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BACKGROUND:Micro/nanoplastics and silver nanoparticles (AgNPs) are emerging environmental contaminants widely detected in aquatic environments.
However, previous research has primarily focused on the interactions between micro/nanoplastics and organic substances or heavy metals, whereas the
interactions and combined toxic effects of micro/nanoplastics with AgNPs remain unclear.
OBJECTIVE: Our study aimed to investigate the effects and mechanisms of coexposure to AgNPs and polystyrene micro/nanospheres (PS M/NPs) on the
nervous system, comparing the toxicity of AgNPs alone and in combination with PSM/NPs in larval zebrafish.
METHODS:We investigated the dynamics of AgNPs’ (5 nm) adsorption onto PS M/NPs (5 lm=100 nm) using inductively coupled plasma–mass spec-
trometry. Zebrafish larvae were coexposed to PS M/NPs (200 lg=L) and AgNPs (10 lg=L) from 6 h post fertilization (hpf) to 72 hpf to∼ 120 hpf to
evaluate neuroinflammatory effects from multiple perspectives, including developmental abnormalities, oxidative stress, neurobehavioral differences,
vascular development, immune responses, differences in gene expression, and differences upon neuroinflammation inhibitor addition.
RESULTS: Adsorption experiments showed PSM/NPs could stably adsorb AgNPs, with higher adsorption in smaller particles. Zebrafish larvae exposed to
combined PSM/NPs and AgNPs demonstrated neurodevelopmental abnormalities, including developmental malformations, lower levels of locomotor ac-
tivity, delayed response, and abnormal neuronal development. In addition, exposed zebrafish also exhibited disrupted neurodevelopmental markers,
including vascular and apoptotic indicators, and oxidative stress and neuroimmune responses. Quantitative real-time polymerase chain reaction analysis
showed differences in gene expression within neurotoxic pathways in PS M/NPs and AgNPs-exposed zebrafish, focusing on key genes in immunity, apo-
ptosis, vascular, and neural development. Furthermore, these neurotoxic effects induced by combined exposure were alleviated following the introduction
of the neuroinflammation inhibitor curcumin.
DISCUSSION: Our findings demonstrate that polystyrene nanospheres (PSNPs) intensified AgNPs-induced neurotoxicity in larval zebrafish, whereas poly-
styrenemicrospheres (PSMPs) had a lesser effect, indicating distinct gene regulation roles when combinedwithAgNPs. These findings enhance the assess-
ment of environmental risks in settings with coexisting nanomaterials and microplastics, offering important insights for evaluating combined exposure
risks. https://doi.org/10.1289/EHP14873

Introduction
Microplastics, defined as plastic debris with a particle size of
<5 mm, have emerged as a significant concern because of their
widespread contamination of aquatic environments.1,2 The pro-
duction of plastic has reached alarming levels, with over
36,050 million tons being produced worldwide in 2018, and a
substantial portion of ∼ 80,000 tons being released into water-
ways.3,4 Furthermore, research indicated that the annual inflow
of microplastics into the ocean approach 0.8–23 million tons.5,6
Concentrations of microplastics in aquatic environments typi-
cally range between ng=L and mg=L.7–9 It has been proved that
microplastics can induce neurotoxicity in aquatic organisms by
interfering with neural-related enzymes, destructing lipid peroxi-
dation, and producing behavioral abnormalities.3,10,11 For example,

Hamed et al.12 observed neurotoxic effects in carp exposed tomicro-
plastics, leading to neuronal necrosis in the brain. Yu et al.13

reported that microplastics exposure provoked severe hyperactivity
and remarkable variations in neurotransmitters including dopamine
(DA), serotonin (5-HT), and the cholinergic system in zebrafish.
Numerous studies have provided compelling evidence that the harm-
ful impacts ofmicroplastics pollutionmay be exacerbated by the com-
bined effects of other environmental contaminants, including organic
pollutants,14 microorganisms,15 and heavy metals.16 Recent research
indicated that the bioavailability of organic pollutants in the food chain
was enhanced through the adsorption of organic contaminants by
micro/nanoplastics.17,18 Microplastics exhibit significant adsorption
capabilities toward organic pollutants such as bisphenol A (BPA)19,20

and triclosan,21 thereby posing a considerable threat to living organ-
isms and exerting additive effects. In contrast to organic pollutants,
heavy metals exhibit a greater propensity for bioaccumulation and
aremore resistant to degradation, leading to pronounced detrimental
effects on various species, including humans.22 Microplastics, act-
ing as vectors, demonstrate a strong affinity for heavy metals,
potentially enhancing their bioavailability and altering their toxi-
cological properties.23,24 Despite the increasing research on
microplastics, there is limited research on the interactions
betweenmicroplastics and other emerging pollutants.

Silver nanoparticles (AgNPs) represent one of the most ubiqui-
tously employed engineered nanomaterials, gaining particular
prominence for their efficacy as disinfectants during the COVID-19
pandemic,25 thereby heightening concerns regarding environ-
mental contamination.26 Studies conducted by Xiao et al.27

reported a broad particle size distribution range of 18:8–41:0 nm
for AgNPs in Taihu Lake, China, with the average concentration
of 82:8±21:4 ng=L in the water. In the rivers in Malaysia that
receive various types of wastewater effluents, the concentration
levels of AgNPs have alarmingly escalated to a range between
0.1 and 10 mg=L.28 The pervasive dispersal of AgNPs within
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aquatic realms posits the potential for bioaccumulation, conse-
quently eliciting deleterious effects on aquatic organisms. An
empirical study unveiled that zebrafish, on exposure to AgNPs,
manifested signs of neurotoxicity and hepatic toxicity, with sub-
sequent potential ramifications on their offspring’s health.29

Corroborating this, research by Yan et al.30 ascertained the pres-
ence ofAgNPs in various organs ofmedakafish, including the brain,
ovaries, gills, liver, and gut. An intriguingfindingwas that there was
evidence of maternal transfer of AgNPs to the progeny. Moreover,
AgNPs have been implicated in compromising the integrity of the
blood–brain barrier, blocking the formation of novel neurons, and
inducing neurotoxicity in juvenile rats via mechanisms rooted in
endoplasmic reticulum stress.31 However, the underlying mecha-
nism of the neurotoxicity of AgNPs remains unclear. In addition,
the complicated environmental behaviors of AgNPs, characterized
by aggregation, deposition, accumulation, and bioavailability,
invariably sculpt its toxicological profile.

Recent research has revealed that microplastics and artificial
nanomaterials permeate the environment via analogous vectors,
encompassing medical waste, domestic effluent, and industrial
wastewater.32,33 Notably, during the recent outbreak of COVID-
19 pandemic, alongside the degradation processes in the environ-
ment, myriad protective products released ecotoxicologically
significant micro/nanoplastics, nanoparticles [notably silver (Ag)
and copper], and organic contaminants.34 Consequently, there
exists a potential synergy between micro/nanoplastics and
AgNPs within their natural milieu. A pivotal study conducted by Li
et al.35 ascertained that polystyrene (PS) possessed the capability to
sequester citrate-coated AgNPs from aqueous media as distinct
particulate entities, culminating in the formation of AgNPs–PS
microplastics complexes. This finding underscored the poten-
tial role of microplastics as vehicular agents facilitating the
translocation of AgNPs into biotic systems. Nonetheless, the
research by Li et al. focused on the interaction between micro-
plastics and AgNPs in aqueous solution and did not evaluate the
toxicity of such interactions. Furthermore, Jia et al.36 documented
the concurrent presence of AgNPs (30 nm) and micro/nanoplastics,
revealing synergistic toxic effects on ciliates, where the combined
toxicity of micro/nanoplastics with AgNPs was more pronounced
than individual exposures. Building on the observed coexistence
and interactions of micro/nanoplastics and AgNPs in environmental
contexts and their demonstrated toxicity toward protozoa, it is
hypothesized that the presence of microplastics could potentially
modulate the toxic effects ofAgNPs on higher vertebrate species.

The central nervous system (CNS) of zebrafish exhibits
functional similarity to that of humans. Furthermore, their sen-
sory pathways manifest a significant degree of homology with
human systems. Consequently, zebrafish emerge as a represen-
tative model for the evaluation of developmental neurotoxico-
logical impacts.37,38 In this study, zebrafish were used as a
model organism, with polystyrene micro/nanospheres (PS
M/NPs) representing micro/nanoplastics, to investigate the neu-
rotoxic effects and potential mechanisms triggered by the coex-
posure of micro/nanoplastics and AgNPs. In addition, we aimed to
delineate the comparative toxicity differences in larval zebrafish
among AgNPs, AgNPs + polystyrene microspheres ðPSMPsÞ, and
AgNPs + polystyrene nanospheres ðPSNPsÞ, unveiling the molec-
ular mechanisms underlying the neurotoxicity induced by AgNPs
under the adsorption of microplastics of varying particle sizes.

Materials and Methods

Reagents
The polyvinylpyrrolidone-coated AgNPs (5 nm, 5 mg=mL, No.
NCXSEPE5-25 mL) used in this study were purchased from

Sigma-Aldrich. PSMPs (5 lm; No. 86542350) and PSNPs
(100 nm; No. 86542301) were obtained from Tesulang Chemical
Material Factory. Cy5-labeled PSMPs (5 lm; No. zc-psy-5u)
and PSNPs (100 nm; No. zc-psy-100n) were purchased from
Jiangsu Zhichuan Technology Co., Ltd. A series of assay kits
were acquired from Beijing Solabao Technology Co., Ltd., and
TRIzol kits, reverse transcription kits, and quantitative PCR kits
were provided by Takara Biotechnology Co. As an applied exten-
sion, microspheres (MPs) including polylactic acid (PLA) MPs
(5 lm; Jiangsu Zhichuan Technology Co., Ltd.), polyamide (PA)
MPs (5 lm; Kaixuan Plastic Technology Co., Ltd.), and PSMPs
with mixed particle sizes (1–100 lm; Tesulang Chemical
Material Factory) were incorporated into the study. All the other
reagents used were of analytical grade.

Characterization of AgNPs and PSM/NPs
The AgNPs stock solution (5 mg=mL) was diluted with deionized
water to achieve the corresponding working concentration, fol-
lowed by ultrasonication at 50 W=L and 50 kHz for 40 min. The
ultraviolet–visible spectrophotometry (UV-vis) absorption spectra
of AgNPs suspensions (1 mg=L) were obtained using a spectro-
photometer (UV-5500PC; Shanghai Yuanxi Instrument Co., Ltd.),
with a detection range of 200 to 800 nm. Prior to transmission elec-
tron microscopy (TEM) imaging, a 2 lL aliquot of AgNPs
(0:05 mg=mL) was drop-cast onto a carbon-coated copper grid and
air-dried at room temperature. Then the size and morphology of
samples were characterized by TEM (Tecnai G2 spirit Biotwin;
FEI), with a high-resolution charge-coupled device (CCD) camera.
For morphological characterization of PS M/NPs powder using
scanning electron microscopy (SEM; S-4800, Hitachi), the powder
was evenly spread onto an aluminum sample holder covered with
conductive tape for fixation, followed by gold sputter coating.
During imaging, the SEM accelerating voltage was set between
1–5 kV, with the working distance adjusted to 5–15 mm. The av-
erage hydrodynamic diameter of AgNPs (0:05 mg=mL) and PS
M/NPs (1 mg=mL), as well as the zeta potential of AgNPs
(0:05 mg=mL), were analyzed using dynamic light scattering
(DLS) with a Zetasizer instrument (Malvern) at a measurement
temperature of 25� and a scattering angle of 90�, comprising trip-
licate samples with triplicate measurements for each.

Zebrafish Maintenance and Exposure Protocols
Wild-type zebrafish (AB strain) and three transgenic zebrafish
lines—Tg(elavl3:EGFP), Tg(kdrl:mCherry), and Tg(coro1a:
EGFP)—were purchased from the Chinese Zebrafish Resource
Center. The transgenic Tg(elavl3:EGFP) line, whose neurodevelop-
mental marker gene elavl3 is labeled with enhanced green fluores-
cent protein (EGFP), enables the specific labeling of neurons
throughout the organism.39 The Tg(kdrl:mCherry) line, whose vas-
cular endothelial growth factor receptor gene kdrl is labeled with
mCherry, specifically marks epithelial cells.40 In the Tg(coro1a:
EGFP) line, both macrophages and neutrophils are labeled by
EGFP.41 The zebrafish were housed under controlled conditions,
with the water temperature set at 28± 1�C and the pH kept between
6.8 and 7.5. They were exposed to a 14-h light period followed by
10 h of darkness. Adult zebrafish were fed twice daily with a diet of
freshly hatched brine shrimp. The night before the experiment, eight
adult zebrafish (1:1 male-to-female ratio) were randomly selected
from each tank and placed in 2-L breeding tanks with dividers. The
tanks were kept dark until the next morning when lights were
turned on to trigger spawning. Embryos were then collected
using a fine mesh, transferred to petri dishes with ultrapure water.
For the exposure experiments, zebrafish embryos [6 h post fertil-
ization (hpf)] were randomly assigned to 100 mm diameter petri
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dishes containing the corresponding exposure solutions, with 60
embryos per group. The dishes were placed in an incubator main-
tained at 28�C for the designated exposure duration, as required
for subsequent experiments. The sample sizes and exposure
durations necessary for the corresponding end point measure-
ments are listed in Table S1. Except for the transgenic zebrafish
observations, all other experiments were conducted using the
AB wild-type zebrafish strain. All experimental procedures
involving embryos and larval zebrafish were executed in rigor-
ous compliance with the stipulations set forth by the Institutional
Animal Care and Use Committee guidelines.

Acute Exposure Assessment of AgNPs
For acute toxicity assessment of AgNPs, we established six expo-
sure concentrations: 0, 25, 50, 75, 100, and 150 lg=L. TheAgNPs’
stock solution underwent 30-min ultrasonic dispersion before
application. Zebrafish embryos were exposed to a series of AgNPs
exposure solutions prepared with ultrapure water in six-well plates
with 4 mL per well. The exposure solutions were refreshed daily.
Fresh AgNPs exposure solutions were prepared every 24 h to
ensure consistent exposure. Heartbeat cessation was deemed the
mortality end point. Deceased embryos were promptly catalogued,
and after 96 h of exposure, median lethal concentrations (LC50)
were determined. Each group comprised three replicates with 30
embryos per group.

No-Observed-Effect Concentration of PS M/NPs
For preparation, PS M/NPs were solubilized in ultrapure water,
achieving a concentration of 5 mg=mL. Subsequent to this, the par-
ticulates underwent a 60-min ultrasonic dispersion to ensure uni-
formity. A dedicated stock solution of the M/NPs was replenished
weekly. Zebrafish embryos were exposed in six-well plates (4 mL
per well) to concentrations of 0, 10, 20, 40, 80, and 160 mg=L.
Each experimental cohort consisted of three replicates, each hous-
ing 30 embryos. Observational assessments, focusing on malfor-
mations and hatching rates, were meticulously conducted at 96 hpf
under PSM/NPs exposure.

Interaction between AgNPs and PS M/NPs
The study on the interactions between AgNPs and PS M/NPs was
conducted in a manner similar to that of previous research.35 The
cited study provided a detailed account of the key steps of investi-
gating the binding efficiency between AgNPs and microplastics. In
this study, the following modification was implemented: prior to
testing, membrane filtration was applied to remove PS M/NPs.
This step was essential to ensure the accuracy of the experimental
results, because the smaller particle size of the MPs in the experi-
ment caused them to remain suspended in the liquid, potentially
interfering with detection outcomes. The specific experimental
procedure was outlined as follows: A suspension of PSM/NPs was
meticulously prepared in ultrapure water at a concentration of
10 g=L. To ensure homogeneous dispersion of the MPs, the sus-
pensions underwent a 30-min ultrasonic treatment. These were
then subjected to a 24-h dark incubation with stirring at 200 rpm.
Subsequently, an AgNPs solution or standard solution of Ag+ was
introduced into the container until achieving a 10-mg=L concentra-
tion. This mixture was maintained under dark conditions at ambi-
ent temperature, with a stirring rate of 150 rpm for a week. At
predetermined time points (0 min, 5 min, 10 min, 30 min, 1 h, 6 h,
12 h, 24 h, 48 h, 72 h, and 168 h), 2:5-mL samples were taken from
the amber glass bottles using a pipette and immediately filtered
through anodic aluminum oxide (AAO) inorganic membrane fil-
ters (0:22 lm; Sigma-Aldrich) to remove PS M/NPs. A 0:5-mL
fraction of the resultant filtrate underwent digestion in 70% nitric

acid for 2 h at 60�C, facilitating the quantification of the concentra-
tions of AgNPs or Ag+ via inductively coupled plasma–mass
spectrometry (ICP-MS; Agilent 7500cx). Concurrently, UV-vis
spectroscopy (UV-5500PC; Shanghai Yuanxi Instrument Co.,
Ltd.) captured the absorbance of filtrate, with the wavelength
range set to 300–800 nm and a scanning speed of 1 nm=s. After a
168-h incubation, a 1-lL sample of the suspensions was directly
taken (without filtration) using a micropipette and deposited
onto a carbon-coated copper grid for TEM observation. Each ex-
perimental set was triply replicated (n=3). The binding effi-
ciency of PS M/NPs with AgNPs was deduced using the
subsequent equation:

Rt =
C0 −Ctð Þ
C0

× 100%: (1)

Rt (%) represents the percentage removal efficiency of AgNPs by
PS M/NPs at the designated sampling time, with C0 and Ct denot-
ing the initial and time-specific concentrations of AgNPs in the
suspension (mg=L), respectively.

The adsorption rate of AgNPs by PS M/NPs was calculated
using the following equation:

qt =
C0 −Ctð Þ×V

W
, (2)

where qt (mg=g) is the quantity of AgNPs adsorbed at a given
sampling interval, C0 and Ct represent the initial and sampled
concentrations of AgNPs in suspension (mg=L), respectively. V
and W correspond to the volume of AgNPs solution (L) and the
mass of M/NPs (g), respectively.

For a nuanced interpretation of the adsorption dynamics,
both pseudo-first and pseudo-second order kinetic models were
employed to model the potential adsorption pathways. The re-
spective linear formulations for these models are provided as
follows:

lnðqe − qtÞ= lnqe − k1t (3)

and

t
qt

=
1

k2q2e
+

t
qe

, (4)

where qe (mg=g) and qt (mg=g) signify the amount of AgNPs
adsorbed on the M/NPs at equilibrium and sampling time t,
respectively; t denotes the exposure time (min), and k1 (per
minute) and k2 (g/mg/min) are the rate constant of the pseudo-
first order model and pseudo-second order model.

Developmental Toxicity of Combined Exposure of AgNPs
and PSM/NPs to Zebrafish Larvae
Based on the above the no-observed-effect concentration (NOEC)
of PS M/NPs (10 mg=L) and a relevant publication,42 we chose a
concentration of 200 lg=L PS M/NPs to simulate microplastics
contamination in natural waters. Drawing from the identified LC50
of AgNPs and relevant environmental data, the exposure concen-
tration was set at 10 lg=L for AgNPs. Both M/NPs and AgNPs
stock solutions were sonicated for 40 min, subsequently mixed in
proper proportions, and allowed a 20-min equilibration to ensure
adequate interactions. Healthy embryos (6 hpf) were selected
under a microscope and randomly distributed into 100 mm diame-
ter petri dishes. Each dish contained 60 embryos and 40 mL of ex-
posure solution, and the dishes were placed in an incubator at
28�C. These embryos were categorized into six distinct groups:
control, AgNPs, AgNPs+PSNPs (AN), AgNPs+PSMPs (AM),
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PSNPs, and PSMPs. Each group incorporated three replicates, each
containing 30 embryos. The exposure solution was refreshed every
24 h, with zebrafish morphological differences observed and
recorded. Tic frequency was assessed at 24 hpf, hatching and
heart rate were evaluated at 48 hpf, and body length was meas-
ured at 96 hpf.

Determination of Acetylcholinesterase and Oxidative Stress–
Related Indicators
After 96 hpf exposure to AgNPs, embryos were randomly col-
lected and homogenized on ice to determine the levels of acetyl-
cholinesterase (AChE) and three indicators of oxidative stress,
glutathione reductase (GSH), and the lipid peroxidation product
malondialdehyde (MDA), as well as the accumulation of reactive
oxygen species (ROS). Biochemical assays targeting AChE, GSH,
and MDA were executed using commercial kits (S-002; S-005;
S-010; Solarbio), adhering strictly to the manufacturer’s protocol.
For each assay, 30 larvaewere randomly selected from the exposed
group of 60 as one biological replicate. Three biological replicates
were used, and each biological replicate wasmeasured in triplicate.
Analysis was facilitated by a Thermo Scientific Varioskan LUX
MultimodeMicroplate Reader, with parameters strictly set accord-
ing to the instructions provided in the respective assay kit. The
“Absorbance” mode was selected, and the corresponding wave-
lengths were configured (AChE: 412 nm; GSH: 405 nm; MDA:
532 nm, 600 nm) per the kit’s guidelines. A 96-well plate was used,
with each well containing 100–200 lL, and the reading time
adjusted tomeet the assay requirements.

To assess ROS levels under combined exposure, 12 larvae
were randomly selected from each group following exposure from
6 hpf to 120 hpf. The larvae were rinsed with phosphate-buffered
saline (PBS) and transferred to a 6-well plate, with 4 mL of buffer
containing 20,70-dichlorodihydrofluorescein diacetate (DCFH-
DA) added to each well for staining. After incubating in the dark at
28:5�C for 30 min, the larvae were gently rinsed with PBS to
remove excess dye. Subsequently, theywere anesthetized in 0.04%
MS-222 for 2–5 min and immediately visualized (kex = 488 nm;
kem = 525 nm) under a fluorescence-equipped upright microscope
Eclipse Ci-L (Nikon). Fluorescence intensities across groups were
subsequently quantified using ImageJ software.

Behavioral Assays
Behavioral assessments of 120 hpf zebrafish larvae post com-
bined exposure were conducted employing EthoVision XT soft-
ware (Noldus IT). These evaluations incorporated voluntary
movements, turning behaviors, responses to light–dark transi-
tions, and auditory stimuli. All behavioral experiments with
zebrafish larvae were conducted in sterile 96-well plates. After
exposure from 6 hpf to 120 hpf, 30 well-developed larvae from
each treatment group were transferred to the 96-well plate (one
larva per well), with 200 lL of ultrapure water added to each
well. The temperature was maintained at 28± 1�C. Experimental
time was strictly controlled between 0900 hours (9:00 A.M.) and
1400 hours (2:00 P.M.). Video recordings and data analysis were
performed using EthoVision XT software (Noldus IT). The ex-
perimental protocols were meticulously adhered to specific crite-
ria, and the resultant data were analyzed in alignment with
established methodologies previously adopted by our research
group.43 Each treatment group underwent three technical repli-
cates and three biological replicates.

Spontaneous swimming behavior of larvae. After a 5-min
acclimation period (excluded from analysis), the spontaneous
swimming activity of zebrafish larvae was observed. Swimming
trajectories were recorded for 5 min using EthoVision XT

software, which subsequently analyzed and calculated the total dis-
tancemoved and swimming velocity.

Larval turning angle test. After a 5-min dark adaptation pe-
riod (excluded from analysis), the differences in turning angles of
larvae in each group were observed for 20 min to assess behavioral
anxiety. EthoVisionXT software was used to record the changes in
turning angles everyminute.

Light–dark cycle experiment. After a 10-min dark adaptation
period (excluded from analysis), the light–dark cycle was set at
10 min of light followed by 10 min of darkness, repeated for two
cycles. EthoVision XT software was used to record the locomotor
activity of zebrafish larvae during both the light and dark phases,
and the distancemoved perminute was calculated.

Larval acoustic startle response test. After a 5-min adaptation
period (excluded from analysis), the behavioral responses of larval
zebrafish were recorded for 9 min using EthoVision XT software,
with a sound stimulus applied at the 3-min mark at level 8. The av-
erage swimming speed was calculated as an indicator of the larval
response to the acoustic stimulus.

Touch Reaction Assay
Tactile stimuli, applied by touching the zebrafish, instinctively
trigger escape responses. These stimuli are commonly used to elicit
startle reactions or directional swimming, providing insights into
neural circuitry, motor coordination, and sensory integration.44

After exposure from 6 hpf to 96 hpf, 10 larvae from each group
were selected for individual experiments. Each larva was gently
transferred using a pipette into a 2 × 2× 1 cm acrylic container
with a total solution volume of 1 mL. The movement behavior of
larvae was recorded for 1 s following tactile stimulation using an
Olympus SZX16 high-speed camera. Video frames were extracted
at 0.1-s intervals using QuickTime Player software (Apple
Macintosh, ver. 7.79.80.95) to capture movement at different time
points.

Observation of Combined Exposure to Transgenic Zebrafish
To comprehensively assess the developmental toxicity arising
from combined exposure, three transgenic zebrafish lines [Tg
(elavl3:EGFP), Tg(kdrl:mCherry), and Tg(coro1a:EGFP)] were
employed. A total of 24-hpf embryos were observed under a fluo-
rescence microscope to screen for transgenic zebrafish individu-
als exhibiting a positive phenotype. In each experimental group,
30 fertilized transgenic zebrafish embryos were distributed into
six-well plates and subjected to exposure (Control, AgNPs, AM,
AN, PSMPs, and PSNPs) until 120 hpf, with the presence of
0.5% N-phenylthiourea (PTU; >98%; P7629, Sigma-Aldrich) to
prevent pigmentation. Three independent replicates were per-
formed for each treatment group. Subsequently, transgenic lar-
vae were evaluated at 120 hpf. Ten larval zebrafish were randomly
selected from each well and subjected to observation and imaging
(EGFP: kex = 488 nm=kem = 511 nm; mCherry: kex = 587 nm=
kem = 610 nm) under an Olympus fluorescence microscope located
in Tokyo, Japan. All images were captured at the same magnifica-
tion, and fluorescence intensity quantification was conducted using
Image J software.

AO Apoptosis and Neutral Red Staining
For apoptosis analysis, larval zebrafish were subjected to various
treatments (Control, AgNPs, AM, AN, PSMPs, and PSNPs) from
6 hpf to 72 hpf. Subsequently, 15 larvae from each group were
placed into a 6-well plate and incubated for 20min at room temper-
ature with acridine orange/ethidium bromide (AO/EB; Yuanye
Bio-Technology Co.). After gently rinsing with PBS to remove
any unbound dye, larval zebrafish were anesthetized using 0.04%
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MS-222 and then observed (kex = 488 nm, kem = 515 nm) under a
fluorescence-equipped upright microscope Eclipse Ci-L (Nikon).
After imaging, the data were processed and analyzed using ImageJ
software.

In the case of neutral red staining, subsequent to different expo-
sures (Control, AgNPs, AM, AN, PSMPs, and PSNPs) from 6 hpf
until 72 hpf, each group consisting of 15 larvae was placed in a
6-well plate and incubated with a 2:5 mg=mL solution of neutral
red dye (Aladdin) for 6 h at 28:5�C in darkness. Following dye
absorption, the zebrafish were anesthetized using 0.04% MS-222,
then observed under an upright microscope Eclipse Ci-L (Nikon)
and photographed. The enumeration of macrophages was per-
formed automatically using Image J software.

qPCR Assay
Total RNA was extracted from 50 larval zebrafish (per group)
using TRIzol reagent, following the manufacturer’s prescribed
protocols. The concentration of RNA samples was measured using
UV/visible nano-spectrophotometer of ScanDrop 250 (Analytik
Jena AG), and purity was assessed by the OD260=OD280 ratio, the
value of which ranged from 1.8 to 2.0, indicating high purity of
RNA. Then the reverse transcription of RNA into cDNA was car-
ried out in accordancewith the instructions from the Takara reverse
transcription kit (Takara Bio Inc.). The process involved cDNA
synthesis at 37�C for 15 min, with a subsequent heat inactivation
step at 85�C for 5 min. Quantitative real-time polymerase chain
reaction (qPCR)was performed under the following cycling condi-
tions: an initial denaturation at 95�C for 30 s, followed by 40 cycles
of 95�C for 15 s and 60�C for 30 s, with an additional data acquisi-
tion step lasting 15 s at the optimal acquisition temperature. The
ABI 7500 Real-time PCR System (Thermo Fisher Scientific, Inc.)
was used for detection, withb-actin employed as an endogenous ref-
erence gene. The primer sequences (Shangon Biotech) employed
for qPCR are provided in Table S2. All qPCR assays were con-
ducted with rigor, comprising three distinct biological replicates,
each encompassing three technical replicates. The interpolated
cycle threshold (Ct) values, which reached a set threshold above the
background noise, served to quantify amplification. The relative
expression levels of the target genes were then calculated by
employing the 2−DDCt method.

Dissolution Measurements of AgNPs
The dissolution of AgNPs, both in the presence and absence of PS
M/NPs, was assessed using 50-mL amber glass bottles, with the
releasedAg+ quantified via ICP-MS. Prior to ICP-MS analysis, ali-
quots of AgNPs suspensions were collected at specific time inter-
vals and subjected to centrifugation through a 3-kDa molecular
weight cutoff centrifugal ultrafilter at 8,000× g for 15 min to sepa-
rate AgNPs.

The Uptake of PS M/NPs by Zebrafish Embryo and Larvae
Zebrafish at 6 hpf were exposed to a solution containing Cy5-
labeled PSM/NPs (1 mg=L). The exposure solution was refreshed
every 24 h, and observations and imaging were conducted at 24,
72, and 120 hpf by using an inverted fluorescence microscope
(IX73, Olympus; kex = 640 nm=kem = 670 nm). Subsequently, fur-
ther quantitative analysis of fluorescence intensity was conducted
using Image J software.

Evaluation of Combined Effects
To assess the combined effects of AgNPs and PS M/NPs, the
impact of their interactions on the levels of each biomarker was
determined using the following equation45:

Ratio=
effect AgNPs+PSM=NPsð Þ

effect AgNPsð Þ+ effect PSM=NPsð Þ− effect Controlð Þ , (5)

where the effect (AgNPs), effect (PS M/NPs), effect (AgNPs+
PSM=NPs), and effect (Control) in Equation (5) refer to the
biomarker levels observed in the respective groups. The Mann-
Whitney test was employed to assess the difference between the
biomarker levels resulting from coexposure of AgNPs and PS
M/NPs and those predicted by the sum of the biomarker levels
from individual exposure. The type of the interaction of AgNPs
and PS M/NPs was defined as follows: a) suppressive effect:
p<0:05 and the ratio <1; b) additive effect: p>0:05; c) syner-
gistic effect: p>0:05 and the ratio >1.

Statistical Analyses
Table S1 provides an enumeration of the biological replicates,
technical replicates, and the number of zebrafish specimens used
at different stages of the biological experiment. All experimental
data were meticulously documented and were reported as
mean± standard deviation ðSDÞ. Unless otherwise noted, sta-
tistical analyses were conducted using one-way analysis of var-
iance (ANOVA) followed by Tukey’s multiple comparison test,
and the significance levels were denoted as follows: p<0:05 (*),
p<0:01 (**) or p<0:01 (***). These statistical analyses were per-
formed employing SPSS 18.0 software (IBM, Inc.).

Results

Characterization of AgNPs and PSM/NPs
Before conducting the toxicity experiments, we undertook an ex-
haustive characterization of the physicochemical properties of
AgNPs by employing TEM and DLS measurements. The TEM
analysis unveiled the spherical morphology of AgNPs, revealing
an average particle size of 5:18 nm (Figure S1A). In Figure S1B,
DLS data showed a uniform particle size of 5:68 nm with a zeta
potential of −17:7±1:8mV, indicating that AgNPs exhibited
monodispersity in aqueous solution. UV-vis spectroscopy identi-
fied a peak absorption at 410 nm (Figure S1C). For acute toxicity
testing, the LC50 of AgNPs in larval zebrafish was determined to
be 45:76 lg=L (Figure S1D).

The morphology of PS M/NPs was analyzed using SEM and
DLS. SEM images (Figure S1E, G) showed that PSNPs and PSMPs
were spherical, with average sizes of 73:04 nm and 4:31 lm, respec-
tively, aligning with DLS results [PSNPs: 70:59 nm with polydis-
persity index (PDI) of 0.574; PSMPs: 4:4 lm with PDI of
0.334; Figure S1F, H]. This finding indicated PSMPs had better
dispersion and stability in water than PSNPs.

Determination of NOEC of PS M/NPs in Larval Zebrafish
To ascertain the NOEC of PS M/NPs in zebrafish, larval zebrafish
were exposed to varying concentrations of PS M/NPs from 6 hpf to
96 hpf, with no mortality observed throughout the exposure period.
In addition, the effects on hatching rates and developmental deform-
itieswere assessed. At concentrations above 40 mg=L ofPSNPs, lar-
vae exhibited yolk sac edema (Figure S2A), and at 80 mg=L, signs
of pericardial edema and spinal curvature were observed. Exposure
to 160 mg=L resulted in shortened body length, larger pericardial
edema, and developmental delays. Similar deformities were also
noted following exposure to PSMPs (Figure S2D).Quantitative anal-
ysis of the malformation rate at 96 hpf (Figure S2B,E) showed that
PSNPs (≥20 mg=L) and PSMPs (≥40 mg=L) had significantly
higher malformation rates in comparison with the control group
(p<0:01, p<0:001). Furthermore, the hatching rate in the PSMPs
(80 mg=L) group was significantly lower than that of the control
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group (Figure S2F, p<0:05), whereas in the PSNPs group, the
hatching rate decreased with increasing concentrations, with the
40 mg=L group exhibiting significantly lower hatching rate in
comparison with the control (Figure S2C, p<0:05). Based on the
observed deformities and hatching rate, the NOEC for PS M/NPs
in zebrafish larvae was determined to be <20 mg=L.

Interaction of PS M/NPs with AgNPs
Because AgNPs and microplastics coexisted in the environment,
we conducted a comparative analysis of the interaction between
AgNPs and PSM/NPs in ultrapurewater bymonitoring the adsorp-
tion process. UV-visible spectral analysis of the AgNPs adsorption
onto PSNPs showed a consistent decrease in absorbance at kmax
over 72 h, without a shift in kmax (Figure 1A-a). In contrast, PSMPs
demonstrated a gradual absorbance reduction at kmax, stabilizing at
∼ 0:2 after 168 h, accompanied by a noticeable red shift in kmax
(Figure 1A-b), indicating lesser interactionwithAgNPs in compar-
ison with PSNPs. This suggested that larger particle-sized micro-
plastics had a stronger adsorption capacity for AgNPs. TEM
observations of the PS M/NPs-AgNPs complexes post 168-h
adsorption revealed efficient AgNPs adsorption on PSNPs with
minimal residuals (Figure 1B-a), whereas PSMPs showed weaker
interaction, leaving significant residual AgNPs (Figure 1B-b).

To thoroughly evaluate the interaction between PS M/NPs
and AgNPs, we measured the residual AgNPs concentrations
post adsorption at different intervals using ICP-MS. As shown in
Figure 1C, PSNPs achieved an adsorption equilibrium at 72 h,
with a final removal rate of 98.59% by 168 h. Conversely, PSMPs
had a lower final removal rate of 76.67% at the same time frame,
indicating the greater efficacy of PSNPs in AgNPs adsorption.
When Ag+ replaced AgNPs, its concentration remained rela-
tively stable throughout the experimental period, suggesting no
significant interaction between Ag+ and PS M/NPs. We further
analyzed the adsorption kinetics using pseudo-first order and
pseudo-second order models (Figure 1D). For PSNPs, the
pseudo-second order model yielded a closer approximation to the
experimental qe value (0:95989 mg=g vs. 0:98591 mg=g) than
the pseudo-first order model. Similarly, for PSMPs, the qe value
from the pseudo-second order model (0:6774 mg=g) was closer
to the experimental value (0:75674 mg=g) than that from the
pseudo-first order model. These results highlighted that the
pseudo-second order model provides a superior fit in describing
the adsorption process for both groups.

Developmental Toxicity of Combined Exposure to Zebrafish
Larvae
After combined exposure of AgNPs and PS M/NPs from 6 to 96
hpf, a series of apparent indexes in larval zebrafish were recorded,
including the malformation symptoms, hatching and heart rates,
twitch frequency, and body length. Figure 2A revealed no signifi-
cant malformations post exposure, but yolk cysts were observed in
groups exposed to PSNPs or AN, suggesting potential chorionic
membrane penetration by PSNPs. At 96 hpf, all exposed groups
showed enlarged yolk, black abdominal flocculence, lower mela-
nin content, and oil sac development retardation, with the largest
oil sacs in the AN group, followed by the AM and AgNPs groups.
No significant differences in hatching rates were found among the
exposed and control groups (Figure 2B). Cardiac assessments
showed no abnormal heart rates in groups exposed solely to
PSMPs or PSNPs (Figure 2C). However, zebrafish exposed to
AgNPs alone had significantly lower heart rates (p<0:001), an
effect that was further exacerbated in groups with synergistic AN
or AM exposure (p<0:01, p<0:05). The twitch frequency of
embryos was significantly lower in the AN-treated larvae in

comparison with the control (Figure 2D; p<0:001), but not sig-
nificantly different from the AgNPs-only group. AM treatment
showed higher twitch frequencies compared with AN group
(p<0:001). Finally, all treated groups exhibited shorter body
length in comparison with the control group (Figure 2E;
p<0:001, p<0:01).

Measurements of Oxidative Stress in Zebrafish Induced by
Combined Exposure
To elucidate the impact of combined exposure on oxidative stress
in larval zebrafish, various oxidative stress markers were measured
across different treatment groups. The accumulation of ROS was
investigated first, and the results were shown in Figure 3A,B. In
comparison with the control zebrafish, those exposed to PSM/NPs
alone did not show a significant difference in ROS levels, but nota-
bly higher levels were observed in groups treated with AgNPs,
AM, and AN (p<0:01, p<0:05, p<0:001, respectively). In addi-
tion, a significantly higher MDA content was detected following
96-h exposure to these treatments (Figure 3C; p<0:001), accom-
panied by notably lower GSH level in comparison with the control
(p<0:05, p<0:01, p<0:001, respectively).

Behavioral Assessment of Larval Zebrafish under Combined
Exposure
To ascertain the potential neurotoxic effects of combined expo-
sure to AgNPs and PS M/NPs in larval zebrafish, comprehensive
behavioral analyses were performed using the Noldus Behavior
Analysis Instrument. As depicted in Figure 4A, larvae in the con-
trol group exhibited normal movement patterns, whereas those
exposed to AgNPs, AN, and AM showed significantly different
behaviors, including lower movement pace and greater immobil-
ity. Quantitative analysis revealed a significantly shorter move-
ment distance and lower velocity for these groups in comparison
with the control (Figure 4B,C; p<0:01, p<0:001). An interest-
ing finding was that larvae exposed to AM and AN displayed
shorter movement distance, with a slightly higher but statistically
insignificant swimming speed when compared with those
exposed to AgNPs alone. The trajectory diagrams and heat map
analysis (Figure 4A) suggested prolonged inactivity and uniform,
circular motion patterns in the AN and AM groups, clarifying the
paradox of higher speed levels yet shorter distance. Furthermore,
in the turning angle test, significant differences in the movement
angles of larval zebrafish in the AN and AM groups indicated
heightened anxiety and fear states (Figure 4D), whereas the
AgNPs, PSMPs, PSNPs, and control groups showed minor angle
differences, underscoring the distinct neurotoxic impact of com-
bined AgNPs andM/NPs exposure.

Under alternating light and dark conditions, the movement pat-
terns of larval zebrafish in each experimental group exhibited peri-
odic variations (Figure 4E). The control group exhibited normal
responses to light–dark transitions, whereas PSNPs-exposed zebra-
fish exhibited significantly less active movement in darkness. For
the AgNPs-containing exposure groups, the swimming distance in
dark conditions followed the order: AN<AgNPs<AM.

In addition, an acoustic stimulation experiment was conducted
to further assess the impact of combined exposure on behaviors of
zebrafish larvae (Figure 4F). In comparison with the control and
PS M/NPs groups, zebrafish exposed to AgNPs, AM, and AN
showed significantly lower locomotor speeds, suggesting weaker
and delayed responsive sensitivity to sound. During tapping stimu-
lation, no significant differences in speed were observed between
the AN and AM groups. However, both groups displayed an atypi-
cal pattern of speed variation, characterized by an initial decrease
followed by an increase, alongwith delayed responsiveness.
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To explore the link between AgNPs-induced motor behavior
abnormalities and motor function/neural circuitry in zebrafish,
larvae from various treatment groups at 96 hpf were subjected to
tactile stimuli using a straw, with locomotor and escape responses
recorded via video tracking (Figure 4G). Larvae in the control
group exhibited high-frequency muscle contractions, allowing

them to rapidly escape from the stimulus within 0.1 s. Their
response involved rapid, alternating trunk contractions, indicating
efficient neuromuscular coordination. In contrast, larvae exposed to
PS M/NPs alone showed no significant changes in tactile response
in comparison with the control. However, the larval zebrafish in
the AgNPs-containing exposure groups exhibited slower responses

Figure 1. The interaction between PS M/NPs and AgNPs in ultrapure water. (A) UV absorption spectra of supernatants at different time periods after
the adsorption of AgNPs onto PSNPs (a) or PSMPs (b). (B) TEM image of the complex of PSNPs-AgNPs (a) or PSMPs-AgNPs (b) after 168 h of adsorption.
(C) Adsorption rate of AgNPs or Ag+ by PS M/NPs at different time periods, C0 and Ct denoting the initial and time-specific concentrations of AgNPs in the
suspension (mg=L), respectively. (D) Pseudo primary kinetic model and pseudo secondary kinetic curves for the adsorption of AgNPs onto PSNPs (a) or
PSMPs (b). The data are presented as the mean± SD (n=3). Data in Figure 1A–D are also presented in Excel Table S1. Note: AgNPs (silver nanoparticles,
5 nm): 10 mg=L; PS M/NPs (polystyrene micro/nanospheres, 5 lm=100 nm): 10 g=L; PSMPs, polystyrene microspheres; PSNPs, polystyrene nanospheres; SD,
standard deviation; TEM, transmission electron microscope; UV, ultraviolet.
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and shorter movement distances than control group, following
the order: AN<AM<AgNPs.

The Effects on the Development of the Nervous System of
Larval Zebrafish under Combined Exposure
In light of the observed abnormal motor behaviors in zebrafish
due to combined exposure, a detailed investigation was conducted
to assess the impact on neurodevelopment. Given the pivotal role
of elavl3 in the early neurodevelopment of zebrafish and its status
as a key marker gene for nervous system development, 72-hpf Tg
(elavl3:EGFP) transgenic zebrafish were used to elucidate the
effects of combined exposure on the development of the zebrafish
nervous system. As shown in Figure 5A, the group treated with
AgNPs exhibited a significant reduction in elavl3 expression,
diminished neuron count in the brain, and a less distinct separation
between the diencephalon and hindbrain in comparison with the
control group. Notably, the AN group showed apparent neuron
axon shortening and hypoplasia in the optic tectum and cerebel-
lum. In the AM group, underdevelopment of the cerebellum and
indistinct cerebellar boundaries were observed. Furthermore, the
expression of elavl3 in the head region of larval zebrafish was
quantitatively analyzed for each treatment group (Figure 5B).
When compared with the control group, those exposed to PS
M/NPs alone did not have significantly different numbers of neona-
tal neurons. However, a notable difference in neonatal neuron num-
bers was observed in treatments involving AgNPs, AN, and AM
exposure (p<0:001, p<0:001, p<0:05), respectively.

The activity of AChE, which plays a critical role in sensory
and neuromuscular functions,46 was further evaluated following
combined exposure. As shown in Figure 5C, a marked inhibition
of AChE activity was observed in AgNPs group in comparison
with the control group (p<0:05), with AN further intensifying
this effect (p<0:01). However, no significant differences in
AChE activity were observed in the AM group.

Subsequently, this study used Tg (kdrl:mCherry) zebrafish,
exposed from 6 to 120 hpf, to examine the effects of coexposure
to AgNPs and PS M/NPs on vascular development (Figure 5D). In

comparison with the control group, AgNPs exposure led to thinner
and more disorganized vasculature in the eyes of larval zebrafish.
Zebrafish exposed to PS M/NPs alone demonstrated mild vascular
dysplasia. More pronounced effects were observed in the AM and
AN groups, characterized by significant intracranial vascular abla-
tion and disordered arrangement, with these effects beingmost pro-
nounced in the AN group. To quantify these differences, a vascular
network analysis was conducted using Angio Tool software.47

This analysis revealed that exposure to AM/AN resulted in shorter
vessel length in larval zebrafish in comparison with the control
(p<0:05), with the AN group also showing smaller vascular area
and greater porosity (Figure 5F–H; p<0:01, p<0:05). In compari-
son with the AgNPs group, both the AN and AM groups exhibited
shorter vessel lengths and smaller vascular areas, with the differen-
ces being more pronounced in the AN group. However, these dif-
ferenceswere not statistically significant.

Moreover, this study aimed to investigate whether the lower
levels of neural marker expression and abnormal vascular devel-
opment, associated with combined exposure, are correlated with
apoptosis. AO staining was employed to examine apoptotic events
in the heads of larval zebrafish (Figure 5E,I). It was observed that
pronounced apoptotic signals occurred in the AgNPs-treated group
in comparison with control (p<0:001), especially in the brain and
yolk region. The AN group showed significant apoptosis in various
organs, including the heart, brain, and liver (p<0:001), whereas
the AM group exhibited apoptosis in the heart, brain, and digestive
tract (p<0:001). Further quantitative analysis revealed that AN
treatment notably exhibited greater apoptosis in the brain in com-
parison with AgNPs (p<0:01), suggesting an exacerbation of
CNS damage.

The Effects on the Immune System in Larval Zebrafish
under Combined Exposure
In the innate immune system, macrophages play a vital role in
early vertebrate development and immune response. Neutral red,
an alkaline phenazine dye, effectively stains lysosomes red and
can be used to mark macrophages within zebrafish. As shown in

Figure 2. Developmental outcomes in larval zebrafish exposed to control, AgNPs, PSNPs, PSMPs, or a combination of AgNPs with either PSNPs or PSMPs.
(A) Morphological observations of zebrafish larvae (96 hpf) development; blue dotted line: abnormal yolk development; yellow dashed line: abnormal swim
bladder development; red dashed line: abnormal yolk development; yellow, red and blue arrows represent the forebrain, mesencephalon, and hindbrain, respec-
tively. (B) The hatching rate (%) of zebrafish at 48 hpf. (C) The heart rate of zebrafish at 48 hpf. (D) The number of twitching (beats per minute) in zebrafish
at 48 hpf. (E) The body length of zebrafish at 96 hpf. The data are presented as the mean±SD (n=3 pools of 30 individuals per pool). Statistical comparisons
were performed using ANOVA followed by Tukey’s method. Data in Figure 2B–E are also presented in Excel Table S2. Unless otherwise stated, the concen-
trations for single or combined exposures are as follows: AgNPs: 10 lg=L; PSNPs: 200 lg=L; PSMPs: 200 lg=L. All experimental subjects were AB wild-
type zebrafish. Note: AgNPs, silver nanoparticles; ANOVA, analysis of variance; hpf, hours post fertilization; PSNPs, polystyrene nanospheres; PSMPs, poly-
styrene microspheres; SD, standard deviation. Significance levels: *p<0:05, **p<0:01, and ***p<0:001.
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Figure 6A,B, larval zebrafish in the exposed group displayed a sig-
nificantly higher number of macrophages in the head region in com-
parison with the control group (p<0:01, p<0:001). Specifically,
the AN group exhibited a significantly higher number of macro-
phages than the AgNPs group (p<0:05), whereas the AM group
showed nomarked difference.

To further elucidate the impact of combined exposure on the
innate immune response in zebrafish larvae, we employed a Tg
(coro1a: EGFP) transgenic zebrafish line. This strain effectively
labeled both macrophages and neutrophils, enabling the tracking
of innate immune cells in zebrafish. As depicted in Figure 6C,D,
we conducted a quantitative analysis of the fluorescence intensity
of these innate immune cells, specifically in the region superior
to the zebrafish abdomen. Notably, our findings revealed a signif-
icantly higher level in the fluorescence intensity of innate
immune cells within the AN group, in contrast to the control and
PSNPs groups (p<0:05, p<0:01).

The Exploration of Potential Mechanisms Underlying
Neurotoxicity Induced by Combined Exposure
To elucidate the molecular dynamics underlying the aberrant de-
velopment of the nervous system upon combined exposure, qPCR
was employed to assess the differential expression of key genes
involved in neurovascular system development across different ex-
posure groups. These genes included neurodevelopmental genes
(pax6a, elavl3, egr2b, ptafr, gabbr1a, and gabbr1b) and vascular
development genes (kdrl and fli1a) (Figure 7). Our findings indi-
cated a marked down-regulation of elval3, pax6a, and egr2b in the
AgNPs-containing treatment group in comparison with control

group (p<0:05, p<0:01, p<0:001). The AN group exhibited the
lowest expression levels, differing significantly from both AgNPs
(p<0:05, p<0:01) and AM (p<0:05, p<0:001) groups. pax6a
expression was notably higher in the AM group in comparison
withAgNPs (p<0:05), whereas elval3 and egr2b did not show sig-
nificant differences in comparisonwith the AgNPs group. Thismo-
lecular evidence suggested that AN significantly intensified the
neurotoxic impacts of AgNPs, whereas AM distinctly altered their
neurotoxic effects. In addition, combined exposure of AM/AN led
to a significantly lower levels in fli1a and kdrl expression (p<0:01,
p<0:001), aligning with previous vascular analysis. Exposure to
AN significantly up-regulated ptafr expression (p<0:05), with no
notable difference betweenAMandAgNPs. The differential expres-
sion patterns of gabbr1a and gabbr1b in response to combined ex-
posure could be ascribed to distinct mechanisms, potentially related
to the variation in particle sizes of PSM/NPs.

To further investigate the potential mechanisms underlying
neurodevelopmental and neuroimmune damage in zebrafish
induced by combined exposures, we quantitatively assessed apo-
ptosis- and immune-related gene expression. As depicted in
Figure 7, the expressions of apoptosis-related genes (caspase3
and caspase9) in the AgNPs-containing treatment groups were
significantly higher than those in the control group (p<0:05,
p<0:01, p<0:001), whereas no significant changes differences
were observed in the PS M/NPs group. In comparison with the
AgNPs group, the AN group demonstrated a significantly higher
levels in the expression of these genes (p<0:05), whereas in the
AM group, there was a slight down-regulation of caspase3 and a
slight up-regulation of caspase9. The results indicated that
AgNPs, AM, and AN exposure led to apoptosis in zebrafish

Figure 3. Analysis of oxidative stress in larval zebrafish exposed to control, AgNPs, PSNPs, PSMPs, or a combination of AgNPs with either PSNPs or
PSMPs. (A) Accumulation of ROS (green) in zebrafish larvae at 72 hpf. (B) The quantitative analysis of ROS accumulation. (C, D), Differences in the level of
MDA (C: n=3 pools of 50 individuals per pool) and GSH (D: n=3 pools of 50 individuals per pool) in zebrafish larvae. The data are presented as the
mean±SD (unless otherwise stated; n=3 pools of 30 individuals per pool). Data in Figure 3B–D are also presented in Excel Table S3. Statistical comparisons
were performed using ANOVA followed by Tukey’s method. Unless otherwise stated, the concentrations for single or combined exposures are as follows:
AgNPs: 10 lg=L; PSNPs: 200 lg=L; PSMPs: 200 lg=L. All experimental subjects were AB wild-type zebrafish. Note: AgNPs, silver nanoparticles; ANOVA,
analysis of variance; GSH, glutathione; hpf, hours post fertilization; MDA, malondialdehyde; PSMPs, polystyrene microspheres; PSNPs, polystyrene nano-
spheres; ROS, reactive oxygen species; SD, standard deviation. Significance levels: *p<0:05, **p<0:01, and ***p<0:001.
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larvae by up-regulating caspase3 and caspase9. Concurrently,
the extent of apoptosis was most pronounced in the AN group. In
addition, some immune-related genes (tnfa, il10, and il10ra)
were detected in larval zebrafish under different treatments from
6 hpf to 120 hpf. As shown in Figure 7, the expressions of tnfa in
AgNPs, AN, and AM groups were prominently higher than those
in the control group (p<0:001, p<0:001, p<0:001). In compari-
son with AgNPs and AM groups, tnfa was notably up-regulated
in the AN group (p<0:001, p<0:01). This finding suggested
that AN activated the most inflammatory cytokines among all
the treatments. In the AgNPs-containing treatment groups, the
expressions of il10were significantly higher than those in control
group (p<0:01, p<0:001), with expression levels following the
order: AgNPs>AN>AM. When compared to the control group,
the AgNPs group exhibited significantly higher expression level
of il10ra (p<0:01), whereas the expression levels of il10ra in the
AN and AM groups were slightly lower (p<0:05).

Furthermore, the types of combined effects of AgNPs and
PS MPs/NPs on the above neuroinflammation were evaluated by

Equation 5, with the results summarized in Table S3. For vascular,
behavioral, oxidative stress, and immune-related end points, the ma-
jority of the combined effects between AgNPs and PS MPs/NPs
were synergistic (ratio <1, p<0:05). However, for a few end points,
such as ROS, MDA, and macrophages, the combined effects of AM
were antagonistic (ratio <1, p<0:05). In contrast, for inflammation-
, vascular-, and neuron-related genes, the combined effects ofAgNPs
and PSMPs/NPswere additive (p>0:05). Overall, most of the ratios
in Table S3 exceed 1, with several showing p-values <0:05.
Furthermore, the majority of ratio values in the AN group were
higher than those in the AM group. These results indicated that coex-
posure to AgNPs and PS MPs/NPs led to a significant potentiation
effect, with the enhancement effect beingmore pronounced forAN.

Evaluation of the Contribution of Dissolved Silver Ions in
AgNPs-Induced Neurotoxicity
Given that AgNPs can dissolve in water and release Ag+, we fur-
ther explored the contribution of silver ions to the neurotoxicity

Figure 4. Behavioral outcomes in larval zebrafish exposed to control, AgNPs, PSNPs, PSMPs, or a combination of AgNPs with either PSNPs or PSMPs.
(A) The trajectory and heat map of the autonomous motion in larval zebrafish (120 hpf); The quantitative analysis of swimming distance (B) and average speed
(C) of larval zebrafish; (D) Turning angle radar chart, with the lower part of the chart showing an enlarged view of the −40� to 50� segment. (E) The swim-
ming distance of larval zebrafish (120 hpf) when experiencing a 60-min dark-to-light photoperiod transition. (F) Velocity diagram of acoustic stimulation
movement of larval zebrafish. (G) Touch response of 96-hpf zebrafish larvae; The black line: the distance of movement. The yellow pentagram: the initial posi-
tion of the zebrafish larvae. Behavioral analysis by recording a 1-s motion trajectory video, segmented into 0.1-s image frames. The data are presented as the
mean±SD (unless otherwise stated, n=3 pools of 30 individuals per pool). Data in Figure 4B–F are also presented in Excel Table S4. Statistical comparisons
were performed using ANOVA followed by Tukey’s method. Unless otherwise stated, the concentrations for single or combined exposures are as follows:
AgNPs: 10 lg=L; PSNPs: 200 lg=L; PSMPs: 200 lg=L. All experimental subjects were AB wild-type zebrafish. Note: AgNPs: silver nanoparticles; ANOVA,
analysis of variance; hpf, hours post fertilization; PSMPs, polystyrene microspheres; PSNPs, polystyrene nanospheres; SD, standard deviation. Significance
levels: *p<0:05, **p<0:01, and ***p<0:001.
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induced by AgNPs. As shown in Figure 8A, the dissolution rate
of AgNPs was rapid during the initial 72 h, gradually leveling off
and reaching a final concentration of 4 lg=L at 168 h. After the
combination with PS M/NPs, the dissolution rate of AgNPs was
significantly lower than that of AgNPs alone, with Ag+ concen-
trations at 168 h were 2.34 and 2:69 lg=L, respectively. To
investigate the neurotoxic effects of AgNPs on zebrafish and
determine the contributions from the AgNPs themselves vs. dis-
solved silver ions, AgNPs (10 lg=L) and AgNO3 (2:2 lg=L)
were selected to expose larval zebrafish. The exposure concentration
of AgNO3 was determined based on the concentration of dis-
solved silver ions released from AgNPs (10 lg=L) after 24 h, as
the exposure medium for the larvae was replaced every 24 h.
First, the Ag contents in larval zebrafish after 96 h of exposure to
AgNPs and AgNO3 were measured to assess Ag accumulation
in vivo (Figure 8B). The results indicated that the accumulation
of AgNPs in zebrafish larvae was significantly higher than that of
the AgNO3 group (p<0:001), suggesting that AgNPs themselves
can be taken up by the larvae in particulate form in addition to the
released silver ions. In addition, the contents of Ag in the AN and
AM groups were prominently higher than that in AgNPs group
(p<0:001), which indicated that the combined exposure induced
more Ag accumulation in larval zebrafish than AgNPs alone. As
shown in Figure 8C,D, it was evident that the accumulation of

ROS induced by AgNPs was significantly greater than that
induced by AgNO3 (p<0:01). Further investigations using the
transgenic strain Tg(elavl3:EGFP) revealed the impact of AgNPs
and AgNO3 exposure on neuronal development in zebrafish
(Figure 8C). Fluorescent quantitative analysis showed that the
fluorescence intensity of neurons in the brains of larvae exposed
to AgNPs was slightly lower than that in the AgNO3 group
(Figure 8E), suggesting that AgNPs exerted a stronger inhibitory
effect on neuronal development. In addition, behavioral experi-
ments demonstrated that zebrafish larvae exposed to AgNPs
exhibited significantly lower swimming speed (p<0:01) and
shorter distance (p<0:001) in comparison with the AgNO3 group
(Figure 8F,H,I), indicating poorer locomotor activity. The light–
dark cycle experiments also revealed that the movement distance
of larvae in the dark was significantly longer in the AgNPs expo-
sure group than that in the AgNO3 group (Figure 8G), suggesting
a more pronounced anxiety response in dark conditions. Based on
the summary from Table S4, the contribution of silver ions to vari-
ous toxicity indicators was approximately within the range of
33%–58%, suggesting that the neurotoxicity induced by AgNPs
resulted from both the nanoparticles themselves and the dissolved
silver ions.

To assess whether PS M/NPs can be taken up by zebrafish,
thereby influencing AgNPs accumulation within the organism,

Figure 5. Observations on neural and vascular development in larval zebrafish exposed to control, AgNPs, PSNPs, PSMPs, or a combination of AgNPs with ei-
ther PSNPs or PSMPs. (A) Differences in elavl3 expression observed in Tg(elavl3:EGFP) transgenic zebrafish larvae at 96 hpf under combined exposure.
(B) The quantification of fluorescence intensity regarding elavl3 expression. (C) Differences in AChE levels in zebrafish larvae (96 hpf). (D) Vascular pheno-
type observation in Tg(kdrl:mCherry) transgenic zebrafish larvae at 96 hpf. Right column: the vascular network map analysis. (E) The observation of cell apo-
ptosis in 96 hpf larval zebrafish. (F–H) The quantification of vascular network analysis; mean vessel length (F), vessel area (G), and porosity (H). (I) The
quantification of the number of apoptotic cells. The data are presented as the mean± SD (unless otherwise stated, n=3 pools of 30 individuals per pool).
Statistical comparisons were performed using ANOVA followed by Tukey’s method. Data in Figure 5B–I are also presented in Excel Table S5. Unless other-
wise stated, the concentrations for single or combined exposures are as follows: AgNPs: 10 lg=L; PSNPs: 200 lg=L; PSMPs: 200 lg=L. The experimental
subjects: (A–C) Tg(elavl3:EGFP) transgenic zebrafish; (D,F–H) Tg(kdrl:mCherry) transgenic zebrafish; (E and I) AB wild-type zebrafish. Note: AChE, acetyl-
cholinesterase; AgNPs, silver nanoparticles; ANOVA, analysis of variance; EGFP, enhanced green fluorescent protein; elavl3, embryonic lethal, abnormal
vision, Drosophila-like 3; hpf, hours post fertilization; kdrl, kinase insert domain receptor-like; mCherry, monomeric Cherry; PSMPs, polystyrene micro-
spheres; PSNPs, polystyrene nanospheres; SD, standard deviation. Significance levels: *p<0:05, **p<0:01, and ***p<0:001.
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zebrafish embryos at 6 hpf were exposed to Cy5-labeled PSM/NPs
at a concentration of 1 mg=L with the same fluorescence intensity
(Figure 8J). The distribution of PSM/NPs within embryos or larvae
was observed across different developmental stages. At 24 hpf, red
fluorescence from the PSMPs group was predominantly located
around the chorion,whereas red fluorescence from the PSNPs group
was concentrated within the embryo, indicating that most PSNPs
penetrated the chorion and were taken up by the embryo, whereas
PSMPs accumulated around the chorion without entering. At 48–72
hpf, larvae were fully hatched from the chorion, and organ forma-
tion progressed at 96 hpf. At 72 hpf, red fluorescence in both the
PSMPs and PSNPs groups was primarily concentrated in the yolk
sac tissue. By 120 hpf, with fully developed intestines and the onset
of feeding, zebrafish larvae in the PSMPs and PSNPs groups dis-
played high-intensity fluorescence in the intestinal and pancreatic
regions, with minor accumulation observed in the eyes. Further
quantitative analysis shown in Figure 8K showed thatwith extended
exposure time, zebrafish presented increased uptake of PS M/NPs,
with a significantly higher uptake efficiency for PSNPs in compari-
sonwith PSMPs (p<0:01).

Evaluation of the Effects of Curcumin on Neurotoxicity
Induced by Combined Exposure
To further investigate the mechanisms of neurotoxicity induced by
combined exposure, the natural antioxidant curcumin (200 lg=L)
was introduced as a therapeutic agent to assess its effects on neuro-
toxicity under combined exposure. As shown in Figure 9A,B, cur-
cumin significantly ameliorated the effects of AgNPs alone, with

improved diencephalon development, clearer boundaries, and a
significantly stronger fluorescence intensity in comparison with
AgNPs exposure (p<0:01). However, its remedial effects on the
AN group were less apparent, characterized by incomplete dien-
cephalon development, blurred boundaries, and slightly weaker
average fluorescence intensity. Curcumin also had a certain res-
cuing effect on the AM treatment group, with clearer diencepha-
lon boundaries and a significantly stronger fluorescence intensity
(p<0:05). Using Tg(kdrl:mCherry) transgenic zebrafish, the vas-
cular recuperative effects of curcumin were assessed. As illus-
trated in Figure 9A,C,D, curcumin was observed to partially
restore the cerebral vasculature, evidenced by lower vascular po-
rosity and larger average vessel area following AgNPs exposure.
However, its impact on cranial vessels in the AN and AM groups
was comparatively modest. Behavioral analysis further indicated
that the larval zebrafish in the AgNPs + curcumin group exhib-
ited higher autonomous movement speed and longer distance
than those in the group exposed to AgNPs alone (Figure 9E,F;
p<0:05, p<0:01). In addition, in the light–dark rhythm experi-
ments, the addition of curcumin resulted in longer swimming distan-
ces for AgNPs-exposed zebrafish larvae under dark conditions and
exhibited a partial restorative effect for larvae in the AM/AN expo-
sure groups (Figure 9G).

The values of various experimental indicators for different
groups, normalized to the control group, were summarized in
the heat map displayed in Figure S3A. It can be observed that
for most neuro- and immune-related indicators, the toxicity of
the AgNPs + PSMPs group was slightly stronger than that of the
AgNPs group, whereas the AgNPs + PSNPs group exhibited the

Figure 6. Effects on immune cells in larval zebrafish after exposure to control, AgNPs, PSNPs, PSMPs, or a combination of AgNPs with either PSNPs or
PSMPs. (A) Differences in the macrophages of the head region in zebrafish larvae at 96 hpf. (B) The quantification of macrophages in the head of zebrafish lar-
vae. (C) The number of innate immune cells observed in Tg(coro1a: EGFP) transgenic zebrafish larvae at 72 hpf. (D) The quantification of innate immune
cells. The data are presented as the mean±SD (unless otherwise stated, n=3 pools of 30 individuals per pool). Data in Figure 6B,D are also presented in
Excel Table S6. Statistical comparisons were performed using ANOVA followed by Tukey’s method. Unless otherwise stated, the concentrations for single or
combined exposures are as follows: AgNPs: 10 lg=L; PSNPs: 200 lg=L; PSMPs: 200 lg=L. The experimental subjects: AB wild-type zebrafish (A and B);
Tg(coro1a:EGFP) transgenic zebrafish (C and D). Note: AgNPs, silver nanoparticles; ANOVA, analysis of variance; coro1a, coronin 1A; EGFP, enhanced
green fluorescent protein; hpf, hours post fertilization; PSMPs, polystyrene microspheres; PSNPs, polystyrene nanospheres; SD, standard deviation.
Significance levels: *p<0:05, **p<0:01, and ***p<0:001.
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highest toxicity. The values of the rescue experimental indicators
for different groups after the addition of curcumin and normalized
to the control group were presented in Figure S3B. The incorpo-
ration of curcumin demonstrated a significant rescue effect in the
AgNPs group, whereas its efficacy was relatively weak in the
combined exposure group.

Comparative Neurotoxic Effects of Different MPs in
Combined Exposure with AgNPs
Although our study used PS M/NPs as representatives, to assess
the broader applicability of our findings to a wider range of micro-
plastics, we incorporated MPs with different charges, specifically
PLAMPs and PAMPs, along with PSMPs of mixed particle sizes,
and subjected them to combined exposure with AgNPs to compare
their neurotoxic effects. As shown in Figure S4A,D, the ROS accu-
mulation in the PLA=PA + AgNPs groups was significantly lower
than that observed in the AgNPs group (p<0:001), whereas the
Mix + AgNPs group exhibited significantly greater ROS accumu-
lation in comparison with the AgNPs group (p<0:001), consistent

with the trend observed in the PSNPs +AgNPs group. Furthermore,
zebrafish in the PLA=PA+ AgNPs groups displayed significantly
lower swimming speed and shorter distance in comparison with
those in the AgNPs group (p<0:001; Figure S4B,E,F). In the light–
dark rhythm experiment, zebrafish in the PLA=PA+AgNPs groups
traveled a greater distance in the dark in comparison with the
AgNPs group,whereas theMix +AgNPs group exhibited the oppo-
site trend (Figure S4C).

Discussion
Recent research has highlighted that microplastics act as vectors for
contaminant transport, therebymodifying the bioavailability of tox-
ins and reshaping environmental risk profiles.48,49 Consequently,
the environmental impact ofmicroplastics has become an increasing
concern. Among prevalent nanomaterials, AgNPs share a similar
environmental fate as microplastics, a concern exacerbated by the
recent coronavirus pandemic. Our study centered on the interplay
between microplastics and AgNPs, particularly focusing on the re-
sultant neurotoxic effects from their combined exposure.

Figure 7. The expression of genes related to apoptosis, immunity, neurodevelopment, and vascular development in larval zebrafish exposed to control, AgNPs,
PSNPs, PSMPs, or a combination of AgNPs with either PSNPs or PSMPs. The data are presented as the mean± SD (unless otherwise stated, n=3 pools of 50
individuals per pool). Statistical comparisons were performed using ANOVA followed by Tukey’s method. Data in Figure 7 are also presented in Excel Table
S7. Unless otherwise stated, the concentrations for single or combined exposures are as follows: AgNPs: 10 lg=L; PSNPs: 200 lg=L; PSMPs: 200 lg=L. All
experimental subjects were AB wild-type zebrafish. Note: AgNPs, silver nanoparticles; ANOVA, analysis of variance; caspase3, cysteine-aspartic protease 3;
caspase9, cysteine-aspartic protease 9; egr2b, early growth response 2b; elavl3, embryonic lethal, abnormal vision, Drosophila-like 3; fil1a, filamin A; gab-
br1a, gamma-aminobutyric acid B receptor 1A; gabbr1b,x gamma-aminobutyric acid B receptor 1b; il10, interleukin-10; il10ra, interleukin-10 receptor a;
kdrl, kinase insert domain receptor-like; pax6a, paired box gene 6A; PSMPs, polystyrene microspheres; PSNPs, polystyrene nanospheres; ptafr, prostaglandin
F2 a receptor; SD, standard deviation; tnfa, tumor necrosis factor-a. Significance levels: *p<0:05, **p<0:01, and ***p<0:001.
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In vitro adsorption analysis and TEM observation have eluci-
dated the interactions between AgNPs and PS M/NPs. These
interactions were likely driven by the phenyl or electrostatic
forces of PS M/NPs, which are instrumental in the formation of

PS M/NPs–AgNPs complexes.35 Notably, MPs exhibited a pro-
nounced affinity for AgNPs adsorption, a phenomenon that was
intricately linked to the particle size of MPs.50 This phenomenon
may be attributed to the smaller size of MPs, which resulted in a

Figure 8. Comparative analysis of the effects on the nervous system in zebrafish larvae exposed to AgNPs and AgNO3. (A) The dissolution rate of AgNPs before
and after combination with PS M/NPs in water over 7 days. (B) Silver concentration in zebrafish larvae (96 hpf) after exposure to AgNO3, AgNPs and
PSM=NPs +AgNPs. (C) ROS staining of 72-hpf larvae and the phenotypic observation of the brain in Tg (elavl3: EGFP) larvae. (D) Quantitative analysis of ROS
staining. (E) Average fluorescence intensity regarding elavl3 expression in the brain. (F) Autonomous motion trajectory of 120-hpf larvae for 20 min.
(G) Locomotor activity of 120 hpf larvae in response to alternating light and dark conditions. (H,I) The quantitative analysis in autonomous locomotion assays;
Movement distance (H), and Velocity (I). (J,K) The uptake and distribution of the Cy5-labeled PS M/NPs in larval zebrafish. The data are presented as the
mean±SD (unless otherwise stated, n=3 pools of 30 individuals per pool). Statistical comparisons were performed using ANOVA followed by Tukey’s method.
Data in Figure 8A,B,D,E,H,K,G,I are also presented in Excel Table S8. Unless otherwise stated, the concentrations for single or combined exposures are as follows:
AgNPs: 10 lg=L; AgNO3: 2:2 lg=L; PSNPs: 200 lg=L; PSMPs: 200 lg=L. The experimental subjects: Tg(elavl3: EGFP) transgenic zebrafish (the right column in
C and E); AB wild-type zebrafish (all images except the right column in C and E). Note: AgNPs, silver nanoparticles; ANOVA, analysis of variance; EGFP,
enhanced green fluorescent protein; elavl3, embryonic lethal, abnormal vision, Drosophila-like 3; hpf, hours post fertilization; PSMPs, polystyrene microspheres;
PSNPs, polystyrene nanospheres; ROS, reactive oxygen species; SD, standard deviation. Significance levels: *p<0:05, **p<0:01, and ***p<0:001.
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larger surface area and a greater number of binding sites, thereby
facilitating a more effective interaction with AgNPs.51,52

The chorionic membrane of the zebrafish embryo constitutes
a distinctive biological barrier, safeguarding the developing orga-
nism from diverse pollutants. This membrane, punctuated with
pores ranging from 500 to 700 nm, facilitates the transit of nano-
particles, salt ions, and essential oxygen.53 In vivo research by
Zhou et al.54 showed that PSNPs as small as 8 nm and 24 nm

were able to penetrate the chorionic membrane, gaining entry
into the yolk sac. Conversely, larger PSMPs of up to 1,000 nm
demonstrated a propensity to adhere robustly to the surface of the
cell membrane, unable to permeate the chorionic barrier.54 This
suggested that varying sizes of MPs may have different uptake
mechanisms, as demonstrated by the investigation of Cy5-labeled
PS M/NPs uptake in embryos and larval zebrafish. In this study,
at 24 hpf, the high uptake efficiency observed for Cy5-labeled

Figure 9. The effects of curcumin on zebrafish larvae exposed to control, AgNPs, or a combination of AgNPs with either PSNPs or PSMPs with and without
curcumin treatment. (A) Differences in expression of elavl3 in Tg(elavl3:EGFP) transgenic zebrafish at 96 hpf with and without rescue treatment with curcu-
min. (B) The qualification of the fluorescence expression changes of elavl3. (C) Vascular observation in Tg(kdrl:mCherry) transgenic zebrafish larvae observed
at 96 hpf. (D,E) Vascular network analysis including porosity (D) and percentage area of blood vessels (E). (F,G) The quantification of velocity (F) and move-
ment distance (G) in autonomous motion of larval zebrafish. (H) The movement distance of larval zebrafish subjected a 60-min dark-to-light photoperiod tran-
sition. The data are presented as the mean±SD (unless otherwise stated, n=3 pools of 30 individuals per pool). Statistical comparisons were performed using
ANOVA followed by Tukey’s method. Data in Figure 9B–H are also presented in Excel Table S9. Unless otherwise stated, the concentrations for single or
combined exposures are as follows: AgNPs: 10 lg=L; PSNPs: 200 lg=L; PSMPs: 200 lg=L; curcumin: 200 lg=L. The experimental subjects: Tg(elavl3:
EGFP) transgenic zebrafish (A and B); Tg(kdrl:mCherry) transgenic zebrafish (C–E); AB wild-type zebrafish (F–H). Note: AgNPs, silver nanoparticles;
ANOVA analysis of variance; EGFP, enhanced green fluorescent protein; elavl3, embryonic lethal; abnormal vision, Drosophila-like 3; hpf, hours post fertil-
ization; kdrl, kinase insert domain receptor-like; mCherry, monomeric Cherry; PSMPs, polystyrene microspheres; PSNPs, polystyrene nanospheres; SD, stand-
ard deviation. Significance levels: *p<0:05, **p<0:01, and ***p<0:001.
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PSNPs indicated that both PSNPs and AN were internalized by
the embryos, potentially inducing embryonic yolk cysts. During
this period, the embryonic blood–brain barrier is undergoing de-
velopment.55 We expect that this may be the reason that AgNPs,
PSNPs, and AN were able to access the cranial regions of the
embryo, potentially impacting neural development. However, the
toxicity of AgNPs was somewhat mitigated in the AM group
prior to the hatching of embryos. By 96 hpf, the larvae were capa-
ble of autonomous movement and respiration. The ability to
respire may have facilitated the uptake of larger PSMPs and
AgNPs by zebrafish, increasing the toxicity observed in the AM
group at 96 hpf, characterized by delayed swim bladder develop-
ment, similar to the effects observed in the AgNPs exposure
group. In the AN group, PSNPs facilitated the accumulation and
transport of AgNPs within zebrafish, as confirmed by the mea-
surement of Ag content in the organisms. The higher Ag accu-
mulation in the zebrafish larvae may result in increased
developmental toxicity.56 This phenomenon was corroborated
by empirical measurements of heart rate, muscular twitching,
and body length.

Small NPs were capable of penetrating the chorionic mem-
brane and blood–brain barrier of zebrafish embryos,57 suggesting
that the mechanisms of neurotoxicity in combined exposures may
differ, potentially leading to varied behavioral responses in zebra-
fish. In autonomous movement assays, both AN and AM treat-
ment groups exhibited significantly shorter movement distances
in comparison with AgNPs exposure alone, despite exhibiting
higher swimming speeds. PSNPs could carry substantial amounts
of AgNPs into the larvae, releasing them at specific sites, thereby
intensifying the toxicity of AgNPs. Because PSMPs were unable
to penetrate the chorionic membrane and blood–brain barrier,
they likely predominantly entered zebrafish larvae through gills
and mouth during respiration, accumulating extensively in the di-
gestive organs and altering the bioavailability of AgNPs. The
indigestibility of PSMPs could adversely affect larval develop-
ment, leading to an energy imbalance and a consequent shorter
movement distance.58,59 Tracking and heat maps also indicated
that combined exposures altered neurophysiological responses in
larval zebrafish, which may further result in stereotypical behav-
iors, stress, and depressive tendencies. This finding could explain
why combined exposures exhibited greater movement speed but
shorter travel distance compared with AgNPs exposure alone.
The effect of PS M/NPs on the bioavailability of AgNPs was also
reflected in differences in larval turning angles and photoperiod
movement distances, where coexposure to PS M/NPs induced
significantly more pronounced behavioral differences than expo-
sure to AgNPs alone, including greater restlessness and erratic
turning behavior. The coexposure of PSNPs and AgNPs weak-
ened the perception of zebrafish to light–dark transitions when
compared with the AgNPs exposure group, whereas AM showed
an opposite effect to AN. These findings suggest that AN intensi-
fied the AgNPs-induced disruption of the light–dark adaptation
regulatory mechanisms, primarily governed by retinal ganglion
cells,60 whereas AM exposure tended to counteract this disrup-
tion. This was primarily due to the different ways PSNPs and
PSMPs altered the bioavailability of AgNPs. In addition, touch
response experiments indicated that combined exposure to PS M/
NPs led to delayed touch responses in zebrafish larvae, shorter
movement duration, and excessive twitching. Overall, the behav-
ioral results support the hypothesis that PS M/NPs altered the bi-
oavailability of AgNPs, leading to various abnormal behaviors,
and these effects were dependent on the particle size of M/NPs.

The relationship between vascular and neural networks is crit-
ical, particularly regarding the role of intracranial vascular system
in the development of CNS. In osteichthyans and mammals, the

cranial vascular system developed from a primitive plexus
through angioblast migration and coalescence before the forma-
tion of the blood–brain barrier.61 Angiogenesis is crucial for nu-
trient delivery to developing neural cells and CNS maturation.62

Any disruptions in this process can lead to abnormal vascular
connections, compromised integrity, intracranial aneurysms, and
neuronal degeneration.61 To further elucidate the potential mech-
anisms of combined exposure-mediated neurotoxicity, two trans-
genic zebrafish lines [Tg(elavl3:EGFP) and Tg(kdrl:mCherry)]
were used to study the damage to the neural and cranial vascula-
ture in larval zebrafish. The results indicated that combined expo-
sure exacerbated the reduction in nascent neurons and vascular
ablation. These findings suggest that the combined exposure to
PS M/NPs with AgNPs significantly exacerbated the injury to in-
tracranial vascular development triggered by AgNPs in zebra-
fish. Studies showed that external contaminants inhibiting
AChE can cause ACh accumulation, leading to abnormal motor
behaviors in zebrafish embryos.63 The significantly lower
AChE activity further suggests that combined exposure exerted
a stronger neurotoxic effect. Moreover, this exposure resulted in
different expressions of vascular marker genes (kdrl and fli1a)
from control zebrafish, consistent with observations in the afore-
mentioned Tg(kdrl:mCherry) zebrafish. These findings suggest
that AgNPs exposure induced neuro- and vascular toxicity in
zebrafish, with this toxicity exacerbated in combination with
PSNPs but less affected by coexposure with PSMPs. The varia-
tion in toxicity may primarily be attributed to the differences in
uptake rates and AgNPs adsorption scenarios, influenced by
the distinct particle sizes of PS M/NPs. Our uptake experi-
ments showed that zebrafish internalized PSNPs far more effi-
ciently than PSMPs, whereas adsorption tests indicated that
PSNPs also adsorbed AgNPs more effectively. Consequently,
Ag accumulation was higher in the AN group than that in the
AM group, as confirmed by Ag content measurements.

The primary mechanism of toxicity of nanomaterials is
believed to be through the induction of oxidative stress in organ-
isms, typically arising from an imbalance in oxidative states
caused by exogenous substances.55 By assessing differences in
ROS, MDA, and GSH under combined exposure, we demon-
strated that such exposure induced oxidative stress in larval
zebrafish, with both PSNPs and PSMPs exacerbating the oxida-
tive stress induced by AgNPs. As the level of oxidative stress
within the body becomes higher, it may lead to cellular apoptosis
and activation of immune responses. The interaction between
neurons and immune cells is crucial for homeostasis and species
survival, with immune cell activation influencing neuronal circuits
that govern immunity.64 Infish, the innate immune system functions
independently in early development, maturing fully in later juvenile
stages (4–6 wk).65,66 Consequently, the innate immune system, crit-
ical in early zebrafish development, provides essential defense
against pathogens. Within this system, macrophages emerge as key
agents in the regeneration of the injured peripheral nervous sys-
tem.67 Observations of differences in Tg(coro1a:EGFP) fluores-
cence intensity and the quantity of macrophages post neutral red
staining under combined exposure support the idea that this ex-
posure disrupted the innate immune system in larval zebrafish,
resulting in significant immune cell accumulation. The AN
group, in comparison with the AgNPs and AM groups, showed
the most significant immune cell aggregation around the zebra-
fish neural system, indicating a robust immune response and a
greater neuroinflammatory response.68 Apoptosis is a crucial bi-
ological process in embryogenesis, tissue homeostasis, and
immune system regulation.69 AO apoptotic staining results fur-
ther suggest that PS M/NPs exacerbated the damage caused by
AgNPs to the zebrafish neural system. Caspase3, essential for
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apoptosis and cytotoxic T lymphocyte activity, is vital in pro-
grammed cell death, whereas caspase9, a pro-apoptotic factor, is
crucial for initiating apoptosis.70,71 Tnfa, a macrophage-
secreted cytokine integral to systemic inflammation, modulates
immune cell secretion and induces apoptosis,72 playing a pivotal
role in inflammatory and autoimmune disorders.73,74 Il10, as a
key regulator in immune responses, potentially exerts a pro-
found influence on diseases marked by heightened inflamma-
tion, particularly in cancer and infectious disease scenarios.75,76

The significant up-regulation of immune-related genes (il10 and
tnf -a) and apoptosis-related genes (caspase3 and caspase9)
under combined exposure further supports the potential of com-
bined exposure to induce dysfunction in the neuroimmune
system.

At the molecular level, the neuronal differentiation marker
genes (pax6a, elavl3, ptafr, and egr2b) and synaptic regeneration
marker genes (gabbr1a and gabbr1b) were selected to explore
the potential mechanism of combined exposure. Pax6a, a brain
marker gene instrumental in nervous system development, exhib-
its widespread expression across various brain regions of zebra-
fish.76 Elavl3, a neurodevelopmental marker, is intimately linked
with vertebrate neuronal differentiation and maturation.77 Egr2b
plays a crucial role in cell growth, differentiation, and apoptosis,
and it is implicated in various immune disorders and early onset
neuropathies in zebrafish.78 The platelet-activating factor receptor
(ptafr) is notable for its high expression in microglia and brain
tissues in Alzheimer disease (AD) patients.79 Gabbr1a and
gabbr1b, gamma-aminobutyric acid (GABA) B receptor genes,
are associated with neuroplasticity, regulating neuronal synapto-
genesis and implicated in numerous neurological disorders in
patients.80 The differences in the expression of these above genes
under combined exposure suggests that combined exposure to PS
M/NPs of different particle sizes and AgNPs could affect neuron
generation and synaptic regeneration, with distinct mechanisms
of toxic effects. However, more studies with functional end points
are needed to make this conclusion. These differences in gene
expressions may partly explain the observed behavioral abnor-
malities and developmental neurotoxicity in zebrafish exposed to
different particle-sized PS M/NPs combined with AgNPs. The
higher expression of ptafr and egr2b genes79,81 after exposure to
PSNPs indicate a potential for more severe neural damage. The
differential expression of neural-related genes observed among
the AgNPs, AM, and AN groups could underlie the varying
degrees of neurotoxicity associated with combined exposure,
with the AN group showing particularly pronounced effects, as
demonstrated by abnormal gene expression profiles.

Furthermore, the combined effects of AgNPs and PS MPs/
NPs on neuroinflammation were further assessed, indicating that
exposures exhibited synergistic interactions with regard to most
biomarkers. The joint toxicity of AgNPs and PSNPs was signifi-
cantly stronger than that of AgNPs alone. Because of the nonlin-
ear cumulative nature of synergistic effects, even when individual
pollutant concentrations were below their toxicity thresholds,
combined exposure may still pose health risks. Thus, this finding
is crucial for risk assessments of micoplastics and other nanoma-
terials at environmentally relevant concentrations.

Considering that AgNPs underwent oxidative dissolution in
water, leading to the production of toxic Ag+ in vitro,82 we aimed
to investigate whether the neurotoxicity induced by AgNPs and
AM/AN was primarily due to the release of Ag+ or the nanopar-
ticles themselves. Based on the dissolution profile of AgNPs,
∼ 22% of Ag+ was released after 24 h. However, in the presence
of PS M/NPs, the release rate of Ag+ was significantly lower,
with the lowest release observed in the AN group. To further
explore this, zebrafish were exposed to AgNO3 at concentrations

equivalent to the 24-h Ag+ release from AgNPs, and their neuro-
toxic effects were assessed. The results showed that the accumu-
lation of AgNPs in zebrafish larvae was significantly higher than
that of Ag+ alone. Moreover, the Ag accumulations in both AM
and AN groups were considerably higher than that in the AgNPs
group. This suggested that, in addition to Ag+, AgNPs were taken
up by zebrafish in particle form. Furthermore, the significantly
lower release of Ag+ in the coexposure groups (AM and AN),
combined with higher Ag accumulation, further supports this
finding. In addition, in comparison with the AgNO3 group,
AgNPs exhibited stronger oxidative stress, greater inhibition of
neuronal cell proliferation, poorer swimming activity, and lower
sensitivity to light–dark stimuli, indicating that the neurotoxicity
induced by AgNPs was not solely attributable to Ag+ but also to
the particulate nature of AgNPs themselves. To investigate why
Ag accumulations in the AM and AN groups were significantly
higher than that in the AgNPs group, we assessed the uptake of
PS M/NPs in zebrafish. At 24 hpf, PSMPs, presumably due to
their larger size, primarily accumulated in the chorion. By 72 hpf,
they were detected in the larvae, with uptake increasing over
time, eventually leading to accumulation in the intestines, pan-
creas, and other organs by 120 hpf. In contrast, PSNPs were
absorbed by embryos as early as 24 hpf, with significantly higher
uptake than PSMPs. Therefore, we infer that the adsorption of
AgNPs onto PS M/NPs facilitated the aggregation of AgNPs,
whereas PS M/NPs themselves were also taken up by zebrafish,
leading to significant Ag accumulation in the organisms. The
greater toxicity observed in the AN group may also be attributed
to the higher uptake efficiency of PSNPs.

According to these results, combined exposure to AgNPs and
PS M/NPs intensified oxidative stress, inflammatory responses,
cell apoptosis, and neurovascular damage. Curcumin is an effective
neuroprotectant known for its antioxidative, anti-inflammatory,
and antineuronal apoptosis properties.83 This compound played a
significant role in ameliorating chronic neurodegenerative disor-
ders by promoting mitochondrial biogenesis in vivo.84 Its neuro-
protective efficacy largely stemmed from its capacity to alleviate
oxidative neural damage, attenuate inflammatory responses, and
finely regulate metabolic processes,85 which may counteract the
neurotoxicity caused by AgNPs and combined exposure. The
incorporation of curcumin markedly ameliorated the impairment
in neural and vascular development, alongside leading to stronger
autonomous motility and a more regular circadian rhythm, in com-
parison with groups without curcumin treatment. This observation
supports our hypothesis that curcumin exerted a therapeutic influ-
ence on AgNPs-induced neurotoxicity, with its efficacy beingmost
pronounced in the AgNPs group, followed by the AM and AN
groups. This differential effect may be attributed to the encapsula-
tion of AgNPs by curcumin, leading to the formation of curcumin–
AgNPs complexes, which mitigated the inherent toxicity of AgNPs.
Given the robust adsorptive affinity of PS M/NPs toward AgNPs,
which altered their bioavailability, the quantity of AgNPs adsorbed
onto the surface of PSNPs surpassed that on PSMPs. This signifi-
cantly fewer available adsorptive sites on PSNPs may have conse-
quently impeded the effective use of curcumin by zebrafish, thereby
diminishing its therapeutic impact in the AN group. In summary,
coexposure to PS M/NPs and AgNPs demonstrated distinct neuro-
toxic mechanisms, with the presence of PS M/NPs also hindering
the efficacy of therapeutic interventions. These observed effects
were intricately linked to the particle size of the PSM/NPs involved.
Further in-depth research is essential to comprehensively under-
stand these specific toxicitymechanisms.

In rivers in Malaysia that receive various types of wastewater
effluents, the concentrations of AgNPs have alarmingly escalated
to a range between 0.1 and 10 mg=L.29 In urban lakes, such as

Environmental Health Perspectives 057007-17 133(5) May 2025



those in Lubbock, Texas, microplastics concentrations have been
measured at 1:56± 1:64 mg=L,9 with PS microplastics accounting
for 11.9% of the total microplastics in lake waters across the
Americas.85 Therefore, the concentration we chose in this study
(AgNPs: 10 lg=L; PS M/NPs: 200 lg=L) was close to the real-
world concentration. Recent studies have shown that microplastics
and engineered nanomaterials, including AgNPs, share similar
pathways (e.g., domestic sewage, wastewater treatment plants)
into natural environments.25,33 Notably, Li et al.35 systematically
investigated the coexposure of PSMPs and AgNPs in natural fresh-
water and brackish water, revealing that AgNPs could be captured
and aggregated by PSMPs. Thus, investigating the environmental
and biological impacts of coexposure to AgNPs and PS M/NPs at
environmentally relevant concentrations is essential. Moreover,
recognizing that the PSMPs used in this study do not capture the
full diversity of environmental microplastics, we introduced addi-
tional MPs with distinct surface charges (e.g., PLA and PA MPs)
as well as PSMPs with mixed particle sizes. Each type was co-
exposed with AgNPs to assess neurotoxicity in zebrafish and
thereby validate the broad applicability of our findings. Our
results showed that coexposure to PLA or PA MPs and AgNPs
induced excessive oxidative stress, behavioral retardation, and
disruptions in photoperiodic rhythms, though these effects were
less severe than those caused by AgNPs alone. However, these
adverse effects were more pronounced in the Mix + AgNPs
group. This indicated that the combined exposure of PLA and PA
with AgNPs resulted in weaker neurotoxicity than AgNPs alone,
whereas the exposure of Mix + AgNPs led to stronger neurotoxic-
ity than AgNPs alone. From the results above, it can be observed
that the combined effects of MPs and AgNPs may be influenced
more by the inherent chemical properties of MPs. In addition, when
consideringmicroplastics in real-world environments, the release of
various plastic additives often accompanied them. Previous studies
have detected additives such as BPA, diethylhexyl phthalate
(DEHP), 2,4,6-tribromophenol (TBP), and tetrabromobisphenol A
(TBBPA) in the leachates of PS microplastics.86,87 However,
because the exposure concentration of PS M/NPs selected in our
study was below the NOEC threshold of 10 mg=L, the toxicity of
additives released through leachates can be considered negligible in
this study. Hence, a key focus of future research will be assessing
the ecological risks of coexposure to AgNPs and microplastics with
varying components, sizes, and shapes on organisms in real aquatic
environments. Overall, these findings emphasize the need for com-
prehensive environmental risk assessments where such pollutants
coexist. In addition, employing curcumin as a neurotoxicitymitigant
suggests innovative strategies to counteract the effects of combined
pollution, thereby proposing a method to diminish the ecological
impact of thesematerials.

Conclusion
In general, this study revealed that the adsorptive interaction
between PS M/NPs and AgNPs was heavily influenced by the
particle size of the MPs, with smaller MPs exhibiting a higher ad-
sorptive capability. Larval zebrafish coexposed to PS M/NPs and
AgNPs exhibited a series of abnormalities, such as developmen-
tal deformities, aberrations in developmental and physiological
markers, delayed tactile response, and abnormal behaviors. This
exposure notably led to greater oxidative stress, disrupted neural
and vascular development, lower AChE levels, and higher lev-
els of cellular apoptosis in the zebrafish larval brain. In addi-
tion, qPCR analysis further established that the combined
exposure induced differential gene expression associated with
neural development, immune response, and apoptosis. These
findings delineated how the combination of AgNPs with MPs
of different sizes manifested distinct neurotoxic effects, with

PSNPs significantly amplifying the neurotoxicity induced by
AgNPs, in contrast to the milder impact of PSMPs. By compar-
ing exposure to AgNO3 at a concentration equivalent to the dis-
solved Ag+ concentration from AgNPs after 24 h, it was found
that the toxicity of AgNPs was not solely attributable to the
release of silver ions but was also closely associated with the
intrinsic toxicity of the nanoparticles themselves. The applica-
tion of curcumin, known for its anti-neuroinflammatory proper-
ties, provided varying degrees of mitigation against the
neurotoxicity induced by AgNPs and their combinations, indi-
cating that the neurotoxicity from such combined exposures could
stem from greater oxidative stress and neuroimmune activation.
These insights are instrumental in framing the environmental risk
assessment of microplatics and AgNPs and pave the way for
future research on the joint toxicity of nanomaterials.
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