
Acta Pharmaceutica Sinica B 2024;14(3):1132e1149
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.el sev ie r.com/ loca te /apsb
www.sc iencedi rec t .com
REVIEW
Metal nanoparticles for cancer therapy:
Precision targeting of DNA damage
Qian Chena,y, Chunyan Fangb,y, Fan Xiaa,y, Qiyue Wangb,c,
Fangyuan Lia,b,c,d,*, Daishun Linga,b,c,*
aInstitute of Pharmaceutics, Hangzhou Institute of Innovative Medicine, College of Pharmaceutical Sciences,
Zhejiang University, Hangzhou 310058, China
bFrontiers Science Center for Transformative Molecules, School of Chemistry and Chemical Engineering, National
Center for Translational Medicine, Shanghai Jiao Tong University, Shanghai 200240, China
cWorld Laureates Association (WLA) Laboratories, Shanghai 201203, China
dKey Laboratory of Precision Diagnosis and Treatment for Hepatobiliary and Pancreatic Tumor of Zhejiang
Province, Hangzhou 310009, China
Received 4 June 2023; received in revised form 30 July 2023; accepted 15 August 2023
KEY WORDS

DNA damage;

Metal nanoparticles;

Nucleus-targeting;

DNA repair inhibition;

Immune response;

Size optimization;

Stimuli-responsiveness;

Surface modification
*Co

E-
yTh

Peer r

https:

2211-

Acade
rresponding authors.

mail addresses: lfy@zju.edu.cn (Fan

ese authors made equal contribution

eview under the responsibility of C

//doi.org/10.1016/j.apsb.2023.08.031

3835 ª 2024 The Authors. Publishe

my of Medical Sciences. This is an
Abstract Cancer, a complex and heterogeneous disease, arises from genomic instability. Currently,

DNA damage-based cancer treatments, including radiotherapy and chemotherapy, are employed in clin-

ical practice. However, the efficacy and safety of these therapies are constrained by various factors,

limiting their ability to meet current clinical demands. Metal nanoparticles present promising avenues

for enhancing each critical aspect of DNA damage-based cancer therapy. Their customizable physico-

chemical properties enable the development of targeted and personalized treatment platforms. In this re-

view, we delve into the design principles and optimization strategies of metal nanoparticles. We shed light

on the limitations of DNA damage-based therapy while highlighting the diverse strategies made possible

by metal nanoparticles. These encompass targeted drug delivery, inhibition of DNA repair mechanisms,

induction of cell death, and the cascading immune response. Moreover, we explore the pivotal role of

physicochemical factors such as nanoparticle size, stimuli-responsiveness, and surface modification in

shaping metal nanoparticle platforms. Finally, we present insights into the challenges and future direc-

tions of metal nanoparticles in advancing DNA damage-based cancer therapy, paving the way for novel

treatment paradigms.
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1. Introduction

Cancer is a complex and heterogeneous disease that has been
extensively studied and researched over the past few decades1.
The hallmark of various cancers is genomic instability, charac-
terized by the increasing accumulation of DNA damage2, which
forms the basis for the application of radiotherapy and chemo-
therapy in cancer treatment3,4. The most common mechanism of
both is to rapidly promote the accumulation of DNA damage
within cancer cells through DNA crosslinkers or X-rays, thereby
inducing cancer cell apoptosis5. However, the safety and efficacy
of DNA damage-based cancer therapy are greatly limited by
factors such as drug efflux, DNA repair mechanisms, and off-
target toxicity6,7. Therefore, there is an urgent need to optimize
DNA damage-based cancer therapy to combat tumor drug
resistance.

Nanoparticles play a pivotal role in DNA damage-based tumor
treatment approaches. These minute particles, typically ranging
from 1 to 100 nm in size, possess unique properties that make
them ideal candidates for targeted therapy8. By utilizing
nanoparticle-based delivery systems, therapeutic agents can be
precisely delivered to tumor cells, maximizing treatment efficacy
while minimizing off-target effects9. Recently, metal nanoparticles
have emerged as promising tools for cancer therapy due to their
unique physicochemical properties and biocompatibility10. Unlike
traditional cancer treatment strategies, metal nanoparticles can be
considered as a personalized toolbox11, and a DNA damage-based
therapy induced by well-designed metal nanoparticles can effec-
tively avoid complex drug resistance factors in cancer cells. The
capacity of metal nanoparticles to directly induce DNA damage
and subsequently eliminate tumor cells has been extensively
explored and refined. One example is the utilization of tumor pH-
sensitive Pt nanoclusters, which can be engineered with targeting
peptides and pH-responsive release mechanisms12. This design
enables the efficient delivery of Pt to the nucleus of tumor cells,
where it forms stable Pt-DNA complexes that are difficult to
eliminate. Consequently, the induction of DNA damage occurs,
leading to the demise of tumor cells. In combination with multiple
potential treatment modalities, it can amplify the subsequent
killing effects triggered by DNA damage. For example, Au
nanoclusters are used to deliver platinum, effectively sensitizing
cancer cells to platinum-based drugs by clearing intracellular
GSH13. PEG-modified Gd-based nanosheets have a larger surface
area for radiation deposition and stronger penetration ability in
solid tumors, amplifying radiation-induced oxidative stress and
DNA damage14. Copper sulfide nanoparticles, modified for nu-
clear targeting, can be delivered to the nucleus and efficiently
damage DNA using photothermal therapy15. The ability of metal
nanoparticles to induce DNA damage in cancer cells, either as a
standalone therapy or in combination with other treatments, pre-
sents a new approach to combat drug resistance in cancer therapy.

In this review, we begin by providing a brief overview of the
mechanisms and limitations of DNA damage-based cancer ther-
apy strategies, including the challenges associated with resistance
and toxicity. To address these limitations, we present a series of
existing solutions based on metal nanoparticles, which offer
personalized and precise approaches to cancer therapy. We then
delve into a comprehensive summary of the adjustments of
physical and chemical factors that affect the anti-tumor effect of
metal nanoparticles. These factors include size, responsiveness,
and surface modification, among others (Scheme 1). By exam-
ining the impact of these factors, we aim to provide insight into
the optimal design of metal nanoparticles for inducing DNA
damage and enhancing therapeutic efficacy. Finally, we discuss
the current challenges and future prospects of using metal nano-
particles to induce DNA damage for cancer therapy, including the
need for further research to optimize drug delivery and reduce
toxicity, as well as the potential for combination therapies and
personalized treatment strategies.

2. Mechanisms of DNA damage-based cancer therapies

The integrity of DNA is crucial for normal cellular function and
proliferation. DNA damage occurring in the S phase of the cell
cycle can hinder the progression of replication forks and may
result in replication-associated DNA double-strand breaks (DSBs),
which is the most toxic form of all DNA damage16. The cell cycle
checkpoint proteins detect high levels of DNA damage, and their
activation induces cell cycle arrest to prevent the transfer of
damaged DNA during mitosis17,18. If damaged DNA cannot be
properly repaired, it may lead to cell death19. Cancer cells typi-
cally have relaxed DNA damage sensing/repair capabilities, and
importantly, they can bypass cell cycle checkpoints, allowing
them to achieve high proliferation rates, which makes them more
susceptible to DNA damage, as replication of damaged DNA in-
creases the likelihood of cell death20e22. The concept of using
DNA as a target has spurred the development of numerous cancer
therapies based on DNA damage strategies, such as platinum-
based chemotherapy, radiotherapy, and photothermal
therapy23e25.

Chemotherapeutic agents and other treatments commonly used
for cancer therapy directly target cellular DNA molecules to
combat tumors26. The major manifestations of this direct mech-
anism are damage to DNA chains, including intra-/inter-strand
crosslinking, and single-/double-strand breaks27e29. Nitrogen
mustard, cyclophosphamide, methotrexate, and platinum-based
drugs, among others, can interfere with DNA replication and
transcription by forming DNA adducts and inducing DNA strand
crosslinking, leading to cell death30,31. Radiation therapy induces
cell apoptosis directly by inducing DNA double-strand breaks and
indirectly by generating reactive oxygen species32. Photothermal
therapy utilizes photosensitizers to absorb light energy, generating
heat and reactive oxygen species, which cause thermal damage
and oxidative stress to cancer cells, resulting in double-strand
breaks and other types of DNA damage33.

Moreover, certain chemotherapy drugs can also cause irre-
versible DNA damage indirectly, mainly by utilizing nucleotide
analogs or nucleic acid synthesis inhibitors to block DNA syn-
thesis, thereby interfering with the proliferation and division of
cancer cells34,35. For example, drugs such as gemcitabine and
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Scheme 1 Metal nanoparticles-induced DNA damage for tumor treatment. Metal nanoparticles offer a powerful approach for inducing DNA

damage to effectively treat tumors. Through size optimization and surface modifications, metal nanoparticles enable precise nucleus-targeted

delivery and responsive release. This unique capability allows them to penetrate deep into the cellular nucleus, where they induce DNA dam-

age. Additionally, metal nanoparticles can simultaneously interfere with normal cellular physiological functions and disrupt DNA damage repair

mechanisms, leading to the accumulation of DNA damage load within cancer cells. The combined effect of these actions induces cancer cell death

and triggers the release of a substantial amount of tumor antigens, including DNA fragments, which in turn activates immune responses. Overall,

metal nanoparticles present a versatile and promising strategy for tumor treatment by exploiting its ability to induce DNA damage and engage

immune-mediated anti-tumor responses.
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methotrexate can block the synthesis of purines and pyrimidines
during DNA synthesis, thereby preventing normal DNA replica-
tion36,37. Meanwhile, topoisomerase inhibitors, such as etoposide
and doxorubicin, can interfere with DNA repair, thereby acceler-
ating the accumulation of DNA damage and inducing cancer cell
death38,39.

3. Metal nanoparticles for optimizing DNA damage-based
cancer therapy

The conventional treatment strategies targeting DNA damage have
inevitable limitations in practical applications. DNA is deeply
embedded within the nucleus of cancer cells, and most DNA-
damaging agents are required to traverse a sequence of barriers,
including the cell membrane, lysosomes, and nuclear envelope,
before gaining access to the nucleus40e42. Moreover, the efflux
function of transport proteins on the cancer cell membrane leads to
insufficient intracellular drug concentrations to induce DNA dam-
age43e45. On the other hand, cancer cells have enhanced antioxidant
capacity to protect DNA from oxidative stress induced by radio-
therapy and chemotherapy or promote the efflux of Pt-GSH com-
plexes formed by platinum-based drugs from the cells by
overexpressing the glutathione (GSH) detoxification system46e48.

Even if DNA damage is eventually caused, cancer cells can
evade cell death by enhancing DNA damage repair or increasing
tolerance to genetoxicty49,50. For example, DNA damage caused
by platinum-based chemotherapy drugs is typically repaired by
nucleotide excision repair (NER), preventing the accumulation of
DNA damage and subsequent cell death49,51,52. Meanwhile, mu-
tations in the mismatch repair (MMR) pathway in cancer cells
prevent the recognition and binding of MMR complexes with Pt-
DNA adducts, silencing downstream signaling pathways that
induce cell death and lead to tolerance to DNA damage49,51.

Fortunately, the use of metal nanoparticles has provided us
with a personalized arsenal to design a diverse range of thera-
peutic strategies that target various mechanisms of resistance to
DNA damage in tumors. These nanoparticles serve as a nexus that
links DNA damage therapies with other treatment strategies,
enabling the circumvention of complex resistance mechanisms in
tumors while amplifying the cytotoxic effects of DNA damage and
subsequent cytotoxicity. By incorporating various strategies such
as targeted delivery, spatiotemporal release, and combination
therapy, metal nanoparticles offer the potential for more effective
cancer treatment options (Scheme 2). These strategies provide
promising avenues to overcome resistance mechanisms in tumors
and improve the therapeutic outcomes for cancer patients.

Different metals exhibit distinct characteristics and mecha-
nisms in DNA damage therapy (Table 1)12e15,53e72. Gold (Au) is
commonly employed in photothermal and photodynamic thera-
pies, leveraging its ability to generate reactive oxygen species
(ROS) to induce DNA damage. Platinum (Pt), on the other hand,
exerts its DNA-damaging effects through the formation of DNA-



Scheme 2 Metal nanoparticles offer a range of optimization strategies for DNA damage-based cancer treatment approaches. The unique

properties of metal nanoparticles enable the precise targeting of cell nucleus, facilitating the specific delivery of DNA-damaging agents to cancer

cells. Metal nanoparticles can act by inhibiting DNA damage repair mechanisms, leading to the accumulation of DNA damage load within cancer

cells. Moreover, it employs various therapeutic strategies that disrupt normal physiological functions, inducing rapid cancer cell death. Addi-

tionally, metal nanoparticles can activate immune pathways, resulting in sustained anti-tumor responses. By addressing the limitations associated

with DNA damage-based cancer treatment and enhancing the tumor-killing capacity linked to DNA damage, metal nanoparticles hold great

promise for improved therapeutic outcomes.
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Pt adducts. Additionally, high atomic number metals serve as
potent radiosensitizers, enhancing the efficacy of radiation therapy
by facilitating chromosome fragmentation or intensifying oxida-
tive stress-induced DNA damage.

Metal nanoparticles harness the intrinsic DNA-damaging
properties of metals while incorporating a range of optimization
strategies. Through meticulous size control, surface modification,
and stimulus-responsive release mechanisms, metal nanoparticles
achieve enhanced DNA damage efficacy and subsequent anti-
tumor effects, considering both the depth and intensity of the
therapeutic intervention. By capitalizing on the unique charac-
teristics of different metals and employing a diverse array of
optimization techniques, metal nanoparticles hold immense
promise for advancing DNA damage-based therapies and aug-
menting anti-cancer interventions.

3.1. Improving the nucleus-targeting ability

Whether the cancer therapeutic strategy targeting DNA damage
can achieve the expected therapeutic effect largely depends on
whether the drug can enter the nucleus smoothly73,74. Metal
nanoparticles benefit from the customizable size and surface
modification, becoming an excellent carrier for targeted drug de-
livery to the nucleus.

A series of metal nanoparticle-based DNA damage strategies
focus on passive diffusion to achieve nuclear-targeted delivery of
DNA-damaging agents. Zhang et al.53 loaded zinc phthalocyanine
(ZnPc) and aPD-L1 onto the surface of GQD-PEG to obtain small-
sized nanoparticles with a diameter of approximately 32 nm.
Leveraging the size-dependent nuclear-targeting effect, the
photosensitizer can be efficiently delivered to the chromosomal
regions within the cell nucleus, facilitating the generation of light-
induced DNA damage. Moreover, by fully utilizing the physical
and chemical properties of metal nanoparticles, passive nuclear
targeting can be effectively achieved75. Phuong et al.54 designed a
TiO2 nanoparticle-embedded carbon dot system for nuclear tar-
geting controllable photothermal therapy. After internalization
into cells, the photocatalytic effect of TiO2 under visible light
irradiation could oxidize the surface of carbon dots, resulting in a
hydrophobic-to-hydrophilic transition of carbon dots, which could
then cross the hydrophilic nuclear membrane and enter the cell
nucleus76.

Most passive strategies for targeting cell nuclear rely on the
passive diffusion of metal nanoparticles into the nucleus77.
However, this results in low delivery efficiency and restricts the
size design of metal nanoparticles78. To overcome this limitation,
many efficient active targeting strategies have been developed for
DNA damage-based cancer therapy.

The primary approach for delivering metal nanoparticles that
exceeds the size of NPC to the cell nucleus is surface function-
alization with nuclear localization signals (NLS)79. NLS enabled
metal nanoparticles to overcome the size barrier for nuclear de-
livery, facilitating tumor therapy based on DNA damage80. With
NLS’s active targeting capability, metal nanoparticles induced
rapid and effective accumulation of DNA damage in the nuclear
area that exceeded the threshold for triggering apoptosis79. The
trans-activator of transcription (TAT) derived from human im-
munodeficiency virus type 1 (HIV-1) is the most commonly used
nuclear targeting peptide, which can mediate the nuclear transport
of exogenous nanoparticles via the importin a/b pathway81,82. Li
et al.83 conjugated TAT peptide to Fe3O4 nanoparticles that carried
camptothecin (CPT), a DNA-damaging agent. The TAT peptide
facilitated the recognition of the nanoparticles by NPC and guided
the nanoparticles from cytosol to the nucleus, resulting in the
accumulation of CPT inside the nucleus and efficient DNA dam-
age. Photothermal therapy also faces the challenge of damaging



Table 1 Different functions of metal nanoparticles for DNA damage.

Formulation Types

of metal

Drug Mechanism of inducing

DNA damage

Optimization strategy Ref.

Pt-NA Pt e Formation of Pt-DNA

adducts

pH-Responsive release 12

AuNCsePt Au, Pt e Formation of Pt-DNA

adducts

Depletion of GSH 13

Phy@PLGdH Gd Physcion Radiation sensitization Morphology control for

deposition of X-rays

14

CuS@MSN-TAT-RGD Cu e Localized high

temperatures within the

cell nucleus

Nuclear localization

signals modified for

nuclear targeting

15

PZGE Zn aPD-L1 Generation of ROS Size optimization for

nuclear targeting

53

C-CD/TiO2 Ti e Localized high

temperatures within the

cell nucleus

Surface hydrophilization

for nuclear targeting

54

Pd-TAT Pd e Localized high

temperatures within the

cell nucleus

Nuclear localization

signals modified for

nuclear targeting

55

FMSN@FITC-TAT Au e Localized high

temperatures within the

cell nucleus

Nuclear localization

signals modified for

nuclear targeting

56

NMPN Pt e Formation of Pt-DNA

adducts

DNA repair inhibition 57

uPA-SP@CaP Pt, Ca BRCA1 siRNA Formation of Pt-DNA

adducts

DNA repair inhibition 58

BHT Hf 3-BrPA Radiation sensitization DNA repair inhibition 59

Bio-Pt-I Pt Iodine Formation of Pt-DNA

adducts

Downregulation of Bcl-2

to promote cell apoptosis

60

PWE W EGCG Radiation sensitization Demethylation of DNA to

promote cell pyroptosis

61

CuCHeNCs Cu e Generation of ROS Activation of cytotoxic

complexes

62

SR@PMOF Zr SR-717 Generation of ROS Activation of the STING

pathway

63

aPD-L1@MnO2 Mn aPD-L1 Radiation sensitization Immune

microenvironment

reprogramming

64

Zn-Fu MNs Zn 5-Fu Generation of ROS DNA repair inhibition 65

PtNCs Pt e Formation of Pt-DNA

adducts

Light-triggered thermal-

responsive release

66

Pt(IV) NPs Pt e Formation of Pt-DNA

adducts

GSH-responsive release 67

PEG-ZnO Zn e Generation of ROS PEG modified to promote

cellular uptake

68

PEG-coated gold NRs Au e Generation of ROS PEG modified to achieve

long-circulating

69

R-GAuNP Au e Localized high

temperatures within the

cell nucleus

Glycosylation

modification promotes

tumor targeting and

stability

70

PEG@Pt/Dox Pt Doxorubicin Formation of Pt-DNA

adducts

PEG modified to promote

drug loading

71

LnPS@TiO2 Ti,La,Ga,Ce e Radiation sensitization Radiocatalysis based on

coreeshell structure

72

‒, not applicable.
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DNA deep in the nucleus due to the short diffusion distance of
ROS and the limited heat diffusion rate induced by the photo-
thermal effect41. A possible solution is to employ nuclear targeting
to enable in situ phototherapy that can directly destroy DNA. Gao
et al.55 demonstrated an innovative approach to enhance the
biocompatibility and stability of Pd nanosheets (PD-NSs) by
surface coating them with a modified cell-penetrating peptide,
TAT (Fig. 1A). This modification endowed PD-NSs with the
ability to specifically target the cell nucleus, which serves as the
central control center (Fig. 1B‒E). The enhanced nuclear
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targeting capability of PD-TAT greatly improved the photothermal
therapeutic efficacy, as the nucleus is highly sensitive to thermal
treatments (Fig. 1F). Multiple potential strategies for cell nucleus
targeting can be integrated and applied on the platform of metal
nanoparticles. By conjugating NLS (CGGGPKKKRKVGG) pep-
tide and RGD peptides to AuNP, Mena et al.56 achieved cancer
cell nuclear targeting and delivery of AuNP, which enabled in situ
photothermal therapy to induce severe DNA damage.

3.2. Blocking DNA repair

Tumor therapy strategies aimed at inducing DNA damage to kill
cancer cells may encounter challenges due to the cellular DNA
damage repair response, especially in platinum-based chemo-
therapy84e86. The development of metal nanoparticles that
incorporate functionalized ligands to disrupt DNA damage repair
Figure 1 Enhancing the targeting efficiency of DNA damage drugs

accumulation capability for cancer cell migration inhibition and phototherm

incubation with Pd-TAT-Cy7 for 12 h. (C) Confocal images of a represent

intensity of Hoechst and line-scan grayscale intensity of Pd-TAT along the a

cells without or with mild NIR laser irradiation (808 nm, 0.3 W/cm2, 10 m

calcein-AM and PI after different treatments as indicated. Reprinted with
responses may offer new insights into overcoming resistance in
tumor therapies that target DNA damage. Our group57 has con-
structed a nuclease-mimetic platinum nanozyme (NMPN) that
penetrates into the nucleus of cancer cells using surface-modified
TAT peptides and releases Pt particles to promote the production
of Pt-DNA adducts, thereby directly damaging the DNA of tumor
cells. At the same time, NMPN with oxidase and peroxidase-like
activities can produce active oxygen in situ to oxidatively cleave
double-stranded DNA near the PteDNA binding site (Fig. 2A),
interfere with the formation of DNA bending conformation
required for NER (Fig. 2B)87,88, thus causing irreversible DNA
damage and reversing tumor chemotherapy resistance89. Yang
et al.58 considered a more direct strategy by loading DNA repair
inhibitor BRCA1 small interfering RNA (siRNA) together with
cisplatin into a pH-sensitive nano-platform, irreversible Pt-DNA
adducts were formed by silencing DNA repair-related gene
through metal nanoparticles platform. (A) Pd-TAT with perinuclear

al therapy. (B) Confocal images of a representative MCF-7 cell after

ative MCF-7 cell after Pd-TAT treatment. (D) Line-scan fluorescence

rrowed region as shown in (C). (E) Confocal images of Pd-TAT-treated

in). (F) Confocal fluorescence images of MCF-7 cells co-stained by

the permission from Ref. 55. Copyright ª 2019 Elsevier.



Figure 2 Metal nanoparticles enhance tumor DNA damage load by blocking DNA repair responses. (A) NMPNs can readily target cancer cell

nuclei to efficiently induce Pt-DNA adducts, as well as change the NER-required DNA conformation for overcoming Pt-resistant tumors. (B) In

comparison to Pt compounds and PNPs that cannot effectively generate ROS in the nucleus, NMPNs can readily accumulate in the nucleus by

acidity-induced exposure of TAT peptides and induce in situ ROS generation to induce DNA oxidative cleavage, thus destroying the DNA

conformation required for NER. Reprinted with the permission from Ref. 57. Copyright ª 2023 Springer Nature Limited.
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expression, ultimately leading to the fate of cancer cells towards
apoptosis. Alternatively, Fu et al.59 sensitized radiotherapy using
Hf-nMOFs loaded with 3-BrPA. While high-Z metal Hf deposited
X-rays generate ROS sufficient to damage DNA90, 3-BrPA in-
terferes with biosynthesis by inhibiting glycolysis, thus impeding
the energy and material supply required for DNA repair91, ulti-
mately inducing cancer cell apoptosis. Both direct interferences
with DNA damage repair pathways and disruption of the supply of
DNA repair materials can effectively enhance the efficacy of DNA
damage therapies. The multifunctionality and customization of
metal nanoparticles provide a variety of possibilities for their
application.
3.3. Transforming DNA damage into cellular death

An important factor that researchers tend to overlook is the
inability to link DNA damage with eventual cell death. Cells have
a certain tolerance for DNA damage, and the dysregulated
expression of some apoptotic molecules may confer drug resis-
tance to tumors92. By breaking the balance of apoptosis while
inducing DNA damage, the effect of DNA damage therapy can be
amplified93. The balance of Bcl-2/Bax apoptosis is disrupted in
cancer cells, where the apoptotic inhibitor Bcl-2 has a unique
carcinogenic effect, which can resist DNA damage by inhibiting
multiple apoptotic deaths94e96. Yu et al.60constructed iodine-
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conjugated Pt4þ nanoparticles, which formed DNA damage while
using iodine to downregulate Bcl-2 expression97, sensitizing
cancer cells to apoptosis. By shifting our focus away from DNA
damage-induced apoptosis, we can explore the multitude of pos-
sibilities that metal nanoparticles offer for tumor ablation.

As an example, Wang et al.61 developed a tungsten-based
nanoparticles loaded with the epigenetic modulator EGCG. While
inducing DNA damage with X-rays, EGCG can alleviate local
hypermethylation of tumor DNA and upregulate the expression of
the membrane pore-forming protein GSDME98,99. After tungsten
ions are activated by X-rays and generate a significant amount of
ROS, the potential Bax-cytochrome c-caspase-9-caspase-3
pathway is initiated, cleaving GSDME and forming gasdermin
pores on the cell membrane, ultimately inducing pyroptosis100,101.
The induction of DNA damage alone does not guarantee cell death
in cancer therapy, as several barriers can hinder therapeutic efficacy.

Furthermore, metal nanoparticles can activate multiple path-
ways to synergistically trigger cell death mechanisms. For
instance, Li et al.62 developed copper (II) carbonate hydroxide
nanocrystals (CuCHeNCs) encapsulated within a single albumin
nanocage, functioning as peroxidase-like biomineralization
agents. These CuCHeNCs exhibit pH-responsive release of Cu2þ.
Upon reduction by glutathione (GSH), Cu2þ is converted to Cuþ,
catalyzing the generation of hydroxyl radicals ($OH) from H2O2.
While damaging tumor cell DNA, Cu2þ also activates the trans-
formation of a non-toxic disulfiram into a cytotoxic complex,
thereby inducing selective chemotherapeutic damage through in-
hibition of cell proliferation and amplification of apoptosis. Metal
nanoparticles have emerged as a promising class of agents that can
serve both as inducers of DNA damage and as mediators of cell
death, thereby providing new perspectives for cancer treatment.

3.4. Inducing anti-tumor immune response

In addition to their ability to induce DNA damage and subsequent
cytotoxicity, metal nanoparticles also hold the potential to introduce
immunotherapy by exploiting the neoantigens and immunological
features generated by DNA damage and cancer cell death102e105.
Exposure of cancer cells to chemotherapy drugs, radiation, oxida-
tive stress, and other factors can lead to the formation of lethal
double-stranded DNA breaks (DSBs) and chromosomal frag-
ments106,107. These fragments can be recognized by the cyclic
GMP-AMP (cGAMP) synthase (cGAS), which induces the gener-
ation of cGAMP and activates the stimulator of interferon genes
(STING) pathway108. This ultimately triggers a cascade of phos-
phorylation reactions (TBK1-IRF3-NF-kB) and upregulates the
expression of type I interferons, thereby activating anti-tumor im-
munity109,110. Zhou et al.63 fabricated polymeric metaleorganic
framework nanoparticles (PMOF NPs) with a polyethylene glycol
(PEG) shell by coordinating a segment copolymer of poly (pro-
pylene imine) dendrimer with 1,4-benzenedicarboxylic acid
(PABDA), meso-tetrakis(4-carboxyphenyl) porphyrin (TCPP), di-
sulfide succinic acid, and zirconium chloride. Subsequently, the
researchers loaded the STING agonist SR-717 into the porous
structure of PMOF to obtain SR@PMOF NPs. Under light irradi-
ation, TCPP within the SR@PMOF NPs generated singlet oxygen
(1O2), leading to DNA damage in tumor cells and subsequent
release of fragmented DNA and tumor-associated antigens. More-
over, the disulfide bonds were cleaved by 1O2, causing the collapse
of the PMOF structure and enabling the rapid release of SR-717.
The combination of SR-717 and photodynamic therapy (PDT)
resulted in the activation of the endogenous STING pathway. The
simultaneous release of fragmented DNA and tumor antigens
facilitated by metal nanoparticles further enhanced the treatment
efficacy by inducing instantaneous tumor cell killing and long-term
anti-tumor immune responses.

Also, Metal nanoparticles have the ability to reprogram the
immune microenvironment, thus removing obstacles to subsequent
immune responses triggered by DNA damage. Deng et al.64 have
developed a biomineralized MnO2 nanoplatform to facilitate the
delivery of immune checkpoint inhibitors. The manganese dioxide
not only mitigates hypoxia within the tumor, thereby sensitizing it
to radiotherapy but also activates the cGAS-STING pathway to
initiate an anti-tumor immune response111,112. Moreover, the aPD-
L1 carried by the manganese-based nanoparticles specifically
blocks the binding of PD-L1 on cancer cells to PD-1 on cytotoxic T
lymphocytes (CTLs)113,114, thereby reversing the immunosup-
pressive tumor microenvironment and synergizing with cancer
immunotherapy. Chemotherapeutic agents, radiotherapy, or DDR
inhibitors, among a series of therapeutic strategies that can induce
DNA damage, can further increase the inherent genomic instability
of tumors to elicit innate immune responses115.

In addition, various DNA damage strategies can be combined
to induce immunogenic cell death (ICD), release tumor antigens,
and activate immune responses. Lei et al.65 designed a zinc-
fluorouracil metal drug network, where the dual damage caused
by the 5-Fu-induced DNA transcriptional inhibition and the zinc
particle-induced ferroptosis led to a violent outbreak of ICD in
cancer cells (Fig. 3A‒D), resulting in a massive leakage of tumor
neoantigens, inducing extensive infiltration of immune cells
(Fig. 3E), and initiating subsequent anti-tumor immune responses
(Fig. 3F and G). Metal nanoparticles offer a promising approach to
increase chromosome fragmentation, which can activate subse-
quent anti-tumor immune responses or alleviate the immunosup-
pressive microenvironment, thus providing new avenues for tumor
treatment strategies116,117. By selectively targeting cancer cells
and inducing DNA damage, metal nanoparticles can trigger
apoptosis or necrosis, leading to the release of tumor antigens and
the subsequent activation of immune cells. Moreover, some metal
nanoparticles possess intrinsic immunomodulatory properties,
which can help to overcome the tumor-induced immunosuppres-
sive microenvironment and enhance the anti-tumor immune
response118. Therefore, the use of metal nanoparticles has the
potential to revolutionize the field of cancer immunotherapy, and
their development and optimization will undoubtedly lead to more
effective and personalized cancer treatment options in the future.

4. Modulating the physicochemical properties of metal
nanoparticles

The delivery and DNA-damaging abilities of metal nanoparticles
are largely determined by their physical and chemical properties,
including size, surface modification, and responsiveness. These
properties directly affect the interaction between the nanoparticles
and the biological system, which ultimately impacts therapeutic
efficacy and safety. Therefore, a deep understanding of the
structure-activity relationships of metal nanoparticles is crucial for
the rational design of effective and safe nanoparticles.

In this chapter, we aim to provide a comprehensive review of
the physical and chemical properties of metal nanoparticles and
how they affect their DNA-damaging behavior (Scheme 3). We
discuss the impact of nanoparticles size on cellular uptake, tumor
penetration, and biodistribution, as well as the importance of
surface modification to improve biocompatibility, stability, and



Figure 3 Harnessing anti-tumor immunity through metal nanoparticles in DNA damage-based cancer therapy. (A) Zinc-Fluorouracil metal-

lodrug networks can remold immunosuppressive TME and induce immune activation through the synergistic effect of Fu-induced DNA damages

and Zn-induced mitochondrial dysfunction. (BeD) Zn-Fu MNs mediated ICD and release of damage associated molecular patterns (DAMPs). (E,

F) The tumor treated with Zn-Fu MNs exhibited higher T cell infiltration and secretion levels of IL-6 and TNF-a. Reprinted with the permission

from Ref. 65. Copyrightª2023 Ivyspring International Publisher.
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targeting. Furthermore, we highlight the role of nanoparticle
responsiveness in enhancing therapeutic efficacy through spatio-
temporal control of drug release. We hope to provide insights into
the design principles of metal nanoparticles for optimal DNA-
damaging behavior and facilitate the development of safe and
effective metal nanoparticles for further clinical use.



Scheme 3 Influencing DNA damage potential of metal nanoparticles through physical and chemical factors. Metal nanoparticles serve as a

versatile and customizable therapeutic platform. Size optimization plays a crucial role in controlling the pharmacokinetic properties and intra-

cellular transport of metal nanoparticles. By precisely tuning the particle size, optimal cellular uptake and distribution can be achieved, enhancing

the overall DNA damage potential. Additionally, metal nanoparticles can be engineered for responsive release, enabling the controlled and

targeted delivery of DNA-damaging agents. This responsive release can be triggered by external stimuli or endogenous factors, ensuring precise

drug release at the desired site. Furthermore, the surface structure of metal nanoparticles is highly tunable, allowing for the attachment of multiple

functional modules. This enables the incorporation of tailored functionalities, enhancing the therapeutic efficacy and enabling personalized

treatments. The comprehensive control over physical and chemical factors offers exciting opportunities to optimize the DNA damage potential of

metal nanoparticles in cancer therapy.
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4.1. Size optimization

The size of metal nanoparticles is crucial for their ability to induce
DNA damage61. In order to reach the vicinity of chromosomes and
subsequently interact with biological systems, these nanoparticles
need to penetrate multiple cellular barriers from the extracellular
space to the nuclear membrane119e121. Therefore, the size of
metal nanoparticles plays a critical role in determining their
ability to penetrate these barriers and reach the desired target
location. Specifically, the ability of metal nanoparticles to induce
DNA damage is highly dependent on their sizes122. To deliver
these nanoparticles from the extracellular space to the nuclear
membrane, they must penetrate multiple cellular barriers, and
their size largely determines whether they can be delivered to the
vicinity of chromosomes and subsequently interact with biological
processes. Huang et al.123 prepared a series of AuNPs with
different sizes and found that AuNPs with ultra-small diameters
can easily penetrate the nuclear pore complex to reach the pe-
riphery of chromosomes. In particular, 2 nm and 6 nm AuNPs
were able to penetrate into the nucleus and disperse evenly
(Fig. 4A and C), whereas 15 nm AuNPs were unable to enter the
nucleus and instead aggregated in the cytoplasm due to nonspe-
cific adsorption by serum proteins (Fig. 4A and B)124. In addition,
the size of metal nanoparticles also affects their penetration and
retention ability in solid tumors. Larger-sized AuNPs have diffi-
culty penetrating into the interior of solid tumor tissues (Fig. 4D
and E), only existing in the surface cell layer of a few tissues and
in the cytoplasm of each cell (Fig. 4F). However, AuNPs with
extremely small sizes can achieve better penetration efficiency
(Fig. 4E and F) and longer retention time within the tumor tissue
(Fig. 4G and H). In conclusion, the size of metal nanoparticles
plays a critical role in their in vivo behavior, impacting their
loading and delivery capabilities. Achieving an optimal balance
between these factors is essential to create metal nanoparticles that
exhibit high DNA cytotoxicity while maintaining biocompati-
bility. Therefore, careful size control is necessary for the design
process of these drugs to achieve the desired therapeutic effects
with minimal side effects. Further studies are required to fully
elucidate the relationship between the size and in vivo behavior of
metal nanoparticles, providing guidance for the development of
more effective and safer therapeutic strategies.

4.2. Stimuli-responsiveness

Some metal nanoparticles possess the direct ability to indiscrim-
inately damage DNA, but their application may be limited by
systemic toxicity generated during prolonged circulation. To
optimize the direct DNA-damaging capacity of metal nano-
particles, it is crucial to maximize their intracellular accumulation
while minimizing drug leakage during systemic circulation125.
Achieving this goal requires the rational design of metal nano-
particles with precise spatiotemporal release capabilities, which
can effectively deliver the drug payload to the targeted site and
minimize off-target effects126. By harnessing advanced nano-
technology, metal nanoparticles can be engineered to exhibit
tailored release kinetics, enabling controlled drug release in
response to specific environmental stimuli or triggers, such as pH,
temperature, enzymes, or light120e131. This approach can enhance
therapeutic efficacy by increasing drug concentration at the
desired site and minimizing systemic toxicity. Furthermore, the
development of metal nanoparticles with enhanced release capa-
bilities can facilitate the delivery of poorly soluble or highly toxic
drugs, thereby expanding the range of therapeutic options avail-
able to patients132. Zhao and colleagues66 developed a Pt4þ PNA
nanogel that retains the stability of its Pt shell during systemic
circulation (Fig. 5A). Upon endocytosis by cancer cells, the
nanogel responds to near-infrared (NIR) light as an external
stimulus, generating a photothermal reaction (Fig. 5B) and trig-
gering metalemetal interactions to release Pt2þ ions (Fig. 5C‒E).
This results in synergistic damage to cancer cell DNA.

Another strategy for responsive release is to utilize endogenous
factors within the tumor to stimulate drug release. Our group12

designed tumor pH-sensitive Pt nanocluster assemblies
(PteNAs) by immobilizing ultrasmall Pt nanoclusters (PteNCs)



Figure 4 The effect of particle size on DNA damage induced by metal nanoparticles. (A) TEM images of cells treated with 1 nmol/L

nanoparticles for 24 h. Red arrows indicate the gold nanoparticles. Boxed regions are enlarged in the adjacent panels. (B) Quantitative ICP-MS

measurement of AuNP uptake by cells. (C) Percentage of gold nanoparticles localized in the nucleus compared to the whole cell after treatment

with 2 and 6 nm Au nanoparticles at 1 nmol/L. (D) Dark field images of spheroids after culture with nanoparticles of different sizes. (E) ICP-MS

analysis of the number of Au nanoparticles in each treated spheroid. (F) Schematic illustration of the penetration behavior of AuNPs of different

sizes. (G) Representative TEM micrographs of tumor tissue taken 24 h after the administration of AuNPs. (h) Au content in tumor 24 h after iv

injections of gold nanoparticles at 5 mg Au kg�1. Data represent mean � SD (n Z 3). Reprinted with the permission from Ref. 123. Copyright ª
2012, American Chemical Society.
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in a pH-sensitive polymer and derivatizing them with HCC-
targeting peptides. After targeted entry into the acidic subcellu-
lar compartments of the tumor, they decompose into smaller-sized
Pt nanoclusters, thereby accelerating the release and accumulation
of toxic Pt ions intracellularly, achieving effective cancer treat-
ment. The responsive release capability can also work in synergy
with reversing tumor drug resistance133. Ling et al.67 designed a
redox-responsive Pt prodrug nanoplatform capable of depleting
GSH. The platinum prodrug remains stable during systemic cir-
culation but it is decomposed by the GSH redox system in cancer
cells, thereby promoting the massive release of Pt2þ for direct
damage to tumor DNA while depleting GSH to alleviate drug
resistance. This greatly enhances efficacy without weakening
biological safety.

4.3. Surface modification

The surface modification of metal nanoparticles is indispensable
for their multifunctionality, as unmodified highly reactive metal
nanoparticles are prone to oxidation, deactivation, and agglom-
eration134, which can significantly reduce their biological activity
and limit their therapeutic potential. By modifying the surface of
metal nanoparticles, researchers can enhance their stability, solu-
bility, and biocompatibility, while also introducing additional



Figure 5 Responsive release endows metal nanoparticles with spatiotemporal selectivity for activation. (A) In the absence of light, chemo-

therapy Pt2þ ions are tightly bound to the surface of PtNCs, effectively reducing adverse drug leakage and non-selective damage to normal tissues/

cells. Upon exposure, PtNCs generate a large amount of heat through photothermal conversion of the Pt0 core, while triggering the rapid release of

chemotherapy Pt2þ ions, resulting in a synergistic spatiotemporal photothermal-chemotherapy effect. (B) Infrared thermography of PtNCs with

various Pt2þ/Pt0 ratios after 10 min of 808 nm light exposure (1.0 W/cm2). (C) Hyperthermia-activated release profile of Pt2þ ions from PtNCs

under five light exposures of 5 min at 1.0 W/cm2 at the interval of 1 h. (D) Long-term release profile of Pt2þ ions from PtNCs under six light

exposures of 5 min at 1.0 W/cm2 at the interval of 2 days. (E) Release profile of Pt2þ ions from PtNCs under incubation at 37, 40, 60, and 80 �C in

the dark. Reprinted with the permission from Ref. 66. Copyright ª 2019 American Chemical Society.
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functional groups to enable targeted drug delivery and imaging
capabilities135. Additionally, surface modification can help to
control the release of drugs from metal nanoparticles, allowing for
more precise spatiotemporal delivery and reducing the risk of off-
target effects136.

Encapsulating metal nanoparticles with hydrophilic groups
such as polyethylene glycol (PEG) is a common optimization
method that can improve various shortcomings of metal nano-
particles, including dispersion, in vivo circulation, stability, and
most importantly, toxicity reduction137e139. Chakraborti et al.68

used PEG to encapsulate ZnO nanoparticles, shielding the non-
specific toxicity of ZnO to normal healthy cells and improving
its solubility in biological media. This allowed the nanoparticles to
exert their effect by inducing apoptosis in breast cancer cells
through reactive oxygen-dependent damage to the DNA repair
enzyme NEIL2140. Maltzahn and colleagues69 utilized PEG
encapsulation of gold nanorods to enhance their in vivo circulation
time and ability to passively accumulate in metastatic foci. This
enabled the complete ablation of tumor tissue with only half the
light intensity required for conventional photothermal therapy.
Different surface modification techniques bring different func-
tional optimizations to metal nanoparticles. Oyewumi et al.141

compared the pharmacokinetic characteristics of Gd-based nano-
particles coated with folic acid and PEG, respectively. Both folic
acid-coated and PEG-coated nanoparticles exhibited considerable
tumor accumulation. However, compared to PEG-coated nano-
particles, folic acid-coated nanoparticles showed significantly
enhanced cellular uptake and tumor retention. This may be due to
the high affinity binding of folic acid loaded on the surface of
metal nanoparticles to the overexpressed folic acid receptors on
the surface of cancer cells, and internalization through receptor-
mediated endocytosis142.

Surface modification can also be used as a functional module
loaded onto a metal nanoparticle platform to synergize with the



Figure 6 The synergistic interplay between the core and shell structure of LnPS@TiO2 maximizes the utilization of radiotherapy energy. (A)

Lanthanide-doped scintillators absorb radiation and convert it into visible light, which in turn excites the surface TiO2 coating and generates a

large amount of superoxide radicals. (B) Fluorescence spectra of LnPS (cyan) and LnPS@TiO2 (pink), compared with the absorption spectrum of

TiO2 (blue). (C) DPBF was used as a probe to compare the production of reactive oxygen species in four groups under different radiation doses.

(D) Quantification of fluorescence based on immunofluorescence assay of g-H2AX of tumor tissues after different treatment. (E) Tumor growth

curves of mice treated with different treatment. Reprinted with the permission from Ref. 72. Copyright ª 2022 The Royal Society of Chemistry.
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DNA damage capability of the metal nanoparticles themselves.
Zhao and colleagues70 constructed ribonuclease (RNase) conju-
gated glycol-gold nanoparticles (R-GAuNPs). The sugar polymer
pMAG can act as a ligand binding to the cancer cell membrane
and also increase the stability of RNase143. Under NIR, AuNPs
produce photothermal effects, reaching a temperature of about
45 �C, damaging cancer cell DNA while approaching the optimal
temperature for RNase and the melting temperature of RNA144,
resulting in dual-mode damage to the genetic material of cancer
cells and inhibiting the growth of cancer cells. The modular design
of surface modification allows metal nanoparticles to integrate
multiple functions, including imaging, photothermal conversion,
and chemotherapy drug delivery. Fu et al.71 performed PEGylation
on the surface of mesoporous platinum nanoparticles to ensure the
long circulation ability of the nanoparticle platform. Doxorubicin
was then loaded through electrostatic adsorption to prepare
PEG@Pt/Dox. PEG@Pt/Dox can slowly release Dox in the acidic
environment inside cancer cells while responding to 808 nm laser
irradiation with mesoporous platinum nanoparticles to produce
photothermal effects, synergistically damaging cancer cell DNA
and inducing apoptosis. In addition, the Pt core can guide the
progress of PTT through computed tomography (CT) imaging.

Surface modification of metal nanoparticles can also synergize
with the metal core. Wang et al.72 developed a lanthanide scin-
tillator (LnPS) coated with a TiO2 layer (Fig. 6A). LnPS can
absorb radiation energy and convert it into UVeVisible light, but
its weak catalytic ability is insufficient to support the generation of
superoxide radicals required to induce DNA damage. The emis-
sion spectrum of LnPS precisely matches the absorption spectrum
range of titanium dioxide, enabling efficient energy transfer
(Fig. 6B). By modifying LnPS with a TiO2 coating, it is trans-
formed into a TiO2 photocatalytic energy source, generating a
large number of superoxide radicals to induce DNA damage
(Fig. 6C and D), thereby killing cancer cells and inhibiting tumor
proliferation (Fig. 6E).
5. Summary and perspective

Metal nanoparticles have emerged as a versatile therapeutic plat-
form that optimizes DNA damage-based cancer treatments through
the integration of various components. In this review, we have
provided a comprehensive summary of the key mechanisms and
limitations of DNA damage-based cancer therapies. Metal nano-
particles provide a diverse range of optimization strategies to
enhance biological processes beyond direct DNA damage induc-
tion. These strategies encompass targeted drug delivery to the
nucleus, inhibition of DNA repair mechanisms, and induction of
genotoxic cell death. By facilitating the precise delivery of thera-
peutic agents to the nucleus, metal nanoparticles can increase the
intracellular concentration of DNA-damaging agents, maximizing
their impact on tumor cells. Moreover, through the inhibition of
DNA repair mechanisms, metal nanoparticles impede the repair of
DNA damage, thereby enhancing the efficacy of conventional
cancer treatments. Additionally, metal nanoparticles have the po-
tential to synergize with tumor immunotherapy, harnessing the
immune system to mount an effective response against cancer
cells. By integrating these optimization strategies, metal nano-
particles offer promising prospects for refining cancer treatments
and elevating overall therapeutic outcomes. We have explored the
underlying physical and chemical principles governing these
optimization strategies, including particle size, responsive release,
and surface modification, thereby providing valuable insights for
the future design of metal-based DNA damage agents.
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However, the clinical translation of metal nanoparticles for
DNA damage-based cancer therapy faces several challenges.
Despite their unique physicochemical properties suitable for
biomedical applications, concerns persist regarding the biotoxicity
of metal nanoparticles79,143,144. For instance, gold nanoparticles
tend to accumulate in the liver and spleen, leading to varying
degrees of visceral inflammation145. Moreover, the biodistribution
of gold nanoparticles is size-dependent, with smaller sizes offering
excellent cellular nuclear penetration capability, essential for
inducing DNA damage, but also resulting in extensive systemic
distribution, including penetration across the bloodebrain bar-
rier146. Platinum nanoparticles face a delicate balance between
safety and efficacy. While higher drug loading enables better DNA
damage efficiency, it also carries the risk of off-target toxicity
associated with platinum147. Therefore, achieving rational design
and development of safer and more biocompatible metal nano-
particles through meticulous characterization and customization is
crucial. Comprehensive toxicology studies are also necessary to
thoroughly evaluate their biological safety. Furthermore, the
design of targeted metal nanoparticles often overlooks the
continuous biological barriers encountered by the vasculature
system to deep-seated tumors78e80,82,143. To enhance drug accu-
mulation at the tumor site and minimize off-target toxicity in
normal tissues, exploring multiple targeting strategies within a
single delivery system is recommended. This involves combining
different targeting schemes to create a multi-faceted targeting
strategy.

To mitigate the potential adverse effects associated with metals
that exhibit potent DNA damaging properties, researchers often
incorporate safety mechanisms into metal nanoparticle systems.
These safety measures include the integration of responsive
release switches or the application of surface coatings to enhance
the stability and controlled release of the nanoparticles. However,
overly complex designs of metal nanoparticles may result in un-
predictable interactions among various factors and hinder their
clinical translation72,148,149. Therefore, it is imperative to investi-
gate simple and effective metal drug design strategies while
simultaneously focusing on large-scale production and standard-
ized preparation techniques for metal nanoparticles to ensure
reproducibility and safety in clinical settings. Moreover, many
metal nanoparticles used for DNA damage therapy typically rely
on the introduction of external energy sources to activate their
DNA-damaging capabilities, such as radiotherapy, photothermal
therapy, and photodynamic therapy. Theoretically, the incorpora-
tion of multiple therapeutic strategies resembles an “AND gate”
logic circuit, allowing for precise targeting of tumor DNA dam-
age. However, in practice, tumors located deep within the body or
non-solid tumors may not be efficiently targeted, leading to the
indiscriminate or ineffective action of metal nanoparticles.
Compared to the current mainstream organic nanocarriers, metal
nanoparticles have certain limitations in addition to the afore-
mentioned safety concerns. Their relatively smaller drug-loading
capacity restricts their ability to carry a number of drugs, espe-
cially for large molecular or high-dose drugs, leading to a narrow
therapeutic window150,151. Organic nanocarriers, on the other
hand, typically have larger drug-loading space, higher drug-
loading efficiency, and excellent biocompatibility, allowing for
effective encapsulation and release of multiple drugs without
compromising safety concerns associated with the carrier152,153.
These limitations pose challenges in terms of achieving optimal
targeting and therapeutic efficacy, highlighting the need for further
research and development in the field of metal nanoparticles for
DNA damage therapy. These limitations pose challenges in
achieving optimal targeting and therapeutic efficacy, highlighting
the need for further research and development in the field of metal
nanoparticles for DNA damage therapy. Innovative strategies and
advancements in metal nanoparticle technology are required to
overcome these obstacles and fully harness their potential in
precision cancer treatment.

We firmly believe that with a deeper understanding of the
toxicology and pharmacology mechanisms associated with metal
nanoparticles, a modular and customizable metal nanoparticles
platform can be developed to fully optimize DNA damage-based
cancer treatments and gradually transition towards clinical
applications.
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