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Biomaterials with cancer cell-specific cytotoxicity:
challenges and perspectives
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Significant advances have been made in materials for biomedical applications, including tissue

engineering, bioimaging, cancer treatment, etc. In the past few decades, nanostructure-mediated

therapeutic strategies have been developed to improve drug delivery, targeted therapy, and diagnosis,

maximizing therapeutic effectiveness while reducing systemic toxicity and side effects by exploiting the

complicated interactions between the materials and the cell and tissue microenvironments. This review

briefly introduces the differences between the cells and tissues of tumour or normal cells. We

summarize recent advances in tumour microenvironment-mediated therapeutic strategies using

nanostructured materials. We then comprehensively discuss strategies for fabricating nanostructures

with cancer cell-specific cytotoxicity by precisely controlling their composition, particle size, shape,

structure, surface functionalization, and external energy stimulation. Finally, we present perspectives on

the challenges and future opportunities of nanotechnology-based toxicity strategies in tumour therapy.

1. Introduction

Although current clinical oncology treatments have made
significant progress, shortcomings and challenges still exist,

including potential systemic toxicity, low bioavailability,
potential complications, and possible disease recurrence.1–3

Materials medicine has been developed in the past few
decades to improve cancer treatment efficacy and provide
new forms of precision medicine and personalised
treatment.4–7 Nanocarriers offer many advantages in
oncology therapy, including targeted drug delivery, increased
drug solubility, prolonged circulation time, drug payload
protection, and multiple pharmacological functionalities.8–14

However, they possess limitations, including complex formula-
tions, biocompatibility and toxicity issues, inadequate biodis-
tribution, and limited drug loading capacity. More than 20
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nanomedicines have been approved for cancer therapy world-
wide (Table 1).

Materials used in cancer treatment require good biocompat-
ibility with normal cells or tissues and excellent killing ability
against cancer cells. Materials with specific toxicity to cancer
cells can be tailored by adjusting their structure, size, particle
size, and surface characteristics.15,16 For example, iron oxide
nanoparticles (NPs), which have good biocompatibility, mag-
netic properties, and surface modification capacity, can utilise
the characteristic acidity of a tumour microenvironment and its
excess hydrogen peroxide (H2O2) to catalyse the Fenton reaction
and achieve specific therapeutic effects.17

Nanostructured materials display chemical activities or
interactions with cancer cells or tissues that are tunable by
adjusting their size, shape, and structures. Excitation under
external physical stimuli such as light, sound, magnetic and

electrical fields, and force may also lead to local and precise
treatments.18–22 In addition, heterogeneity among different
tumours and within the same tumour may also affect bioma-
terial delivery and targeting effectiveness, as different cells may
have different biomaterial uptakes and responses. More impor-
tantly, although some biomaterials have strong clinical transla-
tional potential, their biological effects, especially their long-
term effects and tolerability, need further evaluation before
clinical translation.

In this review, we firstly discuss the responsiveness princi-
ples of materials medicine at the cellular and tissue levels. We
then highlight recent advances in the design of these biomater-
ials, including their composition, particle size, shape, struc-
ture, and surface functionalization. Some challenging obstacles
have been overcome. We aim to uncover the potential of
biomaterials to transform the therapeutic landscape and
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contribute to the realisation of more efficacious and patient-
centric cancer treatments (Fig. 1).

2. Biomaterial responsiveness principles
in vitro and in vivo

Material medicines provide new methods for precision medi-
cine and personalised treatment that require a deeper under-
standing of the interaction mechanisms. In this section, we
illustrate the differences at the tumour cellular level (such as
glucose, lactate, reactive oxygen species (ROS), glutathione
(GSH), and folate) and tissue level (such as the extracellular
matrix (ECM), vascular system, immune cells, stromal cells,
acidic environment, and production of hydrogen sulphide
(H2S)) compared to normal cells and tissues and describe
how they are leveraged to design nanostructured materials with
high specific cytotoxicity (Fig. 2).

2.1. Cellular level

At the cellular level, tumour cells lose the strict growth and
division regulation of normal cells and divide without restric-
tion, leading to growth, maturation, metastasis, and tumour
enlargement. Therefore, tumour cells differ from normal cells
in that they display metabolic changes and dependencies to
meet the biological energy requirements of rapid growth. They
use glucose as the energy source to drive their rapid prolifera-
tion and support rapid cell division by producing more
lactate.23 Because their adenosine triphosphate (ATP)

Table 1 List of approved nanomedicines for cancer treatment

Medicines Drug carriers Indications Approval date Corporation

Smancs Commercial molecules make new
oncostatin couplers

Liver and kidney cancer 1993 Astellas Pharma Inc

Oncaspar Commercial protein coupling Acute lymphoblastic leukemia 1994 Sigma Tau
Doxil (Caelyx) Polyethylene glycolised doxorubicin

liposome
Ovarian cancer and breast cancer 1995 Yang Sen

DaunoXome Liposomes of soft red plum HIV-associated Kaposi’s sarcoma 1996 GALEN
DepoCyt Alfucoside liposome Lymphoma meningitis 1999 Pacira Pharms
Ontak Interleukin 2 and diphtheria toxin fusion

protein
Cutaneous T-cell lymphoma 1999 Eisai

Rapamune Sirolimus oral solution Lymphangioleiomyomatosi0073 1999 Pfizer
Myocet Doxorubicin liposome Lymphoma 2000 Teva Pharmaceu-

tical Industries
Limited

Eligard Leuprolide acetate polymer Prostate cancer 2002 Tolmar Therap
Lipozide Paclitaxel liposome Breast, lung, and ovarian cancers 2003 Nanjing Luye

Pharmaceutical
Abraxane Albumin-bound paclitaxel nanospheres Multiple cancers and metastatic pancreatic

cancer
2005 Abraxis Bioscience

Genexol PM Paclitaxel micelle formulation Breast cancer and small cell lung cancer 2007 Samyang
Nanoxe Non-albumin-bound paclitaxel

nanoparticles
Breast cancer, pancreatic cancer, and NSCLC 2008 Nanotherapeutics

Mepact Cytosolic acetyl tripeptide phosphatidy-
lethanolamine liposomes

Osteosarcoma 2009 Takeda

NanoTherm Iron oxide nanoparticles Glioblastoma 2010 MagForce
Marqibo Vincristine liposome Leukaemia 2012 ACROTECH
DocetaxelPM Polyene paclitaxel Breast cancer, gastric cancer, NSCLC, ovarian

cancer, prostate cancer, and squamous cell
cancer

2013 Lupin Limited

Onivyde Irinotecan liposome Pancreatic knee cancer 2015 IPSEN
Vyxeos Cytarabine and liposomes of Myco-

bacterium flexneri
Acute myelogenous leukemia 2017 Celator Pharms

Apealea Taxol micelles Ovarian cancer 2018 PAION AG
Hensify Hafnium oxide nanopreparations Locally advanced soft tissue sarcoma 2019 AstraZeneca
Fyarro Sirolimus protein-bound particles Malignant perivascular epithelioid cell tumour 2021 Jazz

Pharmaceuticals
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production from glycolysis is low, tumour cells must take up
more glucose through compensatory mechanisms (the War-
burg effect), making them more susceptible to glucose limita-
tion. As a result, glucose deprivation-based cancer starvation
therapies are emerging as effective approaches for inhibiting
tumour growth and survival.

Elevated extracellular lactate levels induce the secretion of
vascular endothelial growth factors, leading to increased angio-
genesis, tumour invasion, and metastasis. Moreover, lactate
provides metabolic support for tumour-infiltrating regulatory T
cells and interferes with immune responses against cancer.
Therefore, lactate is also considered an effective target for
regulating aberrant tumour microenvironment (TME) metabo-
lism by blocking lactate production or direct consumption. The
elevated lactate levels and other factors, such as an irregular

vascular morphology and a hypoxic state, produce an acidic
microenvironment, which has multiple effects on tumour cell
survival, invasiveness, and drug resistance. Moreover, during
tumour maturation, some signaling molecules, such as
ROS, are produced in large quantities to activate cell signaling
pathways, such as cell proliferation, differentiation, and
apoptosis.24 (We conducted a corresponding review earlier of
strategies to modulate H2O2 in tumour therapy.25) Meanwhile,
to control the oxidative damage effects of ROS, the antioxidant
system also produces system antioxidants (catalase (CAT), GSH,
and thioredoxin reductases (TrxR)) to balance the TME redox
homeostasis.26 For example, GSH is an important antioxidant
that reacts to neutralise ROS, thereby reducing intracellular
oxidative damage. GSH levels increase in tumour cells to adapt
to oxidative stress.

At a certain level of tumour growth, due to the lack of
adhesion molecules (such as integrins, selectins, cadherins,
and members of the immunoglobulin superfamily (IgSF)
including nectins and mucins) that lead to stickiness, the cells
can invade surrounding tissues and organs and even spread to
distant sites through the blood or lymphatic system to form
metastases.27–31 This ability to invade and metastasise not only
makes tumours more dangerous, but also makes certain recep-
tors or antigens (targets) on the surface of tumour cells parti-
cularly important.32 As shown in Fig. 3 and Table 2, compared
with normal cells, tumour cells often have high expression of
some receptors or antigens (targets), such as the folate receptor
(FAR), transferrin receptor (TFR), lectin receptor, epidermal
growth factor receptor (EGFR), vascular endothelial growth
factor receptor (VEGFR), platelet-derived growth factor receptor
(PDGFR), Toll-like receptor (TLR), cell adhesion molecule
(CAM) receptor, and prostate-specific membrane antigen
(PSMA).33 Therefore, targeting tumour cell surface receptors
can distinguish between tumour and normal cells for specific
delivery of killing agents.34–36

2.2. Tissue level

At the tissue level, the ECM, tumour vasculature, stromal cells
(SCs), and immune cells of the TME exhibit significant varia-
bility. SCs include fibroblasts, mesenchymal stromal cells,
pericytes, and adipocytes; immune cells include T and B

Fig. 1 Schematic illustration of cancer therapy applications based on
specific toxicity in terms of tumour and normal cell-to-tissue differentia-
tion and the construction of nanostructured materials.

Fig. 2 Summary of responsive therapeutic strategies based on cellular-
and tissue-level differential characteristics.

Fig. 3 Schematic representation of tumour cell surface receptors.
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lymphocytes, tumour-associated macrophages (TAMs), myeloid-
derived suppressor cells (MDSCs), neutrophils, dendritic cells
(DCs), T-lymphocytes, and natural killer (NK) cells.

Produced by multiple cell types in the TME, the ECM not
only provides structural support but also provides tumour cells
with signals to maintain proliferation, evade growth inhibitory
factors, resist cell death, achieve replicative immortality, induce
angiogenesis, promote invasion and metastasis, and play an
important role in tumour progression.37–39 Therefore, attacking
the ECM in the area of tumour cells is a possible tumour
treatment. Current strategies include degrading different
ECM components, direct inhibition of the ab initio ECM
component synthesis, and modifying enzymes essential for
secretion and maturation. However, the ECM is tailored to
the specific organ function, and local regulation renders the
ECM more complex and difficult to target as the tumour
progresses. Consequently, far from avoiding tumour progres-
sion, treatment may induce metastasis.40,41

Compared with healthy tissues, tumour vascular systems are
often distorted and dysfunctional, exhibiting uneven vascular
permeability.42 This abnormal vascular system is associated
with increased cancer aggressiveness. In addition, dysfunc-
tional blood vessels may selectively block infiltration of specific
immune cell types, including cytotoxic T lymphocytes, and
significantly interfere with therapeutic drug delivery and
distribution.43,44 Most efforts in this area have targeted the
vascular system from two different perspectives: vascular

depletion using antiangiogenic therapies and improving drug
delivery through vascular normalisation.45–48

Metabolic shifts under hypoxia in TME are regulated pri-
marily by the transcription factor hypoxia-inducible factor-1
(HIF-1).49–52 Because tumour hypoxia can promote its growth
and render its cells more treatment-resistant, some drugs have
been developed to treat HIF-1 dysregulation in the clinic.
However, their therapeutic effect is often minimal because of
ineffective drug delivery or drug resistance development after
prolonged use. To this end, researchers have attempted to
improve drug delivery and chemotherapy (CDT) resistance to
achieve differential killing of tumour cells.

The irregular vascular structure within tumour tissue, in
conjunction with highly permeable capillaries and the lack of a
lymphatic system, contributes to the tumour-enhanced perme-
ability and retention (EPR) effect, which in some cases results
in easier entry and retention of drugs and NPs inside the
tumour tissue.53–55 However, preclinical and clinical studies
have shown that nanomedicine delivery efficiency to tumours is
still unsatisfactory. Some data suggest that nanocarriers only
deliver approximately 0.7% of the drug to the tumour
tissue.56–58 This finding raises the question of whether other
unrecognised mechanisms impede nanomedicine extravascu-
lar penetration at the nonendothelial cell barrier level. The
existence of transient, potent pathways through vascular
bursts in the tumour vasculature has recently attracted inter-
est, expanding the possibilities for controlled nanomedicine

Table 2 List of targeting ligands, specific targets, and the targeted cancer types33

Ligand type Target Location Cancer types

Small molecules
Folate acid (FA) FAR Cell membrane Ovarian, uterus, testicular, lung, brain,

and pituitary cancers
ACUPA PSMA Cell membrane Prostate cancer
Sulfonamides CA-IX Cell membrane Hypoxic tumours
Benzamides Sigma receptor Cell membrane Melanoma, NSCLC, breast cancers of

neural origin, and prostate cancers
Peptides
iRGD avb3/5 Cell membrane and tumour vascular Melanoma, glioma, pancreatic, prostate,

ovarian, cervical, and breast cancers
LyP-1 gC1qR (p32) Tumour lymphatics Lymphatic metastatic tumours
NGR peptide Aminopeptidase N Tumour vascular and tumour cell

membranes
Vascular in solid tumours

Aptides Fibronectin Tumour-associated ECM Glioma
Proteins
Transferrin Transferrin receptor Cell membrane and tumour vascular Ovarian, lung, colon, and brain cancers
Albumin gp60 Caveoli and cell membranes Vascular targeting in malignant liver

cancer and brain cancer
Insulin IGF-1R Cell membrane Lungs, pancreas, and breast cancer
Affibodies HER2 Cell membrane HER2+ breast cancer
Ankyrin repeat protein EpCAM Epithelial Cell membrane Colon, stomach, prostate, breast, and

lung cancers
Antibodies and fragments
Full antibody PSMA, EGFR, VEGFR Cell membrane Prostate cancer
F(ab0), F(ab0)2, or scFv HER2, GAH, PD1 Cell membrane Breast cancer and gastric cancer
Aptamers and antisense oligonucleotides
A10 (CGA) PSMA Cell membrane Prostate cancer
Ab aptamers MUC1 Cell membrane Breast and bladder cancers
Erbitux aptamers EGFR Cell membrane Metastatic colorectal cancer
Carbohydrates
Mannose Lectins Macrophages and liver endothelial cells —
Glucose (analogs) GLUT1 Brain capillaries Glioma
Galactose Galectin-1 receptor Hepatocytes Hepatoma carcinoma
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distribution. Igarashi et al. found that dextran, polymeric
micelles, liposomes, and polymeric vesicles with diameters
ranging from 32 to 302 nm were co-localised in almost all
vascular bursts.59 By mathematical modeling, burst sizes were
estimated to be 625 nm or larger, suggesting the dynamic,
stochastic formation of large infiltration pathways in the
tumour vasculature system. Some bursts were micrometer-
sized, allowing the delivery of 1-micron microspheres. Anti-
body drugs and platelets can be transported via vascular
bursts, demonstrating the application of this phenomenon
to other types of therapeutic and cellular components. These
findings demonstrate the great potential of vascular bursting
and extend the biological and therapeutic significance of this
phenomenon to a wide range of blood-derived particles and
cells. Miller et al. and Liu et al. exploited the effect of post-
irradiation TAM accumulation primarily in the microvascular
system vicinity, causing dynamic extravasation bursts to
enhance drug uptake by neighbouring tumour cells.60,61

Using a proprietary multilevel in vivo imaging technique,
Wang et al. showed for the first time that a dense basement
membrane structure exists on the outside of tumour blood
vessels, which severely impedes the extravascular penetration
of nanomedicines, leading to the formation of ‘‘blood pools’’
of nanomedicines outside the tumour blood vessels.62 Degra-
dation of the basement membrane by collagenase signifi-
cantly reduced blood pool formation and effectively
enhanced nanoparticle tumour penetration. Finally, they
found that acute inflammation induction could enhance the
tumour vasopurge effect of nanomedicines. Setyawati et al.
investigated another form of endothelial leakiness, indepen-
dent of cellular toxicity and oxidative stress, and dubbed this
phenomenon the NanoEL effect.63 This is also a direct effect
of NPs on endothelial cells rather than a secondary effect

such as oxidative stress or cell death. This form of endothelial
leakage relies on the disruption of vascular endothelial
cadherin (VE-cadherin), coupled with actin remodelling and
cell shrinkage, inducing micrometer-scale gaps between
endothelial cells.

Up to date, many studies have shown that inorganic NPs can
contribute to vascular leakage through different mechanisms.
Most of these studies have attributed endothelial leakage to
mechanisms such as cytoskeletal remodelling and VE-cadherin
disruption. Therefore, as shown in Fig. 4, EPR, dynamic burst
(DB), and NanoEL are introduced and summarised in more
detail.

A connection exists between the EPR effect and protein
crowns, particularly in nanoparticle drug delivery. Protein
crowns are protein molecules adsorbed or bound to NP surfaces
and can be derived from plasma, extracellular fluid, and so on.
Protein crowns can influence nanoparticle interactions and
behaviour in the context of the EPR effect, which can further
affect nanoparticle penetration and retention in tumour tis-
sues. In addition, protein crowns can influence NP interactions
with tumour cells or tumour mesenchyme, further affecting
their retention time and penetration depth in tumour tissue.64

Chen et al. have long worked to establish analytical methods for
nanoprotein crowns and their chemical/biological effects,
including the chemical/biological characterisation of nanopro-
tein crowns, their distribution in vivo, and the detection of their
transformation products.65–67 However, protein crowns may
facilitate NP penetration and sometimes reduce their targeting
properties, as protein adsorption may obscure the targeting
ligands on the particle surface. Therefore, the effects of protein
crowns must be comprehensively considered when designing
nanoparticle drug delivery systems to optimise therapeutic
efficacy and targeting.

Fig. 4 Schematic representation of the enhanced permeability and retention (EPR), dynamic burst (DB), and NanoEL effects.
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Cancer-associated fibroblasts (CAFs) account for more than
50% of SCs. They inhibit immune cell functions by secreting
cytokines or metabolites and promote tumour development,
invasion, and metastasis.68 The ability of CAFs to shape the
extracellular stroma can form a barrier for drug or therapeutic
immune cell penetration, thereby preventing drugs and
immune cells from reaching tumour tissues and reducing the
efficacy of tumour therapy. Therefore, tumour suppression by
modulating CAFs or overcoming their barrier effect is a new
tool in tumour therapy.69–72

The TME shows great diversity in immune cell composition
across different types of cancers. Moreover, the environment
surrounding tumour cells is characterised by chronic over-
expression of inflammatory mediators, and the immune system
has difficulty recognising and removing abnormal cells:
immune cells do not respond to tumour cells. The primary
immune populations (TAMs, MDSCs, neutrophils, DCs, T lym-
phocytes, and NK cells) play critical roles in the TME. It makes
sense to target these populations to generate a positive cancer
immune response and, thus, a therapeutic role. The acidic
microenvironment surrounding tumour cells is an important
feature of tumour ecosystems. The TME is primarily created by
malignant cell metabolites, such as lactic acid, and other factors,
such as irregular vascular morphology and hypoxic conditions. It
has multiple effects on tumour cell survival, invasiveness, and drug
resistance. Therapeutic strategies that target this feature should be
developed and focus on releasing drugs that exploit the acidic
environment to enhance their penetration within tumour cells and
thus improve therapeutic efficacy.

In addition to these differential features, a common tumour,
colon cancer, also has endogenous differences.73 Because the
production of H2S selectively upregulates the expression of
cystathione b-synthase, the H2S content in the TME is much
higher than that in normal tissues. This promotes colon cancer
cell proliferation and blood vessel formation around the
tumour tissue. The resulting blood vessels are highly perme-
able, promoting cancer cell invasion and spread.74 Therefore,
using biomaterials to consume H2S differentially in colon
cancer tumors has become a focus among researchers.

3. Design and applications of
biomaterials with cancer cell-specific
cytotoxicity

The physical and chemical properties of nanostructured mate-
rials depend on their sizes, structures, morphologies, and
surface chemical states. In this section, we highlight strategies
for designing various biomaterials with specific cytotoxicity by
controlling their size, structure, morphology, surface modifica-
tion, and external energy stimulation (Fig. 5 and Table 3).

3.1. Size

Nanoparticle penetration can be influenced by various factors,
with particle size being significant. Particle size may affect
nanoparticle penetration in several ways.

3.1.1. Barrier penetration. The nanoparticle sizes may limit
their ability to penetrate physical barriers, such as the blood–
brain barrier. Smaller nanoparticles may cross these barriers
more quickly than larger ones. Therefore, nanoparticle size is a
critical factor affecting their penetration capabilities, influen-
cing interactions with biological barriers, cellular uptake
mechanisms, biodistribution, and immune clearance.75,76

3.1.2. Devouring. Phagocytic mechanisms may affect nano-
material particles of different sizes in different ways. Nanopar-
ticle transport mechanisms, such as passive diffusion, active
transport, and receptor-mediated transport, are size-
dependent; for instance, smaller nanoparticles may more read-
ily undergo passive diffusion across cellular membranes.77,78

Smaller nanoparticles may undergo receptor-mediated endocy-
tosis more quickly, allowing them to enter cells more efficiently
than larger particles. This method can enhance interactions
with biological barriers, facilitating penetration.79,80

3.1.3. Diffusion and metabolism. Smaller nanoparticles
exhibit faster diffusion rates because of their larger Brownian
motions when nanomaterials are engulfed and absorbed. As a
result, they penetrate biological barriers more readily than
larger particles. Meanwhile, nanoparticles of specific sizes
may have affinities for certain organs or tissues, affecting their
penetration into these areas.81,82 Larger nanoparticles may be
more readily recognised and cleared by the immune system,
whereas smaller nanoparticles may evade immune recognition
to a greater extent, allowing for prolonged circulation and
enhanced penetration.83

Different tumour therapy nanoparticle sizes have their
advantages and disadvantages. Small nanoparticles (1–
100 nm) have enhanced penetration, improved circulation
time, and high surface area but may suffer from potential

Fig. 5 Schematic application based on material design and synthesis
using different ways to kill tumour cells differentially.
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toxicity, limited payload capacity, and rapid clearance.
Medium-sized nanoparticles (100–200 nm) can utilise the EPR
effect efficiently, balance penetration and retention, and offer
flexible surface functionalisation but may have moderate pene-
tration and susceptibility to immune recognition. Large nano-
particles (4200 nm) exhibit enhanced retention and stability
and high multifunctionality but may have limited penetration,
may be susceptible to immune clearance, and often require
complex synthesis and characterisation.80

The penetration depth of NPs within tumours is statistically
correlated with their size. Intratumour accumulation requires
nanoparticle sizes below 200 nm.84,85 Within that range, larger

sizes (B60–100 nm) can improve in vivo pharmacokinetics,
prolong blood circulation, and reduce reticuloendothelial sys-
tem (RES) clearance relative to other sizes; however, their poor
intratumour penetration and distribution remain a challenge.86

In contrast, ultrasmall sizes of less than 10 nm actively enhance
tumour infiltration, but their quick elimination results in a
reduced half-life in the bloodstream and restricted tumour
accumulation.87 Hence, optimal NPs must possess a larger
nanoscale dimension (B100 nm) and a stable structure for
blood circulation that can swiftly transform into a smaller
dimension (B10 nm) to facilitate deeper tumour penetration
and enhance drug aggregation.

Fig. 6 Specific killing of tumour cells based on the biomaterial size change: (A) PPIR780-ZMS enhances CDT through photothermal release of
nanoparticles and photosensitisers. Reproduced with permission from ref. 88. Copyright 2022, American Chemical Society; (B) PEG-PCRVP/
AuNR@PDOX pH- and GSH dual-responsive size-change-released drug-enhanced chemotherapy. Reproduced with permission from ref. 90. Copyright
2019, Wiley-VCH; (C) HBPTK-Ce6@CPT laser intermittently affects size-change-enhanced drug-penetration therapy. Reproduced with permission from
ref. 91. Copyright 2019, Elsevier Ltd; and (D) DTTVBI-OH NPs enhance therapeutic effectiveness through AIE. Reproduced with permission from ref. 92.
Copyright 2023, American Chemical Society.
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Li et al. encapsulated the photosensitiser (PS) IR780 and zinc
manganese sulphide (ZMS) NPs in an amphiphilic poly(ethylene
glycol)-poly(2-hexyloxy-2-yloxy-1,3,2-dioxaphosphinane) (mPEG-b-
PHEP) polymer (PPIR780-ZMS) (Fig. 6A).88 This strategy promoted
the release of small ZMS particles through the photothermal effect
of IR780 in the presence of an 808 nm laser, thereby enhancing
CDT and immunotherapy and inhibiting tumour growth and lung
metastasis. The use of thermoresponsive amphiphilic polymers
achieved size variation for the targeted, quantitative release of ZMS
in tumour cells and avoided the high toxicity of inorganic nano-
materials toward normal cells, achieving the goal of differential
toxicity therapy. Hua et al. designed a multistage, responsive,
clustered nanosystem to systematically resolve multiple tumour
biobarrier conflicts between the EPR effect and spatially homo-
geneous NP penetration by modulating nanoparticle size
changes.89 Nanosystems with ideal diameters (B50 nm initial size)
favored long blood circulation and a tendency to hyperpermeability
through tumour vascular gaps, which could be efficiently clustered
around tumour tissues using the EPR effect. The hydrogen (pH)-
sensitive nanoparticle agglomerates formed large aggregates
(B1000 nm) in the tumour in the TME and showed good tumour
retention. Subsequent photothermal treatment dispersed the aggre-
gates into ultrasmall Au nanoclusters (B5 nm), which improved
their tumour penetration ability and enhanced the radiotherapeu-
tic effect of the radiosensitiser.

Jin et al. made another attempt to take advantage of the
excellent photothermal properties of Au (Fig. 6B).90

Poly(ethylene glycol)-b-((2,5-bis[(4-carboxylic acid piperidinyla-
mino)thiophenyl]-co-4-vinylpyridine (PEG-PCRVP) encapsulated
AuNRs (iophenyl]-,were grafted with poly(adriamycin)AuNR@PDO)
to form a dual pH- and reduction-responsive nanoplatform (PEG-
PCRVP/AuNR@PDOX). Initially, the NPs were approximately 70 nm
in size at physiological pH levels. They had a longer blood circulation
time, leading to a higher efficiency of tumour accumulation through
the EPR effect. As the aggregated NPs entered the tumor space, the
loss of the AuNR@PDOX cluster PEG-PCRVP shells due to the acidic
environment caused the clusters to disintegrate into individual
AuNR@PDOX NPs. Finally, AuNR@PDOX NPs B12 nm in size
penetrated the solid tumour regions and released doxorubicin
(DOX) to kill cancer cells, resulting in an overall differential size
alteration to enhance the killing effect of the chemotherapy.

Similar work was done by Liu et al. (Fig. 6C).91 amphiphilic
hyperbranched polyphosphate (HBPTK-Ce6) containing thione
units and the PS was self-assembled and then encapsulated
with camptothecin (CPT, a hypoxia-inducible factor-1a (HIF-1a)
inhibitor) to form HBPTK-Ce6@CPT. After a 660 nm laser
irradiation interval, Chlorin e6 (Ce6) in the HBPTK-Ce6 NPs
efficiently generates ROS to kill cancer cells. At the same time,
thione unit cleavage sequentially reduced the NP sizes, facil-
itating faster diffusion and more effective tumour penetration
of NPs—an instance of programmable CPT.

In addition to reducing the nanomaterial size to enhance
penetration, aggregation of nanomaterials to larger sizes can
also achieve the specific killing of tumour cells. For example,
aggregation-induced luminescence (AIE) is based on the prin-
ciple that individual molecules do not emit light because they

release energy through single-chain rotation. Molecule aggre-
gation restricts individual molecule movements, enabling more
energy to be emitted as radiation to produce visible
luminescence.93,94 Taking advantage of this property, Xiao
et al. constructed NPs TTVBI, DTVBI, and DTTVBI that pos-
sessed near-infrared (NIR)-II AIE properties, aggregation caused
quenching (ACQ) performance, high ROS-generation capacity,
and photothermal conversion efficiency (Fig. 6D).92 For syner-
gistic type I photodynamic therapy (PDT)/photothermal therapy
(PTT) of a colon cancer patient-derived xenograft model, the
DTTVBI NPs exhibited excellent pH reversibility, NIR-II FLI
tumour imaging capability, and a significant tumour-killing
effect. The nanomaterial size change produced deeper penetra-
tion of dramatic lesions and enhanced the therapeutic process,
reflecting the concept of differential toxicity in the nanomater-
ial design process.

3.2. Shapes

Shapes determine properties, and within the field of biomedi-
cal engineering, applications can be broadly classified into four
main categories: points (dots (0D)), lines (one-dimensional
(1D)), surfaces (two-dimensional (2D)), and bodies (three-
dimensional (3D)). The shapes of nanomedicines can signifi-
cantly affect their tumour therapy effectiveness. (1) Enhanced
targeting: nanoparticles with specific shapes exhibit enhanced
targeting. For example, rod-shaped or elongated nanoparticles
can extravasate from leaky tumour blood vessels and accumu-
late within the tumour interstitium via the EPR effect. This
targeted accumulation can improve drug delivery to tumour
cells while minimising off-target effects.95 (2) Cellular uptake:
nanoparticle shapes can influence their cell interactions and
subsequent internalisation. Specific shapes can facilitate
receptor-mediated endocytosis or other uptake mechanisms,
leading to increased cellular uptake of therapeutic agents. This
enhanced internalisation can improve tumour therapy efficacy
by delivering a higher drug concentration to cancer cells.96 (3)
Intracellular trafficking: different nanoparticle shapes can
affect their intracellular trafficking pathways after cellular
uptake. This can affect the subcellular localisation of therapeu-
tic agents and their interactions with intracellular targets,
influencing tumour therapy efficacy.97 (4) Interaction with
biological barriers: nanoparticle shapes can affect their inter-
actions with biological barriers, such as the extracellular
matrix, cellular membranes, and biological fluids. Particular
shapes may exhibit improved penetration through biological
barriers, allowing for deeper tumour penetration and better
distribution within the TME.98 (5) Stability and circulation
time: nanoparticle shapes can influence their stability under
physiological conditions and circulation time in the blood-
stream. Shapes that minimise interactions with serum
proteins and immune cells may exhibit prolonged circulation,
allowing for increased accumulation within tumours
and improved therapeutic efficacy.99 (6) Multifunctionality:
certain nanoparticle shapes can be engineered to incorporate
multiple functionalities, such as targeting ligands, imaging
agents, and therapeutic payloads, onto their surfaces. This
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multifunctionality can improve tumour therapy specificity and
efficacy by enabling targeted delivery, real-time imaging, and
combination therapy approaches.100 Overall, the shape of
nanomedicines plays a crucial role in determining their effec-
tiveness in tumour therapy by influencing multiple aspects of
their pharmacokinetics, biodistribution, cellular uptake, intra-
cellular trafficking, and TME interactions. The relationship
between the shape design and properties is briefly
described below.

3.2.1. 0D. Generally, 0D is considered to be a nanodot
smaller than 10 nm, which provides good tumour penetration
and can penetrate deep into intracellular organelles, such as
mitochondria. For example, Dai et al. successfully synthesised a
nanoparticle composed of manganese ferrite (MnFe2O4) and

dichloroacetic acid (DCA) smaller than 6 nm.101 This innovative
nanoparticle was developed to modulate tumour glucose meta-
bolism and ATP catabolism, reversing the immunosuppressive
microenvironment typically observed in tumours. By effectively
infiltrating the mitochondria for oxygen provision, enhancing
DCA bioactivity, and regulating glucose metabolism, the
ultramicro MnFe2O4-DCA NPs achieved a remarkable 100-fold
decrease in lactate production compared with free DCA.
In addition, to further improve mitochondrial entry efficiency,
Hua et al. designed atomically precise Au25(S-TPP)18

clusters (TPP-SNa = sodium 3-(triphenylphosphine)propane-1-
thiol bromide) (Fig. 7A), which by ligand design showed mito-
chondrial targeting ability and water solubility for enhanced
radioimmunotherapy.102 Compared to the Au25(S-TPP)18

Fig. 7 Biomaterial shape-based design for 0–1D differential treatment of tumours: (A) Au25 (S-TPP)18 nanoclusters enter mitochondria to produce ROS
and inhibit TrxR. Reproduced with permission from ref. 102. Copyright 2023, American Chemical Society. (B) PEG-SS-CS-MAH/DOX NWs enhance DOX
release. Reproduced with permission from ref. 103. Copyright 2022, Elsevier Ltd.
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clusters (SG = glutathione), Au25(S-TPP)18 exhibited higher
radiosensitisation efficiency due to its mitochondrial targeting
ability, higher ROS production capacity, and significant inhibi-
tion of TrxR.

3.2.2. 1D. 1D is a line, and in biological applications,
common nanowires include molybdenum oxide (MoOx), sili-
con, calcium silicate, and chitosan, which exhibit high biosaf-
ety and rapid degradation in organisms. Chen et al. injected Fe-
doped MoOx (FMO) ultrafine NPs in situ at the tumour site.
They used high photothermal conversion-efficient PTT to
enhance CDT by synergistic redox reactions of PTT with Fe
and Mn sources.104 The nanowire itself degraded rapidly in
the acidic environment with high biosafety, achieving the
purpose of differential tumour cell killing. Nanowires can be
loaded with more drugs than conventional NPs. Xie et al.
attempted to load DOX with polyethylene glycol (PEG)- and
maleic anhydride (MAH)-modified chitosan (PEG-SS-CS-MAH)
for pH/hypoxia dual-triggered DOX delivery (Fig. 7B).103 Com-
pared with PEG-SS-CS-MAH/DOX NPs, PEG-SS-CS-MAH/DOX
NWs had higher drug-loading capacity, better pH/hypoxia
dual-triggered DOX release, and higher cytotoxicity; the
improved drug delivery could be differentially harmful to
tumour cells.

3.2.3. 2D. Nanosheets have the advantage of a large surface
area, which can be used to enhance their therapeutic effect in
oncological diseases by allowing nanomaterials to absorb more
physical energy, improve reaction efficiency, and increase drug
loading. Duan et al. used 2D silicon nanosheets (SNSs) as
substrates and grew highly dispersed manganese oxide (MnOx)
NPs on the surface of SNSs in situ.105 The prepared MnOx@si-
licene-BSA composite nanosheets were used as multifunctional
therapeutic nanoplatforms. Their large surface area has been
used to absorb more physical energy to power multifunctional
therapy that combines magnetic resonance imaging (MRI),
photoacoustic imaging (PAI), photonic thermotherapy, and
nanocatalytic therapy.

Yang et al. utilised Lactobacillus acidophilus with 2D
CoCuMo-LDH nanosheets to execute targeted and precise
NIR-II PDT for tumour treatment.106 The nanosheets under-
went amorphisation under TME influence when exposed to
1270 nm laser radiation. This process significantly bolstered
the ability of the nanosheets to generate ROS, with their activity
being approximately 42.8 times greater than that of unamor-
phised CoCuMo-LDH nanosheets. Additionally, the amorphous
CoCuMo-LDH nanosheets displayed a relatively single-linear
oxygen (1O2) quantum yield of 1.06, and their high catalytic
activity enabled a new level of tumour cell-killing.

Fewer layers of lactate dehydrogenase (LDH) nanosheets
were formed by the surface coupling of poly(oligo(ethylene glycol)
methyl ether acrylate)-block-poly(monoacryloxyphosphoric acid
ethyl ester) by Zhang et al. (Fig. 8A).107 The synthesised P-LDH
nanosheets exhibited excellent colloidal stability and an ultrahigh
drug loading (734% using DOX as a model drug). Prolonged blood
circulation enhanced the cellular uptake of the ultrahigh drug-
loaded P-LDH nanosheets, which could release the drug in
response to pH.

3.2.4. 3D. 3D implies spatial three-dimensionality, and 3D
nanomaterials are distinguished by a wide variety of structures,
such as nanoclusters, nanoflowers, nanoscaffolds, and engi-
neered nanobacteria. These different structures enable differ-
ent roles for these materials in treating oncological diseases.
For example, nanoclusters can deeply penetrate tumour tissues
because they are smaller. Zhou et al. prepared Gd3+ and Cu-
loaded bovine serum albumin (BSA) NPs (GdCuB), after which
phenylboronic acid and ethylenediamine-modified dextrin
(DEP) were synthesised as charge-switchable polycationic car-
riers. GdCuB was encapsulated in DEP to form DEP/GdCuB
clusters.108 The properties of the synthesised nanoclusters were
such that when the nanoclusters were in blood circulation, the
relatively large size of DEP/GdCuB prolonged the half-life of
GdCuB, which promoted tumour accumulation and impaired
the T1-weighted MRI effect of GdCuB. When accumulated at
the tumour site, extracellular ATP triggered the release of
GdCuB, promoting deep cluster penetration and activating
MRI and PTT. The presence of nanoflowers is more specific,
and some nanoflower synthesis processes involve nanosheet
preparation. Therefore, nanoflowers also possess most of the
desirable properties of nanosheets. Another property of zinc
oxide (ZnO) nanoflowers was discovered by Li et al. (Fig. 8B),
who captured and killed approximately 90% of circulating
tumour cells (CTCs) in vitro by coating ZnO nanoflowers (ZNFs)
on medical needles.109 The nanoflower structure has a larger
surface area than a vertical nanowire and a 3D extrusion
capability, making CTCs easier to puncture.

Nanoscaffolds, as the name suggests, support the missing
position; they are generally applied to the vacant site after
tumour resection, and the properties possessed by nanoscaf-
folds should not only inhibit the growth of tumours but also
promote wound healing and regeneration of normal tissue cells
in the wound site. Therefore, Dang et al. used 3D-printing
technology and in situ growth to prepare a b-tricalcium phos-
phate (TCP) (Cu-TCPP-TCP) scaffold structured at the interface
of Cu-TCPP nanosheets.110 Because Cu has good photothermal
properties, it can inhibit in situ residual tumour cell growth and
slow recurrence. The nanoscaffolds were implanted into
human bone marrow stromal cells (HBMSCs) and human
umbilical vein endothelial cells (HUVECs); they significantly
stimulated gene expression related to osteogenic differentia-
tion in HBMSCs and angiogenic differentiation in HUVECs,
effectively promoting bone regeneration.

The preparation of nanoengineered bacteria involves design-
ing products according to their intended purpose. The desired
products can be designed by taking advantage of the tumour
site characteristics, such as hypoxia, microacidity, high lactic
acid, and high GSH. For example, taking advantage of excess
lactate at the tumour site due to hypoxia, Chen et al. con-
structed a lactate-fuelled biomixture (Bac@MnO2) using She-
wanella oneidensis MR-1 (S. oneidensis MR-1) externally
modified with manganese dioxide (MnO2). S. oneidensis MR-1
nanoflowers targeted lactate consumption through hypoxic
properties to starve tumour cells.111 In addition, decorated
MnO2 nanoflowers catalysed endogenous H2O2 conversion to
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produce oxygen (O2) and downregulated HIF-1a to inhibit
lactate production, ultimately achieving differential killing of
tumour cells.

3.3. Structures

Particle shape affects in vivo distribution and cellular interna-
lisation, with rod-shaped nanoparticles having a longer resi-
dence time in the gastrointestinal tract than spherical
nanoparticles.142–144 The elongated particles have an advantage
in targeting the endothelium and display higher specific adhe-
sion and higher endothelium affinity and selectivity.145 Other
nonspherical particles, especially discoidal particles, have a
tumour accumulation rate on the micron and nanometre scales
five times that of the same-sized spherical particles.146 Thus,
different shapes have different functions, providing opportu-
nities for specific toxicity. Cluster, core/shell, rattle, and Janus
structures offer unique opportunities to improve nanomedicine
effectiveness in tumour therapy through enhanced drug deliv-
ery, targeting specificity, controlled release, and imaging

capabilities. These nanostructures can be tailored to address
specific challenges associated with cancer treatment, such as
drug resistance, tumour heterogeneity, and off-target effects,
thereby advancing the development of more efficient and
personalised cancer therapies.

3.3.1. Cluster structures. Clusters are macroscopic nanos-
tructures (NSs) in which multiple nanosystems are stacked.
They are generally used in biomedical applications for tumour
therapy via endogenous stimulation, thereby changing their
size to promote tumour penetration. For example, Wang et al.
designed a tumour acidity- and bioorthogonal chemistry-
mediated in situ size-transformed cluster nanosystem for
enhanced tumour penetration and accumulation of drugs
(Fig. 9A).112 The nanosystem utilises an oncolytic acid-reactive
group, poly(2-azacyclohexane ethyl methacrylate), with a fast
reaction rate and efficient bioorthogonal click chemistry to
form large aggregates in the tumour tissue for enhanced
accumulation and retention. Subsequently, another slow-
reacting maleic acid amide tumour-acid-reactive group was

Fig. 8 Biomaterial shape-based design for 2-3D differential treatment of tumours: (A) P-LDH-DOX nanosheets enhance DOX loading. Reproduced with
permission from ref. 107. Copyright 2022, Wiley-VCH. (B) ZnO nanoflowers effectively puncture CTCs. Reproduced with permission from ref. 109.
Copyright 2023, Springer Nature.
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cleaved. This allowed the aggregates to dissociate slowly into
ultrasmall NPs with improved tumour penetration to deliver
DOX and nitric oxide to hypoxic tumour tissues.

3.3.2. Core/shell structures. The core/shell structure is a
nanoscale ordered-assembly structure formed by one nanoma-
terial encapsulating another nanomaterial through chemical
bonding or other forces. The core encapsulates therapeutic
payloads, whereas the shell provides protection, controlled
release, and targeted functionalities. This design enables effi-
cient drug delivery to tumour sites, controlled release in
response to specific stimuli (such as pH, enzymes, or tempera-
ture), and targeted accumulation within cancer cells, minimis-
ing systemic toxicity and maximising therapeutic efficacy. The
core/shell structure utilises the properties of both internal and
external materials. It allows them to complement each other’s

deficiencies, an important research direction for morphology-
determined properties.

First, the core/shell structure provides a strategy for drug
release. Wu et al. designed a core/shell metal–organic frame-
work drug release system.113 This system exhibited the distinc-
tive characteristics of both materials and offered two distinct
functional regions for simultaneous drug delivery. Both PS
indocyanine green (ICG) and the chemotherapeutic drug DOX
were systematically incorporated within the nanopores of the
MIL-88 core and zeolitic imidazolate framework-8 (ZIF-8) shell,
facilitating the fabrication of a synergistic nanoplatform that
combined photothermal, photodynamic, and chemotherapeu-
tic effects. In addition to direct drug release, Jiang et al.
reported a two-stage core/shell structure release strategy to
minimise nanomedicine haematological toxicity caused by

Fig. 9 Specific tumour killing based on nanostructures: (A) PDN nanoclusters overcome tumour hypoxia. Reproduced with permission from ref. 112.
Copyright 2022, American Chemical Society. (B) UC NPs@AgBiS2 core/shell structure enhances the photothermal effect and kills tumour cells.
Reproduced with permission from ref. 117. Copyright 2022, Elsevier Ltd. (C) GNRs@PDA-BTS photothermal/phosphate triggered-gas therapy.
Reproduced with permission from ref. 120. Copyright 2020, Elsevier Ltd. (D) Janus nanocatalytic robotics with FeO@mSiO2/Au-CAT enhances tumour
penetration and therapy. Reproduced with permission from ref. 122. Copyright 2023, American Chemical Society.
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prolonged blood circulation.114 The structure was based on a
hydrophilic oxaliplatin (OxPt) prodrug coordination polymer as
the core and a hydrophobic cholesterol-coupled SN38 prodrug
(Chol-SN38) lipid as the shell. In particular, Chol-SN38 releases
7-ethyl-10-hydroxycamptothecin (SN38) in two phases, esterase-
catalysed acetal bond cleavage and acid-mediated hydrolysis of
the trimethylsilyl moiety, thereby decreasing blood exposure
and increasing tumour exposure. pH-responsive, inorganic
nanoshells can also alter drug release properties and pharma-
cokinetics. For example, Xu et al. and Wang et al. used CaP as a
nanoparticle shell to coat DOX and ferritin (Fn), respectively,
which improved pharmacokinetics and drug accumulation,
thereby enhancing the inhibition of tumour growth.115,116

The composition design inside and outside the core/shell
structure can be used to improve the properties. Chu et al. grew
AgBiS2 epitaxially on the surface of upconversion NPs (UCNPs)
and successfully prepared UCNPs@AgBiS2 core/shell NPs
(Fig. 9B).117 They varied the Nd-ion doping concentration in
the UCNPs to modulate the cross-relaxation between Nd ions
and AgBiS2 and obtained higher photothermal and ROS-
generation efficiencies. Chang et al. designed new plasma-
pyroelectric Au@barium titanate (BTO) core/shell (CS) NSs to
generate temperature-mediated O2-independent PDT for
hypoxic tumour therapy.118 Laser irradiation (808 nm) excited
the Au core, and the resulting heat transferred to the pyro-
electric BTO shell. The increased temperature decreased spon-
taneous BTO polarisation, releasing a large number of holes
from the BTO surface and promoting the formation of highly
reactive oxygen radicals (�OH) in an O2-independent manner.
In addition to direct interactions, Wang et al. constructed core/
shell nanostructures induced by host–guest interactions
between water-soluble columnar aromatic hydrocarbons and
poly(ethylene glycol)-modified aniline tetramer, which con-
ferred a size-switchable property on the core/shell nanostruc-
tures through pH responsiveness.119 The dual mechanism of
structural switching and coupling of the core/shell nanostruc-
tures in acidic microenvironments modulates the extension,
the inclusions in the hydrophobic cavities, and the density
distribution in the core/shell structural components, which
significantly enhances the absorption in the NIR-II region
and consequently improves the photothermal conversion
efficiency.

3.3.3. Rattle structures. The rattle-shell structure is called
the yolk–shell structure. Compared with the core/shell struc-
ture, it contains a void layer with a specific drug-loading
performance and can completely expose the active sites of
internal and external substances. The void layer between the
‘‘yolk’’ and shell provides a larger space for the catalytic
reaction and ensures a high substrate and product diffusion
rate. Rattle nanoparticles can be loaded with therapeutic
agents, contrast agents, or imaging probes within their hollow
core, allowing simultaneous drug delivery and real-time ima-
ging of tumour sites. The shell can be tailored to respond to
specific stimuli or target tumour biomarkers, facilitating con-
trolled drug release and enhanced accumulation within cancer
cells. For example, Lu et al. removed the silicon dioxide (SiO2)

between the Au nanorod core and the outermost polydopamine
(PDA) shell by HF etching. They loaded the sulfur dioxide (SO2)
precursor to form a highly drug-loaded rattling structure
(Fig. 10A).120 The release of SO2 gas can be precisely controlled
by photothermal stimulation and pH changes, realising the
‘‘complicity’’ between ‘‘inner’’ gas therapy and ‘‘outer’’ PTT. In
addition, Liang et al. constructed a rattle structure with Fe as
the nucleus and magnetite as the shell, stabilizing the active
sites of Fe(0) in the nucleus and controlling the release of Fe(0)
into the TME to enhance cancer treatment.147

3.3.4. Janus structures. Janus nanostructures have two
distinguishable, dissimilar surfaces or components. The advan-
tage of this structure is that, on the one hand, it can promote
electron distribution, while on the other, its different surfaces
have different reaction properties, resulting in an inert side and
an active side that can react with the substrate, produce
different states, and exhibit motility, that is nanomotor func-
tionality. For example, Janus nanoparticles can be engineered
to equip one hemisphere for drug loading and release, whereas
the other can be functionalised with targeting ligands or
imaging agents. This design enables selective tumour cell
targeting, real-time drug delivery and distribution imaging,
and controlled release in response to external stimuli or TME
cues. This leads to enhanced therapeutic efficacy and reduced
side effects. For example, Wang et al. constructed Cu2�xSe–Au
Janus NPs, where the amorphous nature of Cu2�xSe and the
catalytic impact of Au favored �OH generation, while the light-
induced electron–hole separation of the Janus NPs generated
additional �OH.121 Sun et al. designed a core of ferrous oxide
(FeO) and mesoporous SiO2 (mSiO2), with a part of the surface
as the Au shell and another part of bare mSiO2 loaded with CAT
enzyme to form FeO@mSiO2/Au-CAT Janus NPs (Fig. 10B).122

Utilising the unique Janus structure, these Janus NPs exhibited
active motility in H2O2 solution, and their migration in tumour
tissues could be tracked in real time by noninvasive MRI. These
self-containing Janus NPs penetrated deeper into the tumour
and enhanced oncology therapy after intratumoural injection
compared with passive NPs.

3.4. Surface functionalisation

3.4.1. Surface modification. The primary purpose of bio-
material surface modification is to enhance biosafety in
tumour disease treatment by achieving more specific killing
of tumour cells. Surface modifications include polymer, bacter-
ial, and tumour cell membrane alterations.

The essential characteristic of a polymer surface is that it
can be designed and synthesised to possess required proper-
ties, such as amphiphilicity and thermal response. Commonly
used polymer modifications must consider two critical proper-
ties: hydrophilicity and hydrophobicity. For example, hydro-
philic PEG can prevent the adhesion of plasma proteins, which
increases the circulation time of drugs in the body during
injectable therapy. Hydrophobicity can encapsulate therapeutic
drugs or biomaterials to enhance drug delivery. Chu et al. used
ultrasound to incorporate a fluoroquinolone antibiotic drug
(sparfloxacin (SP)) and UCNPs into the thermally sensitive,
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amphiphilic polymer mPEG-b-PHEP to treat in situ breast
cancer in mice (Fig. 11A).123 The specific killing of tumour cells
was achieved using laser irradiation, heat release of SP, and
ROS generation to enhance chemotherapy.

Although artificially prepared macromolecules can have
specific therapeutic effects, the biocompatibility and safety of
natural organisms can be enhanced by treatments. Organism
examples include bacteria, which are ubiquitous in life, and
living cell membranes. Bacteria are often thought of as disease
carriers that are difficult to treat; however, with continuous

exploitation, bacteria such as those found in cheese, yoghurt,
and wine are gradually coming into public view. The unique
physicochemical characteristics of some bacteria (capacity for
anoxic targeting, gas targeting, acidic targeting, and so on)
provide possibilities for treating diseases.148–152

When the anaerobic characteristics of Salmonella bacteria
(DSt) were used to target and colonise anoxic tumour sites, the
H2S gas produced sulphurised cuprous oxide (Cu2O) to copper
sulphide to enhance PTT, and the acidic TME released Cu+ that
promoted tumour fenestration (Fig. 11B).124 The Cu+ released

Fig. 10 Specific tumour killing based on nanostructures: (A) GNRs@PDA-BTS photothermal/phosphate triggered-gas therapy. Reproduced with
permission from ref. 120. Copyright 2020, Elsevier Ltd. (B) Janus nanocatalytic robotics with FeO@mSiO2/Au-CAT enhances tumour penetration and
therapy. Reproduced with permission from ref. 122. Copyright 2023, American Chemical Society.
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from the acidic TME promoted the Fenton reaction and pro-
duced �OH to enhance CDT. Using the anaerobic properties of
different bacteria to target the tumour site, synergistic PTT and
CDT can kill tumour cells safely. The cell membranes in
organisms also exhibit good biosafety. For example, Jiang
et al. used iRGD peptide-modified erythrocyte membranes to
camouflage GDYO@PEG nanosheets to prolong blood circula-
tion time and enhance extravascular and hypoxic penetration
through functional iRGD peptides.153 iRGD peptide-modified
GDYO nanosheets thermally released O2 and 1O2 to relieve
hypoxia at the tumour site and enhanced PTT and CDT to kill
tumour cells selectively after light exposure.

However, specific treatments with erythrocyte membrane-
modified materials lack targeting abilities. Tumor cell
membrane-modified nanosystems have been used to improve
nanomedicine targeting function and chemotherapeutic
efficacy.4,154–156 Zhang et al. utilized homologous cell

membrane-modified platinum-doped hollow dopamine NPs
combined with Ce6 (C) and chloroquine (C) to enhance the
effect of sonodynamic therapy (SDT) (Fig. 12A).125 When
tumour cells internalized chemoacidic cleavage of the cell
membrane, leading to material release, HP and Pt enhanced
the Fenton reaction based on their enzyme-like activities and
synergistically blocked autophagic fluxes with Ce6 and CQ in
the presence of US. This enhanced the effect of SDT, induced
apoptosis and iron detachment, and ultimately achieved differ-
ential killing of tumour cells.

3.4.2. Surface charge. The surface charge properties of NPs
greatly influence their pharmacokinetics and blood circulation,
RES clearance, and cellular uptake.157,158 NPs bearing positive
surface charges are more likely to be internalised into
negatively charged tumour cells through electrostatic
attraction-mediated interactions.159,160 Positively charged poly-
mer–drug couplings promote tumour infiltration by triggering

Fig. 11 Specific killing of tumour cells based on biomaterial surface modifications: (A) PPIR780-ZMS enhances CDT by photothermal release of
biomaterials. Reproduced with permission from ref. 123. Copyright 2022, American Chemical Society. (B) Cu2O@DSt utilizes anaerobic bacteria to target
tumour sites to consume H2S to enhance PTT and CDT. Reproduced with permission from ref. 124. Copyright 2022, Springer Link.
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endothelial cell cytosis, which leads to rapid extravasation and
efficient cancer cell cytosis, greatly enhancing the coupling
infiltration into the tumour.161 For example, Ma et al. devel-
oped multilayered reactive micelles as multifunctional poly-
mer–drug couplings via RAFT reactions to maximise
penetration and therapeutic efficacy against Michigan Cancer
Foundation-7 tumours by combining positively charged sur-
faces and size contraction.126 Xie et al. utilized the same
strategy by coating bioactive nanovaccines with a PEG shell
that could be shed in response to a weakly acidic TME; the size
reduction and positive charge increase may have led to deeper
drug penetration into the tumour.162 Bioactive nanovaccines
were demonstrated to significantly enhance antigen presenta-
tion and drug translocation from DCs into M1-like TAMs and
tumour cells by decreasing the size and increasing the positive
charge induced by weakly acidic TME.

However, positively charged surfaces in blood circulation
readily bind to negatively charged proteins, which can then be
removed.163 Therefore, ideal NPs should maintain a negative
charge while in circulation and rapidly change to a positive
charge at the tumour site. Li et al. presented a novel approach
involving the design of adaptive nanogels made of chitosan-
polypyrrole (CH-PPy) for improved therapeutic agent delivery in
tumour treatment (Fig. 12B).127 This study aimed to enhance
chemotherapy efficacy by using ultrafast charge-reversible CH-
PPy-OH-4 NGs (R-NGs), where the CH-PPy polymer is cross-
linked with glutaraldehyde and subsequently treated with an
alkaline solution. The R-NGs exhibited a negative charge at
physiological pH and switched to a positive charge under
slightly acidic conditions. Consequently, they were able to
convert their negative charge to positive and enable responsive
drug delivery, thereby enhancing chemotherapy effectiveness

Fig. 12 Specific killing of tumour cells based on biomaterial surface modifications: (A) CCP@HP@M cell membrane modifications target tumour acid
release to enhance SDT. Reproduced with permission from ref. 125. Copyright 2023, Elsevier Ltd. (B) pH-responsive charge differences in R-NGs
enhance chemotherapy. Reproduced with permission from ref. 127. Copyright 2021, Elsevier Ltd.
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for ovarian cancer in vivo. Yan et al. reported a bone-targeted
protein nanomedicine that provided bone targeting by coating
the nanomedicine with the anionic polymer poly(aspartic acid)
to shield the NP positive charge and shift the surface charge
from negative to positive after localisation at the tumour site of
the extracellular acidic triggering of tumour cells.164

3.5. External energy stimulation

3.5.1. Light. In phototherapy, a diseased area is irradiated
with a light source, which kills tumour cells by generating heat
and toxic ROS through a phototherapeutic agent (PA) or by
releasing a drug. Phototherapy currently consists of three
primary forms: PDT, PTT, and light-controlled release of drugs
(Fig. 13).165–167 Phototherapy is noninvasive, localised, and
selective. However, its visible-light penetration may be too weak
to reach the lesion, and tumour site hypoxia may create a
shortage of the oxygen molecules needed to generate ROS.

In PDT, a photosensitive material is exposed to a specific
light wavelength, which causes tumour cells at the site to
produce ROS, achieving a therapeutic effect.168 PDT, therefore,
requires three factors: a PS, a specific wavelength light source,
and an oxygen molecule in the TME.169 Current widely used PS
molecules include protoporphyrin IX (PpIX), methylene blue,
and Ce6, as well as the inorganic NPs TiO2 and ZnO. Although
they generate ROS efficiently, these PS substances have excita-
tion wavelengths concentrated in the visible and red light
regions (o700 nm).170 They also have poor water solubility,
which reduces their 1O2 yield and consequent PDT efficiency.
Liu et al. used apoptosis to amplify porphyrin nanofibril
assembly, which addressed poor PS water solubility to
enhance PDT in oral squamous cell carcinoma.128 Upon
cysteine asparaginase-3 cleavage and laser irradiation, the

water-soluble porphyrin derivative Ac-DEVDD-TPP was con-
verted to D-TPP and self-assembled into porphyrin nanofibres,
which induced effective apoptosis and pyroptosis for an
enhanced PDT effect (Fig. 14A).

PDT also requires a light source with a specific wavelength;
660, 808, 980, and 1064 nm are commonly used. The third
requirement is oxygen molecules. The photosensitive substance
transfers light energy to the oxygen molecule, generating ROS,
including cytotoxic free radicals and 1O2 species. To eradicate
tumours, PS is often used repeatedly to maximise its effective-
ness. Therefore, Yang et al. developed acid-activated graphene
quantum dot nanotransformers (GQD NTs) as photosensitiser
carriers capable of both long-term tumour imaging and repe-
titive PDT.129 In this study, GQD NTs guided by the Arg-Gly-Asp
peptide enabled active tumour site targeting, tumour acid
relaxation and amplification, and prolonged tumour retention,
thus solving the problems of targeting and low drug utilisation.
However, PDT also has drawbacks: it is expensive and cannot
be mass-produced. The agents have poor penetration and
cannot reach deep lesions. PS molecules can remain in the
skin and cause light sensitivity; therefore, bright light must be
avoided for three to four weeks after treatment.

The second type of phototherapy, PTT, refers to the use of a
specific wavelength light source to irradiate a photothermal
agent, which heats the agent and thus kills the tumour cells.171

Our group obtained hollow AgBiS2 nanospheres with a narrow
band gap by rapid precipitation in a weakly polar solvent; these
nanospheres exhibited enhanced light absorption and high
photothermal conversion efficiency (44.2%) (Fig. 14B).130 In
addition, the hollow-structured AgBiS2 nanospheres were
found to possess peroxidase-mimetic features, which combined
with the photothermal effect to induce cancer cell-specific
cytotoxicity while exhibiting negligible cytotoxicity to normal
cells. This effect was attributed to the nanosphere-catalyzed,
efficient production of highly reactive �OH from overexpressed
H2O2 in the TME.

Some studies have combined existing PDT and PTT to
achieve synergistic effects. The combined benefits of this
synergistic strategy are expected to overcome PTT heat shock
effects and TME hypoxia, ultimately improving the effective-
ness of tumour phototherapy. Recently, Tang et al. designed
tumour cell membrane-targeted aggregation-induced emission
of photosensitive dimers for synergistic tumour immunother-
apy mediated by photodynamic and photothermal effects.131

The photosensitive dimers effectively generated type I ROS in
hypoxic tumour tissues by PDT, which led to focal death
through direct cell membrane damage and was further inten-
sified by the dimer photothermal effects. In addition, the
enhanced immunogenic cell death (ICD) effect, based on
dimerisation, enhanced systemic antitumour immunity to over-
come apoptosis resistance and immunosuppression of
tumour cells.

At present, most clinical tumour treatments are still based
on traditional drug release and chemotherapy, which suffer
from low drug release efficiency, poor targeting, and low drug
utilisation. Light makes light-controlled drug release a

Fig. 13 Schematic diagram of a biomaterials system designed based on
light response for specific cytotoxicity.
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promising delivery method because of its safe, noninvasive,
and spatiotemporally controllable characteristics. Drug release
at the lesion site is precisely tuned by adjusting the light source
wavelength and intensity, as well as exposure time and space,
so that the drug delivery system undergoes heterogeneous
morphological changes or degradation.172 We synthesised hol-
low Bi2S3 microspheres with rod-based urchin-like nanostruc-
tures, which could be used as carriers for photocontrolled drug
release, using the hard template method via a simple, rapid ion
exchange (Fig. 14C).132 A mixture of tetradecanol (phase change
material) and DOX was loaded into the hollow cavity and
irradiated by an 808 nm laser to heat Bi2S3. The excellent
thermal effect caused structural changes in the phase change
material, triggering DOX release from the hollow interior to
achieve a targeted, quantitatively controllable light release.
Therefore, such sea urchin-like hollow nanostructures are
important candidates for photocontrollable drug release in
tumours. In addition to photocontrolled drug release, our
group also constructed ZnxMn1�xS epitaxially grown PDA NPs
(ZMS@PDA) for photothermally controlled metal ion release
(Fig. 14D) based on the excellent photothermal conversion
efficiency of PDA.133 Under 808 nm laser irradiation, heat
promoted Mn2+ release and enhanced the Mn2+-driven
Fenton-like reaction to generate a large amount of ROS, killing
the tumour cells. In addition, ZMS@PDA exhibited good bio-
compatibility with normal cells.

In many experimental cases, the desired results could not be
achieved using only one type of light therapy. Zhang et al.
combined three phototherapeutic modalities to achieve a

synergistic effect on tumour treatment.134 They developed a
platelet smart-navigation carrier for photothermal cancer che-
motherapy and used it for the controlled, visible release of
therapeutic tumour drugs. A platelet-based carrier loaded with
DOX and the photothermal agent IR-820 provided PTT-based
imaging navigation for platelet carriers with a drive and loading
system. The smart platelet carrier achieved deep penetration for
tumour targeting, fluorescence imaging guidance, light-
controlled drug release, and chemo–PTT combination, provid-
ing a new approach for the precise drug delivery and efficient
treatment of tumours.

Radiotherapy (RT), which is also essentially a form of
phototherapy, is one of the key methods of cancer treatment
and is used to control and reduce tumour growth by destroying
the deoxyribonucleic acid (DNA) of cancer cells through high-
energy radiation.173,174 However, some cancers show RT resis-
tance, and the side effects affect the patient quality of life. In
recent years, RT sensitisation technology has provided a new
way to solve these problems.175 In RT sensitisation, other drugs
or treatments are used concurrently with RT to increase the
tumour radiation sensitivity, enhancing the therapeutic
effect.176 With RT sensitisation, the radiation dose can be
reduced, side effects can be mitigated, and treatment effective-
ness can be improved. Strategies for RT sensitisation include
concurrent use of chemotherapy, immunotherapy, and oxida-
tive stress.177 However, TME hypoxia and GSH overexpression,
which maintain an immunosuppressive microenvironment
and promote DNA repair, greatly limit the efficacy of RT
sensitisation.178 To address these issues, our group developed

Fig. 14 Phototherapy-based specific killing of tumour cells: (A) Ac-DEVDD-TPP amplifies apoptosis to enhance PDT. Reproduced with permission from
ref. 128. Copyright 2023, American Chemical Society. (B) AgBiS2 narrow bandgap enhances PTT. Reproduced with permission from ref. 130. Copyright
2020, American Chemical Society. (C) U-BSHM photothermally phases PCM to release DOX to enhance chemotherapy. Reproduced with permission
from ref. 132. Copyright 2020, Elsevier Ltd. (D) ZnxMn1�xS@PDA enhances CDT by photothermal release of biomaterials. Reproduced with permission
from ref. 133. Copyright 2021, American Chemical Society.
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4T1 cell membrane-encapsulated Bi2�xMnxO3 nanospheres
(T@BM), a regimen that demonstrated enhanced therapeutic
efficacy with a combination of RT and immunotherapy.179 The
cancer cell membrane-encapsulated T@BM prolonged the
blood circulation time. The T@BM produced O2 in situ and
consumed GSH to amplify DNA damage and remodel the
tumour’s immunosuppressive microenvironment, enhancing
the RT efficacy. Meanwhile, the released Mn2+ can activate
STING pathway-induced immunotherapy, increasing the
immune infiltration of in situ breast tumours. Thus, RT sensi-
tisation has great potential for clinical applications. It can
improve treatment efficacy, reduce side effects, shorten treat-
ment time, and help treat refractory tumours. However, RT
sensitisation faces challenges such as drug selection, dose
determination, and treatment sequence, which must be
addressed in further research and clinical trials.

3.5.2. Sound. SDT is a new approach to tumour
treatment.180 The advantages of SDT include its noninvasive-
ness, targeting accuracy, safety, and reproducibility. SDT is
based on using a high concentration of acoustic sensitisers
(ASs) to target and aggregate tumour and neovascular endothe-
lial cells. After imaging and precise localisation under nonin-
vasive conditions, ultrasound of a specific wavelength activates
the AS, causing it to react to produce 1O2 chemically. Electrons
are then removed from the tumour cells, and most of the
tumour cell organelles are destroyed by TEM, leading to cell
death. Metal NPs are often used as ultrasonic sensitisers. For
example, Zhang et al. developed and utilised a metal nanopar-
ticle chalcogenide-based ZnSnO3:Nd phase engineering strat-
egy to improve the efficiency of the acoustic tumour dynamic
treatment (Fig. 15A).135 In the engineered crystalline chalco-
genide ZnSnO3:Nd, Nd3+ replaced Zn2+ to move the nonbonded
state of O 2p toward the Fermi energy level. The ultrasonic
sensor energy band structure was optimised by reducing its
bandgap. Inhomogeneous charge substitution can also form
electron traps and oxygen vacancies, shorten the electron
migration distance, accelerate electron–hole separation, and
inhibit carrier complexation, thus improving acoustic
sensitivity.

In addition to SDT, ultrasound has enabled precise control
of drug carriers in time and space and precise control of tissue
penetration depth and energy. For example, Huo et al. used
ultrasound to break mechanochemically unstable covalent and
weak noncovalent bonds to activate drugs in inactive macro-
molecules or nanocomponents.136 They discovered that poly-
mers with disulphide sequences at the central position of the
backbone can release alkaloidal anticancer drugs from b-
carbonate linkers via force-induced intramolecular 5-exo-delta
cyclisation. Secondly, aminoglycoside antibiotics act synergis-
tically with the polyadaptor ribonucleic acid structure and are
activated by mechanochemical actions that open and break the
nucleic acid backbone. Finally, nanoparticle–polymer and
nanoparticle–nanoparticle combinations of the peptide anti-
biotic vancomycin bound to its complementary peptide target
via hydrogen bonding were activated by force-induced hydro-
gen bond breaking. This work reported by the authors of this

paper demonstrates the potential of ultrasonic activation of
mechanically active prodrug systems.

3.5.3. Magnetism. Magnetothermal therapy (MTT) has
become a clinical treatment for malignant tumours. Its princi-
ple of action is through the thermal induction of magnetite NPs
(MNPs) under an external alternating magnetic field
(AMF).125–137,140,141,153–181 MTT has significant advantages over
PDT and PTT because of its ability to reach deeper tissue levels
and target and kill tumour cells without damaging the sur-
rounding healthy tissue. Such targeting properties can be
further enhanced by artificially coupling specific ligand recep-
tors to MNPs.182 Typically, MTT tumour therapy relies on
external heating of tumour cells; a temperature at the obser-
vable lesion site higher than 43 1C is considered a key predictor
of MTT tumour inhibition and therapeutic efficacy. However,
MTT alone is too inefficient. To overcome this shortcoming, Liu
et al. mediated magnetothermodynamic therapy through gra-
phene oxide-grafted magnetic nanorings (VIOs-GO), thereby
achieving results that favoured ROS-related immune responses
and synergistically enhanced tumour therapy (Fig. 15B).137 The
VIOs-GO nanoplatforms have a high thermal conversion effi-
ciency and can significantly increase ROS levels under AMF.
This is supported by the exposure of 4T1 breast cancer cells to
calreticulin, which directly promotes macrophage polarisation
to a pro-inflammatory M1 phenotype and further elevation of
tumour-infiltrating T lymphocytes.183 The authors and others
overcame the poor thermal conversion efficiency of MNPs. By
exploiting ROS-mediated immune effects, the antitumour cap-
abilities of future cancer magnetotherapy could significantly
improve.

3.5.4. Electricity. Electrodynamic therapy (EDT) utilises an
electrically driven, catalytic reaction of platinum NPs in an
electric field to induce ROS production for cancer treatment by
triggering water molecule decomposition.139,184 EDT offers
several advantages over current ROS-based therapies, such as
electric remote control feasibility and few side effects. Chen
et al. developed DOX-loaded porous platinum NPs (pPt NPs) for
EDT (Fig. 15C).140 These pPt-PEG NPs generate ROS by trigger-
ing water decomposition under an electric field; ROS can
induce the inhibition of P-glycoprotein, which in turn enhances
the chemotherapeutic agent efficacy by promoting intracellular
accumulation of the drug. EDT is a new type of tumour therapy
that combines chemotherapeutic drugs with pulsed electrical
currents to achieve targeted killing of tumour cells without
damaging the surrounding healthy cells and tissues.185 Experi-
ments suggest that electrical stimulation of tumour cells weak-
ens the cell outer membranes, allowing chemotherapeutic
drugs that work synergistically to function more effectively,
better access the lesion site, and ultimately kill the
tumour cells.

3.5.5. Force. Microneedles (MNs) are a novel physical
transdermal drug delivery tool consisting of multiple micron-
sized (or even smaller) tiny tips attached to a base in an array,
with the body of the needle typically 10–2000 microns high and
10–50 microns wide.186–188 MNs can pass directionally through
the stratum corneum, creating micrometer-scale mechanical
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channels that can place drugs directly on the epidermis or
upper dermis. They can participate in microcirculation and
produce pharmacological responses even without passing
through the stratum corneum.189 MNs can pass through the
dermal skin surface but do not reach the subcutaneous tissue
or contact its peripheral nerves, so there is no pain, trauma, or
other side effects.190 Traditional MNs include silicone (which is
not biocompatible and breaks easily with processing), metal,
glass, and polymer MNs (which are biocompatible and
biodegradable).191

Differences in MN materials and composition can lead to
differences in drug delivery efficiency and administration
mode. The MNs currently available face the following pro-
blems: (1) the microneedles must have sufficient strength and
stiffness to penetrate the skin; (2) the microneedle force on the
skin must be small enough to be painless and minimally
invasive; and (3) the microneedles need good biocompatibility.
To solve these problems and exploit the advantages of MNs in
tumour treatment, He et al. implemented and used highly
biocompatible transdermal microneedle patches that can be
used for imageable tracking and PDT for tumour treatment
based on traditional therapeutic modalities (Fig. 15D).141 The
patch integrated 5-aminolevulinic acid- and CAT-coloaded,
tumour acid-responsive, copper-doped calcium phosphate

NPs, which greatly enhanced the photodynamic therapeutic
efficacy of 5-aminolevulinic acid by maximising PpIX aggrega-
tion in the tumour. Peroxidase maintained oxygen production
in vivo and upregulated protoporphyrin IX (PpIX) biosynthesis
by blocking PpIX efflux, thereby enhancing its accumulation.
This approach helps to optimise the therapeutic parameters for
different cancers and enables reproducible PDT enhanced by
Ca2+/Cu2+ interference, making this therapeutic patch promis-
ing for clinical applications.

4. Conclusions and perspectives

In this review, we firstly introduced the differences between
tumour and normal cells and tissues, including the differences
in glucose, lactate, acidity, redox balance, and surface receptors
at the cellular level, and the ECM, tumour vasculature system,
SCs, immune cells, and others at the tissue level. The research
progress in this field was summarised and discussed.192–195

Current strategies for nanosystem construction were described
in detail, including the varying of composition, particle size,
shape, structure, surface functionalisation, and external stimu-
lation capability. Careful design and construction of nanosys-
tems can achieve personalised, targeted tumour therapy to

Fig. 15 Biomaterials based on acoustic, magnetic, electrical, and force stimulation for specific tumour cell killing: (A) ZnSnO3:Nd NPs used to augment
SDT for tumour treatment. Reproduced with permission from ref. 135. Copyright 2023, Wiley-VCH. (B) FVIOs-GO-CREKA NPs are effective in the
treatment of breast cancer via MTD. Reproduced with permission from ref. 137. Copyright 2020, American Chemical Society. (C) DOX@pPt kills tumours
by electrically stimulating water decomposition to produce �OH. Reproduced with permission from ref. 140. Copyright 2020, Elsevier Ltd. (D) MN-
CCPCA microneedle patches are used for imageable tracking and PDT for tumour treatment. Reproduced with permission from ref. 141. Copyright 2022,
Nature Publishing Group.
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meet the needs of differential treatment.196–198 This innovative
therapeutic approach is expected to improve therapeutic effi-
cacy, reduce adverse effects, and improve survival and quality of
life in patients with tumours. However, challenges remain,
some of which are technical, whereas others may be related
to clinical applications and therapeutic efficacy (Fig. 16).

There are still some concerns regarding the toxic effects of
foreign substances on organisms. Heterogeneity between dif-
ferent tumours and within the same tumour may affect a
nanosystem delivery and targeting effectiveness, because dif-
ferent cells may have different nanosystem uptake and
responses. Therefore, different nanosystems should be
designed and prepared for different tumour types. Current
research is directed toward specific treatments for different
tumour types, but additional work is needed.199 For example,
mouse tumour models are usually subcutaneous tumours,
which may be due to the difficulty of the modelling technique
or time constraints. When conducting animal experiments,
in situ tumour or transplanted tumour models should be
recommended. Collaboration with relevant hospitals and
tumour patients should be required to create in vivo mouse
models closer to human tumours for clinical translation.

In the realm of nanomedicine synthesis design, our innova-
tive approach focuses on creating sophisticated nanomedicines
that are specifically crafted to maintain inertness under typical
physiological conditions. This deliberate design ensures that
these nanomedicines remain stable and inactive, avoiding any
unintended interactions or side effects within the body’s nor-
mal environment. However, they are ingeniously engineered to
activate upon exposure to specific external physical stimuli,
such as magnetic fields, light, or heat. Upon encountering

these targeted stimuli, these nanomedicines undergo a precise
transformation into active therapeutic agents, thereby deliver-
ing their intended effects exactly when and where they are
needed, optimizing therapeutic outcomes while minimizing
potential side effects. However, the following issues need to
be addressed for practical applications as follows.

The first one is the tissue penetration: visible and UV light,
which have limited penetration depth in biological tissues,
have difficulty reaching deep tumours.200 NIR light, ultrasound,
and magnetism can penetrate more deeply into tissues and
improve the efficacy of deep tumour treatments. Therefore,
different tumour models require the selection of appropriate
stimulation sources and investigation of multiple stimulus-
response systems to improve overall medication efficacy and
reduce reliance on any single modality. Side effects: side effects
such as phototoxicity, ultrasound cavitation, overheating
caused by photothermal magnetic heating, and potential tissue
loss from microneedling affect stimulation usability.201 Com-
bining nanomedicine enrichment, such as localised activation
through ligand–receptor interactions, can potentially reduce
side effects. Advanced imaging techniques (such as MRI, PET,
and CT) have been employed to guide and monitor the delivery
and effects of stimulus-responsive therapies. Integrated sys-
tems now exist that allow real-time monitoring and adjustment
of therapies to ensure the precise control of therapeutic
parameters.

The second one is the delivery technology, employing
implants emerges as a promising and innovative strategy to
significantly enhance therapeutic outcomes and effectively
mitigate concerns related to drug toxicity. This method involves
the strategic placement of biocompatible implants within the
body, which can provide a controlled and sustained release of
therapeutic agents over extended periods. The use of implants
offers the potential to precisely deliver therapeutic agents to
targeted sites, ensuring that the medication reaches the specific
area where it is needed most. This targeted delivery not only
optimizes the efficacy of the treatment by maintaining appro-
priate drug levels at the site of action but also minimizes
systemic side effects by reducing the overall exposure of the
body to the drug. Consequently, this approach can improve
patient compliance, reduce the frequency of dosing, and
enhance the overall therapeutic experience. Nanomedicine
delivery must also overcome challenges––controlled release:
ensuring that the drug is released at the appropriate time and
rate, which is crucial to maximise therapeutic efficacy while
minimising side effects. Nanoparticles that respond to specific
physiological triggers (such as pH, temperature, enzymes, and
immune activation) represent progress toward this goal.33

Precise control of where the drug is released in the body or
within specific tissues can improve therapeutic efficacy. Stabi-
lity: ensuring nanoparticle stability during storage and drug
delivery is critical, including the prevention of premature
degradation or aggregation, which can affect drug perfor-
mance. Formulations are required to enhance nanomedicine
stability and bioavailability while maintaining their therapeutic
properties over time.

Fig. 16 Challenges and perspectives of tumour killing based on specific
toxicity.
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Among them, the production is crucial to tailor synthetic
methods and techniques to facilitate scalability and seamless
integration into industrial processes. These advancements
should prioritize environmental sustainability and economic
feasibility, aiming to enhance efficiency while reducing ecolo-
gical impact. Nanomedicine synthesis for future clinical appli-
cations possesses several key features––scalability and
manufacturing reproducibility: achieving consistency in nano-
medicine quality and performance for large-scale production
will be challenging. Small variations in particle size, shape, and
surface features can significantly affect their efficacy and safety.
Nanomedicine synthesis generally involves multiple steps,
including precisely controlled nanomaterial assembly, functio-
nalisation, and loading with therapeutic agents. These complex
processes will be challenging to scale up while maintaining
quality assurance. Therefore, standardised protocols for nano-
medicine synthesis and characterisation are necessary to
ensure reproducibility and quality control across different
batches. The use of advanced manufacturing techniques, such
as microfluidics and continuous-flow reactors, can improve
nanomedicine production scalability and consistency. The
use of automated systems for synthesis and real-time quality
control can reduce batch variation and improve reproducibility.
Cost and accessibility: the complex, sophisticated processes
involved in synthesizing nanomedicines often lead to high
production costs, rendering their widespread clinical use more
difficult.202 Balancing development and manufacturing costs
with healthcare system pricing and reimbursement is critical to
nanomedicine economic viability. Cost-effective synthesis
methods and optimized production processes can help reduce
the overall cost of nanomedicine manufacturing and are
urgently needed. Economies of scale through mass production
and widespread adoption can reduce nanomedicine unit costs.

Clinical studies should focus on the long-term effects and
tolerability of these nanosystems. The safety of nanosystems
must be fully validated before their clinical application.203,204

Therefore, in nanosystem construction, biomaterials or drugs
that have been clinically applied or approved by the Food and
Drug Administration should be utilised whenever possible to
avoid biomaterial toxicity. Metal ion-based nanomaterials can
form drug-free therapeutic nanoplatforms, in which the metal
ions are used as building nanomaterials instead of conven-
tional drugs (Fig. 17). The effects of different nanosystem
components on other body systems, which may have promoting
or damaging impacts on other tissues, should be monitored for
a long time. The mechanism and specific amount of action
should be clarified.205,206 For example, the short-term toxicity
of metal ions in inorganic nanosystems has been extensively
studied, but their effects on in vivo models several months after
treatment are less well documented. Short-term therapeutic
effects may differ from long-term effects, therapeutic and other,
and tolerability issues may limit treatment sustainability.207 In
addition, the introduction of nanosystems into clinical applica-
tions must meet stringent regulatory and supervisory require-
ments. In summary, translating nanosystems from laboratory
to clinical applications involve numerous challenges, including
safety, efficacy, manufacturing, individual differences, and
regulation. Interdisciplinary research and clinical trials will
be key to addressing these challenges for the successful appli-
cation of nanosystems in oncology.208

In conclusion, specific toxicity therapies offer unprece-
dented opportunities for tumour therapy. Nanosystem-based
toxicity therapy has multiple advantages over traditional ther-
apeutic approaches, such as enhanced targeting, reduced toxi-
city, fewer side effects, the ability to overcome drug resistance,
and improved drug stability. These advantages can greatly

Fig. 17 Different roles of metal ions.
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improve tumour therapy effectiveness, reduce patient suffering,
and provide an important means for individualised precise
treatment.
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