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Abstract: Nanostructured metal materials have attracted much attention in cancer treatment field because
of their special properties, like large surface area, tunable shape and size, and good physical and chemical
stability. Many kinds of nanostructured metal can be used in different cancer therapy methods, such as
photothermal therapy, radiotherapy, Reactive oxygen species (ROS) generation, and drug delivery. With the
development of controllable synthesis methods, progressively morphologies such as rod, shell, cage, and
branched type can be made, which benefit to strong response in light, magnetic field, or radial-frequency
(RF), and applied in specific targeted lesion area. These metal nanomaterials also can be used for combined
treatment and diagnosis. In this mini review, we introduce recent progress of nanostructured metal in cancer
therapy, and also talk about their working mechanism, structure design, and possible problems for future

clinical applications.

1. Introduction

Cancer remains a leading threat to human health worldwide, with recent sta-
tistics estimating nearly 20 million new cases and 10 million deaths globally
in 2020 alone, and these numbers are expected to rise steadily in the coming
decades."’ Although advancements in conventional treatment options—such
as chemotherapy, radiotherapy, and immunotherapy—have improved patient
outcomes in many cases, persistent obstacles remain. These include treatment
resistance, toxicity to healthy tissues, and limited effectiveness in advanced or
heterogeneous tumors'® The need for more targeted, efficient, and less inva-
sive treatment strategies has become increasingly urgent.

In response to these challenges, researchers have begun to explore nanostruc-
tured metals as innovative therapeutic platforms in oncology. These materials,
engineered at the nanoscale, offer distinct physical and chemical properties
that allow precise interactions with cancer cells and tumor environments. Un-
like traditional drugs that directly interact with cancer cells, nano-structured
metal serves multiple role in treatment, it includes acting as direct cytotoxic
agents, enabling controlled drug release, or mediating therapies activated by
light, heat, or magnetic fields.®* Metals such as silver, platinum, copper, iron
oxide, and tellurium have each demonstrated potential in various therapeutic
contexts, including photothermal therapy (PTT), photodynamic therapy (PDT),
chemodynamical therapy (CDT), and magnetic hyperthermia.””

The diversity of nanoparticle geometries—ranging from spheres and rods
to more complex branched or hollow structures—enables tuning of optical
absorption, cellular uptake, and biodistribution profiles.""" These features
support the development of highly localized therapies that spare surrounding
healthy tissue, an essential requirement for clinical translation. Moreover,
several of these metal nanomaterials are being integrated into diagnostic—ther-
apeutic systems, allowing simultaneous imaging and treatment of tumors.
Despite promising laboratory and animal model results, major hurdles remain.
These include incomplete understanding of long-term toxicity, behavior in
complex biological systems, and challenges related to reproducible large-scale
synthesis. Continued interdisciplinary research will be necessary to optimize
nanostructure design, improve safety, and enable successful clinical imple-
mentation.

This mini review, cataloged by the morphology of nanostructured metals, out-

lines the recent progress in cancer therapy application, covering their mecha-
nisms of action, structural design principles, and the key challenges that must
be addressed to move toward real-world applications.

2. Application of Nanostructured Metals Cataloged by Morphology

2.1. Spherical Nanoparticles

Spherical nanostructured metal particles are among the most widely applied
forms in cancer therapy due to their isotropic geometry, scalable synthesis,
and favorable surface modification properties. Their uniform morphology and
controllable size distribution enables predictable interactions with biological
systems, making them ideal candidates for applications such as ROS genera-
tion, photothermal therapy (PTT), photodynamic therapy (PDT), and radiosen-
sitization.""*"*!

One of the primary uses of spherical metal nanoparticles is in photothermal
therapy, where localized heating is generated upon irradiation with near-in-
frared (NIR) or visible light. Unlike conventional radiotherapy, which utilizes
ionizing radiation to damage DNA, PTT relies on the thermal conversion prop-
erties of nanoparticles to induce localized heat sufficient to ablate cancerous
tissue. Spherical particles made from silver, iron oxide, platinum, copper, and
other metals can be tuned for optimal light absorption and photothermal effi-
ciency. Surface coatings such as polyethylene glycol (PEG), silica, or organic
ligands are often applied to improve biocompatibility and tumor targeting.'* '
In recent years, multi-functional spherical nanoparticles have been developed
for combined therapy approaches. For example, iron oxide—platinum core—
shell spheres have been engineered to deliver simultaneous photothermal
therapy and MRI-based tumor imaging. Similarly, porous or polymer-coated
spherical nanoparticles have been used to load chemotherapeutic agents or
photosensitizers for synergistic photothermal-chemotherapy or photothermal—
PDT applications."”

Furthermore, biosynthesized spherical nanoparticles—prepared using micro-
bial or plant extracts—have demonstrated promising cancer treatment results
due to their biocompatibility and natural surface functionalities.”” These bio-
logically derived particles have shown photothermal effects under NIR irradi-
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Figure 1. Concept illustration of how nanostructured metal is used in cancer treatments.

ation and effective tumor cell inhibition across various cancer types, including
breast cancer, glioblastoma, and epidermoid carcinoma.

Spherical nanostructures are also extensively used as drug carriers. Their
geometry allows for moderate drug-loading capacity in a few years ago and
surface functionalization, which can be leveraged for controlled release in re-
sponse to external stimuli (e.g., pH, temperature, or light).””! Common chemo-
therapeutics such as doxorubicin, cisplatin, paclitaxel, and methotrexate have
been incorporated into spherical metal nanoparticles, enhancing both tumor
accumulation via the enhanced permeability and retention (EPR) effect and
therapeutic efficacy.

Overall, spherical nanostructured metals open up a new era of utilizing
nanoparticles as a tool to treat cancers, providing a highly versatile platform in
cancer nanomedicine, combining therapeutic, diagnostic, and delivery capabil-
ities in a single, tunable system.

2.2. Rod-Shaped and Wire-Like Nanostructures

Rod-shaped and wire-like nanostructured metals have emerged as versatile
platforms in cancer therapy due to their anisotropic geometry, which allows
for tunable optical, magnetic, and surface properties. Compared with spherical
nanoparticles, these elongated structures often exhibit enhanced photothermal
conversion efficiency, deeper tissue penetration under near-infrared (NIR) irra-
diation, and improved cellular uptake due to their high aspect ratio.”**!

One of the primary advantages of nanorods and nanowires is their shape-de-
pendent localized surface plasmon resonance (LSPR).*" Metal nanorods such
as those composed of silver, copper, and platinum can be tuned to absorb
strongly in the NIR range, making them ideal candidates for photothermal
therapy. These particles convert incident NIR light into localized heat, en-
abling the thermal ablation of tumor tissues with minimal harm to surrounding
healthy cells. Their elongated shape also improves their interaction with cell
membranes, enhancing endocytosis and intracellular accumulation.

Several studies have reported successful use of iron oxide nanowires or FezO,
nanorods for magnetic hyperthermia, in which alternating magnetic fields
induce localized heating to destroy cancer cells.” These materials can also
be magnetically guided to tumor regions, offering site-specific treatment with
minimal off-target effects. In combination with radiotherapy or chemotherapy,
magnetic nanorods can further enhance treatment outcomes.

Rod-shaped nanoparticles also serve as multifunctional platforms for drug
loading and photodynamic activation. For example, platinum nanorods or Pt—
Au hybrid rods have been incorporated into drug delivery systems that release

payloads under photothermal stimulation, while also catalyzing the production
of reactive oxygen species (ROS) for synergistic photodynamic effects.”***"
Furthermore, nanowires composed of copper-based compounds have demon-
strated both cytotoxic and catalytic activity, disrupting the tumor microenvi-
ronment while serving as drug carriers.

Recently, biomimetic nanorods and mesoporous nanowire composites have
been engineered with surface functionalization strategies—such as peptide
ligands, antibodies, or PEG coatings—to enhance tumor selectivity and reduce
systemic toxicity.”**! These elongated structures offer large surface areas for
modification and can carry therapeutic agents either by adsorption or encapsu-
lation.

In addition to their therapeutic capabilities, rod- and wire-like nanostructures
are also attractive for diagnostic imaging. Due to their high metal content and
anisotropic geometry, they provide enhanced contrast in photoacoustic im-
aging, computed tomography (CT), and magnetic resonance imaging (MRI).
This enables real-time monitoring of therapeutic progress, a key advantage for
clinical translation.

Opverall, rod-shaped and wire-like nanostructures offer promising avenues for
precise and multimodal cancer therapy. Their shape-driven functionalities—
ranging from enhanced photothermal effects to guided targeting—make them
critical components in the next generation of metal-based nanomedicines.

2.3. Hollow and Cage-like Structures

Hollow and cage-like nanostructures have attracted considerable attention in
cancer therapy due to their high surface-to-volume ratio, internal cavity for
drug loading, tunable wall thickness, and stimuli-responsive release behavior.
1% These structures provide significant advantages over solid nanoparticles,
particularly in enabling controlled cargo delivery, multimodal treatment, and
reduced density for improved circulation and tissue penetration.

Metal-based hollow nanoparticles—including those made from gold, silver,
copper sulfide, and iron oxide—have been widely studied for photothermal
therapy (PTT).®" Their hollow architecture enables efficient NIR light absorp-
tion and heat generation, while also allowing interior loading of chemothera-
peutic drugs, photosensitizers, or imaging agents. This architecture supports
synergistic therapy strategies, combining PTT with chemotherapy or photody-
namic therapy (PDT)." "

One classical example is the use of metal nanoshells, such as hollow gold
nanoshells, where a dielectric core (often silica) is coated with a thin metallic
layer. This design provides strong plasmonic resonance in the NIR region and

Figure 2. Concept illustration of spherical nanostructured metal (nanoparticle).

Figure 3. Concept illustration of rod-shape nanostructured metal (nanoparticle).
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Figure 4. Concept illustration of hollow nanostructured metal (nanoparticle)

Figure 5. Concept illustration of branched nanostructured metal (nanoparticle)

has been successfully employed for both imaging and hyperthermic tumor
ablation. In recent developments, these nanoshells have been further modified
with porous metal-organic framework (MOF) coatings, pH-responsive poly-
mers, or targeting ligands to improve selectivity and payload release."”!
Cage-like structures, such as mesoporous metal frameworks, allow even higher
drug loading capacity. Their open architecture facilitates diffusion-controlled
release, which can be externally triggered by pH, redox environment, or laser
irradiation. For instance, CuS nanocages and Pt-based hollow cages have been
developed for effective chemodynamical therapy (CDT) and ROS-based tumor
killing in acidic tumor microenvironments.”

Recent reports also include biomimetic hollow nanostructures, such as sili-
ca-coated hollow gold nanospheres templated by bacteria or microrods, which
show promise for deep-tissue NIR photothermal therapy and immunogenic
cell death induction. These structures not only deliver therapeutic agents but
may also serve as immune adjuvants, amplifying anti-tumor immune respons-
es.

Furthermore, some hollow metal nanostructures are inherently multifunction-
al, offering platforms for diagnosis and therapy in one system (theranostics).
For example, hollow Fe3;0,4-based nanostructures have been used for magnetic
resonance imaging (MRI) and magnetic hyperthermia, while simultaneously
delivering chemotherapy drugs and generating heat under alternating magnetic
fields.””

In summary, hollow and cage-like metal nanostructures offer an advanced
design strategy for multi-agent delivery, controlled release, and multi-modal
therapy, making them a highly versatile toolset in the landscape of cancer
nanomedicine.

2.4. Branched and Star-Shaped Nanostructures

Branched and star-shaped nanostructures are distinguished by their highly
irregular surface topographies, which provide significantly enhanced surface
area, multiple “hot spots” for localized electromagnetic field enhancement,
and unique optical properties due to multipolar plasmon resonance modes.
These features make them especially attractive for photothermal therapy (PTT),
photodynamic therapy (PDT), and multifunctional theranostics in cancer treat-
ment.***”

Unlike spherical or rod-shaped particles, branched nanostructures can sup-
port strong near-infrared (NIR) absorption even at relatively small sizes. This
enables efficient light-to-heat conversion at lower laser intensities, reducing
thermal damage to healthy tissues. For example, silver and gold nanostars, as
well as platinum-coated branched nanoparticles, have shown enhanced pho-
tothermal responses and improved tumor ablation under NIR laser irradiation.
[40,41]

In addition to their photothermal properties, branched structures provide
multivalent binding sites, which are advantageous for drug loading, targeting
ligand attachment, and biomolecular sensing. The extended and highly curved
branches increase the density of active surface regions, allowing simultaneous
incorporation of multiple therapeutic agents or imaging probes. For example,
DOX-loaded Au@Pt-cRGD nanostars have been designed to deliver chemo-
therapy drugs while simultaneously enhancing PTT and reducing systemic
toxicity.***!

Recent studies also demonstrate that branched metal nanostructures can im-
prove reactive oxygen species (ROS) generation when used as catalysts in
photodynamic therapy or chemodynamic therapy. For instance, branched cop-

per oxide or iron oxide nanostars can catalyze Fenton or Fenton-like reactions
in the acidic tumor microenvironment, triggering oxidative stress and promot-
ing tumor cell apoptosis.'**!

Moreover, the sharp tips of star-shaped particles act as plasmonic “hot spots,”
enhancing scattering and absorption cross-sections. This property is highly
beneficial for photoacoustic imaging, surface-enhanced Raman scattering
(SERS), and computed tomography (CT) contrast, enabling their use in diag-
nostic—therapeutic (theranostic) platforms.*”

Surface engineering is often applied to branched nanostructures to improve
colloidal stability, biocompatibility, and targeting specificity. Functionalization
with polyethylene glycol (PEG), targeting peptides (e.g., RGD), or pH-respon-
sive polymers allows these nanomaterials to selectively accumulate in tumors
and release therapeutic payloads in response to the tumor microenvironment.*!
Overall, branched and star-shaped metal nanostructures offer superior photo-
thermal efficiency, multimodal loading capacity, and optical tunability, making
them powerful candidates for integrated cancer treatment strategies combining
therapy and diagnosis

3. Conclusion

Nanostructured metal-based materials offer a powerful and versatile platform
for advancing cancer therapy. By tailoring their physical morphology—wheth-
er as spheres, rods, cages, branches, or core—shell structures—researchers
have developed a wide range of nanomaterials capable of addressing critical
challenges in cancer treatment, including poor selectivity, drug resistance, and
systemic toxicity.

Each structural category presents distinct advantages: spherical nanoparticles
provide uniform distribution and drug-loading efficiency; rod-shaped and
wire-like structures enable deeper tissue penetration and enhanced cellular up-
take; hollow and cage-like designs offer high loading capacity and controlled
release; branched nanostructures maximize photothermal conversion and
surface functionalization; and core—shell systems support multimodal imaging
and combination therapy through architectural modularity.

These engineered nanostructures have demonstrated broad applicability across
multiple therapeutic modes, including photothermal therapy (PTT), photody-
namic therapy (PDT), chemodynamical therapy (CDT), magnetic hyperther-
mia, and targeted drug delivery. Many have also been integrated with diagnos-
tic elements, enabling real-time monitoring and theragnostic precision.
Despite promising preclinical results, the clinical translation of these nano-
structures remains limited by challenges in large-scale synthesis, long-term
safety, and in vivo behavior. Continued interdisciplinary efforts in material de-
sign, surface engineering, and biological evaluation will be essential to unlock
their full potential.

As cancer therapies shift toward more personalized and minimally invasive
approaches, nanostructured metals—particularly when designed with structur-
al precision and multifunctionality—are poised to play a significant role in the
next generation of cancer treatment strategies.
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