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Influences of lead-based perovskite k-4
nanoparticles exposure on early development
of human retina
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Abstract

Background Lead-based perovskite nanoparticles (Pb-PNPs) are widely utilized in the photovoltaic industry.
However, due to their poor stability and high water solubility, lead often gets released into the environment, which
can negatively impact the development of the central nervous system (CNS). As an extension of the CNS, the effects
and mechanisms of Pb-PNPs on human retinal development have remained elusive.

Objectives We aimed to investigate the effects of Pb-PNPs on human retinal development.

Methods Human embryonic stem cell-derived three-dimensional floating retinal organoids (hEROs) were
established to simulate early retinal development. Using immunofluorescence staining, biological-transmission
electron microscopy analysis, inductively coupled plasma-mass spectrometry, two-dimensional element distribution
detection, and RNA sequencing, we evaluated and compared the toxicity of CsPbBr; nanoparticles (a representative
substance of Pb-PNPs) and Pb(AC), and investigated the toxicity-reducing effects of SiO, encapsulation.

Results Our findings revealed that CsPbBr; nanoparticles exposure resulted in a concentration-dependent decrease
in the area and thickness of the neural retina in hEROs. Additionally, CsPbBr; nanoparticles exposure hindered cell
proliferation and promoted cell apoptosis while suppressing the retinal ganglion cell differentiation, an alteration that
further led to the disruption of retinal structure. By contrast, CsPbBr; nanoparticles exposure to hEROs was slightly less
toxic than Pb(AC),. Mechanistically, CsPbBr; nanoparticles exposure activated endoplasmic reticulum stress, which
promoted apoptosis by up-regulating Caspase-3 and inhibited retinal ganglion cell development by down-regulating
Pax6. Interestingly, after coating CsPbBr; nanoparticles with silica, it exhibited lower toxicities to hEROs by alleviating
endoplasmic reticulum stress.
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to reduce toxicity.
Graphical abstract

Conclusion Overall, our study provides evidence of Pb-PNPs-induced developmental toxicity in the human retina,
explores the potential mechanisms of CsPbBr; nanoparticles’ developmental toxicity, and suggests a feasible strategy
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Background

Halide perovskite nanoparticles (PNPs) have shown
great potential as photovoltaic materials.[1, 2] Of all the
PNPs, lead-based perovskite nanoparticles (Pb-PNPs) are
especially promising due to their high photovoltaic con-
version efficiency [3]. Pb-PNPs have been extensively uti-
lized in different applications, including perovskite solar
cells [4], light-emitting diodes [5], photoelectric detector
[6], X-ray microscopic imaging [7], and more.[8, 9] It is
clear that Pb-PNPs will continue to be produced and uti-
lized on a large scale.

Due to its poor stability and high water solubility, this
material can release significant amounts of lead during
its manufacturing, working, and recycling processes [3,
10, 11]. As lead is released into water and soil, it threat-
ens the environment and human health [12-14]. It has
shown that the toxicity of Pb-PNPs is primarily caused by
lead ions (Pb?*) [15, 16], a pervasive environmental toxi-
cant known to interfere with the development of the CNS
[17]. Meanwhile, previous research has demonstrated
that Pb can cross the placental barrier and impact fetal
brain development [18], resulting in long-lasting effects
on retinal photoreceptors in children [19]. The retina, an
extension of the CNS, is particularly vulnerable to toxic
damage during its developmental process [19-22]. While
the nanoscale size of Pb-PNPs may cause inconsistent
biological effects compared to conventional Pb ions, the
impact of Pb-PNPs exposure on early retinal develop-
ment remains unclear. Most studies on Pb exposure have

been conducted using zebrafish [16], rat [23], mouse
[24], and cellular [24] models. Therefore, there is also an
urgent need for an appropriate model to simulate early
human embryonic retinal development.

Encouragingly, three-dimensional floating human reti-
nal organoids can simulate early retinal development in
vitro [25]. Organoids have similar efficacy as in vivo mod-
els for toxicity assessment [26]. A previous study evalu-
ated the effect of environmental stimuli on early retinal
development by applying hEROs [21]. Three-dimensional
floating organoid models also show significant advan-
tages in nanoparticle safety assessment [27]. Therefore,
this model holds great promise in evaluating the effect of
Pb-PNPs on early retinal development.

This study assessed the potential adverse effects of early
exposure to CsPbBr; nanoparticles, a substance common
to Pb-PNPs. To conduct this research, we used advanced
techniques such as laser ablation-inductively coupled
plasma-time-of-flight mass spectrometry (LA-ICP-
TOEMS), inductively coupled plasma mass spectrometry
(ICP-MS), RNA sequence, and biological analysis.

Materials and methods

Preparation and characterization analysis

Chemicals. Cesium bromide (CsBr, 99.999%), lead bro-
mide (PbBr,, 99.999%), tetraethoxysilane (TEOS, 98%),
and N, N-dimethylformamide (DMF, 99.9%) were pro-
vided by Alfa Aesar. Oleic acid (OA, 90% tech), oley-
lamine (OAm), and toluene (99.95%) were obtained
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from Sigma-Aldrich. A 4% paraformaldehyde solution
was provided by Boster Biological Technology Co., Ltd.
BV-III grade Nitric acid (HNOg, 70%), and ethanol were
obtained from Beijing Chemical Corporation. All chemi-
cals were used directly.

Preparation of CsPbBrsand CsPbBr-SiO,nanoparticles.
The 734 mg of PbBr,, 425 mg of CsBr, 3 mL of OAm,
and 9 mL of OA were added into 50 mL of DMF, stir-
ring at 1200 rpm and heating at 110 °C. After 3 h, 1 mL
ammonia solution (2.8%) was dropwise added to obtain
a clear precursor solution. Moreover, 20 mL of the above
solution was quickly added into toluene. And the solu-
tion turned green, indicating the formation of CsPbBr,
nanoparticles. Additionally, 20 mL of the precursor solu-
tion was quickly added into toluene containing 200 pL
of TEOS. CsPbBr;-SiO, nanoparticles were obtained by
stirring vigorously for 10 s and stirring at 150 rpm for 2 h.
The CsPbBr; nanoparticles or CsPbBr;-SiO, nanoparti-
cles were washed three times with toluene, centrifugated
at 12,000 rpm, and stored in a vacuum box for further
experimentation.

Characterizations. Transmission electron microscope
(TEM) images were obtained by a JEM-2100plus TEM.
Powder X-ray diffraction (XRD) analysis was carried out
by a Bruker D8 advance diffractometer with Cu Ka radia-
tion (\=1.5418 A). Energy-dispersive X-ray spectros-
copy (EDS, Horiba 7593-H model) in conjunction with
a field-emission scanning electron microscope (FE-SEM,
S$-4800, Hitachi High Technologies, Japan) was used to
determine the composition and morphology of the sam-
ples. X-ray photoelectron spectroscopy (XPS) analysis
was collected on an ESCALab220i-XL. Fourier transform
infrared (FTIR) spectra were recorded with a Bruker Ver-
tex 70 spectrometer.

hESCs culturing and generation of hEROs

The human embryonic stem cell (hESC) line (H9) used
was kindly provided by the Stem Cell Bank, Chinese
Academy of Sciences (CAS). hESCs were cultured in
feeder-free Essential 8™ Culture Medium (A1517001,
Gibco). The generation of the retina organoid followed
Kuwahara’s protocol [28] with slight modifications
as described in our earlier study [29]. Briefly, conflu-
ent hESCs were dissociated into a single-cell suspen-
sion using TrypLE™ Express (12605028, Gibco). hESCs
(1.2x 10% 100uL) were forced to aggregate into embry-
oid body (EB) formation in low-adhesion V-shaped bot-
tom 96-well plates (MS-9096VZ, Sumitomo Bakelite) in
growth factor-free chemically defined medium (gfCDM)
supplemented with 10% KnockOut™ Serum Replacement
(KSR) (A3181502, Gibco), 20uM Y-27632 (the ROCK
inhibitor) (Sigma), and 1% penicillin-streptomycin
(SV30010, Hyclone). gfCDM contains 45% Iscove’s modi-
fied Dulbecco’s medium (IMDM) (12440053, Gibco), 45%
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Ham’s F12-Glutamax (31765035, Gibco), 1% Chemically
Defined Lipid Concentrate (Gibco), and monothioglyc-
erol (450 uM) (Sigma). After five-day induction, the cul-
ture medium was exchanged for fresh gfCDM (without
Y-27632) supplemented with 1.5 nM bone morphoge-
netic protein 4 (BMP4) (Peprotech, United States). After
this, half of the gfCDM was changed every three days. On
day 18, hEROs were transferred to an ultra-low attach-
ment dish (752001, NEST) for further culture with long-
term culture medium containing Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (10565018, Gibco), 1% N2
supplement (A1370701, Gibco), 10% fetal bovine serum
(FBS), (35-081, Corning), 0.5 puM retinoic acid (RA)
(R2625, Sigma), 0.1 mM taurine (T8691, Sigma), and 1%
penicillin-streptomycin (§V30010, Hyclone).

Preparation of exposed solution and determination of
actual concentration

Recent studies have shown that the blood lead lev-
els of pregnant women range from 0.023 to 0.348 pg/
ml, and umbilical cord blood levels range from 0.021 to
0.45 ug/ml [30]. Furthermore, stored lead in the mother’s
body during pregnancy can be released into the blood-
stream and passed on to the fetus [31]. Given this, we
have prepared the following solution. Pb(AC), (CAS:
6080-56-4, L812500, MACKLIN, China), CsPbBrs,
and CsPbBr;-SiO, nanoparticles were prepared at a
stock concentration of 100 mg/ml in dimethyl sulfoxide
(DMSO, D8371, Solarbio, China). A diluted concentra-
tion of 25 pg/ml, 50 pg/ml and 100 pg/ml was added to
the medium. Then, we detected the working concentra-
tion of Pb2" in the culture medium using ICP-MS, and
the specific data can be found in Supplementary Fig. 2.
The ICP-MS data showed that the actual Pb?* concentra-
tion of the preset low-concentration CsPbBr; nanopar-
ticles group is approximately 0.12 pg/ml, which is at the
physiological high value of maternal blood lead levels.

Materials exposure experiments

Following the hEROs were cultured in long-term cul-
ture medium (D18), they were assigned to four groups:
(i) the control group, (ii) the low-concentration CsPbBr,
nanoparticle group (actual lead content about 0.12 pg/
ml) (CPBL), (iii) the middle-concentration CsPbBr,
nanoparticle group (actual lead content about 0.30 pg/
ml) (CPBM), (iv) the high- concentration CsPbBr,
nanoparticle group (actual lead content about 0.57 pg/ml)
(CPBH) for toxicity assays. In this study, hEROs were also
exposed to different chemicals with the same low preset
concentration, including CsPbBr;-SiO, (actual lead con-
tent about 0.06 pg/ml), and Pb(AC), (actual lead content
about 0.23 pg/ml), respectively. Detailed measurement
data can be found in the supplementary materials (Fig.
S2). To ensure the accuracy of the concentrations used,
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medium and corresponding concentration nanoparticles
and chemicals were refreshed every three days.

hEROs morphological observations and analysis

The morphology and growth of the hEROs were observed
and photographed weekly by a Leica DMI3000 B inverted
microscope (Leica, Germany). Following the nanoparticle
exposure periods, the morphological changes in the neural
retina (NR) of hEROs were identified and quantified. We
have referenced previously published articles for measur-
ing the area and thickness of the NR [26, 32]. The specific
method for measuring the area and thickness of the NR is
as follows: in the hERO images obtained with the micro-
scope, the area of the NR for each hERO was measured
by using Image](64-bit) software (NIH, Bethesda, MD,
United States). Moreover, we measured the thickness of
the NR at ten points (distributed as evenly as possible) in
the hEROs of the control and experimental groups, ensur-
ing that measurements were not taken at the ciliary edge
of the NR. Then, the average of these ten measurements
was calculated to obtain the thickness of the NR.

Immunofluorescence staining

Immunostaining of hEROs was consistent with the
description in our previous study [32]. hEROs were col-
lected and fixed with 4% paraformaldehyde (P0099, Bey-
otime) at 4 °C for 20 min, followed by dehydration in 30%
sucrose (1245GR500, Biofroxx) at 4 °C. hEROs were then
embedded in optimal cutting temperature (OCT) com-
pound (Sakura FineTek, Torrance, CA, United States)
and transferred into —80 °C refrigerator. hREROs were
cut on a freezing microtome (Leica CM1900UV, Ger-
many) into 12 pm thick sections and mounted onto glass
slides. Frozen sections were then stored at -20 °C in a
refrigerator until immunostaining. Slides were incubated
in PBS at 37 °C for 20 min to remove OCT. Slides were
then permeabilized in 0.5% Triton X-100 for 15 min at
room temperature. Nonspecific sites were blocked with
3% bovine serum albumin (BSA) in a moist chamber at
37 °C for 30 min. Slides were then sequentially incubated
with primary antibodies (see Table S1) at 4 °C overnight.
The following day, sections were incubated for 60 min at
37 °C with the appropriate Alexa Fluor dye-conjugated
secondary antibodies, including Goat anti-mouse IgG
Alexa-Fluor-488 (A11001, Life technologies, 1:400), Goat
anti-mouse IgG Alexa-Fluor-568 (A11031, Life tech-
nologies, 1:500), Goat anti-rabbit IgG Alexa-Fluor-488
(A11008, Life technologies, 1:400), or Goat anti-rabbit
IgG Alexa-Fluor-568 (A11011, Life technologies, 1:500),
following washing the sections with 1 x PBS three times
every 10 min. Finally, DAPI (C1006, Beyotime) dye was
applied for nuclear counterstaining for 10 min at room
temperature and coverslips were mounted with anti-
fluorescence quenching sealer (P0126, Beyotime). Zeiss
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inspected and photographed the slides using an LSM880/
LSM780 confocal microscope, and the images were ana-
lyzed using the Zen 2012 software version.

TUNEL assays

After three weeks of exposure to nanoparticles, samples
from both the control and exposure groups were collected
and prepared for frozen sections. Apoptosis of neural layer
cells was assessed using a TUNEL kit (Roche, Switzerland).
The end-labeling enzyme and labeling liquid were mixed
at a ratio of 1:9 according to the instructions, after which
the sections were incubated with the sections at 37 °C pro-
tected from light for one hour, followed by incubation with
DAPI for 10 min. Photographs were taken using a laser
confocal microscope (Zeiss, LSM880 and LSM780). The
images were then analyzed using Zen 2012.

Biological-transmission electron microscopy (Bio-TEM)
analysis

hEROs were exposed to Pb(AC),, CsPbBrs;, and CsPbBr;-
SiO, nanoparticles for three weeks. Meanwhile, the nor-
mal cultured hEROs served as the control group. On Day
39, the samples from each group were collected. Subse-
quently, they were washed three times with PBS and then
fixed with 2.5% glutaraldehyde. They were further fixed
using osmium acid, dehydrated, embedded, sectioned,
and stained. The prepared samples were then exam-
ined using an electron microscope (Hitachi HT7800)
to observe the biodistribution of nanomaterials and the
intracellular structure of each group of cells.

Two-dimensional element distribution detection of
organoids slices

The LA-ICP-TOFMS technique analyzed the two-dimen-
sional elemental distribution in hERO slices. Following
various treatments, the hEROs were embedded in the
OCT on a freezing stage, and frozen sections (12 pm)
were obtained using a freezing microtome. Next, frozen
sections of the hEROs were used for LA-ICP-TOFMS
detection. The LA-ICP-TOFMS system consists of a Laser
Ablation System (Iridia Bio, Teledyne Photon Machines)
and an Inductively Coupled Plasma Time-of-Flight Mass
Spectrometry system (icpTOF2R, TOFWERK).

Inductively coupled plasma-mass spectrometry (ICP-MS)
Pb, Br, and Cs concentrations of the day 39 hEROs were
determined by ICP-MS. Briefly, the samples were col-
lected and subjected to microwave digestion (Touchwin
2.0) using pure nitric acid, followed by heating at 180 °C
for 30 min to drive off the acid. The concentration of
the relevant elements was measured on the inductively
coupled plasma mass spectrometer (NexION300D, PE,
U.S.) after filtering the impurities using a 0.22 um filter
membrane.
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RNA sequencing

To comprehensively evaluate the toxic effects of CsPbBr;
on retinal development, we conducted RNA sequenc-
ing (RNA-seq) to identify gene profile changes in hEROs
after three weeks of CsPbBr; and Pb(AC), treatment.
RNA was extracted from hEROs with TRIzol reagent
(Invitrogen, CA, United States) and then was quantified
using a NanoDrop (DE, United States) and was qualified
using Agilent 2100 bioanalyzer (CA, United States). The
PrimeScript RT Reagent Kit (Takara, Japan) was used
to perform reverse transcription following the manu-
facturer’s instructions and isolated using Oligo (dT)-
attached magnetic beads. After reverse transcription,
cDNA fragments were amplified by PCR. The expression
of each gene was measured by Fragments Per Kilobase
of exon per Million fragments mapped (FPKM). Genes
with P-value<0.05 and fold change>1.2 or <0.67 were
defined as differentially expressed genes (DEGs). Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) enrichment analyses were carried out to
annotate the unique biological significance and impor-
tant pathways of DEGs on the Majorbio platform (https
://cloud.majorbio.com). Gene Set Enrichment Analysis
(GSEA) pathway analysis after CsPbBr; nanoparticles
exposure was also performed using the Majorbio plat-
form (https://cloud.majorbio.com).

Quantitative real-time PCR

To analyze the mRNA levels of the involved genes, total
RNA was extracted from ten hEROs of the various
groups as per the instructions of the manufacturer uti-
lizing TRIzol reagent (15596026, Invitrogen). The total
RNA of hEROs was extracted as described above and
then reverse-transcribed into cDNA using the Prime-
Script RT Reagent Kit (RR037A, Takara, Japan) follow-
ing the manufacturer’s protocol. These cDNAs were then
amplified with specific gene primers (see Table S2), and
quantitative real-time PCR (qRT-PCR) reactions were
executed using SYBR® Premix Ex Taq™ II (Takara, Japan)
with a CFX96 Real-Time PCR System (Bio-Rad, United
States). The GAPDH gene was used to normalize the
expression of various genes.

Statistical analysis

All results were obtained from at least three indepen-
dent experiments in this study. We conducted all statis-
tical analyses using GraphPad 8.0.432 (San Diego, CA).
A One-way analysis of variance (ANOVA) followed
by multiple Tukey comparisons, was used to evaluate
the differences. Measurement data are presented as the
mean+SEM. Group differences between groups were
considered statistically significant at: * P<0.05, ** P<0.01,
** P<0.001, and **** P<0.0001.
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Results

Synthesis and characterization of CsPbBr; and CsPbBr;-
SiO, nanoparticles

The CsPbBr; nanoparticles were synthesized using a modi-
fied supersaturated recrystallization method. A SiO, shell
was coated on the CsPbBr; nanoparticles’ surface to increase
its stability and form CsPbBr;-SiO, nanoparticles. The
transmission electron microscope (TEM) images showed
an average size of 30 nm for the CsPbBr; nanoparticles (Fig.
S1A), with a SiO, thickness shell of approximately 15 nm
(Fig. S1B). X-ray diffraction (XRD) patterns (Fig. S1C) con-
firmed that both CsPbBr; nanoparticles and CsPbBr;-SiO,
nanoparticles possessed a cubic-phased structure (PDF
#18-0364), indicating that the SiO, shell does not alter the
crystalline structure of CsPbBr; nanoparticles. Addition-
ally, energy-dispersive X-ray spectrometry (EDS) (Fig. S1D)
showed that CsPbBr;-SiO, nanoparticles contains Cs, Pb,
Br, O, and Si elements, with the fourier transform infrared
(FTIR) spectra (Fig. S1E). Furthermore, X-ray photoelectron
spectroscopy (XPS) detected peaks for Cs 3d, O 1s, C 1s, Pb
4f, Si 2p, and Br 3d in the CsPbBr,;-SiO, nanoparticles (Fig.
S1F). The above results demonstrated the successful synthe-
sis of CsPbBr;-SiO, nanoparticles.

Generation and identification of hESC-derived retinal
organoids

We utilized a previously published protocol from our labo-
ratory [21, 29, 33] to culture human retina organoids. Mor-
phological changes were captured at different time points
(Days 0, 6, 18, 25, 32, and 39) (Fig. 1A). Neural retina (NR)
structures in hEROs appeared around day 18 and gradually
formed a lamellar structure. To evaluate the feasibility of
the protocol, we stained retinal markers for day 39 hEROs.
The retinal progenitor cell markers CHX10 and PAXS6,
retinal ganglion cell marker BRN3A, retinal anaplastic/
ganglion cell marker HUC/D, and photoreceptor progeni-
tor/precursor cell marker CRX were successfully detected
in hEROs (Fig. 1B and C). CHX10-positive cells were pre-
dominantly located in the apical part of the NR, while
BRN3A, PAX6, and HUC/D-positive cells were mainly dis-
tributed in the basal part of the NR (Fig. 1B and C). CRX
positive cells mainly distributed in the apical-most and
intermediate-deep zones of the NR (Fig. 1C). These results
signify the successful establishment of our hRERO model.

Influences of lead-based perovskite nanoparticles
exposure on the morphogenesis of hESC-derived retinal
organoids

At 18 days, the neural retina starting being formed, we
initiated the CsPbBr; nanoparticles exposure while the
hEROs were being cultured long-term. This exposure
continued for three weeks from D18 to D39 (Fig. 1A).
From days 25 to 39, we analyzed the NR structures
(Fig. 2A). During the first week (Day 25), we observed
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Fig. 1 Generation and identification of hESC-derived retinal organoids. (A) Schematic of induction and nanoparticles exposure protocols of hEROs
and phase-contrast images of human retinal organoids at various differentiation days (DO, D6, D18, D25, D32, and D39). Scale bars: DO=100 pum, Dé6-

D39=200 um. (B) Immunostaining of hEROs at D39 for CHX10 and BRN3A, magnification of the white rectangle shown in b2 and b3. (C) c1-c3 Immunos-
taining of hEROs at D39 for CRX, PAX6, and HUC/D. Scale bars:100 um(b1); 20 pm(b2-c3)
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Fig. 2 Effects of CsPbBr; exposure on morphogenesis in hESC-derived retinal organoids. (A) Representative bright field images of hEROs at 25, 32, and
39 days after CsPbBr; exposure. Scale bars, 200 pum. (B-C) The area and thickness of the NRs after different concentrations of CsPbBr; exposure were calcu-
lated and statistically analyzed at 25, 32, and 39 days. Data are mean = SEM. n: Control =39, low-concentration CsPbBr; (CPBL) =31, middle-concentration
CsPbBr, (CPBM) =22, high-concentration CsPbBr; (CPBH) =38. (D) Representative immunohistochemical images of Ki67* and TUNEL* cells in NRs after 3w
exposure to CPBL and CPBH. Scale bars, 20 um. (E-F) Quantitative analysis of the proportion of Ki67* and TUNEL* cells in NRs after 3w exposure to CsPbBrs.

Data are mean+SEM. n=6. *p<0.05, **p<0.01, ** p<0.001, *** p < 0.0001

significant differences in the area the NRs between the
middle and high-concentration CsPbBr; nanoparticles
groups (CPBM and CPBH) and the control group, but
no significant difference in the thickness of the NRs
(Fig. 2B and C). However, after two weeks of CsPbBr;
nanoparticles exposure (Day 32), we noticed a signifi-
cant reduction in the area and thickness of the NRs in the
low-concentration CsPbBr; nanoparticles group (CPBL)
compared to the control group. Additionally, after three
weeks of CsPbBr; nanoparticles exposure, we observed a
more pronounced reduction in the area and thickness of
NRs in the CPBM and CPBH groups (Fig. 2B and C). Our
results indicate a concentration-dependent reduction in
the thickness and area of the NRs.

We conducted a detailed analysis of cell proliferation
(Ki67) and apoptosis (TUNEL) at the hEROs level, using
low and high-concentration CsPbBr; nanoparticles in
present experiments. It showed a significant reduction in
the proportion of Ki67-positive cells in the NRs of CPBL
and CPBH when compared to the control group (Fig. 2D
and E). Conversely, the proportion of TUNEL-positive
cells increased significantly after three weeks of CsPbBr;
nanoparticles exposure (Fig. 2D and F), with a clear con-
centration-dependent pattern. These findings suggest
that CsPbBr; nanoparticles hinder NR cell proliferation
and triggers apoptosis.

Effect of lead-based perovskite nanoparticles exposure on
the retinal ganglion cell development

The first type of neuron to form in the retina during
development is the retinal ganglion cells (RGCs), which
are influenced by established differentiation transcription
factors [34]. These cells originate from Atoh7-expressing
transition-state progenitors and are regulated by two
downstream transcription factors, Is/I and Brn3, guiding
their maturation into their final phenotype. [35, 36] After
exposure to CsPbBr; nanoparticles, the RGCs layers pos-
itive for ATOH?7, ISL1, and BRN3A were found to be sig-
nificantly thinner on day 39 (Fig. 3A), and the proportion
of positive cells was correspondingly lower compared to
the control group (Fig. 3B and D).

In our previous study, HUC/D, a marker for retinal
anaplastic and ganglion cells, is mainly expressed within
ganglion cells in retinal organoids at this stage [32]. The
control group exhibited an abundant HUC/D-positive
cells, while CsPbBr; nanoparticles exposure significantly
reduced the proportion of HUC/D-positive cells (Fig. 3E

and F). HUC/D-positive cells in the NRs of hEROs were
mainly located on the basal part of the NR (Fig. 1C).
Remarkably, the CsPbBr; nanoparticles exposure group
had a significantly higher ratio of ectopic RGCs (RGCs
that are not located in the basal part) compared to the
control group (Fig. 3G). It has been previously observed
that RBPMS is expressed in RGCs during the late dif-
ferentiation stage [37], and our study demonstrated a
significant decrease in the ratio of RBPMS-positive cells
following CsPbBr; nanoparticles exposure (Fig. S3A and
3B).

Comparison of the toxic effects of CsPbBr; and Pb(AC), and
the protective effects of silica encapsulation
Previous research has found that the toxicity of CsPbBr;
is predominantly caused by the production of lead ions
(Pb**) during its dissolution [15, 16]. As a result, we
selected lead acetate (Pb(AC),) as our positive control.
Additionally, previous studies have shown that encap-
sulating CsPbBry in silica can improve its stability in
water [38] and potentially reduce the release of Pb*'.
To assess their toxicity, we exposed hEROs to three dif-
ferent materials at the same low preset concentrations
for three weeks and recorded organoid morphology on
days 25, 32, and 39 (Fig. 4A). Our findings indicate a
significant decrease in area of the NRs of hEROs follow-
ing one week of exposure to Pb(AC),, but not in expo-
sure to CsPbBr; nanoparticles (Fig. 4B and C). Moreover,
the area was significantly greater in the CsPbBr;-SiO,
nanoparticles group compared to the CsPbBr; nanoparti-
cles group (Fig. 4B and C). We utilized Bio-TEM to inves-
tigate the effects of material exposure on cells (Fig. 4D).
We observed intact cellular structures in the control
group, including the cell membrane, nucleus, endoplas-
mic reticulum, mitochondria, and lysosomes (Fig. 4D).
In contrast, after exposure to CsPbBr; nanoparticles,
endoplasmic reticulum was swollen (Fig. 4D). Mean-
while, the nanoparticles were found in the cytoplasm
and lysosomes, indicating cellular uptake of the CsPbBr,
nanoparticles (Fig. 4D). Similarly, Pb(AC), caused endo-
plasmic reticulum swelling but to a greater extent than
that of the CsPbBr; nanoparticles group. Notably, the
CsPbBr;-SiO, nanoparticles group showed less damage
compared to the CsPbBr; nanoparticles group.

Next, we obtained the dynamic distribution of the dif-
ferent materials in the hEROs using two-dimensional
ICP-MS mapping (Fig. 5A). The results show that the
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Fig. 5 The material distribution, accumulation, and development effects of CsPbBr;, Pb(AC),, and CsPbBr;-SiO, exposure. (A) Distribution detection of
Pb, Cs, and Br in hEROs (The NR layer: white annule region). (B-D) Quantitative analysis of Pb, Cs, and Br enrichment in hEROs by ICP-MS, n>5. Data are
mean + SEM. (E and H) Representative images of Ki67, Caspase-3, HUC/D, and BRN3A positive cells in the NRs. Scale bars, 20 um. (F-G and I-J) Quantita-
tion analysis for the ratio of Ki67, Caspase-3, HUC/D, and BRN3A positive cells in the NRs. Data are mean+SEM. n=5. *p<0.05, ** p<0.01, *** p<0.001,

P <0.0001

NR layers of the CsPbBr; nanoparticles group tend to
have uniformly distributed Pb, Br, and Cs elements. Simi-
larly, the distribution of elements in the Pb(AC), and
CsPbBr;-SiO, groups was also uniform (Fig. 5A). To fur-
ther investigate the amount of material accumulated in
the organoids, we employed ICP-MS to analyze the Pb,
Cs, and Br content in the hEROs. Our findings revealed
that the Pb(AC), group contained a higher lead content
than the CsPbBr; nanoparticle group. Both groups fea-
ture significantly higher lead content when compared to
the control group (Fig. 5B). Interestingly, we observed
a significant decrease in both Pb and Cs content in the
CsPbBr;-SiO, nanoparticles group when compared to the
CsPbBr; group (Fig. 5B and C). However, no significant
difference in Br content was observed among the groups
(Fig. 5D). We suspect that lead uptake by the hEROs is
the primary reason for the observed morphological
differences.

We proceeded to assess the cell proliferation and apop-
tosis of the NRs (Fig. 5E). Our findings indicate that the
proportion of proliferating cells in NRs was significantly
lower in the CsPbBr; nanoparticles and Pb(AC), groups
compared to the control group (Fig. 5F). A noteworthy
observation was that the ratio of Ki67-positive cells in the
CsPbBr;-SiO, nanoparticles group was higher than that
in the CsPbBr; nanoparticles group (Fig. 5F). Conversely,
the ratio of Caspase-3-positive cells in the CsPbBr;-SiO,
nanoparticles group was lower than that in the CsPbBr,
nanoparticles group (Fig. 5G). We also evaluated the
development of RGCs using representative markers of
HUC/D and BRN3A for immunohistochemical stain-
ing (Fig. 5H). Our results indicate a significant reduction
in the ratio of RGCs in the CsPbBr; nanoparticles and
Pb(AC), groups compared to the control (Fig. 5I and J).
On the other hand, the ratio of RGCs in the CsPbBr;-
SiO, nanoparticles group showed no significant differ-
ence compared to the control group, while was increased
when compared to the CsPbBr; nanoparticles group
(Fig. 51 and J). We also found a tendency of the percent-
age of RGCs in the Pb(AC), group than in the CsPbBr,
nanoparticles group, although the difference was insig-
nificant (Fig. 5I and J). Our observations led us to believe
that the same mass concentration of Pb(AC), has a more
substantial impact on the early development of retinal
progenitor cells than that of CsPbBr; due to the hEROs
taking in a higher lead concentration in the Pb(AC),
group compared to the CsPbBr; nanoparticles group.
Notably, silica coating of CsPbBr; nanoparticles reduced

the retinal early developmental toxicity of CsPbBry
nanoparticles to some extent.

Exploration of the molecular mechanisms underlying

the effects of CsPbBr; exposure on hESC-derived retinal
organoids

We utilized transcriptome sequencing to uncover the
molecular mechanisms underlying the effects of expo-
sure to CsPbBr; nanoparticles on early retinal develop-
ment. The gene expression profiles of the CsPbBr; and
Pb(AC), groups, at low concentration, were compared
to the control group using cluster analysis and plotted on
a heat map (Fig. S4A-S4B). Our study revealed 2780 dif-
ferentially expressed genes (DEGs) in the CsPbBr, group,
with 1626 up-regulated and 1154 down-regulated genes
(Fig. 6A). A Venn diagram indicated that 1455 DEGs
were common to both the CsPbBr; and Pb(AC), groups
(Fig. 6B). KEGG enrichment analysis of the DEGs in the
CsPbBr; group identified significant enrichment in sig-
naling pathways regulating pluripotency of stem cells
and calcium signaling pathways (Fig. 6C). Similar enrich-
ment pathways were observed in the Pb(AC), group (Fig.
S4C). GSEA analysis also revealed significant enrichment
of the calcium signaling pathway in the CsPbBr; group
(Fig. 6D). We performed a clustered heat map analysis of
differential genes corresponding to the calcium signal-
ing pathway. We observed differential upregulation of the
RYR2 and ITPR1 pathways and differential downregula-
tion of ATP2A3 and HRC on the endoplasmic reticulum
(Fig. 6E).

The endoplasmic reticulum (ER) is vital in maintaining
intracellular calcium homeostasis [39] through a variety
of calcium channels, including RYR2 and ITPR1, which
release calcium [40], and the Ca?* ATPase pump (SERC)
encoded by the ATP2A1-3 gene, responsible for trans-
porting calcium ions from the cytoplasm into the ER [41].
Additionally, HRC buffers calcium in the ER [42]. How-
ever, when these channels become dysregulated, with
RYR2 and ITPR1 being up regulated while ATP2A3 and
HRC being down-regulated, excessive calcium is released,
disrupting the balance and causing calcium depletion.
Previous studies have linked endoplasmic reticulum cal-
cium depletion to ER stress, triggering the unfolded pro-
tein response [43, 44], ultimately leading to apoptosis
[45-47]. RT-PCR was performed to detect the expression
levels of calcium channel-related genes, including ITPR1,
RYR2, ATP2A3, and HRC mRNA (Fig. 7A-D). The results
showed that endoplasmic reticulum calcium release
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Fig. 6 Transcriptomic analysis of 39 days hEROs after 3 weeks of CsPbBr; exposure. (A) Volcano plots of DEGs in the CsPbBr; nanoparticles (CPB) group vs.
control group. (B) Venn plots of DEGs in the CsPbBr; nanoparticles (CPB) and Pb(AC), groups (Pb) compared to the control group. (C) CsPbBr; nanopar-
ticles group differential gene KEGG-enriched TOP20 pathway. (D) GSEA analysis of the enriched calcium signaling pathway graph. (E) Heatmap of differ-
ential expression of selected genes in the calcium signaling pathway enriched with KEEG. (F) Bubble plots of cellular components in the GO enrichment
analysis of differentially expressed genes specific to the CsPbBr; nanoparticles (CPB) group

channel-related genes ITPR1 and RYR2 were significantly
up-regulated, while calcium stabilizing protein-related
genes and calcium influx channel-related genes HRC and
ATP2A3 were significantly down-regulated, indicating
the occurrence of endoplasmic reticulum stress. To better
understand the unique mechanisms involved in exposure
to CsPbBr; nanoparticles, we conducted a GO enrich-
ment analysis of the 1325 differential genes specific to
this group. The GO-CC data revealed significant enrich-
ment of the endoplasmic reticulum lumen (Fig. 6F), indi-
cating that exposure to CsPbBr; nanoparticles altered
the endoplasmic reticulum of cells. Bio-TEM analysis
of NR cells confirmed that CsPbBr; nanoparticles could
enter cells and cause swelling in the endoplasmic reticu-
lum, with more severe damage observed in the Pb(AC),
group and less severe damage in the CsPbBr;-SiO, group
(Fig. 4D). These findings provide further evidence of the
toxicity mechanism of CsPbBr; nanoparticles exposure
and the protective effect of encapsulated silica.

The research has confirmed that excessive endoplasmic
reticulum stress leads to abnormalities in neurogenesis
[48]. A previous study found that endoplasmic reticu-
lum stress can decrease PAX6 mRNA levels, disrupting
normal neural development [49]. PAX6 is crucial in reti-
nal development [50] as it triggers the bHLH transcrip-
tion factor ATOH?7, which regulates downstream ISLI
and BRN3 genes necessary for retinal ganglion cell dif-
ferentiation [51]. RNA-seq data indicated that the PAX6
gene, which is responsible for regulating the stem cell
pluripotency pathway, was significantly down-regulated
after CsPbBr; nanoparticles treatment (Fig. 6A). RT-PCR
results also showed a significant reduction in the expres-
sion of PAX6 in the CsPbBr; nanoparticles and Pb(AC),
exposure group(Fig. 7E). In addition, immunofluores-
cence staining revealed a notable decrease in the percent-
age of PAX6-positive cells (Fig. 7F and G).

Discussion

In this study, we analyzed the effects of CsPbBr,
nanoparticles exposure on early retinal development
utilizing human embryonic stem cell-derived retinal
organoids. We found that CsPbBr; nanoparticles expo-
sure inhibited cell proliferation and promoted apoptosis
of the NRs, ultimately reducing in the area and thickness
of the NRs. RGCs are the first cell type to emerge dur-
ing retinal development, and our immunofluorescence
analysis demonstrated that CsPbBr; nanoparticles expo-
sure results in abnormal early RGC development, with a

decrease in their percentage in the NRs and an increase
in ectopic RGCs. Further, we combined RNA-seq analy-
sis and found that CsPbBr; nanoparticles exposure dis-
rupted calcium signaling pathways in the endoplasmic
reticulum, which led to endoplasmic reticulum calcium
depletion and the development of endoplasmic reticulum
stress.

hEROs reproduce the main structural features of early
retinal development [25]. Retinal organoids contain pre-
dominantly retinal cell subtypes and have hierarchical
structures that resemble in vivo morphology [25, 52].
Retinal organoids offer many advantageous, such as the
ability to screen of drugs on a large scale, model retinal
diseases in vitro, and potentially treat ocular diseases
[53-55]. In addition, retinal organoids are a reliable tool
for toxicological assessment, with effects similar to those
observed in humans and other in vivo models [26]. Given
the superiority of this model, we utilized it to assess the
early retinal developmental toxicity of CsPbBr; nanopar-
ticles. As far as we know, this is the first study to report
on the neurotoxicity and molecular mechanisms of
CsPbBr; nanoparticles exposure during this critical stage
of retinal development.

Previous studies have shown that CsPbBr; nanoparti-
cles exposure can cause damage to the nervous system,
circulatory system, respiratory system, and digestive
system [5, 23, 24, 57]. Animal experiments showed
that learning, memory, and cognitive functions were
adversely affected in C57BL/6] mice exposed to 25 mg/
kg of CsPbBr; nanoparticles every other day for 28 days
via nasal drip [56]. In an acute exposure experiment
involving zebrafish larvae, they were exposed for 96 h to
different lead-based perovskite solutions with an LD50
of around 212 pg/mL (Pb** concentration at 71 pg/mL)
[16]. Most studies have concluded that Pb** release pri-
mary contributes to the toxicity associated with CsPbBr,
nanoparticle exposure [3, 16]. Lead is widely known as a
neurotoxic substance [58]. Moreover, lead ions can read-
ily cross the placental barrier, potentially disrupting the
normal development of the fetus [59]. Therefore, it is
necessary to evaluate the effect of CsPbBr; nanoparticles
on human retinal development. It was found that expo-
sure of C57BL/6N mice to 55 ppm lead acetate drinking
water during pregnancy resulted in delayed differen-
tiation of optic rod cells [60]. Compared to the control
group, the differentiation of retinal ganglion cells was not
affected [60]. Earlier studies have also found that devel-
opmental lead exposure in monkeys or rats selectively



Yang et al. Journal of Nanobiotechnology (2025) 23:144

Page 15 of 19

ns
ns
A . B , C — .
— — v 1  w—
E 4 ?>’ 4 %% E 1.2 Yk %
2 T L3 T x 1 K 3 k3 K ) N )
L} w 1
8 37 S %7 8 097
[7] [7] ]
3 ] o
5 2 5 24 5 0.6
x x x
o [} )
o o o
2 1 2 1 2 0.3+
] o ]
L T K
& & @
0- 0- 0.0
o % NV OV o > ~NV OV o > NV OV
o&‘ Q@’ \vs’ 056‘ oo‘“ Q‘oe \vg’ rb?.:‘ O&‘ Q&& \vg’ 6;6‘
(¢) 2 Q° Q’°Q} (@) ? Q° Q’O@‘ [¢) ? Q° Q*OQ}
? <? ?
D HRC E PAX6 G
ns ns ns
T 1 L) ** L] 1) 1
- * % - A —
— 1.2 — 1.2+ % %k k N3 %k %
[ [ o
a ; %k %k " k3 . 5 T T 1 E r m 1
5 5 8 a0- T
‘% 0.8 ‘% 0.8 ke
3 ] < Q
g £ S 20 > ©
3 5 2 N
o 0.4 o 0.4 8 (o)
2 2 +_ 10+
s B >
g 2 2
0.0 0.0- 0 I I T

Control

Pb(AC):

CsPbBrs-SiO:

PAX6/DAPI

Fig. 7 Materials exposure leads to changes in endoplasmic reticulum calcium channels and inhibits PAX6 expression. (A-E) Comparison of the expres-
sion levels of ITPR1, RYR2, ATP2A3, and HRC mRNA and PAX6 mRNA between control and exposed groups. Data are mean = SEM. n=3. (F) Representative
images of PAX6" cells in the NRs. Scale bars, 20 um. (G) Quantitation analysis for the ratio of PAX6™ cells in the NRs. Data are mean +SEM. n=5. *p <0.05,

5 <001, **p <0001

induces abnormalities in optic rod cells [61]. However,
the present study found that CsPbBr; nanoparticles
exposure leads to a reduction in the thinning of the NRs
in retinal organoids and a reduction in the ratio of RGCs.
In addition, the ratio of ectopic RGCs was significantly
increased after CsPbBr; nanoparticles exposure. The dis-
tribution of RGCs in the correct location is a critical first

step in forming other retinal layers, and ectopic ganglion
cells will induce layering defects in the developing retina
[62]. Retinal lamination is an important step in unique
retinal morphogenesis, and alterations in this process
may impair visual function [63, 64]. We also found that
retinal progenitor cells located in the outer layer of the
NRs also had a significantly less cellular proportion after
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CsPbBr; nanoparticles exposure (Figure S6). In general,
CsPbBr; nanoparticles exposure severely affected the dif-
ferentiation of retinal ganglion cells in organoids.

We also utilized Pb(AC), as a positive control at the
same mass concentration. We found that the Pb(AC),
group resulted in a thinner neural layer and a slight
decrease in the ratio of RGCs than the CsPbBr; nanopar-
ticles group. Combined with ICP-MS analysis, we found
that the amount of lead accumulated in hEROs was
slightly higher in the Pb(AC), group than in the CsPbBr,
nanoparticles group. This may explain why the effect of
Pb(AC), on the development of hEROs at the same mass
concentration was more pronounced than the CsPbBr;
nanoparticles group. This is consistent with previous
studies in which CsPbBr; nanoparticles toxicity was
attributed to released lead.

Mesoporous silicas are broadly used in the biomedical
fields due to their mesoporous structure, high specific
surface area, and exceptional biocompatibility [65, 66].
Previous studies demonstrated that silica coatings on the
surface of ZnO nanoparticles can significantly reduce
the release of zinc ions from the dissolution of core ZnO
nanoparticles, potentially alleviating toxicity [67, 68]. It
has also been found that mesoporous silica nanoparticles
encapsulating perovskite nanoparticles improve stabil-
ity [38]. Therefore, in the present work, the toxicity was
also reduced through mesoporous silica encapsulation.
ICP-MS analysis revealed that the lead concentration in
the hEROs following mesoporous silica encapsulation
was significantly lower than in the CsPbBr; nanoparticle
group. Then, immunohistochemical analysis revealed
that the silica encapsulation method could reduce the
effects of CsPbBr; nanoparticles exposure. This sug-
gests that mesoporous silica encapsulation of CsPbBr;
nanoparticles may be feasible to reduce toxicity. How-
ever, this method needs to be further investigated indus-
trially to minimize the effect on the physicochemical
properties of CsPbBrj itself.

We further explored the potential mechanisms of early
retinal developmental abnormalities induced by CsPbBr;
nanoparticles exposure using RNA-Seq. Based on KEGG
enrichment analysis, the calcium signaling pathway was
significantly associated with CsPbBr; nanoparticles
exposure. Previous research has shown that the calcium
signaling pathway is crucial in neural induction and dif-
ferentiation [69]. In our RNA sequencing efforts, sig-
nificant changes were found in calcium channels in the
endoplasmic reticulum, including up-regulated ITPRI,
RYR2, and down-regulated ATP2A3, HRC. Disruption of
these channels leads to endoplasmic reticulum calcium
depletion, eventually inducing endoplasmic reticulum
stress [43, 70]. It was found that significant endoplasmic
reticulum stress and oxidative stress occur in zebrafish
fertilized eggs exposed to low levels of lead for 48 h and
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can lead to subsequent developmental abnormalities in
zebrafish embryos [71]. Endoplasmic reticulum stress is
also pivotal in ganglion cell death in eye diseases [72—74].
Therefore, we speculated that endoplasmic reticulum
stress also plays an important role in the developmental
abnormalities of retinal ganglion cells caused by CsPbBr,
nanoparticles exposure. However, more in-depth stud-
ies are needed to explore the developmental toxicity of
CsPbBr; nanoparticles exposure.

Conclusion

In conclusion, this study used a three-dimensional
floating retinal organoid model to reveal the effects of
CsPbBr; nanoparticles exposure on early human retinal
development. Our results suggest that retinal organoids
are reliable for assessing nanomaterial developmental
toxicity. Firstly, CsPbBr; nanoparticles affect the pro-
liferation and differentiation of retinal progenitor cells.
Secondly, CsPbBr; nanoparticles are less toxic than con-
ventional soluble Pb(AC),, which can release more Pb**
into the organoid and result in toxicity. Then, we initially
found that mesoporous silica encapsulation of CsPbBr,
nanoparticles is a feasible method to reduce the toxic-
ity of CsPbBr; nanoparticles, yet more studies are still
needed to optimize this method. In addition, transcrip-
tomic analysis revealed that endoplasmic reticulum
calcium homeostasis disorders and regulation of stem
cell pluripotency are related to CsPbBr; nanoparticles-
induced early retinal developmental toxicity.
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