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ABSTRACT: Gold nanoparticles (AuNPs) in different shapes have been developed and investigated
for the treatment of various diseases. However, the potential toxicological vulnerability of different
organs to morphologies of AuNPs and the complication of the toxicological profile of AuNPs by other
health risk factors (e.g., plastic particles) have rarely been investigated systematically. Therefore, in this
study, we aimed to investigate the toxicological differences between the spherical and triangular AuNPs
(denoted as AuS and AuT, respectively) and the toxicological modulations by micro- or nanosized
polystyrene plastic particles (denoted as mPS and nPS, respectively) in mice. Systemic biochemical
characterizations were performed after a 90 day oral gavage feeding to obtain toxicological comparisons
in different organs. In the case of single exposure to gold nanoparticles, AuT was associated with
significantly higher aspartate amino-transferase (168.2%, P < 0.05), superoxide dismutase (183.6%, P <
0.001), catalase (136.9%, P < 0.01), total cholesterol (132.6%, P < 0.01), high-density lipoprotein
cholesterol (131.3%, P < 0.05), and low-density lipoprotein cholesterol (204.6%, P < 0.01) levels than
AuS. In contrast, AuS was associated with a significantly higher nitric oxide level (355.1%, P < 0.01)
than AuT. Considering the overall toxicological profiles in single exposure and coexposure with multiscale plastics, it has been found
that AuS is associated with lower hepatotoxicity and lipid metabolism malfunction, and AuT is associated with lower neurotoxicity
than AuS. This finding may facilitate the future therapeutic design by considering the priority in protections of different organs and
utilizing appropriate material morphologies.

1. INTRODUCTION
Due to their unique property in plasmon resonance, gold
nanoparticles (AuNPs) with different shapes (e.g., spherical
and triangular) show magnificent promises in diversified
applications, including drug delivery,1 biological imaging,2

photothermal therapy,3 radiofrequency therapy,4 and neuro-
logical therapy.5 Concurrently with the popularity of using
AuNPs in therapies, exposure to AuNPs among patients is
becoming even more frequent. Surging evidence in recent
years supports the notion that AuNPs are playing a role with
increasing importance based on its potential in diagnoses and
treatment, and the exposure to AuNPs among patients will
become more and more regular in the clinic. Accordingly, there
are growing interests in understanding the toxicological profile
of AuNPs comprehensively to alleviate and control the
toxicities associated with AuNP-based therapies.6

Plastics usage poses a worldwide health risk as revealed by
the findings of microplastics and nanoplastics in aquatic,
terrestrial, and atmospheric systems.7 The broad and frequent
daily usage of plastic products accelerates the accumulation of
plastic particles in humans, thus inducing organ damages.8,9

Particularly, the use of disposable plastic products increased
globally since the recent COVID-19 pandemic due to the
inevitable utilizations of disposable protection suites and
additional covers of packages to prevent virus spread.10

Polystyrene (PS) is one of the most widely used plastics for
food packaging, cosmetics, and medical applications.11 Apart
from the daily exposure to plastics, patients will receive
additional exposure to plastics due to therapeutic needs, e.g.,
the use of intravenous catheters or other medical devices.
Micro- and nanosized PS particles (denoted as mPS and nPS,
respectively) have been reported to induce dysbiosis,
inflammation, growth inhibition, oxidative stress, behavioral
changes, transcriptional dysfunction, and gene expression
alterations in a variety of organisms (fish, shrimp, turtles,
mice, etc.).8,12,13 Therefore, plastic exposure constitutes a
prevalent public health risk worthy of attention in therapies
and the daily care of patients.

The unique property of AuNPs strongly depends on tailored
morphologies and sizes;14 therefore, two shapes with one
representing the isotropic gold nanoparticles (i.e., spherical)
and the other representing the anisotropic gold nanoparticles
(i.e., triangular) were chosen and studied. These two

Received: June 27, 2024
Revised: September 27, 2024
Accepted: October 4, 2024
Published: October 9, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

42990
https://doi.org/10.1021/acsomega.4c05961

ACS Omega 2024, 9, 42990−43004

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuyang+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiliang+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c05961&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05961?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05961?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05961?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05961?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05961?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/42?ref=pdf
https://pubs.acs.org/toc/acsodf/9/42?ref=pdf
https://pubs.acs.org/toc/acsodf/9/42?ref=pdf
https://pubs.acs.org/toc/acsodf/9/42?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c05961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


morphologies have been examined solely in previous studies.1

Moreover, it is reported that the coexposure of Au ion with
other health risks, e.g., polystyrene nanoplastic particles,15 will
modulate the toxicological profile, adding a challenge to the
toxicity control in AuNP-based therapies. Therefore, in this
study, we focus on the morphology effect of AuNPs on their
biosafety by comparing two popularly used nanoparticle
shapes: sphere and triangle (denoted as AuS and AuT,
respectively). The toxicological differences between particle
shapes were investigated in systems with AuNPs only and with
coexposures to multiscale PS (mPS and nPS). Biochemical
markers were characterized to reveal hepatotoxicity, neph-
rotoxicity, neurotoxicity, inflammatory responses, lipid metab-
olism malfunction, and gut microbial alterations. These
toxicological data provide the basis for the selective
vulnerability of different organs for exposure toward AuNPs
in different morphologies and their coexposure with micro/
nano-plastics. These results could potentially facilitate
exploring ways to ease toxicity and thereafter enhance the
biosafety of AuNPs within the context of other risk factors.

2. EXPERIMENTAL SECTION
2.1. Chemical and Apparatus. Gold(III) chloride

trihydrate (CTAC), sodium citrate (Na3Ct), and cetyltrime-
thylammonium chloride were purchased from Sigma-Aldrich
(Burlington, USA). Ascorbic acid, NaOH, and KI were
purchased from Sinopharm Chemical Reagent (Zhejiang,
CHN). PS in particle sizes of 5 μm (i.e., mPS) and 500 nm
(i.e., nPS) were purchased from Macklin (Shanghai, CHN). All
chemical reagents were analytically pure and used without
further purification. Biochemical markers were measured with
commercial kits and purchased from Nanjing Jiancheng
Bioengineering (Jiangsu, CHN). The enzyme-linked immuno-
sorbent assay (ELISA) kits were purchased from Calvin
Biotechnology (Jiangsu, CHN).

Transmission electron microscopy (TEM) (HT7700,
Hitachi, Tokyo, Japan) and scanning electron microscopy
(SEM) (Zeiss Merlin Compact, Oberkochen, Germany) were
utilized. A UV-1800 spectrophotometer (Shimadzu, Kyoto,
Japan) was used to measure extinction spectra. Biochemical
markers were measured with Varioskan Flash (Thermo
Scientific, Massachusetts, USA). Deionized water (>18 MΩ·
cm) was used throughout the experiments.
2.2. Syntheses of AuNPs. AuS with a diameter of about

20 nm was synthesized by the citrate reduction method.16 In
brief, 1 mL of 1 wt % HAuCl4 was instilled into 95 mL of
water. The solution underwent a slight boil after which 4 mL of
1.0 wt % Na3Ct was added instantly to reduce the HAuCl4.
Heating and stirring continued until the red color of solution
reached a steady state, and the solution was used after naturally
cooling to room temperature. The synthesized sample was
transferred to a brown bottle and refrigerate.

AuT with an edge length of 50 nm and a thickness of 20 nm
was fabricated using a seedless approach.17 In the seedless
growth process, CTAC was used as the surfactant; iodide ions
were used as the shape-directing agent, and NaOH was used to
adjust the pH of the growth solution. In brief, 1.6 mL 0.1 M
CTAC, 8.135 mL ultrapure water, and 75 μL 0.01 M KI were
mixed, followed by the addition of 100 μL tetrachloroaurate
solution (obtained by mixing 80 μL 25 mM HAuCl4 and 20 μL
0.1 M NaOH in a 1:1 ratio). Upon the addition of 80 μL of
0.064 M ascorbic acid, the solution color changed from light
yellowish to colorless. Finally, 10 μL of 0.1 M NaOH was

rapidly added into the solution, and the solution color changes
from colorless to red, then purple, and eventually blue,
corresponding to the formation of anisotropic triangular gold
nanoparticles. The growth process was completed in about
10−15 min. After purification by depletion flocculation,18 AuT
was centrifuged to remove excess surfactants and then
redispersed in water.
2.3. Animals and Experimental Design. The local

institutional animal care and use committee approved the
experimental protocol. A total number of 48 wild-type Institute
of Cancer Research (ICR) mice (24 females and 24 males; 5
weeks old) were purchased from Jinan Pengyue Laboratory
Animal Breeding Co., Ltd. All these mice were cultured in
cages and acclimated for 1 week before involvement to the
designed study (Figure 1). Mice were randomly distributed

into six subcohorts in a gender balanced manner for further
use. The acclimatization and housing environment for mice
throughout the present study was a local animal facility with a
12 h-light/12 h-dark cycle, a temperature of 24 ± 4 °C, and a
relative humidity of 60% ± 4%.

The toxicity of plastics can vary with particle sizes.
Therefore, in this study, two sizes with one representing the
nanoscale plastics (i.e., 500 nm) and the other representing the
microscale plastics (i.e., 5 μm) were chosen and studied. The
mPS and nPS were diluted with ultrapure water and mixed
with AuS and AuT for oral gavage feeding, and the final
concentrations of PS and AuNPs in the feeding solutions were
30 mg/L.19 Toxicological comparisons between AuS and AuT
were performed in two substudies: Study 1 focused the single
exposure to AuNPs and Study 2 focused on the coexposure
with PS. Study 1 included two groups: the AuS group (N = 8)
receiving AuS solution and AuT group (N = 8) receiving AuT
solution. Study 2 covered four groups: AuSnPS group (N = 8)
receiving AuS and nPS, AuTnPS group (N = 8) receiving AuT
and nPS, AuSmPS group (N = 8) receiving AuS and mPS, and
AuTmPS group (N = 8) receiving AuT and mPS. Solutions
were fed by an oral gavage at a volume of 10 μL per gram body

Figure 1. Schematic diagram of the experimental design.
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weight (dosage at 0.3 mg/kg for PS and AuNPs) for 90
consecutive days with weekly recording of body weights
(Figure 1).
2.4. Sample Collection. Two days before the autopsy,

feces were collected, and stored at −80 °C for the microbial
analyses. All mice were anesthetized with ether, and blood
samples were collected for serum analysis. After euthanization,
the liver, kidney, brain, spleen, heart, and lung were extracted.
Tissue samples were rinsed with 0.9% normal saline to remove
blood stains, dried with filter paper, and weighed with a
balance for measuring organ coefficients. Samples (excluding
those used for histopathological staining) were pretreated with
liquid nitrogen and stored at −80 °C for later biochemical
analyses.
2.5. Histopathological Analyses. Liver and kidney

tissues were fixed in formalin (4%), embedded in paraffin
wax, sectioned, and finally stained with hematoxylin and eosin
(H&E) for microscopic observation.
2.6. Biochemical Analyses. As outlined in Figure 1,

biochemical characterizations were performed to investigate
hepatotoxicity, nephrotoxicity, neurotoxicity, lipid metabolism,
and inflammation. Commercial kits were used to detect below
biomarkers according to the manufacturer’s instructions
(Nanjing Jianchen, Jiangsu, CHN). Activities of aspartate
amino-transferase (AST) and alanine aminotransferase (ALT)
were detected with a blood serum to show liver damage.20,21

For each liver sample, glutathione (GSH), superoxide
dismutase (SOD), catalase (CAT), and malonaldehyde
(MDA) were detected to examine the hepatotoxicity.21−23

For each kidney sample, contents of creatinine (CRE) and
blood urea nitrogen (BUN) were detected to reflect
nephrotoxicity.20,24 For each brain sample, acetylcholinesterase
(AChE) activity and nitric oxide (NO) content of were
detected to examine the neurotoxicity.22,25 Triglyceride (TG),
the total cholesterol (T-CHO), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein cholesterol
(LDL-C) were detected with blood serum to gain insight into
lipid metabolism.23,26,27

Levels of tumor necrosis factor (TNF-α), interleukin-1β (IL-
1β), and interleukin-6 (IL-6) of the mice serum were
determined by using a two-antibody one-step sandwich
ELISA kits according to the manufacturer’s instructions
(Calvin Biotechnology, Jiangsu, CHN) to represent inflamma-
tion.13,20,23 The measuring procedure for ELISA follows a basic
protocol: specimens, standards, and HRP-labeled detection
antibodies were added to the precoated microwells of TNF-α/
IL-1β/ IL-6 antibodies, incubated, and washed thoroughly.
Chromogenic with the substrate TMB, which was catalyzed by
peroxidase and converted to its final yellow color by acid.
There was a positive correlation between the shade of color
and TNF-α/IL-1β/ IL-6 in the sample. Absorbance (OD
value) was measured with a microplate reader at a wavelength
of 450 nm to calculate the sample concentration. The data
were obtained using a Varioskan Flash Reader (Thermo Fisher
Scientific, USA).
2.7. Gut Microbial Analyses. DNA Extraction and PCR

Amplification. Microbial community genomic DNA was
extracted from feces using the PF Mag-Bind Stool DNA Kit
(Omega Biotek, Georgia, U.S.) according to manufacturer’s
instructions. DNA extract was examined on 1% agarose gel to
determine the DNA concentration and purity using a
NanoDrop 2000 UV−vis spectrophotometer (Thermo Scien-
tific, USA). The extracted DNA samples were amplified from

the V3−V4 region of the 16S rRNA and sequenced by
Majorbio Biotechnology (Shanghai, CHN). The bacterial 16S
rRNA genes were amplified using primers 338F (5′-
ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGAC-
TACHVGGGTWTCTAAT-3′). High throughput sequencing
technology was conducted to reveal the alterations of the gut
microbiota.

2.7.1. DNA Library Construction and Sequencing. Purified
products were pooled in equimolar amounts, and the DNA
library was constructed using the SMRTbell prep kit 3.0
(Pacifc Biosciences, USA) according to manufacturer’s
instructions. Purified SMRTbell libraries were sequenced on
the Pacbio Sequel IIe System (Pacifc Biosciences, USA) by
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, CHN).

2.7.2. Data Processing. PacBio raw reads were processed
using the SMRTLink analysis software (version 11.0) to obtain
high-quality Hifi reads with a minimum of three full passes and
99% sequence accuracy. For bacterial 16S rRNA gene,
sequences with a length < 1000 or > 1800 bp were removed.
The Hifi reads were clustered into operational taxonomic units
(OTUs) using UPARSE 1128,29 with 97% sequence similarity
level. The most abundant sequence for each OTU was selected
as a representative sequence.

The metagenomic function was predicted by Phylogenetic
Investigation of Communities by Reconstruction of Unob-
served States (PICRUSt2)30 based on OTU representative
sequences. PICRUSt2 is software containing a series of tools as
follows: HMMER was used to align the OTU representative
sequences with reference sequences. EPA-NG and Gappa were
used to put representative sequences of the OTU into a
reference tree. The castor was used to normalize the 16S gene
copies. MinPath was used to predict gene family profiles and
locate the gene pathways. Functional prediction of 16S
amplicon sequencing results was performed by the PICRUSt2
software package. Software: PICRUSt2 (http://huttenhower.
sph.harvard.edu/galaxy).

Bioinformatic analysis of the gut microbiota was carried out
using the Majorbio Cloud platform (https://cloud.majorbio.
com). Based on the OTU information, rarefaction curves and
alpha diversity indices including observed OTUs, Shannon,
Simpson, Chao, and Ace indexes were calculated with Mothur
v1.30.2.31 The similarity among the microbial communities in
different samples was determined by principal coordinate
analysis (PCoA) based on Bray−Curtis dissimilarity using the
Vegan v2.4.3 package. Annotation information, compositional
abundances, and genetic risks of developing diseases associated
with the microbial communities in tested samples were
evaluated based on the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database.
2.8. Statistical Analysis. All data were presented as the

mean ± standard error. Statistical analyses were performed
using one-way ANOVA and Tukey’s test with Prism 8.0.2 and
IBM SPSS Statistics 26. A P-value < 0.05 was considered as
significant and confidence intervals was denoted as CI.

3. RESULTS
3.1. Characterizations of AuNPs and PS Particles.

TEM images confirmed the morphological properties of
isotropic AuS and anisotropic AuT. AuS was featured by a
diameter of about 20 nm (Figures 2a and S1 in the Supporting
Information) and AuT was featured by a dimension of about
20 × 50 nm (thickness × width) (Figures 2b and S2). In the
extinction spectra, AuS and AuT exhibited plasmon peaks at
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521 and 663 nm (Figure 2c,d), respectively, supporting the
structural differences between these two morphologies.32 The
PS nanoparticles and microplastics (nPS and mPS) were
characterized by diameters of about 500 nm (Figures 2e and
S3a) and 5 μm (Figures 2f and S3b), respectively, according to
the SEM images.
3.2. Study 1: Toxicological Profile of Single Exposure

to AuNPs. 3.2.1. Biochemical Changes after Exposure to
AuNPs. According to the H&E staining, inflammatory cell
infiltration was a common finding in both the liver (yellow
arrows in Figure 3a,b) and kidney (blue arrows in Figure 3c,d).
Organ coefficients were similar between the AuS and AuT
groups (Figure 3e−i) except for the spleen (P < 0.001; 95.0%
CI [0.397, 1.466]) (Figure 3j). Body weight did not show
significant changes (Figure S4). These results suggested that
the presence of cellular abnormality was not coupled to
atrophy or compensatory hyperplasia in major organs.

Levels of SOD, CAT, GSH, and MDA in unison with the
enzyme activities of ALT and AST were measured to
investigate the hepatotoxicity. The AuT group exhibited
similar ALT (Figure 4a) but significantly higher AST (P <
0.05; 95.0% CI [−9.533, −0.527]) (Figure 4b) activities in
comparison with the AuS group. Moreover, the AuT group
exhibited significantly higher SOD (P < 0.001; 95.0% CI
[−0.506, −0.191]) (Figure 4c) and CAT (P < 0.01; 95.0% CI
[−0.280, −0.100]) (Figure 4d) activities, suggesting the
existence of higher oxidative stress. GSH (Figure 4e) and
MDA (Figure 4f) levels were similar among the AuS and AuT
groups. These results revealed that the AuT exposure led to
severer perturbation in the hepatic function than the AuS
exposure.

BUN and CRE were measured to investigate the glomerular
filtration rate, thus reflecting the potential impairment of renal
functions. The AuS group was found to be with a significantly
higher BUN content (P < 0.001; 95.0% CI [1.693, 4.339])
(Figure 4g). Meanwhile, the AuS and AuT groups were similar

in terms of CRE content (Figure 4h). It can be inferred that
the kidney was more severely damaged by the AuS exposure.

The AChE activity and NO level were assessed to reveal
potential neurotoxicity. The AChE activity was similar among
the AuS and AuT groups (Figure 4i). By contrast, the NO level
was significantly higher in the AuS group (P < 0.01; 95.0% CI
[0.028, 0.151]) (Figure 4j), potentially suggesting the
stimulation of higher cerebral perfusion to compensate the
efficiency reduction of impaired neurons. Therefore, the AuS
exposure led to neurotoxicity higher than that of the AuT
exposure.

Levels of TNF-α, IL-1β, and IL-6 were determined to
represent pro-inflammatory cytokines for the AuS and AuT
groups. The TNF-α level was found to be significantly higher
in the AuS group (P < 0.001; 95.0% CI [13.226, 18.387])
(Figure 4k), while the IL-1β level was significantly higher in
the AuT group (P < 0.01; 95.0% CI [−9.241, −0.345])
(Figure 4l). In addition, the AuS and AuT groups showed
similar IL-6 levels (Figure 4m). These cytokine levels implied
that inflammatory responses exhibited a dependence on the
nanoparticle shape. Further evaluations were still needed if a
direct comparison of global inflammation levels between the
AuS and AuT groups was targeted due to the inconsistent
alterations in different cytokines.

Levels of TG, T-CHO, HDL-C, and LDL-C were detected
to examine the potential alteration in the lipid metabolism.
There was not a significant difference in the TG level (Figure
4n). The AuT group exhibited consistently higher T-CHO (P
< 0.01; 95.0% CI [−1.893, −0.374]) (Figure 4o), HDL-C (P <
0.05; 95.0% CI [−1.146, −0.129]) (Figure 4p), and LDL-C (P
< 0.01; 95.0% CI [−0.429, −0.043]) (Figure 4q) levels than
the AuS group.

3.2.2. Microbial Alterations after the Single Exposure to
AuNPs. Collectively, 345, 392 high-quality 16S rRNA
sequences and 1156 operational taxonomic units (OTUs) at
97% identity were obtained. The AuT group exhibited
significantly higher Chao and Ace indexes (P < 0.05; Figure
5a,b), and similar Shannon and Simpson indexes (Figure 5c,d)
compared to the AuS group. There were 968 and 1015 OTUs
in the AuS and AuT groups, respectively, with 827 OTUs
shared (Sorensen coefficient = 83.41%) (Figure 5e).
Furthermore, PCoA revealed a decent separation between
the AuS and AuT groups based on the microbial composition
(Figure 5f).

Apart from the community-level information on gut
microbiota, differences in the dominant microbiomes were
also investigated. Top 13 microbiotas with the largest
microbial abundances (≥0.01%) were determined (Figure
5g). Among them, the AuT group exhibited higher
Muribaculaceae and lower Erysipelotrichaceae (P < 0.05; Figure
S5). Similar abundances were observed in the other 11 bacteria
(Figure S5). Referring to the Level-2 KEGG pathway analyses,
the AuS group showed significantly higher genetic abundances
in microbiota, contributing to the biosynthesis of secondary
metabolites and neurodegenerative diseases (Figures 5h and
S6). These results suggest that the microbial richness,
microbial composition, dominant microbial species, and risk
genetic abundances are differentially shaped by the morphol-
ogy of AuNPs. The AuS exposure was generally associated with
a higher toxicity related to the gut microbiota than the AuT
exposure. In addition, by analyzing the KEGG pathway at
Level 3 on the genes of gut bacteria, the AuS group was found

Figure 2. Basic characterizations of AuNPs and PS particles used in
this study. TEM images (a,b) and extinction spectra (c,d) of AuS and
AuT. SEM images of nPS (e) and mPS (f).
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to be associated with epithelial cell signaling in Helicobacter
pylori infection (Figure S7).

Correlations between the biochemical biomarkers and
microbial compositions are shown in Figure S8. Gut
microbiota significantly related with biomarkers of hepatotox-
icity (AST, ALT, SOD, MDA, and GSH), of hepatotoxicity
(CRE and BUN), of neurotoxicity (AChE and NO), of
inflammatory (IL-6, TNF-α, and IL-1β), and lipid dysfunction
(TG, T-CHO, LDL-C, and HDL-C). Biochemical markers are
selectively vulnerable to the gut microbiome, with certain
biomarkers significantly affected by specific microbiomes. For
instance, changes in liver biomarkers were coordinated with
Butyricicoccaceae, Helicobacteraceae, Erysipelotrichaceae, Lachno-
spiraceae, Muribaculaceae, Enterococcaceae, and UCG-010;
alterations in the kidney biomarkers were coordinated with
Firmicutes, Lactobacillaceae, Helicobacteraceae, Erysipelotricha-
ceae, Peptococcaceae, and Muribaculaceae; changes in neuron
biomarkers were coordinated with Clostridiaceae, Helicobacter-
aceae, Erysipelotrichaceae, Peptococcaceae, and Muribaculaceae;
inflammation response were coordinated with Helicobacter-
aceae, Erysipelotrichaceae, Muribaculaceae, Monoglobaceae, Pep-

tococcaceae, Ruminococcaceae, and Butyricicoccaceae; and lipid
metabolism were coordinated with Lachnospiraceae, Akkerman-
siaceae, Prevotellaceae, and Muribaculaceae.
3.3. Study 2: Toxicological Profiles of Coexposures

between AuNPs and PS Particles. 3.3.1. Biochemical
Alterations in Coexposures. H&E staining of liver (Figure
6a−d) and kidney (Figure 6e−h) sections revealed the
occurrence of cell infiltration in all coexposure groups.
Regarding the two groups with mPS, organ coefficients except
the one for the spleen were similar (Figure 6i−n), showing a
pattern identical to the case of single exposure to AuNPs. By
contrast, the presence of nPS added a complicated modulation
to the organ coefficients. The AuSnPS group was associated
with a higher liver coefficient (P < 0.05; 95.0% CI [−0.080,
7.942]) (Figure 6i) and a lower kidney coefficient (P < 0.01;
95.0% CI [−3.946, −0.561]) (Figure 6j) compared to the
AuTnPS group. Meanwhile, the spleen coefficients were similar
among the AuSnPS and AuTnPS groups. Therefore, the
coexposure of AuNPs with PS led to a size-dependent effect on
the organ coefficients.

Figure 3. H&E staining (a−d) and organ coefficients (e−j) in the single exposure to AuNPs. H&E stained images of liver (a,b) and kidney (c,d)
for the AuS and AuT groups. Yellow and blue arrows denoted inflammatory cell infiltration. Comparisons of organ coefficients between AuS and
AuT in the liver (e), kidney (f), brain (g), heart (h), lung (i), and spleen (j). ***P < 0.001.
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Co-exposure with nanoscale PS. The AuSnPS group
exhibited significantly lower AST (P < 0.01; 95.0% CI
[−6.104, −1.592]) (Figure 7b) and lower SOD (P < 0.05;
95.0% CI [−0.349, 0.009]) (Figure 7c) than the AuTnPS
group, corresponding to relatively lower activities of reactive
oxidative species (ROS). Meanwhile, the BUN level was found
to be higher in the AuSnPS group (P < 0.05; 95.0% CI [0.529,
3.774]) (Figure 7g), suggesting more renal damage. The
presence of severer renal damage along with less hepatic injury
in the AuSnPS group was consistent with its lower kidney
coefficient and higher liver coefficient (Figure 6i,j). The
AuSnPS group showed a higher AChE (P < 0.05; 95.0% CI
[0.003, 0.023]) (Figure 7i) and higher NO (P < 0.01; 95.0%
CI [0.028, 0.151]) (Figure 7j). The higher inhibitory activity
(i.e., higher AChE) placed an additional barrier on the
neurotransmission. As a compensatory process, neurons
exhibited hyperactivities to promote neurotransmission, thus
releasing higher NO to stimulate more blood flow and
thereafter more nutrient supply. Changes in the inflammatory
cytokines were diversified. The AuSnPS group was charac-
terized by significantly higher TNF-α (P < 0.01; 95.0% CI
[2.581, 11.935]) (Figure 7k) but lower IL-1β (P < 0.01; 95.0%
CI [−6.414, −0.207]) (Figure 7l). The AuSnPS and AuTnPS
groups were similar in the levels of ALT (Figure 7a), CAT

(Figure 7d), GSH (Figure 7e), MDA (Figure 7f), CRE (Figure
7h), and IL-6 (Figure 7m). In addition, there was not a
difference in TG, T-CHO, HDL-C, or LDL-C (Figure 7n−q),
suggesting that the AuSnPS and AuTnPS groups shared a
similar lipid metabolism.

Co-exposure with microscale PS. The AuSmPS group was
characterized by significantly lower SOD (P < 0.05; 95.0% CI
[−0.233, −0.035]) (Figure 7c), lower BUN (P < 0.05; 95.0%
CI [−0.5044, −0.388]) (Figure 7g), and higher AChE (P <
0.05; 95.0% CI [0.001, 0.013]) (Figure 7i), suggesting lower
activity of ROS (thereafter less hepatotoxicity), less neph-
rotoxicity, but higher neurotoxicity in comparison with the
AuTmPS group. Like the coexposure with nPS, the
inflammatory cytokines were affected diversely. Higher TNF-
α (P < 0.01; 95.0% CI [1.935, 10.645]) (Figure 7k) but lower
IL-1β (P < 0.01; 95.0% CI [−8.414, −1.103]) (Figure 7l) were
observed in the AuSmPS group. There was not a difference in
ALT (Figure 7a), AST (Figure 7b), CAT (Figure 7d), GSH
(Figure 7e), MDA (Figure 7f), CRE (Figure 7h), NO (Figure
7j), and IL-6 (Figure 7m) between the AuSmPS and AuTmPS
groups. Lipid metabolism (Figure 7n−q) was similar between
the AuSmPS and AuTmPS groups.

Size effect of PS particles. Focusing the coexposures of AuS
with mPS and nPS, there was not a significant difference

Figure 4. Biochemical markers in a single exposure to AuNPs. Hepatotoxicity was assessed by ALT (a), AST (b), SOD (c), CAT (d), GSH (e),
and MDA (f). Nephrotoxicity was evaluated by BUN (g) and CRE (h). Neurotoxicity was represented by AChE (i) and NO (j). Inflammatory
perturbation was assessed by TNF-α (k), IL-1β (l), and IL-6 (m). Lipid metabolism dysfunction was evaluated by TG (n), T-CHO (o), HDL-C
(p), and LDL-C (q). *P < 0.05, **P < 0.01, and ***P < 0.001.
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(Figure 7) in any of the measured biomarkers. Between the
coexposures of AuT with mPS and nPS, the AuTnPS group
was associated with higher ALT (P < 0.05; 95.0% CI [−0.207,
15.495]) (Figure 7a), higher MDA (P < 0.05; 95.0% CI
[0.104, 0.871]) (Figure 7f), lower BUN (P < 0.05; 95.0% CI
[−4.550, −0.212]) (Figure 7g), and lower IL-1β (P < 0.05;
95.0% CI [−8.414, −1.103]) (Figure 7l). These results
potentially indicate that the hepatic function was more
vulnerably affected by the coexposure to AuT and nPS, and
renal function and inflammatory response were more affected
by the coexposure to AuT and microscale PS.

Mice of the four groups did not show global body weight
loss (Figure S9), suggesting that the alterations of biochemical
markers were the outcome of toxicological responses, instead
of other systemic health problems.

3.3.2. Microbial Profiles Complicated by the Coexposures
of AuNPs with PS Particles. A total of 690, 784 high-quality
16S rRNA sequences and 1303 OTUs at 97% identity were
observed.

Co-exposure with nanoscale PS. Similar Ace, Chao,
Shannon, and Simpson indexes were observed between the
AuSnPS and AuTnPS groups (Figure 8a−d), suggesting similar
global richness and diversities of the microbial community.
PCoA supported this finding with a lack of separation between
the AuSnPS and AuTnPS groups (Figure S10a). The similarity
of microbial species, represented by the Sorensen coefficient,
between the AuSnPS and AuTnPS groups was 86.55% (Figure
8e), higher than that between the AuS and AuT groups

(83.41%). At the family level (≥0.01% abundance), there were
14 microbial species, including the 13 dominant microbiotas in
the single exposure and Rs-E47_termite_group (Figures 8f and
S11). These 14 dominant species were not significantly
different in abundance between the AuSnPS and AuTnPS
groups. By reference to the Level-2 KEGG pathway analyses,
the risk genetic abundances of diseases were similar between
AuSnPS and AuTnPS (Figures 8g and S12).

Co-exposure with microscale PS. The AuSmPS group
exhibited significantly lower Chao and Shannon indexes but
similar Ace and Simpson indexes than the AuTmPS group
(Figure 8a−d) concurrently with similar compositions in major
microbiota (Figure S10b). The Sorensen coefficient between
the AuSmPS and AuTmPS groups was 85.01% (Figure 8e).
Among the 14 top microbiotas with the largest abundances
(≥0.01%) at the family level, the AuSmPS group exhibited
lower abundances of Muribaculaceae and Akkermansiaceae, but
higher abundance of Rs-E47_termite_group (Figures 8f and
S11). By reference to the Level-2 KEGG pathway analyses, risk
genetic abundances of biosynthesis of other secondary
metabolites, cellular processes and signaling, enzyme families,
genetic information processing, metabolism of cofactors and
vitamins, metabolism of other amino acids, and neuro-
degenerative disease were higher in the AuTmPS group than
in the AuSmPS group (Figures 8g and S12). By reference to
the KEGG pathway analyses at Level 3 on the genes of gut
microbial, the AuTnPS group was found to be associated with
renal cell carcinoma, AuTmPS was found to be associated with

Figure 5. Comparisons of gut microbiota between the AuS and AuT groups. Ace index (a), Chao index (b), Shannon index (c), and Simpson index
(d) in gut microbiota after exposure to AuNPs; (e) Venn diagram for OTUs; (f) PCoA separation between the AuS and AuT groups; (g) dominant
microbiotas at the family level; and (h) heatmap of gut microbial genes involved in diseases at Level 2 of the KEGG pathway annotation. *P < 0.05.
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viral myocarditis, systemic lupus erythematosus, small-cell lung
cancer, prostate cancer, colorectal cancer, pathways in cancer,
influenza A, tuberculosis, toxoplasmosis, African trypanoso-
miasis, chagas disease, epithelial cell signaling in H. pylori
infection, and also increased potential risks of developing
Type-I diabetes mellitus and Type-II diabetes mellitus (Figure
S13).

Correlations between the biochemical biomarkers and
microbial compositions are displayed in Figure S14. Gut
microbiota significantly related to biomarkers of hepatotoxicity
(CAT, MDA, ALT, SOD, GSH, and AST), of hepatotoxicity
(CRE), of neurotoxicity (NO), of inflammation response (IL-
1β, IL-6, and TNF-α), and lipid dysfunction (TG, HDL-C, and
LDL-C). Biochemical markers had a selective susceptibility to
the gut microbiome, and some biomarkers were significantly
influenced by specific microbiomes. For instance, changes in
liver biomarkers were associated with Clostridia, Firmicutes,
Tannerellaceae, Acholeplasmataceae, Sutterellaceae, Enterococca-
ceae, Erysipelotrichaceae, Tannerellaceae, Rhodospirillales, and
Streptococcaceae; changes in kidney biomarkers were associated
with Prevotellaceae; changes in neuron biomarkers were
associated with Clostridiaceae, Oscillospiraceae, and Acholeplas-
mataceae; inflammation response were associated with
Sutterellaceae, Monoglobaceae, Clostridia, and Akkermansiaceae;
lipid metabolism were associated with Erysipelotrichaceae,
Tannerellaceae, Prevotellaceae, Bacteroidales, Bacteroidaceae,
and Acholeplasmataceae.

Size effect of the PS particle. Regarding the coexposures
involving AuS, there was not a significant difference in the Ace,
Chao, Shannon, or Simpson indexes (Figure 8a−d). By
contrast, the coexposure of AuT with nPS showed higher
Simpson index than that with mPS (Figure 8d), suggesting a

change in the diversity of microbial community. Sorensen
coefficients were 86.19% (or 86.17%) between the two
coexposure groups involving AuS (or AuT). Among the top
14 microbiotas with the largest abundances (≥0.01%) at the
family level, there was not a significant difference between the
AuSnPS and AuSmPS groups (Figure S11). By contrast, the
AuTnPS group was associated with significantly higher
Lactobacillaceae and lower Akkermansiaceae values than the
AuTmPS group (Figures 8f and S11). Risk genetic abundances
were similar between the coexposure groups involving AuS. By
contrast, the AuTmPS group was associated with significantly
higher abundances of biosynthesis of other secondary
metabolites, cancers, enzyme families, genetic information
processing, infectious diseases, metabolic diseases, metabolism
of cofactors and vitamins, metabolism of other amino acids,
metabolism of terpenoids and polyketides, and neurodegener-
ative disease in comparison with the AuTnPS group (Figures
8g and S12). In summary, PS exhibited a size effect on gut
microbiota when coexposed to AuT but not AuS.

4. DISCUSSION
To the best of our knowledge, our current study is the first to
compare the toxicological profiles of different gold nano-
particles in the context of plastic particles, which are among the
most prevalent health risk factors. We have measured a battery
of biochemical markers and microbial abundances to compare
the toxicological differences induced by morphology. The
complication after the coexposure of AuNPs with plastic
particles was also explored to offer guidance to the choice
between spherical and triangular AuNPs in practical
applications.

Figure 6. H&E staining (a−h) and organ coefficients (i−n) in the coexposures. H&E stained images of liver (a−d) and kidney (e−h) for the
AuSnPS, AuTnPS, AuSmPS, and AuTmPS groups. Yellow and blue arrows denoted inflammatory cell infiltration. Comparisons of organ
coefficients among the coexposure groups for the liver (e), kidney (f), brain (g), heart (h), lung (i), and spleen (j). *P < 0.05, **P < 0.01, and ***P
< 0.001.
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ALT and AST are coenzymes for the production of pyruvate
and oxaloacetic acid, respectively, which play critical roles in
the tricarboxylic acid cycle (TCA). Elevated ALT or AST
generally indicates an increase in the TCA activity to meet the
elevated requirement for energy due to increased cell activities
or compensatory hypermetabolism. For example, after a
fraction of cells are damaged by toxins, the remaining cells
exhibit hyperactivities to compensate for the functional loss of
damaged cells. Superoxide is a type of byproduct produced in
normal metabolic processes or by environmental inductions
and can be reduced by SOD/CAT to prevent oxidative
damages. Increased SOD and CAT activities can be explained
by the fact that Nrf2 (nuclear factor etythroid-2 related factor
2), which is one of the components of Nrf2/ARE (antioxidant
response element) signaling pathway orchestrating the tran-
scription of the in vivo antioxidant genes of SOD and CAT,
increases at the protein level in the early stages of oxidative
stress.33 GSH is an antioxidant necessary for normal
functioning of red blood cells. Elevations of SOD, CAT, or
GSH imply increased reactive oxygen species (ROS) and
thereafter more severe oxidative damages. Meanwhile, the lipid
may be oxidized by ROS to generate MDA, which will
potentially react with DNA to cause mutations. SOD, CAT,
GSH, and MDA reflect different processes in the ROS
activities. Generally, AuNPs generate ROS from dioxygen

due to their high surface/volume ratio and the specific
electronic configuration of the surface Au atom.34 In addition,
the oxidative stress can be caused by secondary effects derived
from nanoparticle endocytosis and interactions with intra-
cellular biomolecules or organelles. In the single exposure, the
AuT group showed higher ROS activities (higher SOD and
CAT). One potential reason lies in the opposite electrical
properties of AuS and AuT particles. The positively charged
AuT is characterized by a higher affinity for cell membranes
(negatively charged) in comparison with AuS (negatively
charged). Consequently, the absorption rate of AuS into the
tissue was higher to facilitate the production of superoxide.
After systematic comparisons over ALT, AST, SOD, CAT,
GSH, and MDA, it can be found that the AuT exposure
induced higher hepatotoxicity than the AuS exposure. The
relatively higher hepatotoxicity associated with the AuT
exposure did not change in coexposures with multiscale plastic
particles. This phenomenon may also be driven by oxidative
stress, which is supported by an increased SOD activity. The
significant positive correlation between stress reactive enzyme
activity (i.e., SOD or CAT) and lipid peroxidation product
(MDA) level (Figure S15) shows enhanced substrate and
activity of antioxidant enzymes following excess ROS.
Nanoparticles can generate ROS via the degradation of the
AuT surface coating (e.g., CTAC) or of the whole nanoparticle

Figure 7. Biochemical markers in the coexposure to AuNPs and PS particles. Hepatotoxicity was assessed by ALT (a), AST (b), SOD (c), CAT
(d), GSH (e), and MDA (f). Nephrotoxicity was evaluated by BUN (g) and CRE (h). Neurotoxicity was represented by AChE (i) and NO (j).
Inflammatory perturbation was assessed by TNF-α (k), IL-1β (l), and IL-6 (m). Lipid metabolism dysfunction was evaluated by TG (n), T-CHO
(o), HDL-C (p), and LDL-C (q). *P < 0.05, **P < 0.01, and ***P < 0.001.
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with the consequent release of free ions; ROS may also be
produced by interactions with cell surface receptors and
activation of intracellular signaling pathways.35 Uptake of
positively charged nanotriangles by liver cells is ensured by
electrostatic interactions between the AuT surface and the cell
membrane. The negatively charged PS surface is likely to
adsorb more positively charged AuT, so it is likely to cause a
more severe uptake and accumulation in the organ. These
findings are consistent with studies that microplastics
exacerbated the toxicity of organophosphorus flame retard-
ants.22

CRE indicates the content of final byproduct from the
metabolism of creatine and phosphocreatine to supply energy
for muscle. BUN indicates the content of byproduct from
metabolism of protein or peptide. Normally, these byproducts
will be cleaned away through kidney and, therefore, residual
contents reflect the glomerular filtration rates and serve as
common markers for the renal function.36 After long-term
exposure to toxins, glomerular filtration will be performed,
resulting in increased CRE or BUN values. In the single
exposure and coexposures, there were significant changes in
BUN but not CRE, suggesting that the renal functions were
partly impaired. In the single exposure, AuS exposure led to
higher nephrotoxicity. This is consistent with the report that
nonspherical nanoparticles can stay closer to the vessel wall
more efficiently than spherical nanoparticles and therefore
cleared more quickly.37 A similar result has been found in a
previous study that the acute exposure to the spherical
titanium dioxide particles induced higher blood BUN levels in
mice.36 The coexposure with nanosized PS did not change this

finding. However, when complicated with the microsized PS,
the AuT exposure bypassed the nephrotoxicity of the AuS
exposure. Additionally, according to literature reports,38 ROS-
mediated cytotoxicity was also considered to be the main
mechanism of nephrotoxicity induced by exposure to metal-
based nanoparticles.

There are three possible pathways for nanomaterials to cause
damage in the central nervous system: (1) nanoparticles enter
the body to trigger inflammatory responses, allowing a large
number of inflammatory cytokines to enter the blood
circulation to induce a systemic inflammation and thereafter
functional impairment; (2) nanoparticles deposited in the
central nervous system activate microglia to produce high
expressions of neurotoxic molecules; and (3) nanoparticles
impair the neurons during the propagation in the sensory
nerves. AChE facilitates the hydrolysis of acetylcholine, which
is a major neurotransmitter in the central nervous system
accounting for normal cognitive functions. The overexpress of
AChE will add additional barriers to challenge the normal
transmission of the neuronal message. Consequently, neurons
will possibly exhibit hyperactivities to transmit the same
message and place higher energetic demand, which is finally
met by releasing more NO into the artery to increase blood
flow and thereafter more energy supply (i.e., blood glucose).
Therefore, the NO level is an indirect measurement of
neuronal damage. The AuS exposure consistently led to higher
neurotoxicity than the AuT exposure in the single exposure
and coexposures with multiscale PS. In addition, the increase
in AChE was often accompanied by an increase in NO possibly
due to the metabolic compensation and neurovascular

Figure 8. Comparisons of gut microbiota among the groups with coexposures. Ace index (a), Chao index (b), Shannon index (c), and Simpson
index (d) in gut microbiota after coexposures; (e) Venn diagram for OTUs; (f) dominant microbiotas at the family level; (g) heatmap of gut
microbial genes involved in diseases at the Level 2 of the KEGG pathway annotation. *P < 0.05.
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coupling. Previous studies have shown that the distribution of
small-size spherical AuNPs in the brain of rat is relatively
higher.39 By contrast to the triangular AuNPs with long edges,
the spherical AuNPs hold relatively higher permeability across
the blood−brain barrier (BBB). When there are subtle BBB
disruptions upon toxins, AuS will accumulate faster in the brain
tissues to damage the neurons. Reports have shown that
nanoparticles entering the central nervous system can cause
certain neurotoxic effects, resulting in nerve tissue damage.40

TNF-α, IL-1β, and IL-6 are inflammatory cytokines
denoting the level of systemic inflammation, which is often
the first immune process ignited to protect an organism against
toxins or pathogens. Inflammation responses are sensitive to
toxins but lack in specificity. Therefore, other biomarkers
beyond cytokine levels should be utilized to reveal more
specific information. In the single exposure, the AuS exposure
led to a higher TNF-α but lower IL-1β in comparison with the
AuT exposure. Such opposite changes in the inflammatory
cytokines result in the uncertainty of relative inflammation
levels in the AuS and AuT exposures. The changing patterns of
inflammatory cytokines were preserved when complicated by
coexposures with multiscale PS. Similarly, the relative
inflammation levels under coexposure conditions remain
unclear. Further studies will be required if a direct comparison
on the inflammatory level is desired.

Malfunctions in lipid metabolism can lead to various
diseases, for example, fatty liver disease due to the
accumulation of fat in the liver and vascular diseases due to
enriched LDL-C in the vessel. Evaluations on the lipid-
metabolism-related biomarkers will provide an objective
assessment on the risks of developing diseases related to
lipid metabolism malfunctions. HDL-C is an established
atheroprotective marker. LDL-C places the risk of plaque
built-up inside the arteries, leading to heart disease or vascular
problems. These two markers have counteracting effects on the
health of cardiovascular system; therefore, the ratio between
HDL-C and LDL-C is often used as an assessment of overall
pathological risk. In the single exposure, the AuT exposure led
to higher T-CHO, HDL-C, and LDL-C. The ratio between
HDL-C and LDL-C was significantly higher (Student’s t-test: P
= 0.046) in the AuS (12.26 ± 2.80) than AuT (6.05 ± 0.44)
exposure, suggesting that the AuT exposure led to higher risks
of developing cardiovascular diseases. The LDL-C increase in
the AuT exposure played a dominant role although there was
also a significant increase in the beneficial factor of HDL-C.
Interestingly, the coexposure with PS did not change the
toxicological responses in lipid metabolism. The AuS and AuT
in coexposures led to similar lipid metabolism features and
thereafter similar risks of developing cardiovascular diseases.
One possible explanation was that PS took a dominant role in
perturbing lipid metabolism, thus overwhelming the relatively
smaller morphometric effect of AuNPs on lipid metabolism.
Malfunctions of lipid metabolism have been reported as an
important feature relating to the PS exposures,41 which were
attributed to the metabolic modulations by gut microbiota.

The characteristics of gut microbiota depend on the host’s
genome, nutrition, and lifestyle.42 A balanced microbial
composition introduces benefits to the host, whereas abnormal
changes in the microbial community are associated with
various metabolic disorders. Therefore, the microbial compo-
sition is reported as a sensitive marker for various diseases. The
gut−organ axes (e.g., gut−brain axis, gut−liver axis, gut−
kidney axis) provide opportunities for the communications

between the gut microbial community and different organs.
The pathological process can often perturb metabolic profiles,
and the upregulation of a certain metabolite will facilitate the
growth of certain microbiomes favoring this metabolite. As a
reverse process, some of the end metabolites from the gut
microbiota will enter the blood to regulate metabolic processes
in different organs. In the current study, it has been found that
the community compositions of gut microbiota were differ-
entially affected by the AuNPs with different shapes. Regarding
the alpha diversity, abundances of Muribaculaceae and
Erysipelotrichaceae were significantly different between the
AuS and AuT exposures. Muribaculaceae is one of the major
microbiomes present in the healthy mice43 and can be
perturbed by dietary changes. The abundance of Erysipelo-
trichaceae is reported to be positively correlated with TNF-α
levels.44 Different microbiota are involved in different
pathogenic or physiological process. For example, individuals
with fewer Akkermansia exhibited disrupted the intestinal
barrier function and vulnerability to develop inflammation.45

Lactobacillus has been shown to enhance both systemic and
mucosal immunity.46 Increased Firmicutes in the cecum
promotes nutrient absorption and correlates with the develop-
ment of obesity.47 High abundance of Verrucomicrobiota in
healthy gut had been reported by several studies.48 By
reference to the Level-2 KEGG pathway annotation, we
found that the single AuS exposure led to higher risk genetic
abundances in two disease categories in comparison to the
AuT exposure. In coexposures with nPS, the AuS and AuT
exhibited similar risk genetic abundances. However, in
coexposures with mPS, the AuT led to higher risk genetic
abundances in nine disease categories, suggesting that the
coexposures with PS have largely altered the gut microbiota.

The relative toxicological severity between the AuS and AuT
exposures is summarized in Table 1. The AuS particles were

consistently associated with lower hepatotoxicity and higher
neurotoxicity than the AuT particles under the single exposure
and coexposures with plastic particles. Regarding the lipid
metabolism, the AuS exposure is associated with less and
similar malfunctions in the single- and coexposures compared
to the AuT exposure. Collectively, the AuS particles exhibited
less risk in lipid metabolism malfunction. Regarding the gut
microbiota, the AuS particles led to increased genetic risks in
two categories at the Level 2 of KEGG pathways (16.7%) in
single exposure, similar genetic risks in the coexposure with
nanosized PS, and smaller genetic risks in six categories
(50.0%) in the coexposure with microsized PS. Based on Table
1, it can be inferred that the AuS is preferred when designing
therapies in patients where protections of liver and lipid
metabolism are of higher priorities (e.g., hepatic carcinoma and
obesity). Meanwhile, AuT is preferred for therapies where
protections of brain function are of higher priorities (e.g., brain

Table 1. Summary of Toxicological Profiles under Different
Conditions

toxicity of AuNPs single exposure with nPS with mPS

hepatotoxicity <a < <
nephrotoxicity >b > <
neurotoxicity > > >
lipid metabolism malfunction < =c =
genetic risks in microbiotas > = <

aDenotes AuS < AuT. bDenotes AuS > AuT. cDenotes AuS = AuT.
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cancer). A case-by-case consideration will be required when
the renal function or gut microbial balance is the major
concern (e.g., chronic kidney diseases and intestinal cancer).

Regarding the toxicological investigation of AuNP and
plastic particles, previous studies have largely focused on the
groups with single exposure.23,26 The potential hazards of
coexposure with other risk factors, such as micro-/nano-
plastics, have often been overlooked. Careful examination on
coexposure is critical, especially in some aspect of toxicities
where coexposure totally alters the relative toxicity among
certain groups; e.g., microbial alterations observed in this study
were significantly modulated by plastic particles. In literature,
Lee et al. investigated the in vivo toxicity of PS nanoplastics
individually and then concurrently with Au ions15 and found
that PS induced marginal effects on the survival, hatching rate,
developmental abnormalities, and cell death of zebrafish
embryos. However, these effects were synergistically exacer-
bated by the Au ion. Such exacerbation of toxicity was well
correlated with the production of ROS and the pro-
inflammatory responses, supporting the existence of a
synergistic effect between PS and Au ions. In another study,
Deng et al. performed the health risks of coexposure to
organophosphorus flame retardants (OPFRs) and micro-
plastics (MPs).22 The results displayed that OPFR coexposure
with MPs induced more toxicity than OPFR exposure alone,
which indicated that MPs aggravate the toxicity of OPFRs and
highlight the health risks of MPs coexposure with other
pollutants. Therefore, our current study may open important
perspectives by drawing attention to examine coexposures in
future toxicological studies. For example, alcohol use is popular
in many countries. A toxicological study will benefit from an
additional version at the coexposure with alcohol to generate a
more accurate reference for the population with regular alcohol
intake.

Findings in this study should be interpreted with several
limitations. First, we focused on the toxicological comparisons
between AuS and AuT under different conditions (e.g., single
exposure or coexposures with other health risks) to facilitate
the morphological selection in practical application of AuNPs.
We did not aim to determine the toxicological consequences
induced by single exposure to AuS, AuT, or plastic particles.
Note that the toxicological characterizations focusing on these
single exposures have been well documented in litera-
ture.26,27,49 Therefore, our current study constitutes a helpful
complement to these existing reports and provides further
reference for the customized selection of nanoparticle
morphologies, which eventually promotes precision medicine.
Second, we were trying to cover several major aspects of
toxicological outcome, i.e., hepatotoxicity, nephrotoxicity,
neurotoxicity, lipid metabolism malfunction, and microbial
alteration. In order to achieve such broad coverage, the
investigative depth within each specific toxicity may not be
optimal. Note that our current study can serve as a preliminary
screening to examine the toxicities to different organs. When a
specific aspect is of interest, studies with a narrow but in-depth
focus can be performed. For example, if the metabolic pathway
alteration is focused, characterizations using other techniques,
e.g., MRI-based metabolomics,50 can be applied to reveal the
alterations in the metabolic pathways and cross-validate our
current findings. Finally, end-point biochemical markers were
measured in the current study. In vivo techniques, e.g.,
noninvasive functional MRI, can be performed to track
toxicological outcome at the function levels, e.g., cerebral

blood flow, brain metabolism, BBB permeability, longitudinally
to cross-validate relevant markers.51 With the in vivo
monitoring, dynamic temporal pattern and progressive
development of toxicity, as well as schemes to reduce toxicity,
can be tested.

5. CONCLUSIONS
We have compared the biological toxicity of AuNPs in
spherical and triangular shapes and confirmed that the plastic
particles will introduce additional modulations to the
toxicological profile of the AuNPs. The spherical gold
nanoparticles are associated with lower hepatotoxicity and
lipid metabolism malfunction and therefore are preferred for
designing therapies when the protections of liver function and
lipid metabolism are of higher priority. By contrast, the
triangular gold nanoparticles exhibit lower neurotoxicity and
therefore are preferred when protection of neuronal function is
prioritized. When renal function and balance of microbiota are
the top concerns, the selection between spherical and
triangular gold nanoparticles will depend on practical cases.
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