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Spike structure of gold nanobranches induces 2
hepatotoxicity in mouse hepatocyte organoid
models
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Abstract

Background Gold nanoparticles (GNPs) have been extensively recognized as an active candidate for a large variety
of biomedical applications. However, the clinical conversion of specific types of GNPs has been hindered due to their
potential liver toxicity. The origin of their hepatotoxicity and the underlying key factors are still ambiguous. Because
the size, shape, and surfactant of GNPs all affect their properties and cytotoxicity. An effective and sensitive platform
that can provide deep insights into the cause of GNPs'hepatotoxicity in vitro is therefore highly desired.

Methods Here, hepatocyte organoid models (Hep-orgs) were constructed to evaluate the shape-dependent
hepatotoxicity of GNPs. Two types of GNPs with different nanomorphology, gold nanospheres (GNSs) and spiny
gold nanobranches (GNBs), were synthesized as the representative samples. Their shape-dependent effects on mice
Hep-orgs' morphology, cellular cytoskeletal structure, mitochondrial structure, oxidative stress, and metabolism were
carefully investigated.

Results The results showed that GNBs with higher spikiness and tip curvature exhibited more significant cytotoxicity
compared to the rounded GNSs. The spike structure of GNBs leads to a mitochondrial damage, oxidative stress,

and metabolic disorder in Hep-orgs. Meanwhile, similar trends can be observed in HepG2 cells and mice models,
demonstrating the reliability of the Hep-orgs.

Conclusions Hep-orgs can serve as an effective platform for exploring the interactions between GNPs and liver
cellsin a 3D perspective, filling the gap between 2D cell models and animal models. This work further revealed that
organoids can be used as an indispensable tool to rapidly screen and explore the toxic mechanism of nanomaterials
before considering their biomedical functionalities.

Keywords Gold nanobranches, Hepatocyte organoid, Spike structure, Hepatotoxicity, Toxicology screening platform

*Correspondence: ?Zhejiang-Mauritius Joint Research Center for Biomaterials and Tissue
Han Zhang Engineering, Zhejiang Sci-Tech University, Hangzhou 310018, PR China
zhanghan@zstu.edu.cn 3Department of Colorectal Surgery and Oncology, Key Laboratory of
Qiangian Han Cancer Prevention and Intervention, The Second Affiliated Hospital,
hangiangian2005@163.com Ministry of Education, Zhejiang University School of Medicine,
Xiangdong Kong Hangzhou 310030, PR China

kongxd@zstu.edu.cn 4School of Science Engineering, The Chinese University of Hong Kong,
TInstitute for Smart Biomedical Materials, School of Materials Science & Shenzhen, Guangdong 518172, PR China

Engineering, Zhejiang Sci-Tech University, Hangzhou 310000, PR China *National Institutes for Food and Drug Control, Beijing, PR China

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02363-1&domain=pdf&date_stamp=2024-3-2

Zhang et al. Journal of Nanobiotechnology (2024) 22:92

Introduction

Gold nanoparticles (GNPs) are one of the promising
nanomaterials used in the field of bio-applications, such
as targeted drug delivery, molecular diagnostics, bioim-
aging, and cancer phototherapy [1-5]. With the latest
advancements in synthetic and manufacturing technolo-
gies, the composition, size, shape, surface charge, and
surfactant chemistry of GNPs can be precisely manipu-
lated [6, 7], endowing them with various biomedical
functions. However, the clinical translation of GNPs
has been limited primarily due to their hepatotoxicity.
Although coating GNPs with biocompatible molecules
can improve their biocompatibility to some extent [8],
the unclear toxic mechanism of GNPs is still a main
obstacle in their way to clinical applications and regula-
tory approval [9].

Previous studies have suggested that the shape of GNPs
can significantly affect their properties along with their
cellular uptake and accumulation behaviors, leading to a
difference in their cytotoxicity [10, 11]. For example, the
nanomorphology of the nanoparticles (NPs) can affect
their cell uptake behavior. When the surface turned
sharp, a 4.6-fold increase in cell uptake was observed
compared to the rounded one [12]. Meanwhile, non-
spherical NPs are expected to have a higher cell-targeting
specificity than the spherical counterparts, suggesting a
higher toxicity of non-spherical NPs [13]. Studies have
also shown that spiky nanostructures could exert
mechanical stress on cells, leading to potassium efflux
and activation of inflammasomes during the internaliza-
tion process [14]. In addition, needle-shaped and plate-
shaped NPs induced the most significant cell death and
IL-6 outbreak compared to the spherical and rod-shaped
ones [15]. The shape-mediated toxicity might be posi-
tively correlated with factors such as specific surface area,
conductivity, and surface charge [16]. Crystals with large
specific surface area and sharp tips can easily scratch the
cell membrane, causing cell apoptosis, crystal aggrega-
tion and retention in the liver and kidneys [17]. Further
investigation and in-depth analysis are still needed to
clarify the shape-dependent toxicity of GNPs. It is urgent
to push the development of in vitro biological toxicity
screening models to accelerate the clinical translation of
nanomaterials [18].

Organoid models can provide a three-dimensional
view, similar internal microenvironment, and strong
intercellular connections, holding promise to overcome
the limitations of traditional cell models for evaluating
nanoparticle safety and efficacy of nanomaterials [19, 20].
In recent years, many studies have used organoid mod-
els to evaluate the safety of NPs. For example, a mouse
kidney organoid models has been constructed to screen
the renal toxicity of quantum dots. The results have dem-
onstrated that black phosphorus quantum dots (BP-QDs)
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could enter and accumulate in the kidney, causing severe
adverse effects [21]. The renal toxicity of BP-QDs has
been further validated in mice and human cells. This is
the first report using organoid models as the platform
for the toxicity evaluation of inorganic NPs. Next, Yan
Huang et al. cultivated brain organoids from induced
pluripotent stem cells to assess the impact of silver NPs
exposure on the brain tissue [22]. Ag NPs at low con-
centrations (0.1 pg mL™) could promote cell prolifera-
tion and inhibit neuronal apoptosis. Meanwhile, they
could affect cilia assembly and elongation, disrupt the
cell cycle, and cause abnormal growth of brain organoids.
Conversely, at high concentrations (0.5 pg mL™), Ag NPs
could inhibit astrocyte differentiation and promote neu-
ronal apoptosis. This confirms that brain organoids can
serve as a new platform for studying neurotoxicity and
cellular mechanisms of nanomaterials. Furthermore,
brain organoids expressing cortical proteins have been
used to study the neurotoxicity induced by ZnO NPs.
The results demonstrated that high concentrations (64 pg
mL™!) of ZnO NPs exhibit cytotoxicity on brain organ-
oids through defective autophagy and intracellular accu-
mulation of zinc ions [23]. These studies all demonstrate
that organoid model is a powerful platform for evaluating
the safety and efficacy of NPs in vitro.

A previous research has reported the shape-dependent
toxicity of GNPs against osteoblast and osteosarcoma
in vitro models [24]. However, due to the preferential
accumulation and metabolism of GNPs in the liver [25,
26], the study on the hepatotoxic effects of different
shaped NPs with similar particle size is necessary. Hep-
orgs, retaining key morphological, functional, and gene
expression characteristics of the liver, can be generated
from individual liver cells and cultured in vitro for sev-
eral months [27-29], therefore can serve as an in vitro
model to study the shape-dependent hepatotoxicity of
GNPs from a 3D perspective at the level of microtis-
sues, cells, and molecules. The circulation between cells
simulates the actual transport of NPs in the organism, the
extensive cell-cell, the cell-matrix interactions, as well as
the organ-like structure and morphology, mimicking the
physiological tissue microenvironment. This provides an
opportunity to screen and study the hepatotoxicity and
metabolism of GNPs.

In this work, we synthesized two types of GNPs, gold
nanospheres (GNSs) and spiny gold nanobranches
(GNBs), through the seed-mediated method. Their
shape-dependent hepatotoxicity was carefully studied by
the Hep-orgs (Scheme 1). The cellular morphology, cyto-
skeletal structure, mitochondrial structure, reactive oxy-
gen species (ROS) generation, and lipid metabolism in
Hep-orgs were comprehensively investigated. The mor-
phological and structural changes of intracellular organ-
elles in liver cells were observed through the biological
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Scheme 1 Schematic diagram of the generation of Hep-orgs, evaluation process of GNPs’ hepatotoxicity, and the plausible mechanisms underlying the

toxicity

transmission electron microscopy (TEM). We also vali-
dated the hepatotoxicity of GNPs at both cellular and
animal levels. This work confirms that GNBs with nano
spikes increase oxidative stress and metabolic abnor-
malities by damaging mitochondria in Hep-orgs. Our
research provides an effective approach for the assess-
ment of their hepatotoxicity from a 3D perspective in
vitro.

Materials and methods

Materials

Chloroauric acid (HAuCl,-4H,0), cetyltrimethylam-
monium bromide (CTAB), -cetyltrimethylammonium
chloride (CTAC), ascorbic acid (AA), sodium borohy-
dride (NaBH,), silver nitrate (AgNOj;), and triton X-100
(TX) were purchased from Aladdin. Dulbecco’s modified
eagle Medium (DMEM), DMEM/F12, fetal bovine serum
(FBS), 4',6-diamidino-2-phenylindole (DAPI) were pur-
chased from Gibco (USA). CellTiter-Glo 3D Cell Viabil-
ity were purchased from Sigma (USA). Trypsin-EDTA,
penicillin/streptomycin, ROS assay kit, and mitochon-
drial membrane potential assay kit (JC-1) were purchased
from Beyotime Inc. (Shanghai, China). All antibodies
come from Abcam (UK). All cell growth factors come
from Novoprotein (Shanghai, China). Deionized water
prepared by the Milli-Q system (Millipore, USA) was
used in all the experiments, and all consumables and
Matrigel were purchased from Corning (USA).

Cell and organoid culture

293t-HA-Rsponl-Fc cells were used as previously
described to generate conditional medium and meth-
ods for R-spondinl [30]. HepG2 (Human hepatoma
cell line) cells were purchased from American Type

Culture Collection. HepG2 cells were cultured in DMEM
medium with 10% FBS and 1% penicillin (100 U/mL)/
streptomycin. Cells at 80-90% confluence were detached
using 0.25% Trypsin-EDTA and subcultured onto a new
dish. All cells were cultured at 37°C in a humidified
atmosphere with 5% CO,.

The isolation and culture methods of mice hepatocyte
organoid refer to a published paper [27-29]. Specifically,
the method is as follows, C57BL/6 mice were euthanized
by cervical dislocation and immersed in 75% ethanol for
disinfection. Under sterile conditions, the liver tissue
from the mice was isolated in pre-chilled PBS containing
1% penicillin and streptomycin. The tissue was washed
with washing medium 2-3 times to remove impurities
and red blood cells as much as possible. The washed
liver tissue was transferred to a new dish and cut into
fragments of approximately 1-2 mm?3. The fragmented
tissue was collected in a centrifuge tube, centrifuged at
1100 rpm for 3 min, and the supernatant was discarded.
An appropriate amount of digestion solution (containing
0.125 mg/mL Collagenase IV and Dispase II) was added
according to the tissue volume, and the tissue was shaken
and digested at 37°C for 30 min. DMEM/F12 was then
added to terminate digestion, and the tissue was pipet-
ted several times to collect the supernatant and pass it
through a 100 um cell strainer. Repeat the above steps
2 ., 3 times to collect more bile duct cell clusters or liver
progenitor cell precipitates. Matrigel was added accord-
ing to the volume of the final cell pellet, evenly resus-
pended, and then 50 pL per well was added in a 24-well
plate and incubated at 37°C in an incubator for 15 min.
After the Matrigel solidified, 500 pL of mouse liver
expansion medium (EM) which contained various small
molecule growth factors and amino acids was added to
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each well and cultured at 37 ‘C in an incubator. After
3 days, the number of cells rapidly increased, and indi-
vidual organoids expanded into the spherical structure
with a cavity. On day 6, the differentiation medium (DM)
was added to promote the differentiation of organoids
towards liver cell characteristics. It is worth noting that
dexamethasone was added to the DM only in the last 3
days.

Synthesis of GNS and GNB

According to the published method, GNSs and GNB were
synthesized through the seed-mediated method [31].
Briefly, a HAuCl, solution (0.01 M, 250 puL) was added
into a CTAB solution (0.1 M, 9.75 mL), and then freshly
prepared NaBH, solution (0.01 M, 600 pL) was added.
After mixing and stirring for 3 h, gold seed solution A
was obtained. Next, a growth solution was prepared, con-
sisting of H,O (190 mL), HAuCl, (0.01 M, 4 mL), CTAB
(0.1 M, 9.75 mL), and AA (0.1 M, 15 mL) solutions. The
solution was quickly mixed until it became transparent,
and then 180 uL of seed solution A was added rapidly
and mixed thoroughly. The mixture was shaken evenly
and kept overnight at 32 °C. to get gold seed solution
B. Next, CTAC (0.025 M, 300 mL), HAuCl, (0.01 M, 15
mL), AA (0.1 M, 7.5 mL), and solution B (OD=3, 12 mL)
were mixed thoroughly. After overnight incubation at
32 °C, the mixture was centrifuged at 7000 rpm for 6 min.
The precipitate was collected and redispersed in CTAB
solution (0.02 M, 300 mL), followed by 10 min of ultra-
sound treatment. HAuCl, (0.01 M, 3 mL) was added and
the mixture was placed at 60 °C for 2 ., 3 h, with shaking
every 30 min. This process yielded the final GNSs.

The synthesis of GNBs is based on the following steps:
A HAuCl, solution (0.01 M, 250 pL) was added into a TX
solution (0.15 M, 10 mL), and then the freshly prepared
NaBH, solution (0.01 M, 600 pL) was added under con-
tinuously stirring for 10 min to get the gold nanoseed
solution. Next, a growth solution is prepared, which con-
sists of TX (0.15 M, 400 mL), HAuCl, (0.01 M, 20 mL),
AgNO; (10 mM, 2 mL), and AA (0.1 M, 6 mL) solutions.
Once the mixture becomes transparent, the seeds (400
pL) are quickly added and shaken continuously for 5 min.
The solution is then stored in a refrigerator at 4 °C.

Characterizations

The images of GNSs/GNBs were obtained by TEM (JEM-
2100, Japan). Specifically, we centrifuged the GNSs/
GNBs at 6000 rpm twice and redispersed them in deion-
ized water, then we carefully added the GNSs/GNBs
solutions with appropriate concentrations dropwise onto
a copper mesh for TEM characterizations. The size dis-
tribution was measured from the TEM images by Image]
software. The dynamic light scattering (DLS) and aver-
age { potential were measured by a Zetasizer analyzer
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(Zetasizer-Nano ZS, UK). The ultraviolet-visible (UV-
Vis) spectrum of GNSs/GNBs was obtained by a spectro-
photometer (China). Flow cytometry was performed by
a NovoCyte flow cytometer (Agilent, USA). Inductively
coupled plasma mass spectrometry (ICP-MS) was carried
out by an Optima 2100 instrument from PerkinElmer
(Waltham, USA). Confocal laser scanning microscopy
(CLSM) images were captured using a Nikon A1l camera
(Tokyo, Japan). The RT-qPCR data was detected using
the CFX384 Multiplate RT Fluorescence Quantitative
PCR instrument (Bio-Rad, USA).

Finite-difference time-domain (FDTD) simulations

The simulation was performed using Ansys Lumerical’s
FDTD Solutions 2019b R6. In the simulation, an electro-
magnetic plane wave in the wavelength range from 400
to 1100 nm was launched into a box containing a target
GNS model, and an electromagnetic plane wave in the
wavelength range from 400 to 1800 nm was launched
into a box containing a target GNB model. The mesh size
was set at 0.5 nm in calculating the electric field enhance-
ment contours, the absorption, scattering, and extinction
spectra of the nanocrystals. The polarization direction of
the incident light is set parallel to the length axis, exciting
the longitudinal dipole plasmon resonance of the GNPs.
The refractive index of the surrounding medium was set
to be equal to that of water (1.33). The dielectric function
of Au was acquired through fitting the measured data of
Christy and Johnson. The GNS is modeled as a regular
sphere with a diameter of 77 nm. The GNB model is com-
posed of a central sphere connected to 6 approximately
cylindrical branches, with a sphere diameter of 10 nm,
branch tip diameter of 8 nm, branch base diameter of
12 nm, and branch length of 38 nm.

Cellular uptake of GNPs

GNSs/GNBs was mixed with mercapto-modified Rho-
damine B at room temperature for 4 h, avoiding light.
Then, it was centrifuged and washed 3 times to ensure
the removal of excess Rhodamine B. After incubating
HepG2 cells or organoids with GNSs/GNBs of 10 pg/mL
for different time, the cells or organoids were washed 3
times with PBS. The cells and organoids were fixed with
4% paraformaldehyde and stained with DAPI for 10 min.
After washing 3 times with PBS, the cellular uptake was
observed by CLSM imaging.

GNSs and GNBs were incubated with organoids for dif-
ferent time (6 h, 12 h, 24 h) at a concentration of 10 pg/
mL. Then, the organoids were collected by centrifugation
at 1200 rpm for 3 min. After digestion with aqua regia,
the concentrations of Au were measured by ICP-MS
(Agilent7700, USA).
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Cell and organoid viability assay
HepG2 cells were previously seeded in 96-well plates
and adhered overnight. The cells were co-cultured with
different concentrations of GNSs/GNBs (0, 10, 50, 100,
200 pg/mL) in DMEM for 24 h. Then, 10 pL of CCKS8
detection solution was added to each well, and the cells
were further incubated at 37 °C for 1 h. Afterward, the
results were measured using a multi-functional micro-
plate reader (Agilent, USA) at a wavelength of 450 nm.
After diluting Matrigel with DMEM/F12 at a ratio of
5-10 times, it was pre-coated on a 96-well plate with
40 pL per well. Then the plate was placed at 37 °C for
10 min. Subsequently, the organoids were added to the
96-well plate at a density of 100 per well, centrifuge the
plate at 1000 rpm for 2 min. Organoids were incubated
for 24 h with different concentrations of GNSs/GNBs
(0, 10, 50, 100, 200 pg/mL) in DM. After discarding the
old medium, 50 pL of detection solution was added to
each well and shaken for 20 min. The chemiluminescent
results were then measured using a multi-functional
microplate reader.

Impairment indicator detection

The levels of aspartate transaminase (AST), and alanine
aminotransferase (ALT) in the supernatant gathered
after the treatment with GNSs and GNBs at a concentra-
tion of 10 ug/mL were tested using a reagent kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

Biological electron microscope

The organoids were collected and fixed in a 2.5% glutar-
aldehyde fixative solution. They were then dehydrated
with different gradient solutions of ethanol and ace-
tone, followed by embedding in resin and preparation
of 70 ., 90 nm thin sections using an ultramicrotome.
The sections were stained with lead citrate solution and
50% ethanol-saturated solution of uranyl acetate for
5., 10 min each, and then air-dried for observation of
the ultrastructure of the organoid samples.

Intracellular micro-signal detection
Detection of F-actin: After incubating 10 pg/mL of
GNSs/GNBs with cells/organoids for 6 h, 4% paraformal-
dehyde was used to fix the cells/organoids. Rhodamine
Phalloidin was diluted 1:500 in PBS and added to the
samples to cover the volume of cells/organoids. The sam-
ples were then incubated at 37 C for 30 min and washed
3 times with PBS. DAPI was used to stain the cell nuclei
and incubated at room temperature for 10 min. After
washing with PBS, CLSM images were obtained at 405
and 565 nm.

ROS Detection: After incubating 10 pg/mL of GNSs/
GNBs with cells/organoids for 6 h, the DCFH-DA probe
was diluted 1:1000 in serum-free medium and added to
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cover the volume of cells/organoids. The samples were
then incubated at 37 ‘C for 20 min and washed 3 times
with serum-free medium. CLSM images were obtained at
488 nm.

Detection of mitochondrial membrane poten-
tial (MMP): The JC-1 Mitochondrial Membrane Poten-
tial Detection Kit was used according to the instructions
to detect changes in mitochondrial membrane potential
in cells and organoids under different stimuli, serving
as evidence for early apoptosis detection. CLSM images
were obtained at 514 and 590 nm.

Detection of intracellular lipid droplets: After incubat-
ing 10 pg/mL of GNSs/GNBs with cells/organoids for 6 h,
Nile Red was diluted to 1 pM in PBS and added to the
cells/organoids. Then the samples were incubated at 37°C
for 30 min and washed with PBS. CLSM images were
obtained at 550 nm. Semi-quantitative data was obtained
from the total fluorescence intensity of CLSM images.

HE staining

Preparation of sample embedding and slicing: After
dehydration and paraffin embedding, the samples were
subjected to alcohol dehydration at different concentra-
tions. After embedding, they were cooled and shaped at
-20 °C. The paraffin blocks were then placed in a paraf-
fin microtome and cut into several 4 pm thick sections,
which were spread onto glass slides and baked at 60 °C
for 1 h. They were then stored at room temperature.

HE staining: After dehydration with different concen-
trations of alcohol, the paraffin sections were stained
with hematoxylin-eosin (Harris) staining solution for
3-5 min, followed by a 2 min water rinse and differen-
tiation with 0.8-1% hydrochloric acid alcohol for a few
seconds, followed by another 1 min water rinse. Subse-
quently, the sections were immersed in eosin solution
for 2 s, and then gradually dehydrated in 95% ethanol
and absolute ethanol for 2 min. Finally, the sections were
mounted with neutral gum for observation of the HE
staining results under a microscope.

Immunofluorescence staining

After slicing the paraffin, the slices are dehydrated
sequentially with xylene and ethanol. After blocking with
10% serum for 30 min, the primary antibody is added and
incubated overnight at 4 °C in a refrigerator. The slices
are washed 3 times with TBST and then each slice is
added to the secondary antibody working solution. They
are then incubated at 37 °C for 45 min. After another 3
washes, the slices are incubated with DAPI at room tem-
perature for 5 min. After a thorough rinse, the slices are
mounted and images are obtained using CLSM.
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Real-time qPCR analysis

After incubating organoids with 10 pg/mL GNSs/GNBs
for 12 h, the total RNA of the organoids was extracted
using the TRIzol Plus RNA Purification Kit (Thermo
Fisher, USA). The extracted RNA was then reverse-tran-
scribed into cDNA using the 1st-Strand cDNA Synthe-
sis Kit (Qiagen, Germany). The cDNA was fluorescently
labeled with SYBR Green (Thermo Fisher, USA) and
detected using the CFX384 Real-Time PCR System (Bio-
Rad, USA). Each sample was repeated three times, and
the relative expression levels of each gene were statisti-
cally analyzed LlSiIlg formula 2(Ct reference gene — Ct target gene).
The primer sequences and reaction conditions used are
shown in the following table. 1.

Animals and experimental design
All animal procedures were performed by the Guide-
lines for Care and Use of Laboratory Animals of Zhejiang

Table 1 Real-Time PCR Primers and Conditions

Gene Genbank Primer Size(bp) An-
Accession Sequences(5'to3’) neal-
ing
(C)

Mouse GU214026.1 GAAGGTCGGTGTGAACG 127 60
GAPDH GATTTG
Mouse NM_0074234 GCTCACATCCACGAGG 153 60
AFP AGTGTT

GCAGAAGCCTAGTTGGA

TCATGG
Mouse NM_009654.4 CAGTGTTGTGCAGAGG 107 60
ALB CTGACA

CTGGAGCACTTCATTCT

CTGACG
Mouse NM_021050.2 CTTCGCTGGTTGCACA 105 60
CFTR GTCA

GAGTCGTACTGCCAGA

CATTG
Mouse NM_0078183 CAGCACTGGTCAGAGC 132 60
CYP3AT1 CTGAA

GAGAGCAAACCTCATGC

CAAGG
Mouse NM_008532.2 GTCATTGTGGTGGTGTC 106 60
EPCAM ATTAGC

CCATCTCCTTTATCTCAG

CCTTCT
Mouse NM_008261.3 GCGAACTCCTTCTGGA 104 60
HNF4A TGACC

CAGCACGTCCTTAAACA

CCATGG
Mouse NM_008471.3 GGCGAGCTGGAGGTG 132 60
Krt19 AAGA

GGAGTTGTCAATGGTGG

CACCAA
Mouse NM_0114484 ACCCACCACTCCCAA 114 60
SOX9 AACC

ATGTCCACGTCGCGG

AAGT

Page 6 of 18

Sci-Tech University and approved by the Animal Eth-
ics Committee of Zhejiang Sci-Tech University. Male
C57BL/6 mice (6 weeks, 1611 g) were fed in a venti-
lated environment with a humidity of 50%. The cages are
cleaned in advance and sterilized with UV light. Clean
food and water are provided, and the lighting is switched
between day and night every 12 h.

The mice were given 2-3 days to adapt to the envi-
ronment and were then randomly divided into 3 groups
(with 4 mice for each group, n=4). They were injected
with sterile PBS and PBS solutions containing GNSs and
GNBs. The NPs were intravenously injected at a dosage
of 10 mg/kg. On the 7th day, the mice were euthanized,
and blood serum was collected for analysis of blood bio-
chemistry indicators. Additionally, organs and tissue
slices were stained with HE for histological analyses.

Serum biochemical index

To evaluate the liver function of mice, blood samples
were centrifuged at 3000 rpm for 10 min at 4 °C to col-
lect plasma. ALT, AST, albumin (ALB) and alkaline phos-
phatase (ALP) levels were measured using an automatic
chemistry analyzer (Celltac, MEK-6358; Nihon Kohden
Co., Tokyo, Japan) to evaluate the liver functions.

Statistical analysis

All quantitative results are presented as mean+standard
deviation (SD). Non-paired t-tests were used for statis-
tical analysis of comparisons between two groups, and
one-way analysis of variance (ANOVA) was used for
comparisons among multiple groups. Data analysis was
performed using GraphPad Prism software (GraphPad
Software, USA). Significance was defined as ***P<0.001,
** P<0.01, or *P<0.05.

Results and discussion

Generation of mice Hep-orgs

The basic unit of the liver is primarily composed of two
types of epithelial cells (hepatocytes and bile duct epi-
thelial cells) and several non-epithelial cells (stellate cells,
kupfter cells, endothelial cells, and matrix cells) [32]. A
long-term expansion culture system derived from adult
liver stem cells of mice has been developed to generate
Hep-orgs. Single liver progenitor cells have the potential
to differentiate into bile duct-like organoids with bile duct
markers or Hep-orgs with hepatocyte markers [29]. Rep-
resentative images of the growth of Hep-orgs are shown
in Fig. la. The organoids in EM continued to expand
like inflating balloons. When the diameter of the organ-
oids stopped increasing, their surface became wrinkled,
as if deflated and collapsed (Additional file 1: Fig. Sla).
At this point, passaging was performed to obtain more
liver organoids. The size change of organoids in EM dur-
ing its growth process can be observed (Additional file 1:
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Fig. 1 Generation of mice Hep-orgs with hepatocyte characteristics. (

a) Bright-field optical images of organoids in EM and DM. (b) CLSM images of

Hep-orgs stained with F-actin and DAPI, showing a single plane in a 3D scan. (c) Relative gene expressions of EPCAM and ductal markers (Sox9, CFTR) in
organoids cultured in EM and DM, with GAPDH as the internal control. (d) Relative gene expressions of hepatocyte markers (AFP, HNF4q, ALB, CYP3al1
Ttr) in organoids cultured in EM and DM, with GAPDH as the internal control. (€) CLSM images showing the expressions of liver markers CK19, HNF4q,
Desmin, E-Cad, and ZO-1 in Hep-orgs. All data are presented as mean+SD (n=3). *P<0.05, **P<0.01, ***P<0.001

Fig. S1b). The HE staining and immunohistochemistry
(IHC) images demonstrated its morphological structure
and expression of zona occludens-1 (ZO-1) (Additional
file 1: Fig. S1c). Rhodamine-phalloidin was used to label
F-actin. Since the organoids are enlarged hollow spheres,
single-layer images from 3D scans were selected to
observe the ordered arrangement of multiple cells, with

F-actin closely connected to support the large sphere
(Fig. 1b). RT-qPCR was used to detect the relative mRNA
expression levels of EPCAM, SOX9, and CFTR, which
are specific genes of bile duct structures. The results
showed that there were more bile duct markers in EM
organoids than those in DM organoids. (Fig. 1c). Then,
classic hepatocyte markers of alpha-fetoprotein (AFP),



Zhang et al. Journal of Nanobiotechnology (2024) 22:92

hepatocyte nuclear factor 4 alpha (HNF4«a), albumin
(ALB), cytochrome P450 (CYP3al1l), and transthyretin
(Ttr) were detected both in the DM and EM organoids.
The levels of hepatocyte markers in DM organoids are
significantly higher than those in EM organoids, indicat-
ing the potential of DM organoids to differentiate into
liver cells (Fig. 1d). The characteristics of the Hep-orgs
were confirmed by immunofluorescence staining. Cyto-
keratin 19 (CK19), HNF4«, desmin, E-cadherin (E-cad),
and ZO-1 were expressed at specific locations and with
different degrees of the organoids (Fig. le). In addi-
tion, we achieved long-term in vitro, cryopreservation,
and recovery of the Hep-orgs, which showed no signifi-
cant differences compared to the continuously cultured
organoids (Additional file 1: Fig. S1d). Thus, we have suc-
cessfully constructed Hep-orgs with liver characteristics
through in vitro growth for further material evaluation
applications.

Physicochemical characteristics of GNSs/GNBs

We prepared GNSs using a seed-mediated method
according to a previous report, which involves the over-
growth of small-sized GNSs and subsequent mild oxi-
dation [31]. The synthesis of GNBs refers to a publicly
available method [33]. The TEM image shows that GNSs
have an approximately spherical shape and a good mono-
dispersity (Fig. 2a), while GNBs have a spike-branched
shape derived from a central point, with an average
number of branches of 6 (Fig. 2b). Both GNSs and GNBs
exhibited negative potentials even in different media. The
average potential of GNSs was —7.6 mV in PBS and —6.83
mV in DMEM, while the average potential of GNBs
was —4.68 mV in PBS and —3.8 mV in DMEM. Similar
potentials can rule out the influence of different surface
charges on cellular internalization differences (Fig. 2c).
The branched shape of GNBs is highly anisotropic, and
the positions of its absorption peaks are related to the
migration of gold atoms from the high-energy site at the
tip to the low-energy site at the core [34]. The results
show that GNSs have an extinction peak at 520 nm, and
GNBs have two plasmon resonance peaks at 520 and
770 nm, indicating that there are two different plasmon
modes for GNBs (Fig. 2d).

To control the size of the GNPs within an approximate
range and eliminate the potential impact of size differ-
ences on cytotoxicity. Both two types of GNPs have a
similar size and a narrow size distribution, with an aver-
age diameter of 77+4 nm for GNSs and 72+4 nm for
GNBs (Fig. 2e,f). The DLS results showed that the aver-
age size of GNSs was 87.36 nm and the average size of
GNBs was 88.81 nm, which were larger than those mea-
sured from TEM images owing to the interaction of the
surrounding water molecules (Additional file 2: Fig. S2a).
In order to accurately study the relationship between the
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toxicity and the spike structure, we have calculated and
quantified the tip structure in the form of spikiness and
curvature. Spikiness is the ratio between branch length
and bottom width of GNBs, which can separate spiky
morphology cues from complex physiochemical ones
[12]. According to Fig. S2b, the spikiness of GNSs is 0 and
that of GNBs is 3. The tip radius of GNBs is 4 nm. The
curvature ratio between GNB and GNS is 9.5:1 (Fig. 2g,
and Additional file 2: Fig. S2b). FDTD simulations were
performed to visualize the tip effect of the GNB (Fig. 2h,i
and Additional file 3: Fig. S3). The simulated GNS and
GNB structures were modeled according to the mea-
sured geometrical parameters. Electric field enhance-
ment contours indicated that the largest electric field
intensity was located at the sharp tip region of the GNB
structure, demonstrating the tip-induced electric field
enhancement. It is precisely this type of nano spike that
may easily cause membrane damage, causing imbalanced
osmotic pressure inside and outside the membrane,
thereby increasing cytotoxicity [35].

GNSs/GNBs internalized by cells and hep-orgs

Due to the essential role that Matrigel plays during the
culture of organoids, many researchers thought that
Matrigel could hinder the entry of materials into organ-
oids, thereby affecting the true evaluation of materials by
organoids [36]. In the study of the interaction between
organoids and NPs, the size of organoids may affect the
exposure and distributions of NPs, and larger organoids
are more likely to accumulate NPs [37]. In addition, the
size of organoids has an impact on the transport and
movement of NPs. Owing to the structural heterogene-
ity of organoids from different tissue sources, the size of
organoids is crucial for predicting the behavior of NPs. It
is worth mentioning that organoids of different sizes may
lead to reduced reproducibility of experimental results.
At present, there is no relevant standard to specify the
size of organoids for evaluating NPs, the “unified” treat-
ment of organoids is still a great challenge [38]. There-
fore, in this study, we used the same batch of Hep-orgs
with the same culture time and conditions to reduce the
objective influence of the organoid model itself on the
internalization and operation of NPs.

To investigate whether GNSs/GNBs have been inter-
nalized by HepG2 cells or Hep-orgs, we labeled GNSs/
GNBs with mercapto-modified rhodamine B to form
stable Au-S covalent bonds and then co-cultured them
with HepG2 cells and Hep-orgs for 6 h. The distribu-
tions of both types of GNPs were observed under CLSM.
In HepG2 cells, GNSs/GNBs were found to aggre-
gate around the cell nucleus, indicating the success-
ful internalization by the cells (Fig. 3a). Internalization
of GNSs and GNBs was observed in Hep-orgs, with the
degree of internalization correlating with the duration
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of incubation (Fig. 3b). More GNBs were taken up by
the Hep-orgs compared to GNSs at 6 h, reflecting the
fact that GNBs with nanospikes displayed easy penetra-
tion into the organoids. At 12 h, GNSs and GNBs exhib-
ited similar levels of fluorescence, and the accumulation
and aggregation of GNSs and GNBs were observed in
the cavities of Hep-orgs (Additional file 4: Fig. S4). The
unique 3D structure of organoids may accumulate more
nanoparticles than a monolayer cells layer with the same
number of cells. At 24 h, the fluorescence of GNBs was
significantly reduced, which can be attributed to the dis-
integration of the Hep-orgs to ruptured cells and then
the release of internalized GNBs. The above results were
further confirmed by the mean fluorescence intensity of
the CLSM images (Fig. 3c) and the Au element contents
tested by ICP-MS (Fig. 3d). It has been shown that the
internal content of NPs is one of the key factors affecting

the interaction of NPs with organelles upon the exposure
[39]. Therefore, the evaluation of the internalization of
GNSs and GNBs in Hep-orgs by fluorescence intensity
and ICP-MS confirmed that the toxicity of GNBs was
shape-dependent rather than dose-dependent.

Biological toxicity of GNSs/GNBs in cells and Hep-orgs

HepG2 cells and Hep-orgs were used to screen the bio-
logical toxicity of GNSs and GNBs. GNSs and GNBs with
different concentrations were co-cultured with cells and
Hep-orgs for 24 h. The viability of the cells was measured
using CCK-8 assay and the growth vitality of the Hep-
orgs was quantified by measuring the ATP content. We
found inconsistent toxicity trends for GNSs and GNBs.
At the cellular level, both GNSs and GNBs exhibited tox-
icity. GNSs showed dose-dependent toxicity, while GNBs
showed greater cellular toxicity at all doses (Fig. 4a). This
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Fig. 3 Internalization of GNSs and GNBs by HepG2 cells and Hep-orgs. (a)
CLSM images showing the internalization of GNSs and GNBs by HepG2
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Hep-orgs at different time periods (6 h, 12 h, and 24 h). Red: GNSs/GNBs
labeled with Rhodamine B. The scanning height was 200 um with a scale
interval of 10 um. (c) Mean fluorescence intensity of the internalization of
GNSs and GNBs by Hep-orgs at different time periods (6 h, 12 h, 24 h). (d)
Au element contents after the incubation with GNSs and GNBs at the con-
centration of 10 ug/mL for different time periods (6 h, 12 h, 24 h)

difference was amplified in the organoids, where GNSs
did not display toxicity at a low concentration of 10 ug
mL™" but the toxicity of GNBs remained. We found that
the IC50 in Hep-orgs was much higher than that in the
cell model. This difference suggests that organoids, as a
3D model, have greater resistance to adverse conditions
(Fig. 4b).

Morphologically, HepG2 cells were significantly dis-
turbed by GNSs/GNBs. Tight intercellular connections
were disrupted and the orderly spindle-shaped morphol-
ogy was transformed into disordered shapes, indicating
the generation of cell toxicity. In Hep-orgs, no obvious
effect on individual organoid morphology was observed
with GNSs treatment. However, the spherical morphol-
ogy of Hep-orgs was significantly different after GNBs
treatment, and the color of organoids became darker
(Fig. 4c). The outer wall of the organoids is an important
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structural feature, as its integrity allows organoids to
function as independent structural units, forming a bar-
rier between organoids and the matrix to prevent leak-
age of contents [40]. Therefore, we further observe the
outer wall structure of the randomly selected Hep-orgs.
It was found that the outer wall did not show significant
morphological changes in the control and GNSs treat-
ment groups (red arrows). However, in the Hep-orgs
group treated with GNBs, the cells composing the outer
wall were no longer tightly connected as a cohesive struc-
ture. Instead, they appeared as a scattered ring of cells
with gaps in between (black arrows). This confirms that
exposure to GNBs with spikiness value of 3 can cause loss
of intercellular junction integrity in liver cells and dam-
age to cell membranes [41]. We speculate that the nano
spikes of GNBs make them easier to penetrate the cell
membrane, cause physical damage and alter the integrity
of the cell membrane. This process is visualized in vitro
based on Hep-orgs. Therefore, we believe that the Hep-
orgs, which contain multiple cell types and tight intercel-
lular connections, allow for more efficient intracellular
and extracellular signal communications and provide a
three-dimensional perspective that is closer to the in vivo
physiological environment. Thus, it is a more accurate in
vitro model for evaluating the toxicity of NPs compared
to individual cells.

Identification of the cytoskeleton damage, generated ROS,
and mitochondria damage in Hep-orgs

The main components of the cytoskeleton, which con-
tributes to cellular support and intercellular connections,
are microtubules, microfilaments, and intermediate fila-
ments [42]. They play important roles in maintaining
cell shape, contributing to cell division, and participat-
ing in cell movement and intracellular transport [43].
We stained F-actin to observe the cell structure changes
in HepG2 and Hep-orgs, which are caused by micro-
filaments. Under the treatments with GNSs and GNBs,
although the skeleton morphology of HepG2 cells was
altered (Additional file 5: Fig. S5a), there was no signifi-
cant differences in the statistics of fluorescence quantifi-
cation (Additional file 5: Fig. S5b). It is worth mentioning
that the 3D scans by CLSM help us better understand the
assembly structure of F-actin in Hep-orgs. The retreat of
cell skeletons was observed after treatment with GNSs
and GNBs (Fig. 5a). The fluorescence statistical results of
the corresponding nucleus/F-actin were also displayed in
Fig. 5b, reflecting the higher sensitivity of the Hep-orgs
and the more intuitive visualization of the results than
those of 2D cells.

Furthermore, mitochondrial damage and oxidative
stress induced by metal NPs are the main reasons for
their cellular toxicity [44]. We examined the changes
in MMP and the generation of ROS in HepG2 and
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Fig.4 The effects of GNSs/GNBs on the cytotoxicity and morphology of HepG2 cells and Hep-orgs. (a) Cytotoxicity of GNSs and GNBs on HepG2 cells. (b)
The results of GNSs and GNBs on ATP production in Hep-orgs. (c) Bright-field optical images of HepG2 cells and Hep-orgs after treatment with GNSs and
GNBs. Red arrows point to the outer wall of the Hep-orgs, and black arrow points to the enlarged intercellular space on the outer wall of the Hep-orgs. All
data are presented as mean = SD (the black dots represent the number of samples). *P <0.05, **P < 0.01, ***P < 0.001

Hep-orgs. Under GNSs treatment, the MMP of Hep-
orgs decreased, indicating a disruption of mitochon-
drial membranes due to the acute stress from GNSs.
When Hep-orgs were treated with GNBs, this change
was greatly amplified. The alteration in the potential
difference across the mitochondrial membrane would
affect the electron transfer in the mitochondrial respi-
ratory chain, leading to a decrease in ATP production
in Hep-orgs (Fig. 5c). The ratio between green fluores-
cence and red fluorescence in MMP intuitively shows
that GNBs caused extremely significant mitochondrial
damage (Fig. 5d). However, MMP alterations did not

show statistically significant differences in HepG2 cells
(Additional file 5: Fig. S5¢,d). Furthermore, a pronounced
enhancement of ROS levels was observed in Hep-orgs
treated with GNBs (Fig. 5e), and this change was also
visually apparent in the fluorescence intensity of the same
scanning area (Fig. 5f). Identically, this result was also
observed in HepG2 cells (Additional file 5: Fig. S5e,f).

To further reveal the mechanism of hepatotoxicity
induced by GNSs and GNBs, liver injury related indexes
such as AST and ALT were also detected both in HepG2
cells and Hep-orgs. ALT is predominantly found in the
cytoplasm of hepatocytes. AST is mainly distributed in
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hepatocyte mitochondria, with a small portion being dis-
tributed in the cytoplasm. As consistent with our assay
of mitochondrial potential, the AST activity was sig-
nificantly increased after the treatment with GNBs, and
exhibited a higher level in Hep-orgs than HepG2 cells,
which can be attributed to the enhanced hepatocyte
function in the 3D microenvironment (Additional file 6:
Fig. S6a). ALT viability increased after both GNSs and
GNBs treatments, with it possessing a slightly higher level
after the GNBs treatment (Additional file 6: Fig. S6b). The
aforementioned results suggest that the hepatotoxicity
of GNBs originates from their damage to mitochondria.

More importantly, Hep-orgs have been proved that they
can be used to reveal the possible mechanism of shape-
induced hepatotoxicity with a higher sensitivity.

The differences caused by GNSs and GNBs can be
attributed to their completely different shapes. The size
of the nano-spikes at the tip of the GNBs was measured
to be 82 nm. It has been confirmed that the spiky nano-
structure at the nanoscale can cause physical damage to
cell membranes and organelles [45], and this physical
damage can quickly affect the physiological function of
Hep-orgs. In a brief summary, Hep-orgs exhibit a unique
sensitivity compared to the cellular models, which can be
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attributed to the fact that organoids possess the ability
to simulate the complex physiology in vivo. The special
structure allows them for more frequent intercellular and
cell-matrix signaling, which is superior to cell models in
terms of reliability and visualization of results.

To further investigate the GNPs’ impact on the organ-
elles of Hep-orgs, we conducted TEM observations on
Hep-orgs co-cultured with GNSs/GNBs (Fig. 6). The
TEM images of the control group showed abundant
mitochondria and endoplasmic reticulum (ER). The
orderly arrangement of mitochondrial cristae is observed.
The ER structure was clear, and multiple ribosomes could
be observed. Under the influence of GNSs, the number of
mitochondrial cristae and ribosomes decreases. Particu-
larly, GNBs caused a rupture of the mitochondrial mem-
brane and fragmentation of the endoplasmic reticulum
membrane. It is worth noting that Hep-orgs produced
autophagosome structures in response to the external
stimuli of GNBs. These results suggest that acute expo-
sure to GNBs can significantly cause mitochondrial dam-
age and ER stress in Hep-orgs.

Lipid accumulation in hep-orgs

The robust metabolic functions of the liver come from
the thousands of mitochondria within each liver cell
[46]. As the energy factory in cells, mitochondria main-
tain the normal physiological functions of cells through
the metabolism of glucose, amino acids, and fatty acids
[47]. Exposure to metal NPs may cause disruptions in the
mitochondrial metabolism of fat. Previous research has

Control
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reported that an increased lipid droplet deposition was
observed in the liver cells of rats continuously injected
with silver NPs [48]. Additionally, lipid degeneration
was observed in rats after treatment with 10 nm gold
nanoparticles [49]. Therefore, we investigated the effects
of GNSs and GNBs on lipid metabolism in the Hep-
orgs model through Nile Red staining and HE staining.
The lipid accumulation in Hep-orgs induced by GNBs
was significant (Fig. 7a). The fluorescence intensity from
CLSM visually demonstrated this phenomenon (Fig. 7b).
Pathological results of lipid degeneration caused by
GNBs were also observed in HE staining (Fig. 7c), and
abnormal lipid metabolism can also be observed in Hep-
orgs. This result can be attributed to the spike structure
of GNBs disrupting the structure of the mitochondrial
membrane and endoplasmic reticulum membrane,
blocking the metabolic pathway of lipids in cells.

Liver damage in vivo

We then evaluated the in vivo toxicity levels after intra-
venous injection of GNSs and GNBs, and collected
serum and major organs 7 days after injection (Fig. 8a).
The body weight of mice was not affected within 7 days
of injection of 10 mg/kg GNSS and GNBS (Additional
file 7: Fig. S7a), and there was no obvious weight differ-
ence in major organs (Additional file 7: Fig. S7b). Distinct
variations were observed in blood biochemical indicators
(ALT, AST, ALP and ALB). Compared with the control
group, liver injury indicators, and serum albumin content
largely increased after the injection of GNSs and GNBs,

Fig.6 Representative TEM images of mitochondrial morphology and structure in Hep-orgs. Red arrows point to the mitochondria, green arrows point to
the ER, yellow arrows point to the location of the internalized GNSs/GNBs, and blue arrows point to the autophagosome
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Fig. 7 GNSs and GNBs caused metabolic abnormalities in Hep-orgs. (@) CLSM 3D composite images of internal lipid in Hep-orgs stained with Nile Red
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indicating severe liver injury, especially in the liver paren-
chymal cells with ALB synthesis function (Fig. 8b). AST
is mainly present in mitochondria, while ALT is mainly
present in the cytoplasm. When liver cells are mildly
damaged, ALT is first released into the bloodstream.
When liver cells and mitochondria are severely dam-
aged, AST is massively released into the bloodstream.
After the injection of GNBs in vivo, the AST signal was
much higher than that after the treatment of GNSs, indi-
cating that the mitochondrial damage degree caused
by GNBs was more serious than that caused by GNSs,
which is consistent with the results on the Hep-orgs.
This confirms that the Hep-orgs in vitro represents a reli-
able hepatocyte response compared to the in vivo mice
model, with a more mature hepatocyte function and sen-
sitive response than the cellular model.

The distribution, uptake, and metabolism of the mate-
rial in mice are different from cellular and organoid
models [50]. The resistance of models to nanotoxic-
ity increases with their complexity. A larger dose of the
nanomaterials needs to be injected for the observa-
tion of liver injury. As shown in Fig. 8c, widely visible
watery degeneration of liver cells is observed in liver tis-
sue, with liver cells swelling into balloon-like structures,
liver sinuses being compressed, and liver cell boundar-
ies becoming unclear. This is consistent with the results

we obtained in Hep-orgs in vitro (Fig. 4c), which further
proves that GNBs treatment disrupts hepatocyte connec-
tivity and cell membrane integrity. The blue arrows point
to the loose cytoplasm, while the red arrows point to the
infiltration of inflammatory cells. Exposure to GNSs and
GNBs caused an infiltration and accumulation of renal
inflammatory cells (Additional file 8: Fig. S8a). The renal
function indicator UREA of the GNSs/GNBs group is
slightly higher than that of the PBS group, indicating liver
and kidney dysfunction, but there are no statistical differ-
ences (Additional file 8: Fig. S8b). Similarly, HE staining
images of the mouse spleen showed that GNSs and GNBs
caused varying degrees of damage to a small amount of
central granulocyte aggregation in the spleen (Additional
file 9: Fig. S9) and cardiac muscle fiber orientation (Addi-
tional file 10: Fig. S10). GNPs injected into the veins of
mice are transported through the sinusoidal endothe-
lial cell gaps and captured by liver cells, where they are
cleared through the liver and bile. The above results have
confirmed that GNSs and GNBs have varying degrees of
liver damage in vivo, with GNBs exhibiting much more
significant toxicity due to nano spikes. This work reminds
us that when developing GNPs for biomedical purposes,
it is necessary to consider the shape-dependent nano-
toxicity and biological effects. More attention should be
paid to reducing the shape toxicity of GNPs, material
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reshaping and surface modification can be employed to
comprehensively refine the biological evaluation and to
aid the clinical translation of NPs.

Conclusion

In summary, this work used hepatocytes, hepatocyte
organoid models, and mice to evaluate the shape-medi-
ated hepatotoxicity of gold nanomaterials and in vivo.
The tip effect of gold nanomaterials plays a crucial role
in the cellular toxicity. GNBs exhibit unique nanotoxic-
ity through mitochondrial damage, ROS production, and

liver cell metabolism interference. Therefore, it is essen-
tial to consider the shape factor of nanomaterials when
developing gold nanomaterials for biomedical applica-
tions. Compared to the cellular models, Hep-orgs provide
more mature liver cell functions and are more sensitive to
the cytoskeleton and mitochondrial damage. The organ-
oid platform in vitro offers a rapid and three-dimensional
view closest to in vivo conditions for exploring the mech-
anism of nanomaterials’ hepatotoxicity. Although Hep-
orgs recapitulates crucial features of the liver, such as
structure, major cell types, and partial functionality, the
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exact control over the size, precise cellular composition,
and ratios of Hep-orgs currently remains challenging.
Currently, this work only focused on the biological effects
of Au nanomaterials with different shapes, and the depth
of research into the differences in the gene and protein
expressions during the process is insufficient, which still
needs to be further investigated and explored. More
complete and multifunctional organoids such as vascu-
larized organoids and immune co-culture organoids still
need to be developed for the screening and evaluation of
nanoparticles or nanomedicines. Organoid models estab-
lish an efficient and economical platform for understand-
ing and investigating the interactions and mechanisms
between nanomedicines and the human body systems,
thereby providing robust support for drug development
and toxicological assessment.
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