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Leveraging the dual role of ROS in liver diseases
with nanomaterials: clearing and amplifying for
therapy

Zonglin Liu,>® Zhenwei Yao, Haibo Yang,*® Shiman Wu 2 ** and
Zhongmin Tang (= *@

The dual role of reactive oxygen species (ROS) in various liver diseases leads to the potential of nano-
materials in addressing challenges related to liver conditions. Considering the pivotal role of ROS in liver
disease progression, the design and application of nanomaterials need to align with distinct disease
characteristics and the unique liver microenvironment. By reviewing the interaction between nano-
materials and ROS in liver diseases and their potential applications in liver disease treatment, this work dis-
cusses the multifaceted properties of nanomaterials and their high specificity and prospects in liver

rsc.li/nanoscale disease treatments.

Introduction

Liver disorders present substantial challenges to global health-
care because of the liver’s vital function in detoxification and
metabolism regulation. Being the main organ responsible for
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metabolizing various compounds, the liver produces reactive
oxygen species (ROS) via numerous enzymatic processes
during cellular metabolism." Physiological processes maintain
low-to-moderate levels of ROS.> However, excessive ROS pro-
duction, resulting in oxidative stress, plays a pivotal role in the
development and progression of various liver conditions, such
as alcoholic liver disease (ALD), non-alcoholic fatty liver
disease (NAFLD), drug-induced liver injury (DILI), hepatitis,
cirrhosis, Wilson’s disease, hemochromatosis, non-alcoholic
steatohepatitis (NASH), and primary biliary cholangitis (PBC).?
Nevertheless, ROS can have dual effects for therapy of liver dis-
eases, acting both as detrimental agents that drive fibrosis and
as therapeutic agents that can promote cancer cell death when
elevated. The ability to precisely regulate ROS levels is crucial
for developing effective treatments for conditions like liver
fibrosis, hepatitis, and liver cancer.

Nanomaterials, recognized for their extremely small size
and large surface-area-to-volume ratio, have opened up new
opportunities in medicine, especially in targeted drug delivery
and diagnostics. These materials, typically measuring between
one and one hundred nanometers, exhibit distinct physico-
chemical characteristics that can be tailored for specific
medical uses. By functionalizing their surfaces with ligands,
nanomaterials can be directed to specific cells or tissues,
improving drug therapy efficacy. In diagnostics, nanoparticles
enhance the sensitivity and precision of imaging agents, allow-
ing earlier detection of diseases.” The liver, as the body’s
central detoxifying organ, is naturally adept at filtering out
substances from the bloodstream. Nanoparticles are primarily
taken up by the liver through passive accumulation, driven by
the phagocytic activity of liver sinusoidal endothelial cells and
Kupffer cells. This passive liver targeting is beneficial for treat-
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ing liver conditions because it ensures that a higher concen-
tration of therapeutic nanoparticles reaches the liver, enhan-
cing local therapeutic effects, while minimizing systemic
exposure and associated toxicity. Nanomaterials demonstrate
significant potential in regulating ROS, either by scavenging
excess ROS in inflammatory liver diseases or by increasing
ROS levels to trigger apoptosis in liver cancer cells. This review
introduces a comprehensive perspective on the dual role of
ROS in liver diseases, followed by an examination of the poten-
tial of nanomaterials with catalytic activity for therapeutic
applications. This work highlights both the detrimental and
therapeutic roles of ROS in liver diseases, and illustrates how
nanomaterials can mitigate liver damage through scavenging
excess ROS and Kkill liver cancer cells through amplifying ROS
production by utilizing their inherent catalytic properties. To
lay the foundation for the development of next-generation ROS
catalytic nanomaterials, this review also provides a thorough
discussion regarding various nanomaterial strategies for liver
therapy, detailing their mechanisms and potential clinical
applications. This also fills the gap in the existing literature, by
providing a detailed mechanistic discussion on how different
types of catalytic nanomaterials interact with ROS in liver
microenvironments. In the end, this review also uniquely
emphasizes that standardized production, biosafety and regu-
latory considerations are critical gaps between the current
research on nanocatalytic medicine and real application in the
clinic (Fig. 1).

ROS in liver diseases: mechanisms and
therapeutic roles
ROS generation mechanism

ROS are reactive molecules produced from the partial
reduction of oxygen, primarily within mitochondria. They
include superoxide anions (O, ”), hydrogen peroxide (H,O,),
hydroxyl radicals ("OH), and singlet oxygen ('O,) (reaction
(1)).>°® At physiological levels, ROS serve as critical signaling
molecules, regulating processes such as cell proliferation,
differentiation, and immune responses. However, excessive
ROS production leads to oxidative stress, which damages cellu-
lar components like DNA, proteins, and lipids, contributing to
diseases such as cancer, neurodegenerative disorders, and
cardiovascular diseases.
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The primary source of ROS is the mitochondrial electron
transport chain (ETC), where electron leakage results in super-
oxide formation. Superoxide is converted to hydrogen peroxide
by superoxide dismutase (SOD), and in the presence of tran-
sition metals, hydrogen peroxide can generate highly reactive
hydroxyl radicals through Fenton reactions (reactions (2) and
(3)).” ROS can also be produced by enzymes like NADPH
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oxidase and xanthine oxidase, or by external factors such as
UV radiation and environmental toxins.

Fe** + H,0, — Fe*" + "OH + OH~ (2)
Fe*™ + H,0, — Fe’™ + OH™ + HO", (3)

Cells counterbalance ROS through antioxidant defenses,
including enzymes like superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx), along with non-enzy-
matic antioxidants like vitamins C and E. Disruption of this
balance leads to oxidative stress and cell damage.
Understanding the mechanisms of ROS generation and regu-
lation is essential for developing therapeutic strategies aimed
at either reducing ROS or enhancing antioxidant defenses to
restore cellular homeostasis. In the treatment of liver diseases,
ROS can be either amplified for targeting tumour cells or sca-
venged for decelerating the progression of diseases such as
hepatitis and cirrhosis, highlighting the complex role of ROS
in liver diseases.

The dual role of ROS in liver disease treatment

In liver disease treatment, ROS play a complex dual role, where
excessive levels can cause damage, while controlled increases
can serve therapeutic purposes. Hepatocytes, which make up
80% of all liver cells, are sensitive to ROS-induced injury.?
ROS-mediated peroxidation of mitochondrial lipids in hepato-
cytes aggravates oxidative stress by impairing the electro trans-
port chain, and contributes to the initiation and progression of
chronic liver diseases.”'® Oxidative stress also promotes calcium
influx and calcium accumulation in mitochondria, triggering
apoptosis and necrosis of hepatocytes.'" The release of pro-apop-
totic factors and damage-associated molecular patterns (DAMPs)
from injured hepatocytes can contribute to the death of hepato-
cytes and other liver cells, and activate hepatic stellate cells
(HSCs), Kupffer cells (KCs), and other recruited immune cells to
produce inflammatory and fibrogenic factors.">'* HSCs have pro-
genitor cell-like properties, and quiescent HSCs control vitamin A
homeostasis, ECM turnover, immunoregulation and liver devel-
opment.* Under the circumstance of ROS and lipid peroxi-
dation, HSCs are activated and transdifferentiate into proliferative
and contractile myofibroblasts, synthesizing and releasing ECM
components within the liver and initiating liver fibrosis, which
could further turn into cirrhosis and hepatocellular carcinoma
(HCC).">'® Thus, restoring redox homeostasis through anti-
oxidant therapy is a practical option for these liver diseases.
Flavonoid dihydromyricetin is hepatoprotective by improving
mitochondrial redox homeostasis in fatty liver mouse."
Curcumin can increase the activities of SOD, CAT, and GPx
through Nrf2 signaling, and it protects rats from ethanol-induced
liver injury."®'® $217879, which triggers antioxidant responses by
disrupting the interaction between KEAP1 and Nrf2, also inhibits
liver fibrosis progression in mice.*

ROS activates differently at different stages of HCC, which
could be ROS-driven HCC development and oxidative stress-
induced cell death. DNA damage and genetic instability
caused by ROS can lead to HCC initiation and progression.>*

Nanoscale, 2025,17, 3688-3697 | 3689


https://doi.org/10.1039/d4nr04469j

Published on 17 2024. Downloaded on 11.06.26 12:48:24.

Minireview
Metallic
nanoparticles
Metal oxide
%¢
[}
Metallic non-metallic
compound
e ——0
o
N MOF Amplification
(7] +
4
S
o
2
()
1= >
C‘E Organic ligands
b '
2 o
! - )
o)) @705
= ! ! |
g (&l
P 0
S, Y
%
900,
£5° %
&
Bl R f
& Chemodynamic therapy (CDT)
%
%y e >
%, ——
Q,’o Photodynamic therapy (PDT)
pe"fic/
s

View Article Online

Nanoscale

Superoyi
i ide
dlsmutasg (S(e)D)

ROS

Antioxidant surface
integration

Antioxidant
compounds assemble

S
"Hedouey poyypoiN-222Y

ey,

A

Antioxidant Composite

nanoparticles nanoplatform
B ‘QQ
A
QO
co™

Nan©

Fig. 1 This review systematically illustrates the dual role of reactive oxygen species (ROS) liver disease treatment. It elaborates how nanomaterials
can be utilized to either amplify or scavenge ROS for therapeutic purposes, highlighting the potential of ROS-targeting nanomaterials in enhancing
liver disease treatment strategies. This figure offers new perspectives on the development of innovative therapies aimed at modulating ROS levels to

optimize therapeutic outcomes.

Mitochondrial DNA is more vulnerable to ROS because it lacks
histones, and mitochondrial dysfunction leads to proto-onco-
gene activation and HCC advancement.”>>* The hyperactiva-
tion of Nrf2 signaling, whose original function is to protect
cells from oxidative stress, enhances the survival and chemo-
therapy resistance of HCC.>**> A key option for effective HCC
therapy is triggering the apoptosis of HCC cells by further
enhancing oxidative stress. Cisplatin induces intracellular ROS
production and accelerates senescence of HCC.”® In Hep3B

3690 | Nanoscale, 2025, 17, 3688-3697

cells, coptisine promotes autophagy by ROS-induced mito-
chondrial dysfunction and PI3K/AKT/mTOR signaling inhi-
bition.>” Koumine inhibits proliferation and promotes apopto-
sis of HCC cells by promoting ROS generation and suppressing
ERK/p38 MAPK pathways.?® Artesunate also elevates the ROS
level in HCC cells, enhancing Bax/Bcl-2 and triggering
apoptosis.”®

Elevated ROS levels induce oxidative stress, which promotes
the activation of hepatic stellate cells, which contribute to col-
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lagen deposition and tissue scarring hepatocyte damage,
leading to inflammation, and fibrosis in liver fibrosis and
hepatitis. Conversely, they can be beneficial for liver cancer
therapy by inducing apoptosis to damage macromolecules in
tumor cells, including proteins, DNA, and lipids, activating
anti-inflammatory responses. Therefore, designed targeted
drugs could achieve the anti-neoplastic goal selectively by
increasing the ROS level to reach or exceed the cytotoxic
threshold for oxidative stress-mediated tumor cell death.

Nanomaterial-based strategies for
ROS scavenging in oxidative stress

Enzyme-mimicking nanomaterials (nanozymes) for ROS
decomposition

Certain types of tiny particles, specifically cerium oxide nano-
particles (also known as nanoceria) and molybdenum-based
nanomaterials, possess inherent catalytic properties that
enable them to act as antioxidants (Fig. 2). These nano-
materials can mimic the actions of antioxidant enzymes such
as SOD and CAT. Ceria nanoparticles serve as representative
nanoantioxidants, effectively mitigating hepatic injury by
scavenging ROS, inhibiting immune cell activation, and redu-
cing pro-inflammatory cytokines.***" Their antioxidant ability
is provided by their physicochemical properties, including
relatively larger Ce®" content, owing to the high surface-to-

a Hepatic ischemia/reperfusion injury (IRI)
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volume ratio, and redox reactions achieved by Ce**/Ce**
cycles.**7° Platinum nanoparticles could markedly suppress
the production of H,0,, ‘OH, the alpha,alpha-diphenyl-beta-
picrylhydrazyl radical and nitric oxide, thus protecting hepatic
cells from oxidative damage.’” These catalytic activities of
platinum nanoparticles are attributed to the switch between
different oxidation states, d-orbitals that enable electron trans-
fer reactions, the large amount of active surface atoms given
by the high surface-to-volume ratio, and their high binding
affinity to oxygen-containing species.**™*!

Also, the polyvalency of transition metallic elements, such
as manganese (Mn), ferrum (Fe), and molybdenum (Mo),***?
empowers the enzyme-like capabilities of these nanomaterials,
suggesting their potential to eliminate ROS. Liu et al.** utilized
the multi-nanozyme activities of Mn;O, nanoparticles to
protect liver cells from apoptosis and severe inflammatory
reactions in acute liver injury therapy. When a nanomaterial
incorporates multiple oxidation states of metals, it can demon-
strate various enzymatic activities simultaneously. Prussian
Blue could possess CAT, peroxidase (POD) and SOD activities,
as Fe(mr) mimics CAT and POD by decomposing hydrogen per-
oxide like CAT. Consequently, anthracycline-induced liver
injury was effectively inhibited by Prussian Blue nanozymes.*?
Zhang et al. synthesized MoS,-PEG@bovine serum albumin
(BSA) nanosheets, which can scavenge different types of ROS
by the participation of the Mo element in the redox reaction.®
Modification by BSA improved the biocompatibility of the
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(a) A schematic treatment of hepatic ischemia/reperfusion injury using ceria nanoparticles and their reactive oxygen species scavenging per-

formance. Reproduced from ref. 31 with permission from Wiley-VCH GmbH, copyright 2019. (b) Schematic illustrations of the synthesis of MnzO,4
nanozymes and illustrations of MnsO4 nanozymes preventing acetaminophen-induced acute liver injury by attenuating oxidative stress and counter-
acting inflammation. Reproduced from ref. 44 with permission from Elsevier, copyright 2024. (c) Schematic illustrations depicting Fe;0,4/CeO, ‘core/
shell’ nanocomposites, which harness magnetic heating and robust antioxidant properties to enhance antioxidant and anti-amyloidogenic therapies
for liver diseases. Reproduced from ref. 50 with permission from American Chemical Society, copyright 2023. (d) Schematic diagram of hepatic
ischemia/reperfusion injury treatment with Cu,s-pC@MnO,@PEG NPs. Reproduced from ref. 51 with permission from Wiley-VCH GmbH, copyright

2024.
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nanosheet, and the CAT, SOD and GPx mimicking capabilities
of the nanosheet ameliorated liver apoptosis and necrosis in
acute liver injury mice. CAT- and SOD-like ultrasmall gold
nanoparticles (AuNPs) can effectively alleviate acetaminophen-
induced liver injury by scavenging excessive ROS and regulat-
ing inflammation.”” Furthermore, CeO, NPs act as scavengers
for ROS and NOS, displaying multi-enzyme mimetic capabili-
ties, such as SOD, CAT, and POD, which are beneficial for
NAFLD.*® Notably, unlike conventional antioxidants, CeO, NPs
exhibit activity exclusively when exposed to pathological levels
of ROS, remaining inert and harmless in healthy cells.*’

Moreover, the combination of metallic elements and metal
oxides may generate a synergistic effect, potentially increasing
the number and accessibility of active sites. This facilitates the
adsorption and catalysis of free radicals or oxidizing agents,
thereby enhancing antioxidant activity. MnO,-CeO, nano-
particles containing 0.40% doped manganese displayed the
highest capacity for scavenging ROS, likely attributable to the
amplified specific surface area and elevated concentration of
surface oxygen, which effectively prevent hepatic ischemia
reperfusion injury. Expanding on these findings, “core/shell”
nanocomposites, such as integrating magnetic Fe;O, with
redox-active CeO, nanoparticles and ultra-small copper nano-
particles (Cuys-pC) with MnO,, exhibiting enhanced ROS clear-
ance by leveraging a synergistic catalytic mechanism,**>*" hold
promise for potential application in liver injury therapy.

Besides metal-based nanomaterials, graphene-family nano-
materials also have distinctive electronic properties and high
catalytic activities.”> Among them, graphene oxide quantum
dots (GOQDs) are more biocompatible compared with gra-
phene oxide and pristine graphene because of their faster
degradation and excretion, and the smaller size could also
endow GOQDs with a stronger catalytic activity as nanozymes
because of the large edge effects, high charge density, and
quantum confinement.”*”* In buffalo rat liver cells treated
with ethanol, GOQDs not only acted as antioxidant nano-
zymes, but also promoted the transformation of toxic inter-
mediates like aldehydes and enhanced lipid metabolism
against alcohol intoxication.>

Surface-modified nanoparticles for ROS neutralization

Surface treatment of nanoparticles involves integrating them
with compounds that possess antioxidant properties. This
enhancement can be achieved by enveloping the nanoparticles
with naturally occurring antioxidants, such as polyphenols, fla-
vonoids, herbal medicines or vitamin E, through a process of
binding or coating. For example, resveratrol, a polyphenol
found in plants, offers protective effects of sirtuin 1 (Sirt1),
thereby reducing ROS generation.’®®” Teng et al. utilizes lyso-
zyme micelles coated with galactose-conjugated oxidized
starch to develop a liver-targeted system for delivering resvera-
trol in the treatment of NAFLD.?® Reduction of AgNO; using
leaf extract from Brassica oleracea generates Ag NPs with good
ROS scavenging capability.>®

Besides the integration of antioxidant compounds into
nanoparticles, antioxidant compounds themselves may assem-
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ble into nanoparticles and still keep the capability of ROS neu-
tralization. Inspired by the finding that antioxidant com-
pounds rich in phenolic groups are effective in preventing the
onset of non-alcoholic fatty liver disease, polydopamine that is
rich in phenolic groups is assembled into nanoparticles.®®
These nanoparticles maintain high antioxidant power, coun-
teract the hallmarks of hepatic steatosis and reduce the oxi-
dative stress level.

Fullerenes for direct ROS scavenging

Fullerenes, characterized by their exceptional ability to directly
neutralize free radicals, leverage their conjugated carbon struc-
ture and high electron affinity to stabilize and absorb free rad-
icals through electron transfer. Their spherical shape provides
multiple reactive sites, allowing fullerenes to -effectively
quench ROS and other free radicals.®® This unique combi-
nation of reactivity and stability makes fullerene a powerful
and reusable antioxidant. In rat liver primary hepatocytes
exposed to ethanol, water-soluble fullerenes reduced alcoholic
liver damage through excellent ROS scavenging capability and
suppressing tumor necrosis factor expression.®” Cg, nano-
particles covered by hydrophilic 2-hydroxypropyl-p-cyclodextrin
(HP-p-CD) scavenged not only free radicals but also ROS, alle-
viating liver injury induced by an overdose of acetaminophen.
Additionally, metal atoms can be encapsulated within carbon
cages or attached to surfaces through metal-containing func-
tional groups, forming metallofullerenes (MF). The incorpor-
ation of metal atoms significantly enhances the reactivity of
MF. These molecules retain the antioxidant properties of full-
erenes while also exhibiting additional catalytic or magnetic
characteristics, depending on the type of metal enclosed.
Ferroferric oxide endohedral fullerenes (Fe;0,@Cgo(OH),) in
combination with static magnetic and electric fields has been
shown to further enhance ROS clearance and demonstrate
promising results in the alleviation of ALD.®®

Nanocomposites for antioxidant ability improvement

Nanoparticles have the potential to be integrated into composite
materials, serving as antioxidants. An example of this is embed-
ding nanoparticles in polymers or various other matrices, which
enhances the material’s total antioxidant ability.

A multimodal tetrahedral DNA nanoplatform (TDN) has
been identified as a promising system for liver therapies. A
TDN, constructed by incorporating tumor necrosis factor-o
SiRNA (siTNF-a) via DNA hybridization and antioxidant
manganese porphyrin (MnP4) through a n-n stacking inter-
action with G-quadruplex (G4), demonstrated effective thera-
peutic outcomes for acute liver failure.®’ Also, MXene, an
emerging ultrathin two-dimensional material with intriguing
physicochemical properties, continues to be extensively investi-
gated. MXene-Ti;C,T, nanosheets showed an ability to sca-
venge free radicals on the liver cells in vitro.*®

Moreover, nanoparticles can exhibit dual characteristics, as
both antioxidants and camouflage, as the liver’s own com-
ponents, ensuring efficient liver distribution while combating
oxidative stress.

This journal is © The Royal Society of Chemistry 2025
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Since albumin is produced by the liver, linking nanoparticles
to albumin may enhance recognition by Kupffer cells. The cross-
linking of nanoparticles with albumin facilitates rapid liver
accumulation and uptake by Kupffer cells, enhancing the
accumulation of exogenous nanomedicine. Edaravone, a potent
antioxidant effective against ROS, has been encapsulated in di-
sulfide cross-linked albumin nanoparticles (EeNA) for hepatitis
therapy, as developed by Yasuda et al.®®

Nanomaterial-driven ROS
amplification for anticancer therapies

Metal-based nanoparticles for ROS-induced apoptosis in
cancer cells

Metal nanoparticles, such as gold and silver nanoparticles,
generate ROS through Fenton and Fenton-like reactions,
leading to oxidative stress and apoptosis in liver cancer cells.
These nanoparticles can deactivate intracellular enzymes and
disrupt mitochondrial respiration, resulting in excessive ROS
production (Fig. 3). Additionally, nanoparticles could modu-
late genes related to oxidative stress, such as soxS and met9,
thereby accelerating intracellular ROS generation.®” For
instance, 30 nm silver nanoparticles exhibit potent anticancer
effects on human hepatocellular carcinoma G2 (HepG2) cells
by inducing ROS species, altering cysteoaspartic enzyme
activity, and upregulating pro-apoptotic factors like Bax, ulti-
mately driving apoptosis in HepG2 cells.®®

In addition to utilizing the intrinsic properties of metals to
generate ROS, metal oxide nanomaterials—primarily com-
posed of silica, titanium dioxide, zinc oxide, and iron oxide—
also play a significant role in triggering ROS generation. Nano-
TiO,, for example, exacerbates ROS generation under photo-
catalytic conditions, while UVA or nano-TiO, alone has
minimal impact on cellular metabolism. This highlights the
potential of titanium dioxide particles for precise liver cancer
treatment. Upon UVA exposure, TiO, nanoparticles increase intra-
cellular ROS, activate the TGF-f/Smad pathway, arrest the cell
cycle in the G1 phase, inhibit cell growth, and induce apoptosis
in liver cancer cells. In contrast, these nanoparticles have a
minimal effect on cell growth, apoptosis, and cell cycle distri-
bution in normal liver cells.®® Leveraging the differential behavior
of zinc oxide (ZnO,) between liver cancer cells and normal hep-
atocytes, nanomaterials can be designed to selectively kill tumor
cells. For example, catalase, primarily found in the liver, func-
tions by decomposing H,0, to water. When ZnO, is exposed to a
microenvironment enriched with iron and copper ions in the
liver, it triggers Fenton and Fenton-like reactions, releasing H,O,.
Normal hepatocytes, rich in catalase, can decompose excess
H,0,, while hepatocellular carcinoma cells, deficient in catalase,
fail to neutralize H,0,, leading to apoptotic cascades.”® Fe;O,
nanoparticles, which possess peroxidase-like catalytic activity, not
only convert endogenous H,0, into highly cytotoxic "OH, but
also raise intracellular calcium levels and increase cleaved
caspase-3 expression, inducing apoptosis in hepatocellular carci-
noma cells.”"”?
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Moreover, combining metallic nanoparticles with non-
metallic components enhances their stability and biocompat-
ibility, improving their ability to regulate ROS accumulation
and increase therapeutic efficacy. In the acidic tumor micro-
environment (TME), ZnS@BSA nanoclusters could release zinc
ions, amplifying the cyclic guanosine monophosphate-adeno-
sine monophosphate synthase/interferon gene stimulator
(cGAS/STING) pathway and fostering intracellular ROS gene-
ration by selectively inhibiting catalase via H,S gas in hepato-
cellular carcinoma cells.”?

Metal-organic frameworks (MOFs) for ROS amplification in
the tumor microenvironment

Metal-organic frameworks (MOFs) are highly porous materials
composed of metal ions coordinated to organic ligands. Their
tunable structures and high surface areas make them versatile
for biomedical applications, particularly in enhancing anti-
cancer therapies by generating ROS within the TME. Fe-MOF
NPs (MIL-101(Fe) NPs) serve as ROS generators by catalyzing
substances within the TME, enabling microwave-enhanced
dynamic therapy (MEDT).”® MIL-101(Fe) nanozymes catalyze
H,0, in tumors to produce “OH. Under MW irradiation, this
process noninvasively generates abundant "OH, facilitating
MEDT. MIL-101@BSA-AuNCs NPs, formed via rapid assembly,
allow for MRI and FI, monitoring MIL-101(Fe) dynamics and
tumor diagnosis. With a porous structure, IL@MIL-101(Fe)
@BSA-AuNCs NPs, serving as thermal sensitizers, achieve
synergetic MTT and MEDT, while showing potential for clinical
use combining therapy and imaging.

Similarly, the activation of NPs in the TME exerts synergistic
therapeutic effects with chemotherapy. A study proposed a
MIL-100-based NP system, coated with polydopamine (PDA)
and NH(2)-PEGTK-COOH, then loaded with oxaliplatin.””
Oxa@MIL-PDA-PEGTK is activated in the TME, generating ROS
via the Fenton reaction, while the loaded oxaliplatin is released
to perform its chemotherapeutic function. This strategy
enhances drug delivery efficiency and allows for more precise
target activation of chemotherapeutic agents.

Hybrid nanoparticles for photodynamic and chemodynamic
therapies

Metal nanoparticles exhibit the ability to convert light energy
into heat under near-infrared (NIR) light, enabling the targeted
destruction of tumor cells. For instance, under NIR illumina-
tion and microelectric fields, Au-based nanoparticles exhibit
cytotoxicity by inducing ROS production.”*”®> Compared to a
single metal nanoparticle, hybrid nanoparticles are multifunc-
tional platforms that combine various therapeutic strategies to
enhance the efficacy of cancer treatments. Specifically, photo-
dynamic therapy (PDT) and chemodynamic therapy (CDT)
have emerged as promising approaches due to their ability to
selectively generate ROS in the TME. Hybrid nanoparticles can
integrate both PDT and CDT into a single platform, utilizing
their complementary mechanisms to amplify ROS production
and induce oxidative damage in cancer cells.
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Fig. 3 (a) Schematic of the characteristics of ZnS@bovine serum albumin nanoclusters and the therapeutic process of ZnS@bovine serum albumin
nanoclusters. Reproduced from ref. 73 with permission from Wiley-VCH GmbH, copyright 2019. (b) Near infrared illumination of nanoparticles gen-
erates a thermophoresis-driven motion and a built-in pyroelectric field to enhance tumor accumulation and diffusion and tumor cell internalization
of nanoparticles, followed by integral photothermal therapy/pyroelectric dynamic therapy of tumors. Reproduced from ref. 75 with permission from
Wiley-VCH GmbH, copyright 2019. (c) Illustration of the self-assembly of amphiphilic Janus Au—MnO nanoparticles into functional vesicles and (b)
their sequential ultrasound and glutathione-induced disassembly into small Janus Au—MnO nanoparticles with deep tumor penetration for synergis-
tic sonodynamic therapy/chemodynamic therapy. Reproduced from ref. 79 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,
copyright 2020. (d) Schematic illustration for the anticancer-mechanisms of multifunctional nanoplatform-mediated synergistic photothermal-che-
modynamic cancer therapy. Reproduced from ref. 81 with permission from Wiley-VCH GmbH, copyright 2023.

Au-decorated, poly(ethylene glycol)-coated zinc oxide nano-
rods (Au@P-ZnO NRs) have demonstrated an innovative piezo-
catalytic process, efficiently producing ROS upon ultrasound
(US) exposure for precise cancer therapy.”® When exposed to
US, thermally activated electrons and holes in ZnO NRs
accumulate at the surface through piezoelectric polarization,
initiating ROS production for targeted cancer treatment. This
effect is further amplified by Au nanoparticles acting as
Fenton-like catalysts on the surface of P-ZnO NRs.

Likewise, under US exposure, the vesicles disintegrated into
smaller Janus Au-MnO NPs with improved penetration capa-
bilities; following this, GSH-triggered degradation of MnO
released smaller Au NPs, which served as numerous cavitation
sites, and liberated Mn>* ions for CDT, leading to heightened
ROS production.”

As for PDT, a versatile bioinspired protein corona strategy
through assembling BSA protected Raman tag DTTC-conju-
gated Ag-hybrid hollow Au nanoshells (hollow AgAu-

3694 | Nanoscale, 2025, 17, 3688-3697

DTTC-BSA), in which their silver ion release and ROS gene-
ration were significantly suppressed, enabling no damage to
normal cells and tissues, but could be reactivated on demand
under laser-irradiation at the tumor site.** These nanoshells
could also produce strong localized surface plasmon reso-
nance for an efficient stable photothermal effect and enhanced
SERS activity under laser irradiation. Another study developed
a multifunctional nanoplatform with high-density cuprous
(Cu,0) supported molybdenum disulfide (MoS,) nanoflowers
(MC NFs). Such platforms could generate a potent ROS storm
at the tumour site irradiated by NIR-II light for a short period
of time, thus killing the tumor effectively.?!

Conclusions

The intricate landscape of liver diseases is closely linked to the
liver’s essential roles in metabolic balance and detoxification.
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Leveraging the liver’s natural tendency to accumulate nano-
particles offers significant potential for targeted therapeutic
benefits, while minimizing systemic toxicity. Although exces-
sive ROS contribute to various liver-related pathologies, their
dual role as both harmful agents and potential antitumori-
genic factors presents promising therapeutic opportunities.
Nanomaterials, with their precise targeting capabilities and
unique physicochemical properties, represent a novel frontier
in biomedical applications, particularly for liver-related treat-
ments. This exploration of nanoparticle interactions with ROS
provides valuable insights into advancing liver research and
therapeutic interventions.

However, the clinical application of nanomaterials faces
severe challenges as the biosafety and toxicity of nanomaterials
are far from well understood. Thus, materials scientists are
devoted to the scalable manufacture of nanomaterials with
consistent quality and functionality. Tremendous amounts of
biosafety data collected by following good laboratory practice
guidance are needed for a comprehensive evaluation of nano-
materials. At the same time, the regulatory agencies should get
involved and communicate with nanomaterial researchers to
formulate relevant regulations. These regulations will serve as
guidance when materials scientists are establishing standar-
dized production and quality control systems for nano-
materials, and tell them what kind of research data regarding
the effectiveness and biosafety of nanomaterials are persuasive
to regulatory agencies.

Concern regarding the biosafety of nanomaterials also
arises from the complex interactions between the nano-
materials and biological systems. With a specific emphasis on
leveraging nanocatalytic therapies in treating oxidative stress-
related hepatic diseases, this complexity is partially brought
about by the wonders of the human body. ROS mediate pro-
liferation, metabolism and other cellular events through not
only their concentration, but also their subtype, compartmen-
talization and time of exposure. Currently, we have gained a
certain ability to fine-tune the general catalytic capability of
nanomaterials in intracellular redox metabolism. However, the
specificity of these nanomaterials is far from that desired. In
this situation, even though some therapeutic benefits can be
achieved, the unwanted clearance of a certain ROS subtype in
a specific intracellular compartment at a specific time point
can trigger adverse effects during the application of nanocata-
lytic therapies. The overall lack of specificity in ROS scavenging
caused by nanomaterials also makes giving a convincing expla-
nation of the “mechanism of action” to regulatory agencies
very difficult. Thus, improving the catalytic specificity of nano-
materials should be an important research direction.
Nowadays, catalytic sites are exposed on most of these nano-
materials, lacking precise environment control for substrate
binding, interaction and catalysis. Incorporation of appropri-
ate ligands and morphology may help with specific substrate
recognition. During the development of nanomaterials with
catalytic capability, density functional theory helps to explain
their catalytic reactions. Considering the success of machine
learning and deep learning on interpreting the relationship
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between the structure and function of proteins, adopting these
technologies may help to create novel catalytic nanomaterials
with potent efficacy and high specificity.

Author contributions

Conceptualization, Z.L., S.W. and Z.T.; literature review, Z.L., Z.
Y. and H.Y,; visualization, Z.L.; funding acquisition, Z.Y. and S.
W.; writing - original draft, Z.L.; writing - review and editing,
H.Y. and Z.T.; supervision, Z.T. All authors have read and
agreed to the published version of the manuscript.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part
of this review.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors would like to greatly acknowledge the financial
support from the China National Postdoctoral Program for
Innovative Talents (Grant No. BX20230090), the National
Natural Science Foundation of China (Grant No. 82272061),
and the Fundamental Research Funds for the Central
Universities.

References

1 N. Sadasivam, Y. J. Kim, K. Radhakrishnan and D. K. Kim,
Molecules, 2022, 27, 3159.

2 C. Nathan and A. Cunningham-Bussel, Nat. Rev. Immunol.,
2013, 13, 349-361.

3 Z. Chen, R. Tian, Z. She, J. Cai and H. Li, Free Radicals Biol.
Med., 2020, 152, 116-141.

4 S. Wu, X. Meng, X. Jiang, Y. Wu, S. Zhai, X. Wang, Y. Liu,
J. Zhang, X. Zhao, Y. Zhou, W. Bu and Z. Yao, Adv. Sci.,
2021, 8, €2002548.

5 R. G. R. Mooli, D. Mukhi and S. K. Ramakrishnan, Compr.
Physiol., 2022, 12, 3167-3192.

6 A. de Almeida, J. de Oliveira, L. V. da Silva Pontes, ]J. F. de
Souza Junior, T. A. F. Goncalves, S. H. Dantas, M. S. de
Almeida Feitosa, A. O. Silva and 1. A. de Medeiros, Oxid.
Med. Cell. Longevity, 2022, 2022, 1225578.

7 C. Dong, W. Fang, Q. Yi and J. Zhang, Chemosphere, 2022,
308, 136205.

8 R. J. Schulze, M. B. Schott, C. A. Casey, P. L. Tuma and
M. A. McNiven, J. Cell Biol., 2019, 218, 2096-2112.

Nanoscale, 2025, 17, 3688-3697 | 3695


https://doi.org/10.1039/d4nr04469j

Published on 17 2024. Downloaded on 11.06.26 12:48:24.

Minireview

9
10

11

12

13

14

15
16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

M. Léveillé and J. L. Estall, Metabolites, 2019, 9, 233.

S. Li, H. Y. Tan, N. Wang, Z. J. Zhang, L. Lao, C. W. Wong
and Y. Feng, Int. J. Mol. Sci., 2015, 16, 26087-26124.

G. Ermak and K. ]J. Davies, Mol. Immunol., 2002, 38, 713—
721.

H. Malhi, G. J. Gores and ]J. J. Lemasters, Hepatology, 2006,
43, S31-S44.

M. Tanaka and A. Miyajima, Inflammation Regener., 2016,
36, 19.

L. J. Kitto and N. C. Henderson, Hepatol. Commun., 2021, 5,
358-370.

E. Ramos-Tovar and P. Muriel, Antioxidants, 2020, 9, 1279.
T. Tsuchida and S. L. Friedman, Nat. Rev. Gastroenterol.
Hepatol., 2017, 14, 397-411.

X. Zeng, J. Yang, O. Hu, J. Huang, L. Ran, M. Chen,
Y. Zhang, X. Zhou, J. Zhu, Q. Zhang, L. Yi and M. Mi,
Antioxid. Redox Signal., 2019, 30, 163-183.

A. L. Farashbandi, M. Shariati and M. Mokhtari,
Ethiop. J. Health Sci., 2021, 31, 673-682.

Y. Chen, J. Wang, Z. Jing, ]J. M. Ordovas, J. Wang and
L. Shen, Curr. Res. Food Sci., 2022, 5, 1148-1157.

K. Seedorf, C. Weber, C. Vinson, S. Berger, L. M. Vuillard,
A. Kiss, S. Creusot, O. Broux, A. Geant, C. Ilic, K. Lemaitre,
J. Richard, A. Hammoutene, J. Mahieux, V. Martiny,
D. Durand, F. Melchiore, M. Nyerges, V. Paradis, N. Provost,
V. Duvivier and P. Delerive, JHEP Rep., 2023, 5, 100651.

D. Zhang, S. Guo and S. J. Schrodi, Int. J. Mol. Sci., 2021,
22, 9858.

S. Shetty, U. Anushree, R. Kumar and S. Bharati,
Mitochondrion, 2021, 58, 123-130.

V. Sorrentino, K. J. Menzies and J. Auwerx, Annu. Rev.
Pharmacol. Toxicol., 2018, 58, 353-389.

M. Zhang, C. Zhang, L. Zhang, Q. Yang, S. Zhou, Q. Wen
and J. Wang, BMC Cancer, 2015, 15, 531.

K. Lee, S. Kim, Y. Lee, H. Lee, Y. Lee, H. Park, J. H. Nahm,
S. Ahn, S. J. Yu, K. Lee and H. Kim, Cancers, 2020, 12, 2128.
K. Qu, T. Lin, Z. Wang, S. Liu, H. Chang, X. Xu, F. Meng,
L. Zhou, ]J. Wei, M. Tai, Y. Dong and C. Liu, Front. Med.,
2014, 8, 227-235.

S. Y. Kim, H. Hwangbo, M. Y. Kim, S. Y. Ji, H. Lee,
G. Y. Kim, C. Y. Kwon, S. H. Leem, S. H. Hong, J. Cheong
and Y. H. Choi, Arch. Biochem. Biophys., 2021, 697, 108688.
Z. Yuan, Z. Liang, J. Yi, X. Chen, R. Li, J. Wu and Z. Sun,
Biomolecules, 2019, 9(10), 559.

X. Yao, C. R. Zhao, H. Yin, K. Wang and ]. J. Gao, Acta
Pharmacol. Sin., 2020, 41, 1609-1620.

B. Cordoba-Jover, A. Arce-Cerezo, ]. Ribera, M. Pauta,
D. Ord, G. Casals, G. Fernandez-Varo, E. Casals, V. Puntes,
W. Jiménez and M. Morales-Ruiz, J. Nanobiotechnol., 2019,
17, 112.

D. Ni, H. Wei, W. Chen, Q. Bao, Z. T. Rosenkrans,
T. E. Barnhart, C. A. Ferreira, Y. Wang, H. Yao, T. Sun,
D. Jiang, S. Li, T. Cao, Z. Liu, J. W. Engle, P. Hu, X. Lan and
W. Cai, Adv. Mater., 2019, 31, €1902956.

1. Celardo, J. Z. Pedersen, E. Traversa and L. Ghibelli,
Nanoscale, 2011, 3, 1411-1420.

3696 | Nanoscale, 2025, 17, 3688-3697

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

View Article Online

Nanoscale

Y. Wu, Y. Yang, W. Zhao, Z. P. Xu, P. J. Little,
A. K. Whittaker, R. Zhang and H. T. Ta, J. Mater. Chem. B,
2018, 6, 4937-4951.

I. Celardo, M. De Nicola, C. Mandoli, J. Z. Pedersen,
E. Traversa and L. Ghibelli, ACS Nano, 2011, 5, 4537-4549.
I. Garcarova, E. Valusova, Y. Shlapa, A. Belous, A. Musatov
and K. Siposova, Colloids Surf., B, 2023, 227, 113356.

Y. Shlapa, K. Siposova, V. Sarnatskaya, M. Drajnova,
J. Silvestre-Albero, O. Lykhova, V. A. Maraloiuy,
S. O. Solopan, M. Molcan, A. Musatov and A. Belous, ACS
Appl. Bio Mater., 2024, 7, 6749-6767.

M. R. Choi, T. Do Le, Y. H. Chung, H. Yoo and R. Yu,
J. Nanosci. Nanotechnol., 2015, 15, 5571-5576.

J. Aarons, L. Jones, A. Varambhia, K. E. MacArthur,
D. Ozkaya, M. Sarwar, C. K. Skylaris and P. D. Nellist, Nano
Lett., 2017, 17, 4003-4012.

A. G. Yohannes, K. Fink and I. Kondov, Nanoscale Adv.,
2022, 4, 4554-45609.

D. Xue, Y. Yuan, Y. Yu, S. Xu, Y. Wei, J. Zhang, H. Guo,
M. Shao and J. N. Zhang, Nat. Commun., 2024, 15, 5990.

N. Cheng, S. Stambula, D. Wang, M. N. Banis, ]. Liu,
A. Riese, B. Xiao, R. Li, T. K. Sham, L. M. Liu, G. A. Botton
and X. Sun, Nat. Commun., 2016, 7, 13638.

D. Song, C. Li, M. Zhu, S. Chi and Z. Liu, Angew. Chem., Int.
Ed., 2022, 61, €202212721.

Y. Yang, M. Liu, T. Zhao, Q. Chen, Y. Yang, S. Wang,
J. Zhang, G. Deng, K. Sun, Y. Nan, K. Cao, K. Ai and
Q. Huang, Front. Pharmacol., 2022, 13, 1039558.

M. Liu, H. Wu, Q. Li, H. Liu, C. Chen, F. Yin, H. Wang,
Z. Zha and F. Wang, J. Colloid Interface Sci., 2024, 654, 83—
95.

H. Bai, F. Kong, K. Feng, X. Zhang, H. Dong, D. Liu, M. Ma,
F. Liu, N. Gu and Y. Zhang, ACS Appl. Mater. Interfaces,
2021, 13, 42382-42395.

Z. Zhang, J. Zhao, Z. Chen, H. Wu and S. Wang, Inorg.
Chem. Front., 2023, 10, 1305-1314.

C. Zhou, L. Zhang, Z. Xu, T. Sun, M. Gong, Y. Liu and
D. Zhang, Small, 2023, 19, €2206408.

S. Carvajal, M. Perramon, D. Or9, E. Casals, G. Fernandez-
Varo, G. Casals, M. Parra, B. Gonzalez de la Presa, J. Ribera,
O. Pastor, M. Morales-Ruiz, V. Puntes and W. Jiménez, Sci.
Rep., 2019, 9, 12848.

G. J. Oostingh, E. Casals, P. Italiani, R. Colognato,
R. Stritzinger, J. Ponti, T. Pfaller, Y. Kohl, D. Ooms,
F. Favilli, H. Leppens, D. Lucchesi, F. Rossi, I. Nelissen,
H. Thielecke, V. F. Puntes, A. Duschl and D. Boraschi, Part.
Fibre Toxicol., 2011, 8, 8.

Y. Shlapa, K. Siposova, K. Veltruska, V. A. Maraloiu,
I. Garcarova, M. Rajnak, A. Musatov and A. Belous, ACS
Appl. Mater. Interfaces, 2023, 15, 49346-49361.

C. S. Lin, M. Q. He, M. Y. An, Q. H. Zhao, Z. H. Zhang,
K. Y. Deng, Y. Ai and H. B. Xin, Small, 2024, e2403313, DOIL:
10.1002/smll.202403313.

H. Sun, A. Zhao, N. Gao, K. Li, J. Ren and X. Qu, Angew.
Chem., Int. Ed., 2015, 54, 7176-7180.

Y. Lin, J. Ren and X. Qu, Adv. Mater., 2014, 26, 4200-4217.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1002/smll.202403313
https://doi.org/10.1039/d4nr04469j

Published on 17 2024. Downloaded on 11.06.26 12:48:24.

Nanoscale

54 K. Yang, Y. Li, X. Tan, R. Peng and Z. Liu, Small, 2013, 9,
1492-1503.

55 A. Sun, L. Mu and X. Hu, ACS Appl. Mater. Interfaces, 2017,
9,12241-12252.

56 D. R. Ryu, M. R. Yu, K. H. Kong, H. Kim, S. H. Kwon,
J. S. Jeon, D. C. Han and H. Noh, Aging Cell, 2019, 18,
€12904.

57 M. Lagouge, C. Argmann, Z. Gerhart-Hines, H. Meziane,
C. Lerin, F. Daussin, N. Messadeq, ]J. Milne, P. Lambert,
P. Elliott, B. Geny, M. Laakso, P. Puigserver and J. Auwerx,
Cell, 2006, 127, 1109-1122.

58 W. Teng, L. Zhao, S. Yang, C. Zhang, M. Liu, J. Luo, J. Jin,
M. Zhang, C. Bao, D. Li, W. Xiong, Y. Li and F. Ren,
J. Controlled Release, 2019, 307, 139-149.

59 S. Ansar, H. Tabassum, N. S. M. Aladwan, M. Naiman Ali,
B. Almaarik, S. AlMahrouqi, M. Abudawood, N. Banu and
R. Alsubki, Sci. Rep., 2020, 10, 18564.

60 H. Zhao, Z. Zeng, L. Liu, ]J. Chen, H. Zhou, L. Huang,
J. Huang, H. Xu, Y. Xu, Z. Chen, Y. Wu, W. Guo,
J. H. Wang, J. Wang and Z. Liu, Nanoscale, 2018, 10, 6981-
6991.

61 J. Grebowski and G. Litwinienko, Eur. J. Med. Chem., 2022,
238, 114481.

62 Y. Li, H. B. Luo, H. Y. Zhang, Q. Guo, H. C. Yao, J. Q. Li,
Q. Chang, J. G. Yang, F. Wang and C. D. Wang, RSC Adv.,
2016, 6, 31122-31130.

63 H. Wang, J. Zhao, S. Ji, T. Liu, Z. Cheng, Z. Huang, Y. Zang,
J. Chen, J. Zhang and Z. Ding, Free Radicals Biol. Med.,
2024, 220, 236-248.

64 H. Wei, K. Yi, F. Li, D. Li, J. Yang, R. Shi, Y. Jin,
H. Wang, J. Ding, Y. Tao and M. Li, Adv. Mater., 2024, 36,
€2305826.

65 J. Liu, W. Lu, X. Lu, L. Zhang, H. Dong and Y. Li, Nano Res.,
2022, 15, 2558-2566.

66 K. Yasuda, H. Maeda, R. Kinoshita, Y. Minayoshi,
Y. Mizuta, Y. Nakamura, S. Imoto, K. Nishi, K. Yamasaki,
M. Sakuragi, T. Nakamura, M. Ikeda-Imafuku, Y. Iwao,

This journal is © The Royal Society of Chemistry 2025

View Article Online

Minireview

Y. Ishima, T. Ishida, Y. Iwakiri, M. Otagiri, H. Watanabe
and T. Maruyama, ACS Nano, 2023, 17, 16668-16681.

67 Z. Yu, Q. Li, J. Wang, Y. Yu, Y. Wang, Q. Zhou and P. Li,
Nanoscale Res. Lett., 2020, 15, 115.

68 T. Y. Wong, N. Yan, K. K. L. Kwan, Y. Pan, J. Liu, Y. Xiao,
L. Wu and H. Lam, J. Hazard. Mater., 2023, 445, 130599.

69 Y. Ren, R. Geng, Q. Ly, X. Tan, R. Rao, H. Zhou, X. Yang
and W. Liu, Int. J. Nanomed., 2020, 15, 1997-2010.

70 Z. Tang, S. Wu, P. Zhao, H. Wang, D. Ni, H. Li, X. Jiang,
Y. Wu, Y. Meng, Z. Yao, W. Cai and W. Bu, Adv. Sci., 2022,
9, €2201232.

71 M. M. M. Badawy, G. R. Abdel-Hamid and H. E. Mohamed,
Biol. Trace Elem. Res., 2023, 201, 1274-1285.

72 M. Sang, R. Luo, Y. Bai, ]J. Dou, Z. Zhang, F. Liu, F. Feng,
J. Xu and W. Liu, Theranostics, 2019, 9, 6209-6223.

73 D. Cen, Q. Ge, C. Xie, Q. Zheng, J. Guo, Y. Zhang, Y. Wang,
X. Li, Z. Gu and X. Cai, Adv. Mater., 2021, 33, €2104037.

74 J. Meng, K. Wei, S. Xie, Z. Zhang, P. Ran, P. Zhang and
X. Li, J. Controlled Release, 2023, 357, 342-355.

75 J. Wei, Y. Liu, Y. Li, Z. Zhang, J. Meng, S. Xie and X. Li, Adv.
Healthc. Mater., 2023, 12, €2300338.

76 X. Ma, X. Ren, X. Guo, C. Fu, Q. Wu, L. Tan, H. Li,
W. Zhang, X. Chen, H. Zhong and X. Meng, Biomaterials,
2019, 214, 119223.

77 R. Huang, W. Liu, Q. Zhang, G. Zhu, W. Qu, C. Tao, ]J. Gao,
Y. Fang, X. Fu, ]J. Zhou, Y. Shi, J. Fan and Z. Tang, ACS Appl.
Mater. Interfaces, 2023, 15, 3781-3790.

78 Q. Truong Hoang, V. Ravichandran, T. G. Nguyen Cao,
J. H. Kang, Y. T. Ko, T. I. Lee and M. S. Shim, Chem. Eng. J.,
2022, 435, 135039.

79 X. Lin, S. Liu, X. Zhang, R. Zhu, S. Chen, X. Chen, J. Song
and H. Yang, Angew. Chem., Int. Ed., 2020, 59, 1682-1688.

80 J. He, Q. Wei, S. Wang, S. Hua and M. Zhou, Biomaterials,
2021, 271, 120734.

81 J. Huang, G. Deng, S. Wang, T. Zhao, Q. Chen, Y. Yang,
Y. Yang, J. Zhang, Y. Nan, Z. Liu, K. Cao, Q. Huang and
K. Ai, Adv. Sci., 2023, 10, €2302208.

Nanoscale, 2025, 17, 3688-3697 | 3697


https://doi.org/10.1039/d4nr04469j

	Button 1: 


