specific metabolic
antioxidant compounds synthesized by plants, such as reducing
sugars, flavonoids, and ascorbic acid, may play crucial roles in
triggering redox reactions during the biotransformation of NPs
that enhance their absorption and utilization by snails.”*%
Lastly, when NPs enter plants, they selectively adsorb
surrounding biomolecules from the complex physiological
fluid environment. This process results in the formation of
coronas composed of proteins, lipids, sugars, nucleic acids, and
natural organic compounds. This biocorona grants NPs
“biological properties” distinct from their “synthetic proper-

ties”, subsequently affecting cellular internalization, distribu-
tion, and accumulation of NPs in org;arlisms.66_68

Environmental Implications. This study presented the
first quantitative analysis of the accumulation, trophic transfer,
and biodistribution of CeO,, DPS, and their mixture along the
cherry radish-snail food chain. In the context of increasing
airborne nanoplastic pollution and burgeoning nanotechnology
in agriculture, our investigation identified foliar exposure as a
crucial pathway for NPs to be transferred through the food
chain. This study demonstrated inconsistent effects of mixed
NPs exposure patterns on the uptake and distribution of Ce
and DPS in cherry radishes and snails. Further exploration is
warranted to comprehend the mechanisms driving NPs trophic
transfer, particularly in mixture exposure scenarios. Moreover,
although the accumulated amount of NPs decreased after
being transported to plant roots, it significantly altered their
biological distribution pattern at higher trophic levels, resulting
in a higher accumulation of NPs within organisms rather than
excretion through feces. The observed biomagnification,
changes in snail behavior, and disturbances in the elemental
balance of plant and animal highlight the necessity for more
comprehensive studies to understand the ecological risks
associated with trophic transfer of NPs.
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