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Expansion microscopy revealed specific impacts of
nhano zinc oxide on early organ development in
fisht

Mengyu Wang @2 and Wen-Xiong Wang @ *2°

Nanomaterials exhibit significant advantages in biomedical applications. However, their potential risks to
organisms cannot be overlooked, particularly during early development. Nano zinc oxide (nZnO), one of
the most widely used metallic nanomaterials, can have toxic effects on the early development of aquatic
organisms once released into the aquatic environment. Traditional organ-specific toxicity assessment
methods have limitations in exploring the nanoscale differences between materials. The novel expansion
microscopy (ExM) technique allows biological samples to expand approximately 4.5-fold in three
dimensions, enabling nanoscale imaging of protein and nucleic acid targets in cells and tissues using
conventional optical microscopy. This study systematically assesses the toxicological changes and sources
of nZnO and Zn2* in the visual, skeletal muscle, and digestive systems in medaka (Oryzias melastigma). Our
results indicated that appropriate concentrations of nZnO supported the normal early development in the
visual and skeletal muscle systems, while potentially leading to excessive toxicity in the medaka digestive
system. Conversely, the concentrations of nZnO suitable for the development of the digestive system may
be inadequate for the needs of the visual and skeletal muscle systems. This discrepancy may arise from
differences in the solubility and bioaccessibility of nZnO in gastrointestinal fluids. Further RNA sequencing
revealed differences in the sensitivity of various organs in medaka to nanomaterial exposure, highlighting
the necessity of implementing comprehensive risk assessment strategies in toxicology. Overall, we
visualized and quantified the subtle developmental toxicities of nZnO and Zn?* across different fish organs
for the first time. The application of the expansion microscopy technique offered a novel perspective for
evaluating the toxicity of nanomaterials.

Nanomaterials pose potential risks to biological systems that cannot be ignored. Nano zinc oxide (nZnO) is one of the most widely used metal

nanomaterials, and once released into aquatic environments, it can exert toxic effects on the early development of aquatic organisms. Traditional organ-

specific toxicity assessment methods are limited in their ability to explore the nanoscale differences between materials. The novel expansion microscopy

(ExM) technique allows for the visualization of cellular and tissue protein and nucleic acid targets using conventional optical microscopy, achieving
nanoscale imaging. In this study, we systematically evaluated the toxicological changes and underlying mechanisms of nZnO and Zn>" in the visual, skeletal

muscle, and digestive systems. Our results indicated that appropriate concentrations of nZnO supported normal early development of the visual and

skeletal muscle systems but may cause excessive toxicity to the digestive system. Conversely, the concentrations of nZnO suitable for digestive system
development may be insufficient for the needs of the visual and skeletal muscle systems. For the first time, we have visualized and quantified the subtle

developmental toxicity of nZnO and Zn>' across different organs. The application of ExM provides a novel perspective for assessing the toxicity of

nanomaterials.

Introduction

With the rapid advancement of nanotechnology,

“School of Energy and Environment, State Key Laboratory of Marine Pollution, City nanomaterials have gained significant attention for their
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applications in medical translation." Nanomaterials possess
unique properties that offer significant potential in areas
such as cancer therapy, drug/gene delivery, medical implants,
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systems cannot be overlooked, especially for organisms in
early developmental stages.” The small size and unique
properties of nanomaterials tend to overcome biological
tissue barriers.? Nano zinc oxide (nZnO) severely reduces the
hatching rate of zebrafish embryos and induces pericardial
edema, resulting in irreversible damage to the development
of various organs.” Gold nanoparticles can penetrate cell
nuclei and bind to DNA, leading to abnormalities in early
biological development.® Silver nanoparticles exhibit strong
cytotoxicity toward male germ cells, causing developmental
anomalies in subsequent generations.” It is therefore
essential to comprehensively assess the biological toxicity
effects of nanomaterials.

Currently, the techniques for studying the developmental
toxicity effects of nanomaterials on biological organisms
primarily focus on cytotoxicity testing, microscopy
observation of tissue sections, behavioral assessments, and
gene expression analysis.® Each of them has notable
limitations. The differences between cell culture
environments and in vivo conditions may prevent a complete
reflection of the true effects of nanomaterials within
biological systems.’ The tissue sectioning process can lead to
sample damage or alteration of the original structure.'® In
behavioral assessments, individual variability may severely
impact the results."" And gene expression analysis is

characterized by time sensitivity and complex data
interpretation.’> Even the emerging NanoSIMS (nano
secondary ion mass spectrometry) technology faces

challenges; its intricate sample preparation can affect the
authenticity and comparability of the results, alongside high
equipment and maintenance costs.** Moreover, none of these
techniques provide a direct visualization of the biological
toxicity caused by nanomaterials. It is noteworthy that some
recently developed imaging technologies can directly
visualize changes within biological organisms.'* However,
due to the resolution limitations, traditional imaging
techniques have resolution limitations that hinder direct
observation of organ development at the cellular level. The
challenge arises from the ~200 nm optical diffraction limit
of conventional optical microscopes, making it difficult to
observe cellular morphology in animal samples.’> On the
other hand, electron microscopy with 2-3 orders of
magnitude higher resolution provided little information
about specific molecules, which were also difficult to be
localized by staining.'® Although super-resolution microscopy
techniques have been developed, such as structured
illumination microscopy (SIM),"”” stimulated emission
depletion microscopy (STED),'® and stochastic optical
reconstruction microscopy (STORM),"® most super-resolution
microscopy technologies required specialized hardware and
software. Even the most advanced super-resolution
microscopy was faced with slow acquisition times, which
made nanoscale imaging for large volumes of tissue samples
difficult to achieve.?® Consequently, researchers are eager to
develop reliable high-resolution imaging techniques to better
understand the toxic effects of nZnO on organ development.
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The recently developed expansion microscopy (ExM)
technique offers a reliable solution for achieving nanoscale
high-resolution imaging. ExM is a cost-effective nanoscale
imaging technique that allows biological samples, such as
cells and tissue sections, to be isotropically expanded by ~4.5
times in three-dimensional space.>® This enables
visualization of the nanoscale organization of proteins and
nucleic acids using standard microscopes.”> Compared to
conventional imaging methods, ExM overcomes the
limitations of optical super-resolution techniques. Moreover,
the samples after expansion with ExM contain over 98%
water, making them appear transparent and thereby reducing
optical aberrations.?® From an economic perspective, the use
of the ExM technique requires only a series of preprocessing
protocols and a standard optical microscope, eliminating the
need for complex and expensive equipment.>* The ExM
technique is continually being iteratively updated, with
targeted expansion protocols developed for proteins, RNA,
cells, bacteria, plants, and even small animals.** Currently,
ExM has become a powerful imaging tool in fields such as
neuroscience, clinical medicine, and nanoscience, with its
accuracy and reliability widely recognized.>

nZnO are among the most widely used metal-containing
nanomaterials, with an annual global production estimated
between 550 and 33400 tons.”® nZnO has been widely
applied in various biomedical fields, including fluorescent
probes, antibacterial agents, biosensors, and drug carriers,
and has garnered significant attention among numerous
nanomaterials in recent  years.”’ Environmental
concentrations of nZnO have been documented in soil at
levels ranging from 3.1-31 pg kg™* and in water from 76-760
ug L2 Once introduced into aquatic environments, both
nZnO and the released zinc ions (Zn®") can be ingested by
aquatic organisms across different trophic levels and feeding
strategies, ultimately impacting public health.”* The
biological toxicity caused by nZnO and Zn*" is often similar,
making it difficult to distinguish between them.** The ExM
technique effectively addresses this challenge by providing a
means to visually represent and quantify the organ
developmental damage at nanoscale resolution. The toxicity
of nZnO is unique. Some studies identified free Zn>" as the
primary source of toxicity associated with nzZnO,*' while
others argued that nZnO exhibited greater toxicity than
dissolved Zn**.>* Zn deficiency and Zn excess can lead to
developmental toxicity in organisms.** Both nZnO and zZn**
triggered the generation of reactive oxygen species (ROS) in
organisms, leading to potential pro-inflammatory and
cytotoxic effects, and exposure to 10 mg L™ of nZnO
completely inhibited zebrafish hatching.** It was reported
that pericardial edema occurred as early as at 72 hpf in the
50 mg L™ and 100 mg L™ nZnO exposure, affecting 1.9%
and 1.7% of the surviving zebrafish, respectively.*
Additionally, nZnO is widely used as an additive in fish diets,
but the implications of its dosage on nutritional deficiency
and toxicity remain a matter of debate.*® Therefore,
comparing the developmental toxicity effects of nZnO and

This journal is © The Royal Society of Chemistry 2025
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Zn** based on different organs is essential for a
comprehensive assessment of the toxicity of nZnO.

In this work, we employed an updated version of the ExM
technique, capable of expanding the whole body of small
animals, referred to as whole-ExM.?” This method allowed us
to conduct in vivo tests at the cellular level and directly
visualize the damage caused by nZnO and Zn** to the early
organ development in fish. We achieved nanoscale resolution
imaging of the early development of representative organs
including the visual system, skeletal muscle system, and
digestive system of the model animal medaka in an aqueous
environment. We comprehensively evaluated the differences
in toxicity induced by nZnO and Zn" in the visual, skeletal
muscular, and digestive systems, as well as the sources of
nZnO toxicity, and found that the toxicity susceptibility to
ZnO nanosensitivities varied greatly among different organs.
Additionally, we combined RNA sequencing technology to
compare the expression of differentially expressed genes,
confirming that the toxicological differences between nZnO
and Zn”" are regulated by multiple genes. Overall, this study
innovatively applied expansion microscopy, a technique that
uniformly physically enlarges biological samples using
swellable hydrogels, thereby achieving super-resolution
imaging under conventional optical conditions. We have, for
the first time, visualized and quantified the subtle differences
in biological developmental toxicity between nZnO and Zn>*
in various organs. ExXM can be integrated with confocal, light-
sheet, and super-resolution microscopes to further enhance
imaging resolution. The application of this technology
enables the observation and quantification of structural
changes in biological samples at the nanoscale, providing a
more precise tool for the toxicity assessment of
nanomaterials.

Materials and methods
Fish husbandry

Fresh medaka (Oryzias melastigma) eggs were sourced from
the State Key Laboratory of Marine Pollution at the City
University of Hong Kong. Medaka maintenance and toxicity
tests followed the OECD Test Guidelines 203 and 210. The
medaka eggs were incubated in 20 L water tanks with a
modified simplified M7 medium (SM7 medium). The
medium consisted of 0.04 mM NaHCO;, 0.35 mM CaSO,,
0.50 mM MgSO,, 0.05 mM KNOj;, and was maintained at a
pH of 7.0-7.5 for 10 d. Throughout the experiment, the water
temperature was consistently maintained at 26 °C, and the
photoperiod followed 14 h light/10 h dark. In this study,
medaka larvae at two hpf (hours post fertilization) were
collected as preparation for subsequent exposure
experiments. Three replicates were instituted for each
concentration treatment.

Fish diets preparation and in vitro dissolution test

This study mainly focuses on the toxicity effects of nZnO
exposure in aquatic environments, thus we prepared nZnO-

This journal is © The Royal Society of Chemistry 2025
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diets. We investigated the Zn content of common commercial
diets (Fig. S1t), which ranged from 70.8 + 3.3 to 149.0 + 3.6
ug g . The commercial diets on the market were inherently
high in Zn. To ensure that our final diet additions were
accurate, we first configured a Zn-free basal diets on which to
add Zn. Using this method, we can accurately weigh and add
Zn, and make sure that Zn was added in the form of Zn ions
or Zn oxide nanoparticles to compare the toxic effects of
different concentrations as well as different forms of Zn in
terms of control variables. First, we prepared the formulation
of Zn-free basal diets based on the nutritional requirements
of fish for the subsequent addition of nZnO, the
specifications are shown in Table S1.4*®* We then introduced
liquid forms of Zn*" and nZnO (spherical, 10 nm, Brofos
Nanotechnology (Ning Bo) China) into the Zn-free basal diets
powder. The size distribution of nZnO was characterized by a
scanning electron microscope. The Zn content of nZnO was
selected based on the nutritional requirements of fish and
the Zn content of commercially available diets. The selection
of 70 ug ¢ ' Zn was established from an earlier study, which
represented the normal developmental supplementation level
for medaka.** The nZnO (70 ug Zn per g diet) served as a
relatively low-level nZnO treatment and the Zn*' (70 ug Zn
per g diet) served as the control group to ensure the same Zn
exposure dose as the treatment, and previous studies have
shown that this level can meet the early development needs
of medaka.** nZnO (150 pg Zn per g diet) and Zn** (150 pg
Zn per g diet), which were also commercially available, served
as high-level Zn treatments to investigate the differences in
the toxicity effects of nZnO and Zn** on organ development.
Overall, we set up the following four treatment groups: nZnO
(70 pg Zn per g diet) (low-level nZnO), nZnO (150 g Zn per g
diet) (high-level nZn0O), Zn>" (70 pg Zn per g diet) (control
group), and Zn** (150 pg Zn per g diet) (high-level Zn>"). Zn
content in all diets on a dry weight basis. For the
administration of the dosage of ug g™* (70 ug g”* was used as
an example), we first dissolved 35 mg of Zn (corresponding
quality of ZnCl, and nZnO) in sufficient deionized water and
mixed the Zn solution homogeneously. The amount of
deionized water was ensured to completely immerse 500 g of
the Zn-free basal diets powder. We then poured this Zn
solution into 500 g of Zn-free basal diets powder to produce a
slurry and mixed it thoroughly and homogeneously multiple
times. The mixture was freeze-dried, thoroughly pulverized,
and homogenized into a powder to facilitate consumption by
the medaka. During the whole diet preparation process, we
controlled the conditions to avoid the dissolution of Zn from
nZnO as much as possible. Specifically, the feed powder in
the wet state was minimized to avoid possible dissolution. To
investigate the state of dissolved Zn*" in SM7 medium, we
used Visual MINTEQ software to calculate concentrations
and activities of aqueous inorganic species after Zn** (70 g
Zn per g diet), Zn>" (150 pg Zn per g diet), nZnO (70 ug Zn
per g diet), and nZnO (150 pg Zn per g diet) dissolution in
the SM7 medium at pH 7.0 for 30 min, as shown in Tables
S2-S5.f The results showed that the concentration of Zn** in
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the SM7 medium was significantly higher than the
complexed state formed with other inorganic salt ions.
Therefore, we considered Zn>" to exist in the free state and
ignored the other complex states. Then, each diet underwent
acidification, digestion, and subsequent determination of
actual Zn content utilizing ICP-MS (NexION 300X,
PerkinElmer, USA). To assess the Zn>" dissolution rate from
diets, the modified diets were dissolved in an SM7 medium
with gentle shaking, and the Zn concentration in the solution
was measured after 1 h.

When exploring the toxicity of nZnO, its dissolved Zn*"*
cannot be ignored. To simulate the in vivo dissolution rate
of zZn*" from nZnO, we performed in vitro simulated
gastrointestinal fluid testing. Medaka digestive fluids were
modified based on the commonly used in vitro digestion
methods.®® The composition of the simulated
gastrointestinal fluid and the digestion time setting in this
method were referenced from the physiological digestive
characteristics of the model organism zebrafish, and were
also applicable to medaka. The materials included
simulated gastric control fluid (SGFe, pH 2.0, 2 mg mL™
NaCl), gastric fluid (SGF, 4 mg mL™' pepsin in SGFc),
intestinal control solution (SIFc, pH 6.8, containing 6.8 mg
mL™ KH,PO, and 0.616 mg mL™" NaOH), intestinal fluid
(SIF, 10 mg mL™" pancreatin in SIFc), and bile solution
(SBS, containing 4 mM sodium taurocholate and 4 mM
sodium glycodeoxycholate in SIFc), all prepared in Milli-Q
water. For the digestion tests under simulated gastric
conditions in medaka, the diets were incubated in 6.25 mL
of SGFc at 37 °C for 10 minutes. Following the addition of
1.25 mL of SGF and pH adjustment to 2.0 + 0.1 using a 1
M HCI solution, the mixture was shaken in a thermostat
oscillator at 167 rpm and 37 °C for 10 min. Subsequently,
the solution was statically incubated at 37 °C for 2 h. The
digestion was then transitioned to the intestinal phase by
adjusting the pH to 6.8 and increasing the total volume to
8.75 mL using SIFc. After adding 0.25 mL of bile solution
and 1 mL of preheated SIF (to 37 °C), the mixture was
shaken at 170 rpm and 37 °C, and 2 mL of supernatant
was collected after 4 h. All collected samples were
centrifuged at 12000 rpm for 10 min to remove debris to
determine the dissolved Zn®'. Each treatment was
replicated three times.

Zn bioaccumulation in fish

Newly hatched medaka larvae were collected and exposed to
the modified diets. Fifty larvae per container were placed in a
1 L container filled with SM7 medium, maintained at a water
temperature of 25 °C. Medaka were fed with the modified
diets at 9 am, 2 pm, and 9 pm daily. The quantity of diets
provided was carefully tested and controlled to confirm that
the medaka was able to completely consume the dietary
powder. In instances where trace amounts of the dietary
powder remained unconsumed, they were meticulously
collected, freeze-dried, and then weighed using a high-
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precision instrument. The mass of the uneaten diet was
subsequently subtracted from the final calculations to
enhance the accuracy of the dietary intake measurements.
Following a 30 min feeding period, the medium was replaced
with a clean SM7 medium. We weighed the total mass of
diets before and after exposure, and the difference was used
to calculate the daily diet consumption rate (i.e., 0.08 mg per
fish). After 3, 8, and 14 d of dietary exposure, medaka was
collected and anesthetized with tricaine (0.01% ethyl
3-aminobenzoate methanesulfonate salt, Sigma-Aldrich).
Under the dissecting microscope, samples were fixed using a
precision surgical blade, while a sharp pair of forceps was
employed to separate the eyes from the body. The isolated
eyes and bodies were individually weighed using a precision
balance and preserved in 1 ml centrifuge tubes. These
specimens were designated for subsequent Zn accumulation
quantification and expansive microscopy imaging. The
samples were placed in 100 pl of 65% HNO; and digested at
80 °C overnight, the Zn concentration was then determined
by ICP-MS.

Expansion microscopy imaging in fish

In the study of nZnO's toxic effects on organ development,
nanoscale visualization and quantification of changes are
essential. Although electron microscopy offers high
resolution, it lacks molecular specificity and cannot image
live samples.’® Super-resolution techniques such as SIM,
STED, and STORM provide a middle ground, enhancing
resolution  beyond  conventional microscopy  while
permitting live-sample imaging and specific molecule
localization.'”™®  Nonetheless, these methods face
challenges due to slow acquisition times and the
requirement for specialized equipment. Thus, developing
new high-resolution imaging techniques to surmount these
obstacles is crucial for deepening our understanding of the
toxicological impacts of nZnO and other nanomaterials.
This study utilized expansion microscopy (ExM) to attain
nanoscale imaging of diverse medaka organs. ExM was not
an optical microscope but rather a novel imaging
technique.”’ This method enabled the sample to expand
uniformly through a series of chemical means, which can
effectively improve the resolution of imaging under a
common confocal microscope.*' The principle of expansion
has been widely used in fields such as biological and
medical imaging.*> The procedure mainly included fixation,
anchoring, gelation, digestion, staining, decalcification, and
expansion.”” The protocol of the ExM was described in the
supplementary note. After the last step expansion, gel
samples were placed on a 24 mm x 60 mm microscope
glass and imaged on the Zeiss LSM 900 confocal
microscope using two different channels for gel imaging.
Channel 1: excitation/emission 488/495-525 nm; channel 2
excitation/emission 647/655-685 nm. A 40x 1.3 NA oil
immersion lens and a 20x 0.45 NA air lens were employed.

This journal is © The Royal Society of Chemistry 2025
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Transcriptomic analysis of fish in response to dietary nZnO
and Zn**

RNA sequencing was employed to elucidate the intricate
molecular responses in medaka subjected to dietary nZnO
and Zn*". Following a 14 d exposure to varying dietary levels,
the whole body of the medaka sample was collected,
preserved in liquid nitrogen, and stored at -80 °C.
Subsequent total RNA extraction from medaka utilized
TRIzol® reagent, followed by transcriptome sequencing
conducted by Biomarker Technologies, Beijing, China. The
resequencing raw data of medaka (Oryzias melastigma, wild
type) in this study have been uploaded to the NCBI Sequence
Reading Archive (SRA) with accession number PRJNA1141718.
Data analysis was performed using BMKCloud. The analysis
of differential gene expression employed DESeq2, with gene
expression differences (p < 0.05) considered as statistically
significant differential expression.

Quality assurance/quality control and statistical analysis

View Article Online
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concentrations in the medaka was documented based on a
dry weight (dw). Throughout the Zn analyses conducted by
ICP-MS, each treatment involved three replicates, with the
inclusion of standard fish tissue reference material (IAEA-
467, International Atomic Energy Agency Reference
Materials Group) for stringent quality control. The confocal
images of different organs were processed using ZEN 3.5
(blue version) and Fiji software. Comprehensive data
analyses were executed by SPSS (version 25.0) for one-way
analysis of variance (ANOVA) with Bonferroni correction.
The graphical representations in figures were generated
through Origin 2018. The significance threshold was
established at 5%.

Ethical statement

All animal procedures were performed in accordance with
the Guidelines for the Care and Use of Laboratory Animals
of City University of Hong Kong University and approved by

In this study, data were presented in terms of means and the Animal Ethics Committee of City University of
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Fig. 1 Zn contents in the modified diets and Zn accumulation in fish. (a) Diagram of experimental design. This included preparation of the
modified diets, dietary exposure, collection, dissection, and subsequent analysis. (b) SEM image of nZnO. (c) Zn contents in modified diets. (d) The
dissolution rate of different kinds of diets in SM7 medium. (e) Zn accumulation in fish body parts other than the eyes after modified diets Zn
exposure. (f) Zn accumulation in fish eyes after modified diets Zn exposure. Data are expressed as mean + SD (n = 5). *p < 0.05, compared with
the control (Zn?* (70 pg Zn per g diet)). The numbers 70 and 150 on the graph are the Zn content in ug g™
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Results and discussion

Zn contents in modified diets and fish

Medaka larvae were fed with nZnO and Zn** modified diets
for a continuous period of 14 d and collected the larvae on
the third, eighth, and fourteenth days. We then separated the
eyes and body for subsequent measurements (Fig. 1a). The
SEM image of nZnO is shown in Fig. 1b, which was
characterized by uniform particle size. The actual Zn contents
of the prepared diets were 76.4 + 7.1 pg g ' for the nZnO (70
ug Zn per g diet), 68.4 = 2.6 ug g ' for the Zn>" (70 ug Zn per
g diet), 165.0 + 5.3 ug g~ for the nZnO (150 ug Zn per g diet),
and 171.4 + 4.9 pg g for the Zn>" (150 ug Zn per g diet),
which were consistent with the exposure concentrations of
the experimental design (Fig. 1c). The feeding duration for
medaka was 30 min each time. The diets dissolved in SM7
medium after 1 h represented the maximum dissolution rate
of the diets in SM7 medium. Dissolution rates in SM7
medium of all diet types in SM7 were less than 8% (Fig. 1d),
suggesting that nZnO diets and Zn>' diets had limited
dissolution rate in the SM7 medium. We thus assumed that
Zn was exposed to the fish in the form of nZnO and Zn**. We
then measured the Zn accumulation in the eyes and body
parts (excluding the eyes) of medaka on days 3, 8, and 14 of
exposure. The reason for measuring the eyes separately was
that eye development required extraordinarily high Zn levels
during early development.*® Satisfying the Zn developmental
needs of the eyes meant that the overall Zn levels were
adequate.® For each diet, Zn accumulation in the eyes
increased during the 3-14-day exposure. Zn accumulation in
body parts was different, with the Zn** (70 ug Zn per g diet)
and nZnO (70 pug Zn per g diet) groups showing an increasing
trend during 3-14 days of exposure, whereas nZnO (150 ug
Zn per g diet) did not show significant change from 3-14
days, and the Zn** (150 ug Zn per g diet) group showed a
decreasing trend from 3-8 days (Fig. 1e and f). Compared to
the control group, the Zn>" (150 ug Zn per g diet) and nZnO
(150 pg Zn per g diet) in the eyes and body parts showed a
significant increase in Zn accumulation on day 3, whereas
the subsequent exposure showed no significant change
during the corresponding period (Fig. 1e and f). This may be
related to the mRNA expression of Zn transporters, among
which ZnT1, ZnT5, ZIP3, and ZIP10 were expressed differently
due to changes in Zn status. Earlier studies showed that the
mRNA level of Zn exporter ZnT1 in zebrafish treated with
excess Zn was upregulated, but was downregulated under Zn
deficiency.>*** During the later stages of exposure, Zn
regulation may also result in no significant change in Zn
body accumulation.

Dissolution of the formulated Zn>" diets and nZnO diets
in SM7 medium was then quantified. The actual release of
Zn from the diets was only 4.34, 11.03, 3.78, and 9.57 ug L™"
for the Zn** (70 ug Zn per g diet), Zn>" (150 g Zn per g diet),
nZnO (70 ug Zn per g diet), and nZnO (150 pg Zn per g diet),
respectively (Fig. 1d). We simulated their dissolution during
fish feeding by measuring the diet solubility after 1 h in SM7
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medium. The Zn solubility of amended diets was less than
8% and the actual feeding time was less than the simulated
dissolution time, thus the amount of Zn*" dissolved in the
medium was limited. It was therefore presumed that the
toxicity originated from Zn”" released from nZnO in the body
rather than Zn>" dissolved in the SM7 mediums. In previous
studies, exposure to waterborne Zn up to 200 ug L' showed
an accumulation of ~162 pg g ' Zn in the eye after 12 days of
exposure, which was significantly lower than the value in this
study.*® Thus, dietary exposure probably contributed to the
accumulation of Zn in the eyes through ingestion, digestion,
and absorption.*>*® Furthermore, Zn accumulation in the eye
was nearly 10 times higher than in the body, presumably due
to its high Zn demand during early developmental stages.*” It
was reported that the average Zn concentration in the retina
was as high as 296 ug ¢, 488 ug g ', and 1069 ug g ' in the
salmon, squirrelfish, and red snapper, respectively, as
compared to the typical concentration of around 20 ug g in
fish muscle.*®

Variations in developmental patterns of visual system in fish

Previous studies of organ development focused on traditional
methods such as in vivo imaging, immunostaining of fixed
tissues, and in situ hybridization, which are unable to observe
and quantify subtle developmental changes in cellular
structures due to resolution issues.”” The expansion
microscopy successfully imaged the microscopic structure of
fish organs with nanoscale resolution. Before imaging, the
dimensions of each gel sample were measured before and
after expansion to ensure uniform expansion at a ratio of 3.9
+ 0.1 times length. The hydrophobic fluorophore ATTO 647 N
NHS ester provided vibrant staining of lipid-rich structures,
specifically the nuclear membranes, thereby elucidating
intricate organelle structures and aiding in the distinction of
diverse cell types (Fig. 2, magenta). In contrast, the
hydrophilic fluorophore Alexa Fluor 488 NHS ester
highlighted the nucleoplasm and cytoplasm, thus delineating
the comprehensive morphology of cells (Fig. 2, green). The
pH of the ExM buffer solution was pivotal for preserving the
structural integrity of hydrogels and biological specimens. An
optimal pH of approximately 7.4 was essential for hydrogel
stability and the maintenance of biological architecture.*’
Variances from this pH can precipitate hydrogel degradation
and specimen distortion. Temperature is another critical
factor in the expansion process; it should be conducted at
ambient temperatures ranging from 20-25 °C to circumvent
thermally induced degradation of hydrogels and biological
samples. Elevated temperatures may expedite hydrogel
degradation, whereas reduced temperatures can impede the
expansion process.”® Our study strictly controlled the
influence of environmental factors, including pH and
temperature, to improve the reliability of our research results.
Furthermore, ExM has been effectively utilized across diverse
species, including mouse embryos and zebrafish, as
evidenced by the successful application in neuroscience and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Variation in expansion microscopy imaging and cellular quantification of medaka retinal parts due to different Zn exposure. (a) Expansion

microscopy imaging of photoreceptor cells of medaka exposed to nZnO diets and Zn%*
microscopy imaging of inner plexiform cells of medaka exposed to nZnO diets and Zn?*
of variation in photoreceptor cell area in medaka exposed to nZnO diets and Zn?*
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diets during 14 d continuous exposure. (c) Quantification
diets. (d) Quantification of variation in inner plexiform cell area

in medaka exposed to nZnO diets and Zn?* diets. Green, Alexa Fluor 488 NHS ester; magenta, ATTO 647 N NHS ester. Data were expressed as

mean * SD (n = 10). *p < 0.05, compared with the control (Zn®*

(70 ng Zn per g diet)). Scale bars: 10 um. All length scales are presented in pre-

expansion dimensions. The numbers 70 and 150 on the graph are the Zn content in ug g™

developmental biology studies.”” Based on the above, we
investigated the impact of nZnO and Zn®*" on the
developmental patterns of retinal cells, skeletal muscle cells,
and intestinal epithelial cells employing different Zn
exposure patterns to investigate the variation in the effects
brought about by nZnO and Zn** on different organs.

Eye development is highly sensitive to Zn during early
developmental stages.”® Polluted discharges of nZnO and
artificially fed diets may impact the early development of the
visual system in aquatic organisms. The area and
arrangement of the photoreceptor layer cells of the fish retina
can be used as one indicator to assess their developmental
status. Normally developed photoreceptor cells usually have a
more uniform size and tightly ordered arrangement, while
abnormally developed or affected cells may show features
such as uneven size and disorganized arrangement.”” In this
study, as shown in Fig. 2a, in the Zn** (70 pg Zn per g diet)
group (as the control group), the photoreceptor cells showed
a dense arrangement with an increase in the number and
area of the cells during 14 d development, which was

This journal is © The Royal Society of Chemistry 2025

positively able to meet the Zn exposure for retinal
development. In the nZnO (70 pg Zn per g diet) group, after 3
d exposure, the arrangement of photoreceptor cells showed a
tendency to be skewed. On day 8 and day 14 with the
increase of exposure time, their number and area decreased,
especially on day 14, the photoreceptor cells appeared to be
defective and deformed (Fig. 2a). The cell area of Zn** (70 g
Zn per g diet) treatment increased, while the photoreceptor
cell area of nZnO (70 pg Zn per g diet) treatment did not
change significantly and was significantly lower than that of
Zn** (70 ug Zn per g diet) group on day 3, 8 and 14,
respectively (Fig. 2c). In the nZnO (150 pg Zn per g diet)
treatment, although cell development was slower, cell
arrangement remained relatively dense (Fig. 2a). Quantitative
results of cell area indicated that compared to the control
group, cell development in the nZnO (150 pg Zn per g diet)
treatment appeared relatively normal, with cell area
increasing with exposure time (Fig. 2a and c). Compared with
Zn**, nZnO (70 pg Zn per g diet) caused nutrient deficiencies
in photoreceptor cells, leading to developmental toxicity,

Environ. Sci.. Nano, 2025, 12, 2253-2270 | 2259
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whereas high concentrations of nZnO released more Zn>* to
satisfy ~ the  developmental requirements.  Notably,
photoreceptor cells treated with Zn** (150 ug Zn per g diet)
showed severe defects, and the cellular arrangement was
distorted on day 14 of exposure (Fig. 2a). Quantitative results
showed a significant reduction in the cellular area during
development (Fig. 2c). Thus, the Zn>" (150 ug Zn per g diet)
provided excessively high levels of Zn, leading to
developmental toxicity in photoreceptor cells, compared to
the controls that maintained normal development.

The inner plexiform layer was one of the important
structures in the retina responsible for transmitting neural
signals, and its development directly affected the function
and performance of the visual system.>® It can also be used
as one indicator to assess the developmental status. Usually,
a normally developed inner plexiform layer exhibits a tightly
organized arrangement and high cell density, which
facilitates the transmission and processing of neural signals,
thus safeguarding the normal operation of visual functions.”
On the contrary, an abnormally developed or disturbed inner
plexiform layer may exhibit features such as irregular
arrangement and sparse cellularity, resulting in abnormal or
blocked neural signaling.>® In this study, for the inner
plexiform layer, imaging showed that the inner plexiform
layer treated with Zn>" (70 pg Zn per g diet) was densely
developed and the group treated with nZnO (70 ug Zn per g
diet) was sparsely porous (Fig. 2b). From the quantitative
results, it can also be seen that with increasing exposure
time, the cell densities of the Zn>" (70 ug Zn per g diet)
treated increased, while the cell densities of the nZnO (70 ng
Zn per g diet) treatment had no significant change (Fig. 2d).
On days 3, 8, and 14, the cell density of inner plexiform layer
cells in the nZnO diets group was significantly lower than
that in the Zn®" diets group, which suggested that nZnO (70
ug Zn per g diet) was toxic to the inner reticular layer cell
development compared to Zn**, resulting in impaired cell
development (Fig. 2d). However, there was no significant
change in cell density in the nZnO (150 pg Zn per g diet)
exposure group relative to the control group (Fig. 2d). This
indicated that compared with Zn®', nZnO (70 ug Zn per g
diet) caused nutrient deficiencies in inner plexiform layer
cells, leading to developmental malformation, whereas high
levels of nZnO can prevent this malformation. In addition,
the cell development of the Zn>" (150 pg Zn per g diet) group
demonstrated cellular thinning, with visible pores (at the
arrows) from day 3 and significantly reduced cellular
confluency, suggesting a toxic effect of Zn>" (150 ug Zn per g
diet) on the development of inner plexiform layer as well.
Overall, compared to the control group, nZnO (70 pg Zn per g
diet) failed to meet the developmental needs of the two
retinal cells and caused developmental damage from Zn
deficiency. nZnO (150 ng Zn per g diet) was not significantly
different from the control and met the early developmental
Zn needs of both cell types, whereas the Zn** (150 ug Zn per
¢ diet) provided excessively high Zn levels and caused toxicity
to retinal cell development. The total Zn content of the ionic
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7Zn and nZnO with the same Zn level was constant, thus the
developmental effects should be due to differences in Zn
form.

Variations in developmental patterns of skeleton muscle
system in fish

In this study, we mainly focused on the skeletal muscle and
spinal cord which were closely linked to skeletal development
and had an important influence on fish survival and
reproductive behavior.>* The skeletal muscle accounts for 40-
60% of the fish's weight and is the largest tissue in the fish
body, which plays a crucial role in the growth of the fish
trunk.”® The basic structure of skeletal muscle is the muscle
fiber, and the formation of skeletal muscle is essentially an
increase in the number of muscle fibers (hyperplasia) and
the volume of muscle fibers (hypertrophy).”® Their main
functions are to generate movement, maintain body posture
and position, maintain body temperature, store nutrients,
and stabilize joints.”” The skeletal muscles attached to the
spine are involved in casual movements and promote
locomotion and posture.”® Therefore, we imaged skeletal
muscle and spinal cord region by the whole-ExM method and
then quantified the area of the skeletal muscle cells and
density of spinal cord cells to investigate the variation in the
effects of nZnO and Zn”" on the skeleton muscle system.

In skeletal muscle, the muscle fibers of medaka exposed
to the Zn>" (70 ug Zn per g diet) were tightly packed, with an
increase in muscle cell area and a decrease in cell gaps with
increasing exposure time (Fig. 3a). In contrast, the muscle
fibers of medaka exposed to the nZnO (70 pg Zn per g diet)
were loosely aligned by the third day, and the gaps between
skeletal muscle cells increased with exposure time (Fig. 3a).
From the cellular quantification results, the Zn** (70 pg Zn
per g diet) resulted in an increasing trend in the skeletal
muscle cell area, indicating that skeletal muscle was able to
develop during exposure. The cell area treated with the nZnO
(70 pg Zn per g diet) was significantly lower than that of the
Zn*" diets exposed cells on both 8 d and 14 d, indicating that
relative to the Zn?*" diets, the nZnO diets inhibited the
development of skeletal muscle cells and caused
developmental damage (Fig. 3c). There was no significant
change in the development of skeletal muscle between the
nZnO (150 pg Zn per g diet) and the control group, indicating
that the nZnO (150 pg Zn per g diet) met the early
development of skeletal muscle cells (Fig. 3a and c). In
contrast, the Zn*' (150 pg Zn per g diet) significantly reduced
the development of skeletal muscle cell area and led to an
increase in intercellular space (Fig. 3a and c).

For the spinal cord, cell density was quantified as the ratio
of cell area to unit spinal cord area (Fig. 3b). Although there
was a trend of increasing spinal cord densities exposed to
both Zn>" (70 pg Zn per g diet) and nZnO (70 pg Zn per g
diet) throughout developmental stages, both nZnO (70 pg Zn
per g diet) were significantly lower than Zn>" (70 ug Zn per g
diet) at the same time point (Fig. 3d). For medaka exposed to

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Variation in expansion microscopy imaging and cellular quantification of medaka skeleton muscle system due to different Zn exposure. (a)
Expansion microscopy imaging of skeleton muscle cells of medaka exposed to nZnO diets and Zn?* diets during 14 d continuous exposure. (b)
Expansion microscopy imaging of the spinal cord of medaka exposed to nZnO diets and Zn?* diets during 14 d continuous exposure. (c)
Quantification of variation in skeleton muscle cell area in medaka exposed to nZnO diets and Zn?* diets. (d) Quantification of variation in cell
confluency of the spinal cord in medaka exposed to nZnO diets and Zn?* diets. Green, Alexa Fluor 488 NHS ester; magenta, ATTO 647 N NHS

ester. Data were expressed as mean + SD (n = 10). *p < 0.05, compared with the control (Zn?*

(70 pg Zn per g diet)). Scale bars: 10 um. All length

scales are presented in pre-expansion dimensions. The numbers 70 and 150 on the graph are the Zn contents in ug g .

nZnO (150 pg Zn per g diet), skeletal muscle cell and spinal
cord development were not significantly different from that
of the controls during 14 d exposure, a trend similar to that
of retinal cell development. nZnO (70 pg Zn per g diet)
caused developmental damage due to the lack of nutrition of
skeletal muscle cells and spinal cord compared with Zn>*
and high concentrations of nZnO could improve this
situation. However, the Zn®>' (150 ug Zn per g diet)
significantly reduced spinal cord density and caused spinal
cord developmental toxicity (Fig. 3b and d).

Variations in developmental patterns of digestive system in
fish

In the digestive system, we focused on the length of intestinal
microvilli. In conventional imaging methods, it is very
challenging to achieve high-resolution imaging of microvilli
due to their fineness and vulnerability to breakage. Whole-
ExM perfectly solves this difficulty and enables the
quantification of microvilli lengths. Intestinal microvilli
increase the inner surface area of the intestine, thereby

This journal is © The Royal Society of Chemistry 2025

enhancing the efficiency of nutrient absorption, such as
glucose and amino acids, which helps maintain energy
balance and nutrient supply in fish.>® In addition, microvilli
can capture and clear microorganisms, toxins, and other
harmful substances in the intestine, serving a defensive
role.®® Generally, longer microvilli are more favorable for
maintaining intestinal stability and health, thus changes in
microvilli length can indicate toxic effects on fish.®’ As
indicated by the arrows in Fig. 4b, we measured the length of
microvilli in the intestines and used the average length of
microvilli in each image as the microvilli length for each
sample. Microvillus length tended to increase in both the

" (70 pg Zn per g diet) and nZnO (70 ug Zn per g diet)
treatments during 14-day exposure, and there was no
significant change in the nZnO diets relative to the ionic Zn
diets at the same developmental stages (Fig. 4a and c). For
intestine development, there may not be a significant
difference in effect between Zn>" diets and nZnO diets.
Notably, compared with the control group, the length of
intestinal microvilli treated with nZnO (150 pg Zn per g diet)
and Zn** (150 ug Zn per g diet) began to decrease

Environ. Sci.: Nano, 2025, 12, 2253-2270 | 2261
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significantly on days 3, 8, and 14, especially on day 14, Zn*"
(150 pg Zn per g diet) had a more obvious effect on the
length of microvilli (Fig. 4a and c).

The results in the digestive system differed from those in
the visual and skeletal muscle systems. When Zn from diets
entered the gut, it bound to mucus in the intestinal
epithelium and was subsequently translocated to epithelial
cells as Zn>* or bound to amino acids.®> nZnO needs to be
solubilized and absorbed in the gastrointestinal tract before
it can enter the circulation to affect the retina and skeletal
muscle, thus nZnO (70 pg Zn per g diet) may not be sufficient
for the eye and skeletal muscle development. For the
digestive system, the direct release of Zn>" from nZnO in the
gut made it very sensitive to elevated Zn levels, thus the nZnO
(70 pg Zn per g diet) would meet the Zn requirements for gut
development, whereas the nZnO (150 ug Zn per g diet) and
Zn”* (150 pg Zn per g diet) would be excessive for the gut and
resulted in toxicity. It has been demonstrated that the
addition of a 60 pg g’ nZnO diet promotes probiotic
colonization of the fish intestine.®” In addition, the 60 ug g™
nZnO diets upregulated genes associated with intestinal
mucus secretion and promote the renewal of thrush cells in
the intestinal villi. These probiotics share biological

2262 | Environ. Sci.: Nano, 2025, 12, 2253-2270

functions that ensure normal digestion, metabolism, nutrient
supply, detoxification, promotion of intestinal motility, and
immune and nutritional support for the gut.*® Conversely,
nZnO (70 pg Zn per g diet) down-regulate occludin and
mucin gene expression in the fish intestine, along with
reduced villus height, villus area, and goblet cell numbers,
leading to impaired digestion, absorption, and immune
functions.®® This may be attributed to multiple factors. The
accumulation of nZnO within cells could induce oxidative
stress, thereby activating a series of cellular signaling
pathways, such as the Nrf2/ARE pathway, which in turn
regulates the expression of antioxidant genes. The activation
of these signaling pathways can influence the physiological
state of cells, subsequently affecting the development of
microvilli.** In addition, nZnO can alter the composition of
the gut microbiota, increasing the abundance of beneficial
bacteria, such as Lactobacillus. These beneficial bacteria can
produce short-chain fatty acids (SCFAs), which activate
cellular signaling pathways via receptors like GPR41 and
GPR43, promoting the proliferation of intestinal epithelial
cells and the development of microvilli.*® Overall, nZnO (70
pug Zn per g diet) promoted the normal development of
intestinal villi and satisfied the intestinal Zn requirements,

This journal is © The Royal Society of Chemistry 2025
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whereas nZnO (150 pg Zn per g diet) was toxic to intestinal
villi development.

We observed that in the visual and skeletal muscle
systems, the low-level nZnO diet and high-level Zn** diet
significantly inhibited cell growth and development, with no
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significant effect of the high-level nZnO diet. However, in the
digestive system, this trend was reversed for nZnO, with a
high-level nZnO diet and a high-level Zn** diet significantly
inhibiting intestinal microvilli development, while low-level
nZnO diet had no significant effect on microvilli
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Fig. 5 RNA-sequencing results after treatment with nZnO diets and Zn?* diets exposure. (a) Venn diagram of gene number in medaka
transcriptome sequencing. (b) Differentially expressed genes analysis of medaka transcriptome results. (c) GO analysis of medaka transcriptome
after nZnO diets and Zn?* diets exposure. (d-f) Expression of differential genes associated with retinal development. (g-i) Expression of differential
genes associated with skeleton muscle system development. The numbers 70 and 150 on the graph are the Zn content in ug g™
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development. To explore this phenomenon, we conducted
in vitro simulated gastrointestinal fluid digestion tests to
verify this phenomenon. Food digestion time in medaka
gastrointestinal tracts ranged from 4-7 h.®® In this test, the
digestion time of diets in the simulated gastrointestinal fluid
was set to 6 h to simulate the dissolution of Zn in the
gastrointestinal tract of medaka.

The in vitro dissolution rate of nZnO diets was
significantly lower than that of Zn>" diets, possibly due to the
tendency of nZnO to form aggregates, reducing Zn>" release.
Specifically, the Zn** (70 pg Zn per g diet) had an in vitro
dissolution rate of 89.3% in simulated gastrointestinal fluid,
producing ~62.5 pg ¢”* Zn>" in the gut. In contrast, nZnO (70
png Zn per g diet) had an in vitro dissolution rate of only
43.0%, producing ~30 ug g~ Zn**, which may be insufficient
for retinal and skeletal muscle development. Conversely,
nZnO (150 pg Zn per g diet) had an in vitro dissolution rate
of 39.2%, releasing ~59 ug g~ Zn>*, which could meet the
Zn requirements for retinal and skeletal muscle development,
while the in vitro dissolution rate of Zn*" (150 pg Zn per g
diet) in simulated gastrointestinal fluid was 88.4%,
producing up to 132.6 ug g™' Zn>*, which was toxic to the
development of retina and skeletal muscle (Fig. 4d). These
results also indirectly implied that the source of toxicity
caused by ZnO in vivo was likely caused by Zn** dissolved in
the body. Optimizing the physical and chemical properties of
nZnO to enhance its dissolution rate in the gastrointestinal
fluid and increase Zn>" release was essential for improving
its bioavailability and meeting the body's needs. Adjustment
of parameters such as surface properties, particle size, and
morphology of nZnO can effectively control its release,
ensuring that sufficient Zn>* is released at the appropriate
time and location to meet the nutrient requirements of
specific tissues such as the retina and skeletal muscle.

Transcriptomics of fish exposed to nZnO diets and Zn>* diets

The above quantitative analysis of the imaging of different
organs visualized the variation between the nZnO diets and
the Zn®" diets on the organ development of medaka. We
confirmed the imaging results and analyzed the reasons by
analyzing differential gene expression. We performed
transcriptomic analysis of medaka exposed to Zn>* (70 pg Zn
per g diet), Zn>" (150 pg Zn per g diet), nZnO (70 pg Zn per g
diet), and nZnO (150 pg Zn per g diet) to illuminate the
causes for the differences in toxicity. Using the reference
genome of medaka, we analyzed transcriptomic data to
investigate the content and expression patterns of genes
associated with the visual system, skeletal muscle system,
and digestive system. After 14 d exposure, compared to the
control group, Venn diagram showed that 297, 553, and 1394
specific unigenes were expressed following exposure to nZnO
(70 pg Zn per g diet), nZnO (150 pg Zn per g diet) and Zn*"
(70 ug Zn per g diet), respectively (Fig. 5a). In terms of
differential gene expression, compared to the Zn>" (70 ug Zn
per g diet), the Zn>" (150 pg Zn per g diet) led to differential
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expression of 3492 genes, with 1768 up-regulated and 1724
down-regulated genes (Fig. 5b). nZnO (70 pg Zn per g diet)
treatment had 2081 differentially expressed genes, of which
994 were up-regulated and 1087 were down-regulated
(Fig. 5b). nZnO (150 pg Zn per g diet) led to differential
expression of 2589 genes, with 1429 up-regulated and 1160
down-regulated genes (Fig. 5b). GO analyses were performed
and showed that for the Zn*" (150 pg Zn per g diet) group,
functions of differential genes were enriched in muscle
contraction, visual perception, muscle system process, and
sarcomere organization (Fig. 5¢). For the nZnO (70 pg Zn per
¢ diet), the differential genes were functionally enriched for
functions related to visual perception, and skeletal growth
(Fig. 5¢). For the nZnO (150 pg Zn per g diet), there was no
differential gene function enrichment in retinal and skeletal
muscle development compared to the control group (Fig. 5c¢).
These results were consistent with the above imaging results.
Compared with the control, nZnO (150 pg Zn per g diet)
exposure did not lead to significant differences in differential
gene enrichment. In the imaging quantification results of the
visual and skeletal muscle system, the nZnO (150 pg Zn per g
diet) group and the Zn>" (70 pg Zn per g diet) group had
normal cell growth and development. nZnO (70 pug Zn per g
diet) and Zn*" (150 ug Zn per g diet) showed significant
differential gene enrichment during the development of the
visual and skeletal muscle systems. Combined with the
imaging results, the nZnO (70 pg Zn per g diet) may not meet
the early developmental needs, resulting in significant
differential enrichment of differential genes related to vision
and skeletal muscle. The Zn>* (150 ug Zn per g diet) provided
excessive Zn levels, resulting in significant differential
enrichment of differential genes related to vision and skeletal
muscle, which in turn caused cell toxicity.

We then selected the genes related to organ development
and compared the gene expression levels between Zn*" (150
pg Zn per g diet), nZnO (70 pg Zn per g diet), nZnO (150 pg
Zn per g diet), and Zn>" (70 ug Zn per g diet) for comparative
analysis by FPKM values. For the retina, we screened two
genes related to retinal development, reep6 and mmp9.
Compared to the Zn>" (70 pg Zn per g diet), down-regulation
and up-regulation of reep6 and mmp9 genes, respectively,
were observed in medaka exposed to Zn>" (150 pg Zn per g
diet) and two nZnO diets (Fig. 5d and e). It was reported that
knockout of reep6 in mice and zebrafish results in retinal cell
death, and reep6 serves as a critical target for NRL in
maintaining the photoreceptor function and homeostasis of
rod cells which mediated black-and-white vision and
peripheral vision.®® Following damage to photoreceptors,
Miiller glial cells and photoreceptor progenitor cells derived
from Miiller glia induced the expression of mmp-9.%” For the
skeletal muscle system, the results showed that the
expression of different genes involved the tcap, mylpfb,
matni, and tnfrsfla genes (Fig. 5f-i). Compared to the
control, medaka exposed to the other three diets showed
downregulation of the ¢cap and mylpfb genes, respectively,
and the matn1 and tnfrsfia genes showed upregulation,

This journal is © The Royal Society of Chemistry 2025
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respectively (Fig. 5f-i). It has been found that a reduction in
tcap lead to a myotonic dystrophy-like phenotype, including
deformation of muscle structure and impaired swimming
ability.®® It was observed that tcap in zebrafish, which may
play a role in stretch sensor signaling, displays a fluctuating
expression pattern throughout somitogenesis. Notably, this
variable expression can be triggered by the application of
stretch force. Furthermore, the expression level of tcap is
under negative regulation by integrin-link kinase (ILK), a key
protein kinase implicated in the stretch sensing signaling
pathway. These findings have led to the proposal of an
intriguing new hypothesis. It posits that the transcription
level of tcap is modulated by stretch force, thereby ensuring
the proper interaction between sarcomeres and the muscle
membrane in striated muscles.®® The gene mylpfb encodes
myosin light chains, which are structural proteins in muscle
that are involved in the movement of muscle fibers during
muscle contraction.®® A study has found that mutations in
the mylpfb can lead to a new type of segmental muscular
dysplasia, manifested as distal joint contracture. The mylpfb
encodes a fast skeletal muscle regulating light chain, and its
mutation in a mouse model results in complete absence of
skeletal muscle at birth and rapid death from respiratory
failure, indicating that this gene plays an important role in
muscle development and contraction.”” The gene matni
encodes a protein in skeletal muscle which played an
important role in the structure and function of skeletal
muscle, and its mutation or aberrant expression may lead to
abnormal development or dysfunction of skeletal muscle.”*
Additionally, the ¢nfrsfla gene is important in the growth and
development of bone marrow stem cells.”” A research has
found that TNF o has different regulatory effects on the
behavior of hematopoietic stem cells (HSCs) and the function
of bone marrow stromal cells through its receptors
TNFRSF1A and TNFRSF1B. The deficiency of TNFRSF1A can
lead to impaired repair of bone marrow stromal cells,
affecting the effectiveness of hematopoietic stem cell
transplantation.”> We hypothesized that cell development
was affected by gene expression at the transcriptional level.”*
The accumulation of nZnO within cells may lead to oxidative
stress, activating the Nrf2/ARE pathway and regulating the
expression of antioxidant genes. Additionally, nZnO may
trigger inflammatory responses, activating inflammatory
signaling pathways such as NF-«B, leading to the release of
cytokines like IL-1B and TNF-o.. Excessive intake of Zn** may
cause cytotoxicity, especially when its concentration exceeds
the cell's tolerance limit. Zn>" can affect cell proliferation
and differentiation, leading to apoptosis, which in turn
impacts the development of organs.”” Therefore, the variation
in effects on medaka organs caused by nZnO diets and Zn>*
diets may be due to the different expressions of several
specific genes.

In the cellular processes-related pathways, genes within
the categories of “focal adhesion” and “regulation of actin
cytoskeleton” were significantly altered in both low nZnO (70
ug Zn per g diet) vs. Zn>" (70 pg Zn per g diet), high nZnO

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 RNA-sequencing results after treatment with nZnO diets and
Zn?* diets exposure. (a) KEGG pathway annotation for nZnO (70 ug Zn
per g diet) vs. Zn?* (70 ug Zn per g diet). (b) KEGG pathway annotation
for nZnO (150 pg Zn per g diet) vs. Zn?* (70 ug Zn per g diet). (c) KEGG
pathway annotation for Zn?* (150 ug Zn per g diet) vs. Zn®* (70 pg Zn
per g diet).
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Fig. 7 RNA-sequencing results after treatment with nZnO diets and Zn?* diets exposure. (a) KEGG pathway enrichment analysis for nZnO (70 ng
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(150 pg Zn per g diet) vs. Zn*" (70 pg Zn per g diet)
treatments and high Zn** (150 pg Zn per g diet) vs. Zn** (70
png Zn per g diet) treatments (Fig. 6a-c). Thus, different
concentrations and forms of Zn may affect the regulation of
cell adhesion and cytoskeleton, which in turn affect cell
migration, morphology, and other functions.”® The genes
related to MAPK signaling pathway, calcium signaling
pathway, apelin signaling pathway, and Wnt signaling
pathway were affected in both treatments. Among them,
calcium signaling pathway plays an important role in the
development of eyes, muscles, and intestines.”” Wnt
signaling pathway regulates cell polarity and cell migration,
which plays an important role in the development of muscles
and intestines.”® The differential expression of genes in these
pathways was more obvious in the high-level nZnO diet than
in the low-level nZnO diet (Fig. 6a and b). This suggested that
the high-level nZnO may cause greater disruption to these
key signaling pathways, resulting in more severe cellular
functional imbalances.”® In the metabolism-related pathways,
genes associated with purine metabolism and retinol
metabolism changed in both treatments. Under high-level
nZnO diet treatment, the differential expression of genes in
these  metabolic  pathways was more  significant
(Fig. 6a and b). This implied that high level nZnO may have a
greater impact on cellular energy metabolism and lipid
metabolism, leading to more serious nutritional imbalance.*
Notably, a high-level Zn*>* diet exhibited higher differential
gene expression in these pathways, likely due to the
dissolution of Zn** in vivo (Fig. 6¢). In addition, we compared
the impacts of the two nZnO treatments and high-level Zn**
diet on medaka by KEGG pathway enrichment analysis of
differentially expressed genes. Both low and high-level nZnO
diets and high-level Zn>" diet significantly affected some key
biological pathways and processes (Fig. 7a-c). Among them,
the pathways of ribosome, oxidative phosphorylation, and
ECM-receptor  interaction were affected at  both
concentrations, suggesting that nZnO may interfere with
protein synthesis, energy metabolism, cell migration, and
tissue localization in medaka (Fig. 7a and b). This suggested
that ZnO nanoparticles may induce toxicity by interfering
with cellular protein synthesis, energy metabolism, and cell
migration and organization.®" It is worth noting that low-
level nZnO were more sensitive to affect nutrient metabolism
and organ function, while high-level nZnO were more likely
to cause imbalance in cell structure and function.

Conclusions

We employed novel expansion microscopy (ExM) to achieve,
for the first time, nanoscale resolution imaging of the toxic
effects of nanomaterials on early organ development in fish,
specifically assessing the toxicity of nZnO. ExM enabled the
direct quantification of toxic effects on cells at different
developmental stages with nanoscale resolution, overcoming
the limitations of traditional tissue section staining methods,
which may introduce artifacts during sample preparation and

This journal is © The Royal Society of Chemistry 2025
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have restricted observation resolution that complicates
accurate detection of nanoscale structural changes. We
conducted a comprehensive evaluation of the toxic effects of
nZnO and Zn*' on the visual, skeletal muscle, and digestive
systems, as well as the sources of nZnO toxicity. Our findings
indicated that nZnO concentrations suitable for the
development of the visual and skeletal muscle systems may
lead to potential excessive toxicity in the digestive system.
Conversely, concentrations appropriate for digestive system
development may be insufficient for the needs of the visual
and skeletal muscle systems. This difference in toxicity
probably resulted from the different solubility and
bioavailability of nZnO in gastrointestinal fluids. Further
RNA sequencing results revealed differential sensitivity of
various organs to nanomaterial exposure, underscoring the
necessity for comprehensive risk assessment strategies in
toxicology. This study provided theoretical support for the
safe application of nanomaterials in the biomedical field
through the evaluation of their toxic effects via ExM.
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