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Cancer is a major global cause of death, yet traditional treatments such as surgery, chemotherapy, and

radiotherapy have inherent limitations. Nanoparticles (NPs) are rapidly emerging as drug delivery systems

for cancer treatments, offering promising advancements to overcome associated challenges and

enhance therapies. Innovation in nanoparticle shapes is crucial in nanotechnology research worldwide.

Studies indicate that the shape of nanoparticles can affect their tumor-targeting efficiency and blood

circulation time. For example, the tumor accumulation of nanorods is reported to be 3–5-times higher

than that of nanospheres, while the blood circulation time of nanodisks can be extended by 2–3-times

compared to nanospheres. In this review, we first introduce different shapes of nanoparticles, illustrate

their fabrication processes, and present their applications. Then, we examine recent research on NP

shapes for various cancer treatments, discussing their challenges, perspectives, and potential impact on

oncology and offering a deeper understanding.
1. Introduction

Cancer is one of the leading causes of death globally.1,2

However, conventional treatment methods, such as chemo-
therapy, are oen limited by nonspecic targeting and high
systemic toxicity.3–6 To address these challenges, nanomedicine
has emerged as a promising eld, utilizing the knowledge and
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technique of nanoscience to enhance the diagnosis, prevention,
and treatment of diseases.7–9

As fundamental carriers in nanomedicine, nanoparticles
offer multiple advantages for cancer therapy. They can be
loaded with drugs and passively target tumors through the
enhanced permeability and retention (EPR) effect, reducing off-
target effects.10–15 Furthermore, they can be engineered as
stimuli-responsive systems (e.g., responsive to pH, light, and
ultrasound) for controlled drug release at tumor sites.16–21

Beyond drug delivery, the inherent optical, magnetic, and
thermal properties of nanoparticles enable novel therapeutic
modalities such as photothermal therapy (PTT), sonodynamic
therapy (SDT), and radiation therapy (RT), which are non-
invasive and can improve patient compliance.22–29
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The size and shape of nanoparticles can affect their prop-
erties and functions greatly. In nanomedicine, nanoparticles
with a size between 10 and 100 nm are the most suitable for
blood circulation because they are big enough to avoid clear-
ance by the kidneys and lymphatic vessels and small enough to
avoid opsonization.30–32 Different shapes of nanoparticles
signicantly impact their cytotoxicity, cell uptake, targeting
ability, biocompatibility, and biodistribution, thereby affecting
their cancer treatment efficiency.33–35 To date, numerous nano-
particles with different shapes have been developed.36–39 Nano-
technology research is focused on the innovation of anisotropic
nanoparticles, as they have excellent application prospects in
cancer treatment.40–43 For example, Liu et al. prepared MoS2
nanoowers with a high photothermal conversion efficiency
(PCE) for breast cancer therapy, which were proven to kill most
cancer cells thoroughly.44 Huang et al. developed DNA nano-
tubes containing RTA for cancer therapy, which effectively
inhibited tumor growth upon systemic administration.4

The innovation in nanoparticle shapes has emerged as
a pivotal frontier in nanomedicine, playing a crucial role in
enhancing drug delivery efficiency, tumor targeting ability, and
therapeutic efficiency. While nanospheres have dominated this
eld for a long time, nanoparticles with other shapes, such as
nanocages, nanostars, and nanorods, have demonstrated uni-
que advantages in cellular uptake, biodistribution, etc.
However, the safe and effective clinical translation of these
anisotropic nanoparticles remains a challenge. This review
highlights recent advancements in nanoparticle shapes and the
applications of nanoparticles with different shapes in cancer
treatment. We believe that by bridging the gap between
fundamental research and clinical applications, nanoparticles
with different shapes may revolutionize oncology in the next few
decades.
2. Conventional-shaped
nanoparticles
2.1 Nanospheres

2.1.1 Characteristics and synthesis strategies. Nano-
spheres, characterized by their isotropic morphology, uniform
physicochemical properties, excellent biocompatibility, and
controllable size distribution, represent one of the earliest
developed and most widely used platforms in the eld of
nanomedicine. They are typically synthesized through self-
assembly methods, where molecules assemble into nano-
spheres through hydrophobic and electrostatic forces. Besides,
emulsication-solvent evaporation and nanoprecipitation are
suitable for the preparation of polymer nanospheres. Some
other preparation methods are also available, for example, the
use of a microuidic system (for uniform nanospheres), the sol–
gel method (for silicon dioxide and metal oxide nanospheres),
the chemical reduction method (for metal nanospheres), and
the template method (for hollow, core–shell, and porous
nanospheres).

2.1.2 Drug delivery carriers. In drug delivery applications,
the design of nanospheres focuses on balancing high drug
13224 | RSC Adv., 2026, 16, 13223–13242
loading capacity (LC), excellent biocompatibility, and controlled
release behavior. Current research primarily advances along two
material directions: biomacromolecular nanospheres and
inorganic/organic-inorganic hybrid nanospheres.

Biomacromolecular nanospheres (e.g., DNA, RNA, and
proteins) offer common advantages such as superior biocom-
patibility, programmability, and rich biological functionalities.
For example, Yang et al. prepared mRNA-responsive DNA
nanospheres to deliver doxorubicin (DOX), which could
improve the therapeutic effects of DOX by overcoming the efflux
action of drug-resistant cells.45 Song et al. prepared DNA-protein
hybrid nanospheres to deliver DOX, which had a high drug LC
and could achieve slow drug release.46 Lu et al. prepared mRNA
nanospheres to deliver DOX with a high drug LC of 8.2%, which
exhibited a synergistic gene-chemotherapy effect in breast
cancer-bearing mice (Fig. 1A).47 However, these nanospheres
commonly face challenges including scalable production, poor
in vivo stability, and relatively complex synthesis and charac-
terization methods.

In contrast, inorganic/organic-inorganic hybrid nanospheres
(e.g., carbon, zinc oxide, and mesoporous bioactive glass)
exhibit shared advantages including higher physicochemical
stability, easily functionalized surfaces, and unique responsive
properties (e.g., pH-triggered degradation and ion chelation-
controlled release). For example, Qiao et al. prepared hollow
carbon nanospheres, which could efficiently deliver 482 mg of
DOX and 44 mg of siRNA to cancer cells.48 Wang et al. prepared
pH-responsive biodegradable ZnO nanospheres (ZnO NSs) to
deliver DOX, where in the acidic tumor microenvironment, the
ZnO NSs could be broken down into small fragments and
release DOX.49 Sun et al. prepared mesoporous bioactive glass
(MBG) nanospheres as drug delivery systems. Ca2+ in the MBG
nanospheres could chelate drug molecules, thereby effectively
controlling drug release and prolonging the in vivo half-life of
the drug.50 However, the limitations of these materials oen
include uncertain biodegradability, the need for rigorous long-
term toxicity evaluation, and limited functional groups in some
materials (e.g., carbon), requiring complex surface modica-
tions to improve their hydrophilicity and targeting.

2.1.3 PTT. As carriers for photothermal agents (PTAs),
nanospheres can accumulate in tumors via the EPR effect,
addressing the poor targeting by traditional agents and
enabling efficient tumor ablation. For example, Yu et al.
prepared naked mesoporous rhodium nanospheres (Rh MNs)
with a high PCE of up to 39%, and the cure rate of pancreatic
tumors was as high as to 80%.51 Qian et al. prepared AgBiS2
hollow nanospheres with a high PCE of up to 44.2% (Fig. 1B).52

Furthermore, carbon-based or metal oxide nanospheres main-
tain a good photothermal performance while offering a high
drug LC and excellent photoacoustic imaging capabilities,
enabling simultaneous therapy and visual monitoring. For
example, Wu et al. prepared mesoporous carbon nanospheres
(Meso-CNs) that had superior PTT and PAI generation ability,
besides, the Meso-CNs also possessed a high drug LC
(35 wt%).53 Liang et al. prepared oxygen-decient molybdenum
oxide (MoO3−x) hybridized hyaluronic acid (HA) hollow nano-
spheres; in addition to inhibiting the growth of tumors in vivo
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Schematic of the design and construction of self-assembled mRNA nanospheres and their application in chemotherapy. Reproduced
with permission: copyright 2021, Elsevier.47. (B) Schematic showing the application of AgBiS2 hollow nanospheres as PTI, PAI, and PTT agents.
Reproduced with permission: copyright 2020, the American Chemical Society.52. (C) Schematic of the preparation of MoO3−x@HA HNSs and
their application in multimodal tumor phototheranostics via the combination of active targeting and pH responsiveness. Reproduced with
permission: copyright 2018, the American Chemical Society.54. (D) Schematic of the design and construction of HMTCP@PFP@O2 and its
application in radiotherapy. Reproduced with permission: copyright 2019, the American Chemical Society.57
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effectively, they could also conduct in vivo PAI of mice with
tumors (Fig. 1C).54

2.1.4 RT. RT is one of the most widely used cancer treat-
ment modalities in clinical practice. However, its therapeutic
efficacy is limited by low X-ray doses and the toxicity to
surrounding tissues caused by high-intensity, multi-frequency
radiation beams.55 Over the past few decades, nanospheres
have garnered signicant attention as tools to enhance the
efficacy of radiotherapy. Their application in radio-sensitization
primarily relies on the high atomic number (Z) of their
constituent elements, which enables efficient X-ray absorption,
generation of secondary electrons, and localized radiation dose
enhancement. Various high-Z element nanospheres, such as
hafnium (Hf), tantalum (Ta), tungsten (W), gadolinium (Gd),
gold (Au), platinum (Pt), and bismuth (Bi), have been extensively
explored. For example, Liu et al. prepared W18O49 nanospheres
to perform RT in 4T1 tumor xenogras and realized excellent
therapeutic effects.56 Li et al. prepared PEGylated oxygen-
carrying hollow mesoporous TaOx nanospheres modied with
CuS NPs (HMTCP), which could achieve almost total inhibition
of tumor growth without obvious side effects (Fig. 1D).57 Qian
et al. prepared Bi2−xMnxO3 nanospheres, which exhibited great
potential for the treatment of 4T1 tumors in situ and lung
metastasis.58
© 2026 The Author(s). Published by the Royal Society of Chemistry
3. Container-shaped nanoparticles
3.1 Nanobowls

3.1.1 Characteristics and synthesis strategies. Nanobowls
are a class of asymmetrically hollow nanostructures with
a distinctive concave morphology, featuring an open cavity and
a curved interior/exterior surface. Their common fabrication
approaches include the template method, which is categorized
into the hard template method and the so template method.
The hard template method involves rst selecting a spherical
template such as SiO2 or PS nanospheres, then coating the
target material onto the surface, and nally selectively etching
or calcining to remove the template, resulting in a bowl-shaped
structure. The only difference between the so template
method and hard template method lies in the templates, where
the so template method uses micelles or bubbles as the
templates. Both the template method and emulsion interface
polymerization method can be used to prepare polymer nano-
bowls. Apart from the above-mentioned two methods, the
electrochemical deposition method is suitable for preparing
metal nanobowls; 3D printing and laser ablation, as emerging
methods, are suitable for fabricating high-precision nanobowls.

3.1.2 Drug delivery carriers. In the eld of drug delivery,
the bowl-like structure of nanobowls provides a large specic
surface area, conferring a high drug LC and enabling excellent
RSC Adv., 2026, 16, 13223–13242 | 13225
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therapeutic outcomes upon delivery to tumor sites.59,60 For
example, Luo et al. prepared nanobowls loaded with docetaxel
(DTX) and circBNC2 (Dc-NBs), and the inhibition efficiency of
tumors in the nal treatment group reached approximately
90%.61 Wang et al. prepared Trojan Horse-like dual-drug
delivery depots that could achieve site-specic pH-near-
infrared (NIR) dual-stimuli drug release, which were
conrmed to effectively inhibit the growth and metastasis of
tumors.62 Furthermore, the unique rigid support offered by
nanobowls allows them to function as embedded scaffolds,
signicantly enhancing the mechanical stability of so carriers
such as liposomes. This reinforcement helps them resist shear
forces in blood ow and reduce drug leakage. For example, Fang
et al. developed a new method to enhance the stability of
actively loaded liposomal DOX by embedding a stiff nanobowl
in the liposomal water cavity, which improved drug delivery to
tumor sites and enhanced the antitumor efficiency (Fig. 2A).63

These studies demonstrate that nanobowls address challenges
related to targeted controlled release and circulatory stability in
traditional nanocarriers through stimuli-responsive design and
enhanced physical stability. However, the fabrication processes
for these complex hybrid systems, along with challenges in
large-scale production reproducibility and long-term in vivo
biosafety, remain critical hurdles in their clinical translation.

3.1.3 PTT. In PTT applications, the multilayered bowl-like
structure of nanobowls enables multiple internal reections
of incident light, signicantly extending the optical path length
and enhancing light absorption, thereby improving the PCE.
For example, Liang et al. developed a sulfur doping strategy to
synthesize sub-1 nm NiFe hydroxide ultrathin nanosheets (S–
NiFe HUNs) with multilayered nanobowl-like structures. They
exhibited a PCE of 29.21% and could greatly inhibit tumor
growth and prolong the survival rate in a mouse model of breast
cancer (Fig. 2B).64 This case highlights the unique advantage of
nanobowls in optical management, achieving localized energy
concentration through structural design.
Fig. 2 (A) Schematic of the preparation of DOX@NbLipo and the effect o
blood blow shear stress. (B) Mechanism of action of dS-NiFe HUNs. R
Society.64. (C) Schematic of the synthesis process for APBN sonosensitize
SDT. (D) Schematic of the SERS immunoassay coupled with HCR using p
Reproduced with permission: copyright 2023, Elsevier.67

13226 | RSC Adv., 2026, 16, 13223–13242
3.1.4 SDT. In the eld of SDT, the asymmetric bowl-shaped
morphology of nanobowls extends beyond their role as simple
carriers for sonosensitizers, demonstrating active physical eld
modulation capabilities. Their advantages can be summarized
as follows: rstly, their unconventional morphology may
enhance tumor accumulation and retention; secondly, their
asymmetric structure can generate a driving force under an
ultrasonic eld, promoting their distribution within tumor
tissue; thirdly and crucially, their concave cavities can effectively
trap and stabilize oxygen microbubbles generated during SDT,
preventing gas dissipation, increasing the number of cavitation
nuclei, and prolonging the cavitation activity duration, thereby
signicantly enhancing the acoustic cavitation effect and ther-
apeutic outcomes. For example, Zhou et al. prepared nanobowls
loaded with the small-molecule sonosensitizer Rose Bengal
(RB), which could effectively inhibit the growth of tumors.65

Song et al. prepared Au–platinum nanobowls that could effec-
tively destroy malignant cells (Fig. 2C).66 This underscores how
nanobowls enhance therapeutic effects through the interaction
of their morphology with physical elds, rather than solely
through chemical loading.

3.1.5 Cancer detection. In the eld of diagnostics, the value
of nanobowls is fully realized, particularly when they (especially
thosemade of Au) are assembled into highly ordered arrays. The
periodic pore structure of nanobowls generates an intense
localized electromagnetic eld enhancement and signal
uniformity, making them ideal substrates for ultra-sensitive
surface-enhanced Raman scattering (SERS) detection. For
example, Lu et al. prepared an SERS microuid chip by utilizing
Au nanobowls and hybridization chain reaction (HCR), and the
SERS microuid chip achieved a good linear response in the
range of 10−12–10−6 g mL−1, with an ultralow limit of detection
(LOD) for squamous cell carcinoma antigen (SCCA) (0.08 pg
mL−1) and cytokeratin 19 fragment antigen 21–1 (CYFRA21–1)
(0.13 pg mL−1) (Fig. 2D).67 Cao et al. prepared a high-throughput
microuidic chip by combining Au nanobowls with HCR and
catalytic hairpin assembly (CHA), which could achieve an
f nanobowls in preventing DOX leakage caused by plasma protein and
eproduced with permission: copyright 2023, the American Chemical
rs as nanobombs and their USI/PAI-guided deep orthotopic liver tumor
ump-free microfluidic chip for the detection of SCCA and CYFRA21-1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ultralow LOD for PIK3CA E542K (1.26 aM) and TP53 (2.04 aM),
and the whole process was completed within 13 min.68 This
highlights the potential of nanobowls to transition from indi-
vidual nanoparticles to orderedmacroscopic functional devices.
3.2 Nanodisks

3.2.1 Characteristics and synthesis strategies. Nanodisks
are at, disk-shaped nanostructures with a diameter typically
ranging from 10 to 200 nm and thickness of a few nanometers.
They can be prepared via various methods, for example, the self-
assembly method, commonly employed to prepare lipid nano-
disks, involving mixing phospholipids with scaffold proteins in
buffer solutions, followed by ultrasonication or thermal cycling
to induce self-assembly. Alternative methods such as nano-
precipitation and lm hydration method are suitable for
preparing polymer nanodisks, while the hydrothermal method,
template method, and lithography technique are typically
employed for fabricating metal nanodisks.

3.2.2 Drug delivery carriers. In biological systems, nano-
disks exhibit signicant advantages due to their unique disc-
like morphology. Researchers have found that red blood cell-
like nanodisks can prolong the blood circulation time and
enhance adhesion to vascular endothelium. Compared with
spherical nanoparticles, nanodisks are more prone to lateral
dri in blood ow, making them more likely to approach blood
vessel walls and thereby promoting their accumulation and
penetration in tumor tissues. Furthermore, the high surface-to-
volume ratio of nanodisks provides a structural basis for their
drug LC. Multiple studies consistently demonstrate that nano-
disk systems generally exhibit a high drug LC and encapsula-
tion efficiency (EE). For example, Shi et al. prepared layered
double hydroxide (LDH) to load DOX, and the drug LC was as
high as 34.2%.69 Zhang et al. prepared biconcave carbon
nanodisks with an exceedingly high drug LC (947.8 mg g−1,
94.78 wt%) for DOX.70 Li et al. used LAPONITE® (LP) nanodisks
to deliver DOX, and the EE was as high as 80.8% ± 10.6%
(Fig. 3A).71

In addition to their high drug LC, the morphology of nano-
disks imparts intelligent stimulus-responsive drug release
properties. Inspired by mammalian red blood cells, which are
disc-shaped and can remain stable in high-oxygen environ-
ments while rapidly releasing oxygen in hypoxic tissues, red
blood cell-like nanodisks have been designed for tumor
microenvironment-responsive drug release. Yu et al. prepared
articial erythrocyte-like nanoparticles (RNDs), which could
release DOX rapidly at tumor sites and relieve tumor hypoxia
successfully.72 This indicates that through biomimetic design,
nanodisks can achieve spatiotemporally controllable functions,
remaining stable during circulation in normal tissues and
triggering drug release at lesion sites, thereby enhancing ther-
apeutic specicity and reducing systemic toxicity.

3.2.3 PTT and photodynamic therapy (PDT). The high drug
LC of nanodisks also makes them highly valuable for PTT and
PDT. Single PTT oen requires a high laser power, while single
PDT relies on high doses of photosensitizers. In contrast,
nanodisks can simultaneously load high concentrations of
© 2026 The Author(s). Published by the Royal Society of Chemistry
photosensitizers and integrate photothermal materials, syner-
gistically generating cytotoxic singlet oxygen (1O2) and hyper-
thermia under NIR light excitation to achieve combined
therapy. For example, Wang et al. prepared LP–PVP (LPP)
composite nanodisks, and their drug LC for chlorin e6 (Ce6) was
as high as 89.2% and under the excitation of an 808 nm NIR
laser and 980 nm NIR laser, their PCE was 27.7% and 45.7%,
respectively (Fig. 3B).73 Conversely, metal nanodisks, by virtue of
their excellent localized surface plasmon resonance (LSPR)
effects, serve as efficient PTAs themselves. For example, Qiu
et al. prepared Fe2O3@Au nanodisks with a high cancer cell
inactivation rate of 89%.74 Chen et al. prepared Bi2Se3 nano-
disks that could effectively ablate gliomas at relatively low
concentrations and inhibit tumor proliferation and migration
(Fig. 3C).75 These studies collectively highlight the exibility of
nanodisks in constructing “all-in-one” theranostic platforms,
where they can function both as efficient carriers and thera-
peutic agents themselves.
3.3 Nanocages

3.3.1 Characteristics and synthesis strategies. Nanocages
are hollow nanostructures with porous walls, typically ranging
from 10 to 200 nm in diameter, featuring well-dened
geometric shapes such as cubic, spherical, and octahedral.
Their common preparation methods include natural protein
assembly, which utilizes the self-assembly properties of ferritin
or viral capsid proteins to form nanocages through pH/
temperature regulation and is typically employed for fabri-
cating protein-based or viral nanocages, respectively. In addi-
tion to the natural protein assembly method, template-directed
synthesis, galvanic replacement, and solvothermal methods are
typically employed for fabricating metal nanocages, while the
ligand self-assembly method is utilized for metal–organic
framework (MOF) nanocages and the block copolymer self-
assembly method is applied for polymer nanocages.

3.3.2 Drug delivery carriers. The characteristic hollow
structure and relatively large internal cavity of nanocages
provide a unique physicochemical foundation for their role as
efficient drug carriers. Multiple studies have conrmed that
nanocages, whether carbon-based or metal-based, generally
exhibit the characteristic of high LC. For example, Lei et al.
prepared hierarchical carbon nanocages to carry the heat shock
protein (Hsp70) inhibitor quercetin, and their drug LC was
60.2% (wt/wt).76 Chen et al. prepared Au nanocages to carry IR-
780, and their drug LC was 21.7% (Fig. 4A).77 Sessler et al.
prepared nanocages using lanthanide metals Eu60 and Tb60,
where the LC of the Eu60 and Tb60 nanocages was 46.17% and
32.39%, respectively (in 1.5 mg mL−1 of DOX).78 These ndings
collectively corroborate the universal advantage of hollow
structures in enhancing the loading efficiency.

Among the various nanocages, ferritin nanocages are
particularly favored due to their inherent biological properties.
Related research has revealed the signicant advantages of
ferritin nanocages, as follows: (1) excellent biocompatibility and
stability, which can improve the pharmacokinetic behavior of
poorly soluble drugs. (2) Inherent tumor-targeting ability,
RSC Adv., 2026, 16, 13223–13242 | 13227
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Fig. 3 (A) Schematic of the fabrication of LP/DOX (LD nanocomplexes) and LP/DOX/PEG–PLA (LDP nanohybrids) nanocarriers. Reproduced
with permission: copyright 2014, the American Chemical Society.71. (B) Schematic of the preparation of LPP nanodisks and Ce6 loading.
Reproduced with permission: copyright 2019, the American Chemical Society.73. (C) Schematic of the synthesis and underlying mechanisms of
Bi2Se3 nanodisks for noninflammatory PTT. Reproduced with permission: copyright 2024, Elsevier.75
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enabling the active targeting of tumors via pathways such as
transferrin receptor 1 (TfR1), thereby reducing their accumu-
lation in non-target organs. (3) Stimulus-responsive drug
release, capable of triggering release in the slightly acidic tumor
microenvironment, thus lowering off-target toxicity. For
example, Wang et al. prepared H-ferritin nanocages loaded with
DOX (DOX@HFn), where in vivo experiments conrmed that
DOX@HFn can signicantly inhibit tumor growth, with >30%
Fig. 4 (A) Schematic of the PTT strategy of AuNCs-Plu-IR780 for tumor-
(B) Illustration of the formation of m@Au–C/B NCs and the mechanis
permission: copyright 2022, Elsevier.83. (C) 5Fu-loaded chitosan-coated
microwave irradiation. Reproduced with permission: copyright 2020,
Reproduced with permission: copyright 2023, the American Chemical S

13228 | RSC Adv., 2026, 16, 13223–13242
of tumors completely eliminated.79 In a different study, Fan
et al. prepared ferritin nanocages (ins-FDC) to deliver campto-
thecin (CPT) and epirubicin (EPI), where ins-FDC showed
enhanced therapeutic effects against glioma, metastatic liver
cancer, and chemo-resistant breast tumors.80 These advantages
make it an ideal platform for achieving smart delivery. However,
the large-scale production, batch-to-batch consistency, and
bearing mice. Reproduced with permission: copyright 2021, Elsevier.77.
ms of m@Au–C/B NC-induced tumor regression. Reproduced with
graphitic carbon nanocages for chemo-photothermal therapy using

Elsevier.84. (D) Schematic of SDT based on porphyrin-based COFNs.
ociety.86

© 2026 The Author(s). Published by the Royal Society of Chemistry
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long-term storage stability of ferritin nanocages remain prac-
tical challenges for their clinical translation.

3.3.3 PTT. In the eld of PTT, Au nanocages are some of the
most extensively studied systems, possessing excellent proper-
ties such as biocompatibility, specic absorption in the NIR
region, and high PCE. For example, Cui et al. prepared Au
nanocages loaded with DOX and SiRNAs, resulting in the
treatment group showing a tumor inhibition ratio of more than
90% and a survival rate of 67%.81 Chen et al. prepared liposomal
Au nanocages (MGL), which could effectively inhibit tumor
growth, recurrence, and invasion.82 Shen et al. prepared cancer
cell membrane-camouaged Au nanocages loaded with DOX
and L-buthionine sulfoximine (BSO) (m@Au-D/B NCs), which
could signicantly inhibit tumor growth without severe toxicity
(Fig. 4B).83 In comparison, graphitic carbon nanocages (GCNCs)
constitute another promising platform due to their low toxicity,
high drug LC, and good photothermal performance. For
example, Chu et al. prepared GCNCs loaded with 5-uorouracil
(5FU), which exhibited strong cell-killing and tumor ablation
activities (Fig. 4C).84 In another study, the GCNCs prepared by
a research group could effectively kill cancer cells and inhibit
tumor growth under the irradiation power of a 980-nm laser.85

3.3.4 SDT. In the eld of SDT, the structure of nanocages
plays a different mechanistic role compared to PTT. Their
porous and hollow structure facilitates enhanced gas adsorp-
tion and exchange capacity for sonosensitizers, serving as
cavitation nuclei to augment the cavitation effect. Furthermore,
the large surface area of nanocages provides a convenient
means for regulating surface defects, thereby promoting the
generation and separation of electron–hole pairs under ultra-
sound irradiation to enhance the SDT performance. For
example, Li et al. prepared organic semiconductor p-conjugated
covalent organic framework nanocages (COFNs), which exhibi-
ted a 64.8% increase in 1O2 production relative to a core–shell-
structured COF under US irradiation, and in vivo experimental
results showed tumor suppression of 91.4% against refractory
breast cancer in mice (Fig. 4D).86 Luo et al. prepared Pt–CoNi
LDH nanocages that could signicantly enhance therapeutic
efficacy against triple-negative breast cancer (TNBC).87 This
reveals the universal value of the nanocage structure in
enhancing physical energy-based therapies that are not light
dependent.

4. Bionic-shaped nanoparticles
4.1 Nanostars

4.1.1 Characteristics and synthesis strategies. Nanostars
are anisotropic nanoparticles characterized by a central core
with multiple sharp branches (typically 3–10 arms). Nanostars
are commonly fabricated via seed-mediated growth method,
where spherical Au/silver nanoparticles are rst prepared as
seeds and then placed in a growth solution containing HAuCl4/
AgNO3, reducing agent (e.g., ascorbic acid), or surfactant (e.g.,
CTAB). By controlling the reduction kinetics, metal is prefer-
entially deposited on specic crystal facets of the seeds to form
nanostars. This approach is particularly suitable for synthe-
sizing metal nanostars. In addition to the commonly employed
© 2026 The Author(s). Published by the Royal Society of Chemistry
seed-mediated growth method, the template method can be
utilized for the preparation of polymer/SiO2 nanostars.

4.1.2 Drug delivery carriers. Compared to uniformly sha-
ped nanoparticles, the anisotropic structure of nanostars
exhibits unique advantages in biological delivery. Research
indicates that their sharp branched structure can more effec-
tively promote cellular uptake, thereby increasing drug accu-
mulation at tumor sites.88 Furthermore, although their tissue
distribution pattern in vivo is similar to that of nanospheres,
nanostars demonstrate lower liver retention, which helps
reduce the potential toxicity to normal organs and represents an
important feature in terms of their biosafety.89 These structural
advantages make nanostars a promising delivery platform. For
example, Lee et al. prepared nanostars to deliver DOX, where
the drug LC and EE were 32.66% and 51.52%, respectively
(Fig. 5A).90 Besides, Cui et al. prepared Au nanostars loaded with
IR-780, and their EE was as high as 90.4%.91 However, the large-
scale, high-reproducibility fabrication of these complex shapes
remains a common bottleneck in their practical application.

4.1.3 PTT. Au nanostars have attracted signicant attention
as PTAs. Their advantages can be systematically summarized as
follows: rstly, their sharp tips generate an extremely strong
LSPR effect, which not only provides a high PCE but also creates
an intense localized electric eld, signicantly enhancing light
harvesting and the excitation of energetic charge carriers.
Secondly, their optical properties (such as absorption peak and
PCE) can be nely tuned by adjusting their width, length, and
number of branches to match lasers of different wavelengths.
Finally, the Au material itself offers good biocompatibility and
an easily functionalized surface. Owing to the advantages,
nanostars have garnered widespread research interest. For
example, Zhao et al. prepared Au nanostars loaded with Ce6,
which a showed high PCE (∼28%) under irradiation from an
808 nm NIR laser.92 Zhou et al. prepared an SERS/NIR-II optical
nanoprobe comprised of Au nanostars, Raman molecular tags,
and silver sulde quantum dots through silica bridges
(AuDAg2S), which showed a high PCE of 67.1% at 1064 nm
(Fig. 5B).93 Jia et al. prepared Au nanostars loaded with ultra-
small cerium dioxide (CeO2), myricetin (Myr) and hyaluronic
acid (HA), which showed a high PCE and could achieve precise
thermal ablation when exposed to light irradiation with
a wavelength of 808 nm (Fig. 5C).94 The aforementioned
research highlights the high degree of design exibility of
nanostars as a multifunctional PTT platform.

4.1.4 Cancer detection. The structural characteristics of Au
nanostars make them ultrasensitive contrast agents for SERS.
Their multiple sharp tips act as natural “hot spots”, greatly
enhancing the localized electromagnetic eld and thereby
achieving a detection sensitivity far exceeding that of other Au
nanostructures (such as nanospheres and nanorods), even
down to pM levels. This property surpasses the limitations of
traditional imaging techniques. For example, Bardhan et al.
prepared immunoactive Au nanostars, which can accurately
detect PD-L1 cancer cells and CD8+ cells simultaneously in vivo
by using SERS, exceeding the limitation of current immunoi-
maging techniques (Fig. 5D).95 Cui et al. prepared Au nanostars
shell-wrapped with MIL-100 (Fe), which could be used as
RSC Adv., 2026, 16, 13223–13242 | 13229
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Fig. 5 (A) Synthetic process for GE, GEC, and GECD. Reproduced with permission: copyright 2022, Elsevier.90. (B) Schematic depicting AuDAg2S
nanoprobes integrating SERS/NIR-II imaging for multidimensional tumor imaging in vivo (from tissue pathology to single-cell resolution) and for
guiding deep-tumor NIR-II photothermal therapy. (C) Schematic of CeO2@GNSs/Myr-HA working at the tumor site. Reproduced with
permission: copyright 2025, Elsevier.94. (D) Schematic of the IGN-mediated multimodal multiplexed immunoPET-SERS imaging to detect both
PD-L1 expression and CD8+ T cells in melanoma tumors. Reproduced with permission: copyright 2019, the American Chemical Society.95
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sensors of SERS and could selectively detect some VOCs, such as
2-butanone, eucalyptol and isopropanol.96 This demonstrates
that nanostars are not only therapeutic tools but also powerful
diagnostic and sensing platforms.

4.2 Nanoowers

4.2.1 Characteristics and synthesis strategies. Nanoowers
are three-dimensional hierarchical structures, exhibiting
a ower-like morphology with a high surface area, tunable
porosity (2–50 nm), and abundant active sites (typically 50–
500 nm in size). The most commonly employed methods for the
synthesis of nanoowers are the hydrothermal and sol-
vothermal methods, both involving the reaction of metal
precursors with surfactants under high temperature and pres-
sure to facilitate their self-assembly into ower-like structures.
These techniques are typically used to prepare metal oxide and
metal sulde nanoowers. Additionally, electrochemical depo-
sition is generally applied for metallic nanoowers, bi-
omineralization for bioinspired nanoowers, and one-pot
rolling circle amplication for DNA nanoowers.

4.2.2 Drug delivery carriers. The high specic surface area
and internal porosity of nanoowers generally enable them to
exhibit an extremely high drug LC and EE. For example, Lu et al.
prepared nanoowers loaded with DOX, and the drug LC was
90.0%.97 Du et al. prepared DNA nanoowers to deliver DOX,
with the drug LC reaching 73.24% ± 3.45%.98 Yang et al.
prepared nanoowers with a drug LC for DOX of 69.21%
(Fig. 6A).99 However, balancing a high drug LC with controlled
release and ensuring the long-term stability of these complex
structures in physiological environments remain common
bottlenecks in their practical application.
13230 | RSC Adv., 2026, 16, 13223–13242
4.2.3 PTT. The unique ower-like hierarchical structure of
nanoowers signicantly enhances their ability to capture and
absorb incident light due to their rough surfaces andmulti-level
porosity, which greatly increases their specic surface area. This
structural feature generally results in a higher PCE compared to
nanoparticles with simple geometries such as spheres or
rhomboids, making nanoowers highly attractive for PTT
applications. For example, Lin et al. prepared MoS2 nanoowers
that possessed a high PCE and photothermal stability under
irradiation from an 808 nm NIR laser.100 In another study, Ai
et al. prepared a high-density cuprous-supported MoS2 nano-
ower platform, which exhibited a high PCE value of 45.44%
(Fig. 6B).101 This highlights how composite structural design
can further enhance the photothermal performance.

4.2.4 SDT. The large specic surface area and abundant
active sites of nanoowers also make them highly efficient
sonosensitizer platforms, well-suited for SDT. Their hierar-
chical porous structure facilitates cavitation effects in acoustic
elds and provides numerous catalytic sites, enabling the effi-
cient generation of cytotoxic reactive oxygen species (ROS)
under ultrasound activation to kill cancer cells. Studies have
conrmed that nanoowers of different compositions can
leverage this structural advantage to enhance the SDT efficacy.
For example, Liu et al. prepared molybdenum disulde nano-
owers (MoS2 NF), which have a high efficiency of ROS gener-
ation (Fig. 6C).102 Xue et al. prepared CoFe2O4 nanoowers,
which could effectively promote the generation of ROS.103 These
ndings collectively indicate that the structural characteristics
of nanoowers are a key factor in improving their SDT thera-
peutic outcomes.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Sequence-independent self-assembly of the P-gp DNAzyme NFs and the mechanism of DNAzyme NFs for reversing tumor multidrug
resistance. Reproduced with permission: copyright 2022, Elsevier.99. (B) Schematic of the anticancer mechanism of the MCPQZ-mediated
synergistic photothermal-chemodynamic therapy (PTT-CDT). (C) Schematic of the vacancy-modulated piezoelectric sonodynamic therapy. (D)
Schematic of the step-by-step fabrication of the SPE‖EGM/Ab immunosensor and the electrochemical detection of CA19-9 antigen. Repro-
duced with permission: copyright 2024, Elsevier.104 (E) Synthetic scheme of photocatalytic DSNF and the detection of CEAs. Reproduced with
permission: copyright 2025, the American Chemical Society.106
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4.2.5 Cancer detection. The application of nanoowers in
biosensing primarily benets from their large specic surface
area and readily functionalized active sites, which provide an
ideal platform for capturing target molecules and amplifying
signals. For example, Doong et al. prepared MoS2 nanoowers
with an LOD of (0.18–2.95) × 10−4 U mL−1 (Fig. 6D).104 Wang
et al. prepared Fe3O4@MnO2 nanoowers to detect pancreatic
cancer exosomes with a detection limit down to 19.1 particles
per mL, which is the most sensitive protocol reported thus
far.105 Notably, DNA nanoowers demonstrate unique advan-
tages in sensing due to their inherent biocompatibility, excel-
lent resistance to degradation, and good solubility. For
example, Wei et al. prepared photocatalytic DNA/SYBR Green I
(SG-I) nanoowers (DSNF), which achieved the sensitive and
low-cost quantitative detection of CEA in the linear range of 0.5–
80.0 ng mL−1, and their LOD was 0.5 ng mL−1 (Fig. 6E).106 Hong
et al. prepared DNA nanoowers encapsulating glucose oxidase
and horseradish peroxidase (GHDFs) to detect human papillo-
mavirus (HPV) DNA. The detection limit was 3.76 fM, the line-
arity range was 10 fM-1 nM, and the detection time was
25 min.107 This demonstrates that nanoowers can serve not
only as passive carriers but also as active, intelligent diagnostic
© 2026 The Author(s). Published by the Royal Society of Chemistry
tools by integrating recognition elements and signal ampli-
cation modules.
5. Strip-shaped nanoparticles
5.1 Nanorods

5.1.1 Characteristics and synthesis strategies. Nanorods
are nanomaterials characterized by a high aspect ratio, where
their length is signicantly greater than their diameter (typically
ranging from tens of nanometers to micrometers), exhibiting
a slender rod-like structure. This anisotropic morphology is
a dening feature that distinguishes them from spherical or
cubic nanoparticles. Metal nanorods are typically prepared via
the electrochemical deposition method, where metal ions are
reduced and grow along specic directions on the electrode
surface under an electric eld. Additionally, the hydrothermal
method is commonly used for metal oxide nanorods, seed-
mediated growth method for gold nanorods, and template
and metal-assisted chemical etching method for silicon
nanorods.

5.1.2 Drug delivery carriers. The high aspect ratio structure
of nanorods imparts unique advantages in drug delivery.
RSC Adv., 2026, 16, 13223–13242 | 13231
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Compared to nanospheres with a low aspect ratio, nanorods
possess a larger effective contact area and a distinct geometric
prole, which facilitate more efficient interaction with cell
membranes, thereby promoting cellular uptake.108,109 Professor
Mitragotri's team conrmed through static cell cultures,
microuidics, mathematical models, and in vivo studies in mice
that rod-shaped nanoparticles showed greater avidity and
selectivity with endothelium, better targeting ability to tumors,
and larger accumulation in tumor sites compared to spherical
nanoparticles.110 This nding reveals the potential of shape
itself as an active targeting strategy.

Further studies have expanded upon this advantage through
advanced materials engineering. Chen et al. developed meso-
porous silica nanorods (MSNRs), which demonstrated a supe-
rior specic surface area and transmembrane transport rate
relative to spherical nanoparticles (Fig. 7A).111 Yu et al. further
enhanced this system by coating MSNRs with colorectal cancer
(CRC) cell membranes, achieving a 5.6-fold increase in drug
accumulation within the cell nucleus.112 However, the high
aspect ratio structure may also pose potential challenges, such
as difficulties in alignment within complex biological uids and
a propensity for non-specic adhesion. The quantitative rela-
tionship between aspect ratio and in vivo circulation behavior
remains an area requiring further investigation.

5.1.3 PTT. In the eld of PTT, Au nanorods have emerged
as a research focus due to their exceptional properties. Their
advantage stems from the ability to precisely tune their strong
absorption peak to the NIR biological window, enabling effec-
tive photothermal treatment of deep-seated tissues. Addition-
ally, Au nanorods exhibit good biocompatibility and a readily
functionalized surface.113,114 Related research demonstrates the
evolution of Au nanorods from simple PTAs to multifunctional
therapeutic platforms. For example, Ren et al. prepared Au
nanorods modied with cRGD-peptide to deliver paclitaxel
(PTX) and curcumin (CUR). Under laser irradiation at 0.7 W
cm−2 for 5 min, the temperature of the nanorods could reach
45 °C and they could inhibit tumor growth.115 Zhu et al.
designed a nanoplatform by coating Au nanorods with
degradable mesoporous silica, which could lead to efficient
Fig. 7 (A) Rational design of the MSNR-DOX nanosystem for drug deliver
and DOX@NC with mammary adenocarcinoma-targeting, enzyme/redo
and chemotherapy capabilities for multi-modal tumor ablation. Reprodu

13232 | RSC Adv., 2026, 16, 13223–13242
antitumor effects in vitro and in vivo (Fig. 7B).116 These ndings
indicate that Au nanorods not only serve as efficient photo-
thermal converters but also provide an ideal scaffold for the
integration of multiple functional modules, such as targeting
ligands, drug carriers, and responsive coatings, showcasing
remarkable “programmability”.
5.2 Nanotubes

5.2.1 Characteristics and synthesis strategies. Nanotubes
are hollow, cylindrical nanostructures with diameters ranging
from 0.4 to 100 nm and lengths up to micrometers or even
millimeters. Their common preparation methods include
chemical vapor deposition (CVD), where carbon source gases
(such as methane or ethylene) decompose at high temperatures
(600–1200 °C) under the catalysis of metals (e.g., Fe, Co, and Ni),
enabling carbon atoms to grow into nanotubes on the catalyst
surface, where this method is well-suited for producing carbon
nanotubes (CNTs). Additionally, the template and hydrothermal
methods are effective for fabricating metal oxide nanotubes,
while the self-assembly method is ideal for preparing polymer
and DNA nanotubes.

5.2.2 Drug delivery carriers. The hollow structure of nano-
tubes not only provides a high drug LC but also, due to their
unique geometry, facilitates prolonged blood circulation,
enhanced accumulation and retention in tumor tissues, and
promotes interaction with cell membranes, thereby improving
the drug internalization efficiency. Studies have shown that
compared to nanocarriers of other shapes, nanotubes can
achieve equivalent therapeutic efficacy at lower drug concen-
trations, which helps reduce systemic toxicity.117 For example,
Lin et al. prepared nanotubes to load IR-780 and DOX simul-
taneously, and their drug LC was as high as 27.6%.5 Kaneno
et al. prepared PTX-loaded nanotubes and functionalized the
nanotubes with antibodies for targeting prostate cancer cells.
The cytotoxicity experiment showed that the above-mentioned
nanotubes were more sensitive to prostate cancer and CRC
cells (Fig. 8A).118 These research ndings indicate that the
delivery efficacy of nanotubes stems not only from their high
y and the simultaneous inhibition of cancer growth. (B) Fabrication of IR
x-responsive release, light-activated photodynamic/thermal therapy,
ced with permission: copyright 2021, Elsevier.116

© 2026 The Author(s). Published by the Royal Society of Chemistry
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drug LC but can also be enhanced through surface functional-
ization, such as antibody modication, to confer active target-
ing capabilities, thereby helping to overcome multidrug
resistance in certain tumors. However, their high aspect ratio
may also lead to difficulties in degradation within the body and
potential bioaccumulation. These are critical safety issues that
must be systematically evaluated before their clinical
translation.

5.2.3 PTT. In the eld of PTT, CNTs have become a research
focus due to their unique photothermal properties. The struc-
ture of CNTs, consisting of sp2-hybridized carbon atoms
arranged in rolled-up graphene sheets, endows them with effi-
cient PCE. It is noteworthy that multi-walled carbon nanotubes
(MWCNTs), owing to their greater number of absorption inter-
faces and superior thermal conductivity, typically exhibit more
excellent heat generation efficiency compared to single-walled
carbon nanotubes (SWCNTs). For example, Ming et al. devel-
oped MWCNTs that exhibited obvious toxicity to multidrug
resistance (MDR) cancer cells under photoirradiation.119 Zhang
et al. prepared multi-walled carbon nanotubes-
magnetouorescent carbon quantum dot/DOX nano-
composites that could eliminate tumors effectively under NIR
irradiation (Fig. 8B).120 These results highlight that CNTs are not
only efficient PTAs themselves but also possess the potential to
serve as platforms for constructing multifunctional theranostic
systems.

5.2.4 Cancer detection. CNTs also perform exceptionally
well in the eld of biosensing, primarily due to their ultra-high
specic surface area, excellent electrical properties, and high
sensitivity to surface adsorption. These characteristics make
them ideal materials for constructing highly sensitive, label-free
eld-effect transistor (FET) biosensors. These sensors can ach-
ieve the highly sensitive and specic detection of various bio-
logical species, including DNA, proteins, exosomes, and even
cells. For example, Zhang et al. developed FET-based CNTs that
can detect exosomal miRNA with high sensitivity and specicity
(LOD: 0.87 aM) (Fig. 8C).121 Wei et al. also prepared FET-based
CNTs, which could effectively discriminate prostate cancer
(PCa) samples from benign prostatic hyperplasia (BPH) samples
(P of 1.07 × 10−5).122 These studies underscore the promising
application prospects of CNTs in early cancer diagnosis, liquid
biopsy, and real-time monitoring, providing signicant support
Fig. 8 (A) Schematic of the design and construction of CNTs and their u
vivo. Reproduced with permission: copyright 2017, Elsevier.120. (C) Schem
functionalized CNT FET biosensor. Reproduced with permission: copyri

© 2026 The Author(s). Published by the Royal Society of Chemistry
for their evolution from therapeutic carriers to integrated
“diagnosis and treatment” platforms.

5.3 Bottlebrushes

5.3.1 Characteristics and synthesis strategies. Bottle-
brushes are rigid, rod-like polymers consisting of a linear
backbone densely graed with numerous side chains, exhibit-
ing an overall cylindrical or worm-like morphology. This unique
architecture, where the steric repulsion between side chains
forces the backbone into an extended conformation, is the
origin of their exceptional properties, such as high rigidity,
reduced polymer chain entanglement, and large, accessible
surface area. The common synthetic methods for bottlebrushes
include the graing-from method, graing-to method, and
macromonomer copolymerization method. Taking the graing-
to method as an example, it involves rst synthesizing the
backbone (containing reactive groups such as –COOH or –NH2)
and side chains (terminated with complementary groups such
as –OH or –N3) separately, followed by coupling the side chains
onto the backbone via click chemistry (e.g., CuAAC or thiol–ene
reactions).

5.3.2 Drug delivery carriers. The bottlebrush architecture
exhibits several systemic advantages that make it a superior
drug delivery platform compared to linear or dendritic poly-
mers. In bottlebrush polymers, which are composed of linear
polymer backbones and densely graed side chains, the densely
graed side chains create a protective “corona” that effectively
shields the backbone and any conjugated payload from
premature degradation and non-specic interactions, leading
to enhanced stability, positive blood circulation half-life, and
drug penetration into tumor tissues. In addition to the above-
mentioned advantages, bottlebrush polymers are highly effec-
tive drug delivery platforms due to their enhanced solubility,
improved bioavailability, controlled release behavior, and low
toxicity.123,124 Teasdale et al. developed a novel biodegradable
PPz-g-PGA bottlebrush polymer with a high MW and showed
that the bottlebrush polymer had a higher blood circulation
half-life compared with linear PGA.125

Furthermore, the precisely tunable hydrodynamic size and
rigid, extended rod-like morphology of bottlebrush polymers
are ideally suited to leverage the EPR effect in solid tumors,
promoting their efficient accumulation within tumor tissues.
se in the chemotherapy of cancers. (B) Mechanism action of CNTs in
atic of the ultrasensitive detection of exosomal miR21 using the DNA-
ght 2021, the American Chemical Society.121
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This “synergistic regulation of size and shape” forms the
structural basis for their excellent in vivo distribution behavior.
A high drug LC can be achieved through both chemical conju-
gation to the backbone and physical encapsulation within the
hydrophobic core of amphiphilic structures, providing exi-
bility for co-delivery strategies. More importantly, the highly
modiable backbone and side chain termini allow for the
incorporation of intelligent linkages sensitive to the tumor
microenvironment (e.g., acidic pH and specic enzymes). For
example, Zhang et al. designed a biohybrid involving
bottlebrush-architectured poly(ethylene glycol) (PEG) and MEL
(pacMEL), which showed an∼10-fold increase in the area under
the curve (AUCN) compared with free MEL (Fig. 9A).126 The high
drug LC, achievable through both backbone conjugation and
encapsulation within the hydrophobic core of amphiphilic
bottlebrushes, is another critical feature. In vivo experiments
using a poly(methacryloyloxyethyl phosphorylcholine) (pMPC)-
graed molecular bottlebrush (PCMB) conjugated with DOX
through an acid-cleavable hydrazone bond demonstrated a high
accumulation of DOX in tumor tissues due to the EPR effect and
subsequent rapid drug release in the acidic tumor microenvi-
ronment, leading to potent antitumor activity (Fig. 9B).127

Collectively, these studies reveal how bottlebrush platforms
enable precise control over the delivery, distribution, and
release of drugs through the integration of chemical design and
physical structure.
5.4 Nanobers

5.4.1 Characteristics and synthesis strategies. Nanobers
are ultrane bers with diameters typically ranging from 1 to
1000 nm, characterized by their high surface area-to-volume
ratio, porosity, and tunable morphologies (e.g., smooth, bea-
ded, hollow, and core–shell structures). Common methods for
preparing nanobers include electrospinning, solution blow
spinning, and self-assembly. The rst two methods are suitable
for producing polymer nanobers, while self-assembly is typi-
cally used to prepare protein, DNA, and peptide nanobers.
Taking electrospinning as an example, it involves stretching
a polymer solution or melt in a high-voltage electrostatic eld,
where the solvent evaporates to form nanobers.

5.4.2 Drug delivery carriers. In the eld of drug delivery,
the advantages of nanobers extend beyond merely high LC,
Fig. 9 (A) Description of the properties bottlebrushes. Reproduced wit
Schematic of the design and mechanism action of bottlebrushes. Re
Society.127

13234 | RSC Adv., 2026, 16, 13223–13242
manifesting in their unique drug-loading modalities and
spatiotemporally controllable release kinetics. On one hand, as
a carrier-free system, drug molecules can be directly integrated
into their brous matrix, avoiding the potential lipid toxicity
and cellular dysfunction associated with traditional nano-
carriers (e.g., liposomes), while achieving an exceptionally high
drug LC and EE. For example, Yang et al. prepared supramo-
lecular nanobers with a high drug LC (>30 wt%) (Fig. 10A).128

Sahin et al. developed nanobers to load amygdalin (AMG) and
bitter almond kernel extract, which achieved an EE of 100% ±

0.01% and 94% ± 0.02%, respectively.129 On the other hand, the
combination of their large surface area and degradability
enables sustained drug release. As demonstrated by Isaei et al.,
this can limit the initial burst release, thereby achieving better
sustainability, which is crucial for maintaining stable blood
drug concentrations (Fig. 10B).130 Haririan et al. developed
nanobers to load temozolomide (TMZ), achieving sustained
TMZ release for 30 days using the zero-order kinetic model.131

More ingeniously, researchers have signicantly enhanced the
circulatory stability and therapeutic efficacy of composite
systems by embedding or coating liposomes within or on
nanobers. For example, Irani et al. designed a PTX-loaded
liposome and then incorporated the liposome into nanobers,
which showed sustained delivery of antitumor drugs
(Fig. 10C).132 Parthasarathy et al. successfully incorporated
liposome-loaded irinotecan into nanobers for leukemia cancer
therapy, releasing it in a controlled manner over 30 days.133 This
synergistic strategy cleverly combines the high biocompatibility
of liposomes with the stable and sustained-release character-
istics of nanobers.

5.4.3 PTT and PDT. As excellent carriers and dispersion
matrices for high-performance photosensitizers or PTAs,
nanobers also play a pivotal role in novel therapeutic modal-
ities such as PTT and PDT. For example, Han et al. successfully
synthesized CaTiO3: Yb, Er (CTO) nanobers co-conjugated with
RB and Au nanorods, which offered the potential for combined
upconversion photoluminescence (UCPL) and enhanced
synergistic PTT and PDT.134 Lian et al. constructed electrospun
nanobers composed of poly(lactic acid) (PLA), poly(3-
caprolactone) (PCL) and gel, loaded with the biodegradable and
high-efficiency photothermal conversion agent Prussian blue
(PB), and this system demonstrated potent antitumor efficacy in
h permission: copyright 2021, the American Chemical Society.126. (B)
produced with permission: copyright 2020, the American Chemical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Chemical structures of peptides, the resulting hydrogel formed by ALP, and schematic of co-assembly between the peptide and
affibody triggered by ALP (1 U mL−1) at 4 °C. (B) Electrospinning process for fGO-Si-CUR containing nanofibers. Reproduced with permission:
copyright 2017, Elsevier.130. (C) TEM images and in vitro and in vivo effects of nanofibers. Scale bar: 500 nm (TEM image on the left) and 5 mm (TEM
image on the right). Reproduced with permission: copyright 2023, Elsevier.132
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a B16 tumor-bearing mouse model.135 This highlights the uni-
que advantage of nanobers in constructing an “all-in-one”
multifunctional therapeutic system, i.e., a versatile platform
that integrates diagnostic imaging, drug delivery, and multiple
treatment modalities.
6. 2D nanoparticles
6.1 Nanosheets

6.1.1 Characteristics and synthesis strategies. Nanosheets
are ultra-thin two-dimensional nanoparticles with thicknesses
typically below 100 nm and lateral dimensions signicantly
larger than their thickness, offering diverse shapes (e.g.,
hexagonal and irregular). This class of materials encompasses
graphene, transition metal dichalcogenides, black phosphorus,
and LDH, among others. Their common feature of two-
dimensional connement gives rise to unique electronic,
optical, and mechanical properties, forming the foundation for
biomedical applications. The common methods for preparing
nanosheets include liquid-phase exfoliation, chemical exfolia-
tion, and hydrothermal method, which are typically used to
producemetallic nanosheets. Taking liquid-phase exfoliation as
an example, it involves rst dispersing the material in a solvent,
followed by exfoliation through ultrasonication or shear forces
(e.g., NMP solvent exfoliation of graphene) to form nanosheets.

6.1.2 Drug delivery carriers. In the eld of drug delivery,
the advantages of nanosheets extend far beyond the high drug
LC afforded by their large specic surface area. Their two-
dimensional planes and interlayer spaces collectively consti-
tute a multimodal, intelligent drug-loading system. On one
hand, their planar surfaces can load substantial amounts of
drugs through physical adsorption or chemical bonding. On the
© 2026 The Author(s). Published by the Royal Society of Chemistry
other hand, the interlayer spaces of many nanosheets (e.g.,
LDH) allow for ion exchange or molecular intercalation,
enabling even higher loading rates. For example, Duan et al.
prepared Gd3

+-doped monolayered-double-hydroxide (MLDH)
nanosheets to co-load DOX and indocyanine green (ICG),
achieving an ultrahigh drug LC of 97.36% and an EE of
99.67%.136 Guo et al. developed black phosphorus (BP) nano-
sheets that load high amounts of DOX on the sheet surface
(950% by weight).137 Zhai et al. prepared molybdenum oxide
(MoOx) nanosheets to load DOX with a drug LC as high as 65%
(Fig. 11A).138 This reveals a key common advantage of nano-
sheets as a delivery platform, where their structure simulta-
neously provides a vast “surface reservoir” and a precisely
tunable “interlayer reservoir”, achieving an excellent drug LC.

6.1.3 PTT. In the eld of PTT, the two-dimensional planar
structure of nanosheets plays a crucial role, providing an effi-
cient heat conduction pathway for light energy, making them
suitable for PTT and enabling a high PCE. For example, Wang
et al. developed biomimetic ultrathin graphdiyne oxide (GDYO)
nanosheets with a PCE of 60.8% (Fig. 11B).139 In another study
reported by Zhou et al., ultrathin MnO2 nanosheets achieved
a PCE of 62.4%, while the ReS2 nanosheets developed by Xu
et al. resulted in a PCE of 79.2%.140,141 More importantly, their
easily functionalized planar surface provides an excellent plat-
form for multifunctional integration and theranostics. Their
surface can be simultaneously modied with targeting mole-
cules, loaded with chemotherapeutic drugs, or integrated with
imaging probes, thereby enabling synchronous diagnostic
imaging and therapy.

6.1.4 RT. In the eld of RT, the application of nanosheets
primarily leverages the high-Z of their constituent elements to
enhance the local radiation dose. Their ultrathin structure
RSC Adv., 2026, 16, 13223–13242 | 13235
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Fig. 11 (A) Schematic of the preparation, microstructure, degradation, and application of the MoOx@F127/DOX nanosheets. Reproduced with
permission: copyright 2019, Elsevier.136. (B) Schematic of the efficient PDT ablation of tumors caused by GDYO. Reproduced with permission:
copyright 2019, the American Chemical Society.137. (C) Schematic of the ultrathin bismuth nanosheets degrading in vivo and the nanosheets
sensitizing tumor radiotherapy.
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facilitates rapid metabolism in vivo, reducing the risk of long-
term retention. For example, Mei et al. created ultrathin
bismuth oxycarbonate nanosheets with a thickness of 2.8 nm
using sodium oleate as a template and surface protectant,
which could effectively promote cancer cell apoptosis
(Fig. 11C).142 However, their two-dimensional morphology also
presents challenges. Their large planar surface may interact
more readily with cell membranes, inuencing their cellular
internalization pathways and subcellular distribution.
Furthermore, research on their in vivo degradation behavior
and metabolic pathways remains insufficient, and addressing
these issues is essential before their clinical translation can be
realized.
7. Future prospects and challenges

With the rapid advancement of nanomedicine, nanoparticles of
different shapes have demonstrated signicant potential in
cancer therapy. Compared to conventional treatments, nano-
medicine offers enhanced drug delivery efficiency and reduced
systemic toxicity by leveraging precise targeting, controlled
release, and the EPR effect. The shape of nanoparticles serves as
a critical physical parameter, profoundly inuencing their
13236 | RSC Adv., 2026, 16, 13223–13242
blood circulation time, tumor accumulation, and cellular
uptake efficiency.

However, the translation from basic research to clinical
application still faces considerable challenges. Currently, only
a limited number of nanoparticles with relatively simple
geometries, such as spherical shapes, have entered clinical trial
stages. Major bottlenecks in clinical translation include the
controllable and scalable production of complex-shaped nano-
particles with batch-to-batch consistency; systematic evaluation
of their in vivo metabolic pathways, long-term biosafety, and
potential immunogenicity; as well as uncertainties in their
therapeutic efficacy resulting from differences between animal
models and the human tumor microenvironment.

In the future, while addressing these challenges, the rational
design and optimization of nanoparticle morphology combined
with stimuli-responsive materials are expected to promote more
effective tumor targeting and deep tissue penetration. Further
exploration of nanoparticle shapes will also contribute to the
advancement of synergistic multimodal therapies, such as
chemo-photothermal-immunotherapy. With progress in 3D
printing, microuidics, and computational modeling, shape
control of nanoparticles is anticipated to become more precise
and personalized, thereby driving their broader application in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Drug loading types, LC/EE, and tumor models of differently shaped nanoparticles

Shape of nanoparticles Drug LC/EE Tumor

Polymethacrylic acid (PMAA) nanospheres CUR 12.1%/93% Breast cancer143

PTX 8.2%/81.6%
FeO–Pt@MOF nanospheres EPI 84.1%/* Breast cancer144

PEGylated oxidized mesoporous carbon nanospheres DOX 59.7% � 2.6%/* Lung cancer145

ZnO nanospheres DOX 24.7%/73.2% Gastric cancer146

Poly(ortho ester)-disulde polyurethane nanospheres DOX 11.7–15.3%/61.7–71.2% Liver cancer147

Eudragit s100 nanospheres Rutin */94.19% � 0.33–98.1% � 0.5% CRC148

Fe3O4 nanospheres DOX 27.2%/* Cervical cancer149

Oxidized mesoporous carbon nanospheres DOX */86.4% Ovarian cancer150

Thermosensitive dopamine nanobowls Tirapazamine 19.6%/48.9% Breast cancer151

Laponite nanodisks DOX */92.1% � 2.2% Breast cancer152

VAP-PEG3350-DSPE nanodisks PTX 7.7% � 0.34%/95.56% � 4.52% Lung cancer153

PMMA-PEG/ZnO nanodisks CUR 92%/* Gastric cancer154

Laponite nanodisks DOX 91.5%/* Liver cancer155

Laponite nanodisks DOX 88.6% � 1.2%/* Ovarian cancer156

Mesoporous ZSM-5 zeolite/chitosan core–shell nanodisks DOX 97.7%/* Osteosarcoma157

Lipid nanodisks Carlzomib 8.56% � 0.37%/93.6% � 3.7% Glioblastoma158

Chitosan/alginate nanodisks Amoxicillin */74.98% � 0.23% Prostate cancer159

Lipid nanodisks PTX 5.73% � 0.31%/91% � 5% Melanoma160

LDH nanodisks DOX 52.1%/* Pancreatic cancer69

Silicate nanodisks DOX */90% Oral cancer161

Albumin nanocages DOX 7.1%/80% Breast cancer162

Au nanocages Decitabine 84.2%/* Liver cancer163

Ferritin nanocages Mitoxantrone 9.33% � 0.01%/90.32% � 4.67% CRC164

Au nanocages DOX 35.81% � 2.4%/89.54% � 6% Melanoma165

Au nanocages 5FU */75% Glioma166

Protein nanocages TMZ 18.7% � 2.3%/84.3% � 5.2% Glioma167

Bi2S3 nanostars DOX 13.3%/15.3% Breast cancer168

Au nanostars DOX 5.98%/* Liver cancer169

Cisplatin 7.67%/*
Polymer-DNA assembled nanoowers Dolastatin

derivatives
*/85.6% � 5% Breast cancer170

DNA nanoowers DOX 73.24% � 3.45%/* Lung cancer98

Au nanoowers DOX 9.78%/62.6% Oral cancer171

Mesoporous black TiO2 nanorods DOX */92% Breast cancer172

Peptide nanorods DOX 90.2%/* Lung cancer173

ZnO nanorods Daunorubicin 20.08% � 2.36%/75.28% �
6.43%

Liver cancer174

Au nanorods Bevacizumab 45%/92% Cervical cancer175

Mesoporous silica nanorods DOX 42%/* Nasopharyngeal
carcinoma111

Pt/Au nanotubes DTX 14.5%/61.6% Breast cancer176

Multi-walled carbon nanotubes DOX 25.4%/62.5% Liver cancer177

Single-walled carbon nanotubes Oxaliplatin */93.43% � 1.65% CRC178

Multi-walled carbon nanotubes CUR 23.12% � 1.22%/75.2% � 1.17% Melanoma179

Bottlebrush DOX 48 wt%/* Breast cancer180

Polymer bottlebrushes DOX 10.2%/* Lung cancer181

Amphiphilic bottlebrush copolymers DOX 8.35%/91% Liver cancer182

PCMB bottlebrushes DOX 9.6 wt%/* CRC127

Novel chitosan derivative nanobers CUR */96% � 3.3% Breast cancer183

Poly(3-caprolactone) nanobers PTX */85% Breast cancer184

PLA/PEG nanobers AMG */100% � 0.01% Breast cancer129

Poly(3-caprolactone)-chitosan nanobers Capsaicin */98.7% � 0.6% Breast cancer185

Chitosan-poly(ethylene oxide)-poly(3-caprolactone)
nanobers

DOX */74.3% Lung cancer186

Poly(3-caprolactone)/chitosan composite electrospun
nanobers

Cisplatin */98.6% � 1% Cervical cancer187

Electrospun chitosan/cobalt ferrite/oxidized-state nanobers DOX 96.5% � 1%/* Melanoma188

Coaxial electrospun nanobers Emodin */98.48% � 0.31% Cutaneous Malignancies189

MnPC nanosheets CUR 89 wt%/* Breast cancer190

FA-BSA-PEG/MoOx nanosheets DTX 76.49%/* Breast cancer191

GeP nanosheets DOX 134 wt%/* Liver cancer192

Ti3C2MXene nanosheets DOX 84.2%/* CRC193

PEG-CS/MMT nanosheets DOX 26.5% � 1.9%/88.2 � 6.4% Prostate cancer194

The * indicates that the LC or EE of the nanoparticles was not characterized in the cited references.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 13223–13242 | 13237
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precision oncology. Ultimately, the optimization and develop-
ment of nanoparticles with diverse shapes will not only improve
the efficacy of monotherapies but also facilitate breakthroughs
in multimodal combination strategies, ushering in a new era of
transformative cancer treatments.
8. Conclusions

Nanomedicine demonstrates distinct advantages over conven-
tional cancer therapies, including precise drug targeting,
controlled release, EPR effect, and reduced systemic toxicity.
The shape of nanoparticles serves as a key physical parameter
that further optimizes their therapeutic performance, for
example, nanospheres favor prolonged circulation and
enhanced tumor accumulation, nanorods improve vascular
extravasation and tissue penetration, while bioinspired shapes
such as nanostars and nanoowers enable multifunctional
synergistic effects. This review systematically summarizes the
preparation methods, biological characteristics, and applica-
tions in cancer therapy of differently shaped nanoparticles,
comprehensively elucidating how their morphology inuences
their in vivo behavior and therapeutic efficacy, thereby
providing an important theoretical framework and experi-
mental guidance for further research in this eld.

Looking forward, clinical translation remains a central
challenge. Key issues that require urgent resolution include
achieving the robust and scalable production of complex-
shaped nanoparticles with batch-to-batch consistency, system-
atically evaluating the long-term biosafety and immunogenicity
of nanoparticles with different geometries, and validating their
efficacy in clinically relevant models such as drug-resistant or
metastatic cancers. By overcoming these translational barriers,
shape-engineered nanoparticles are poised to advance the
development of truly personalized nanomedicines, ultimately
enabling more precise and efficient strategies to transform
cancer treatment paradigms (Table 1).
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