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developing next-generation multimodal nanotechnologies to achieve efficient CSC modulation and anti-tumor

treatment.

INTRODUCTION

Despite cancer stem cells (CSCs) making up only a
small proportion within highly heterogeneous bulk
tumors, they become the prominent driving force of
tumor relapse, metastasis, and multidrug resistance
due to their self-renewal and plasticity"?. It has long
been known that conventional chemotherapy and
early targeting nanomaterials mainly focused on
“killing” capacity, such as improving tumor accumu-
lation and cytotoxicity”. However, these “killing”
strategies severely disregard the heterogeneity and
phenotype plasticity that may result in the elimina-
tion of non-CSCs but the survival of CSCs. Those
residual CSCs soon differentiate and proliferate to
restore malignant tumors, consequently leading to
the clinical dilemma.

In the recent years, nanotechnology against CSCs is
experiencing a profound conversion from simple
CSC elimination to more significant CSC fate regula-
tion. Therein, CSC elimination relies on classic
cytotoxic delivery to directly induce apoptosis or
necrosis in CSCs. While, fate regulation of CSCs
moves beyond brute-force cytotoxicity by
reprogramming cell behaviors, such as forcing
phenotypic differentiation and depolarizing stem-
ness-related networks. Compared to free drugs, stim-
uli-responsive nanomaterials possess superior time-
space controllability, tumor retention, and on-de-
mand dissociation characteristics, offering a multi-
functional platform for precisely modulating CSCs’
behaviors'**. In detail, stimuli-responsive nanomater-
ials advance beyond simple drug delivery systems by
leveraging endogenous tumor microenvironment
cues or exogenous physical fields to spatiotempo-
rally dismantle these stemness dependencies and
biomechanical barriers. Herein, this review will start
by introducing the biological characteristics of CSCs,
innovative design of the stimuli-responsive nanoma-
terials across the therapeutic paradigms, and then
systematically discuss how they gradually disrupt the
CSC niche and intracellular homeostasis of CSCs
through physical and chemical mediation, ultimately
achieving precise regulation of CSCs’ behaviors for
enhanced antitumor efficacy'.

BIOLOGICAL TRAITS OF CSCS

Biomarkers and signaling pathways. The identifica-
tion and isolation of CSCs is primarily based on the
overexpression of surface biomarkers, such as Pro-
minin-1 (CD133), cluster of differentiation 44
(CD44), epithelial cell adhesion molecule (EpCAM),
and CD24. Besides, intracellular enzymes or
transcription factors, notably aldehyde dehydro-
genase (ALDH), SRY-Box transcription factor 2
(SOX2), and octamer-binding transcription factor 4
(OCT4), are essential indicators to determine the
stem-like phenotype [Table 1]7°). These highly
expressed biomarkers not only facilitate the discrim-
ination of CSCs, but also actively participate in
maintaining stemness. For instance, CD133 is a kind
of transmembrane glycoprotein that is strongly asso-
with progression
chemoresistance' . Similarly, EpCAM (CD326) is
a type of epithelial cell adhesion molecule, whose

ciated tumor and

overexpression promotes signal transduction, prolif-
eration, and differentiation of CSCs"*. Additionally,
ALDH is an intracellular enzyme that participates in
oxidizing various aldehydes into their corresponding
carboxylic acids, exerting a crucial role in mitigating
intracellular oxidative stress levels and enhancing
therapeutic resistance!">*".

CSCs frequently hyperactivate developmental signal-
ing pathways homologous to those found in normal
stem cells, and these overactivated signaling
pathways are intricately interconnected, forming a
complex regulatory network to promote stemness
maintenance and therapeutic resistance™. Among
these, the wingless-related integration site (Wnt)
signaling cascade (including the classical Wnt signal-
ing pathway involving B-catenin and the non-clas-
sical Wnt signaling pathway unrelated to p-catenin)
has been extensively studied to interpret CSC evolu-
tion. B-catenin, as a core protein involved in signal
transduction, can form a complex with T-cell factor
/ lymphoid enhancer-binding factor (TCF/LEF) in
the nucleus to recruit cofactors to activate relevant
target genes, thus promoting self-renewal, differentia-
tion, proliferation, and inhibiting autophagy of
CSCs!**!, Meanwhile, the Wnt signaling pathway, in
conjunction with the transforming growth factor-p
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Table 1. Brief summary of CSC markers, pathways, and their roles in stemness and resistance
Category Key marker/pathway Role in stemness & resistance Ref.
cDI33 Transmembrane glycoprotein; strongly associated with tumor progression and [11-13]
chemoresistance
CD44 Hyaluronic acid receptor; involved in cell adhesion, migration, and resistance to apoptosis  [17]
Surface
markers Epithelial cell adhesion molecule; promotes signal transduction, proliferation, and
EpCAM (CD326) differentiation of CSCs (4]
CD2a GchpsyIphosphatldyI|n05|tol—anchored protein; associated with metastasis and immune (18]
evasion
ALDH Dheto><|f|e§ aldehydes, mitigating intracellular oxidative stress levels and enhancing [15,16]
Intracellular therapeutic resistance
markers - . P - _ . f f
SOX2/0CT4 Core transcription factors; maintain pluripotency and self-renewal; reprogram epigenetic [19]
landscape
. Promotes self-renewal, differentiation, proliferation, and inhibits autophagy of CSCs;
o Wnt/B-catenin crosstalk with TGF-p promotes EMT [20-22]
Signaling
pathways TGF-B Induces EMT, immune suppression, and metastasis; cooperates with Wnt and Notch [22]
Notch Regulates stem cell maintenance, differentiation, and chemoresistance [23]

CSC: Cancer stem cell; CD133: Prominin-1; CD44: cluster of differentiation 44; ALDH: aldehyde dehydrogenase; SOX2: SRY-Box transcription factor
2; OCT4: octamer-binding transcription factor 4; TGF-B: transforming growth factor; Wnt: wingless-related integration site; EMT: epithelial-

mesenchymal transition.

(TGF-B) and Notch signaling pathway, participates
in the regulation of epithelial-mesenchymal transi-
tion (EMT) and serves as a key factor in promoting
tumor progression'..

Intracellular metabolism and homeostasis. Histor-
ically, CSCs were presumed to mirror the metabolic
profile of differentiated bulk tumor cells, primarily
relying on aerobic glycolysis (Warburg effect) to
maintain energy supply. However, emerging studies
reveal CSCs exhibit metabolic plasticity). Unlike
differentiated bulk tumor cells that rigidly rely on
the Warburg effect under aerobic conditions, CSCs
exhibit profound metabolic flexibility and can obtain
energy by consuming oxygen and producing ATP
through oxidative phosphorylation (OXPHOS), thus
fully utilizing the limited nutrients in the tumor
microenvironment. Beyond glucose-based energy
metabolism, CSCs frequently upregulate lipogenesis,
cholesterol biosynthesis, and fatty acid oxidation to
meet their immense bioenergetic and mem-
brane-building demands”>**”). Furthermore, the
accumulation of lipid intermediates actively orches-
trates core stemness cascades, such as the Wnt/p-
catenin and Notch signaling pathways, thereby gov-
erning self-renewal and metastatic dissemination.

In addition to metabolic characteristics, CSCs exhib-
it unique intracellular redox homeostasis character-
ized by inherently low levels of reactive oxygen

species (ROS), achieved by the formation of a robust
antioxidant system with elevated levels of reductive
species, including glutathione and enzymes [glu-
tathione peroxidase (GPX), superoxide dismutase
(SOD), thioredoxin (TRX), etc.)**?°I. This
strengthened redox shield protects CSCs from oxida-
tive stress, thereby conferring intrinsic resistance
against ROS-based therapy (sonodynamic therapy,
photodynamic therapy, ferroptosis, etc.). Con-
currently, CSCs exhibit an abnormal “iron addic-
tion” that facilitates the excessive absorption of
external iron to sustain a labile “iron pool”;
meanwhile, CSCs reinforce the antioxidant defense
to prevent lipid peroxidation and maintain intracellu-

30,31

lar redox homeostasis”***'. Despite these characteris-
tics strengthening the survival shield of CSCs to with-
stand external stress, this extreme reliance on
metabolic and redox networks paradoxically exposes
targetable vulnerabilities of CSCs for nanotherapeu-

tic interventions".

The CSC niche. The spatial distribution of CSCs
within solid tumors is highly heterogeneous. The
majority of CSCs reside in the deep region of bulk
tumors that is distant from tumor vasculature,
which is acidic and extremely hypoxic. Only a minor
portion of CSCs localizes within perivascular niches,
exhibiting a heightened propensity for intravasation
and metastatic dissemination to distant organs'.
This highly specialized and complex microenviron-
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ment for CSCs is termed a “niche”, comprising
stromal cells, immune cells, extracellular matrix
(ECM), and cytokines. ECM enriched with collagen,
hyaluronan and polysaccharides builds up dense
physical barriers to provide mechanical support and
interact with the integrin receptor of CSCs to modu-
late the migration and adhesion of CSCs, while
cytokines secreted by other cells participate in stem-

34-37]

ness maintenance!

Paracrine signaling within this niche plays an indis-
pensable role in supporting CSCs. Stromal cells, par-
ticularly cancer-associated fibroblast cells (CAFs),
secrete transforming growth factor-p (TGE-B) to
promote the self-renewal and invasive capabilities of
CSCs, while vascular endothelial cells provide neces-
sary nutrients for CSCs’ survival by secreting vascu-
lar endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF)"**). Moreover,
tumor-associated macrophages (TAMs), dendritic
cells (DCs), and Regulatory T cells (Treg) would
secrete immune-related cytokines and chemotactic
molecules [Interleukin-10 (IL-10), C-X-C motif
chemokine ligand 12 (CXCL12), TGF-B, etc.) to facil-
itate immune evasion of CSCs"”**!. The CSC niche
represents a formidable fortress built upon rigid
ECM mechanics and corrupted stromal cellular
networks; therefore, dynamically remodeling this
microsystem emerges as a prerequisite for stripping
CSCs of their life support.

The specialized biological traits of CSCs, as summa-
rized in Figure 1, encompass their characteristic
biomarkers and signaling pathways, intracellular
metabolic and redox homeostasis, and the support-
ive CSC niche. Leveraging these features, researchers
can rationally design smart responsive nanomater-
ials that can precisely modulate CSC behaviors and
serve as the foundation for the following discussion.

STIMULI-RESPONSIVE NANOMATERIALS:
INNOVATION DESIGN

In this paradigm of modulating CSCs’ behaviors,
nanomaterials no longer merely act as the passive
drug delivery vehicles. Instead, their intrinsic physic-
ochemical properties and diverse functions can serve
as potent and active modulators for tumor regula-
tion. As illustrated in Figure 2, stimuli-responsive
nanomaterials used in cancer treatment are regulat-
ed by intrinsic chemical regulation and/or external

stimuli-driven regulation, enabling controlled thera-
peutic action.

Chemical regulation. The characteristic hallmarks of
the tumor microenvironment (TME) include weak
acidity, elevated levels of hydrogen peroxide (H,0,),
overexpressed enzymes (e.g., matrix metalloproteins,
MMPs), and hypoxia, which provide endogenous
triggers for stimuli-responsive chemical designs'*".
By integrating dynamic covalent bonds (e.g.,
disulfide bonds, boronic ester bonds) or enzyme-
cleavable peptide linkers into nano-frameworks, the
highly spatiotemporally controlled drug release pro-
cess can be achieved"?. For instance, pH-responsive
systems utilizing protonatable polymers or acid-la-
bile linkages ensure that chemotherapeutics or stem-
ness inhibitors are released selectively within the
acidic CSC niche, thereby enhancing local therapeu-
tic efficacy while avoiding systemic toxicity'*’. Fur-
thermore, pH or enzyme (MMP2) responsiveness of
nanomaterials can facilitate in situ structural
transformation from larger size to smaller size, there-
by achieving deep tumor penetration for drug deliv-

44,45)

ery and CSC elimination™**,

Beyond intelligent drug delivery functions, endoge-
nous stimuli-responsive nanomaterials, particularly
functional inorganic frameworks (e.g., Prussian blue
analogs, metal-organic frameworks, and meso-
porous silica, etc.), can interact with the TME to
manifest a series of catalytic cascades*. By interact-
ing with endogenous H,O,, the incorporation of met-
al ions (iron, cobalt, copper, etc.) and electron
transfer mechanisms of nanomaterials enable the
active recalibration of intracellular redox homeosta-
sis while remodeling the hypoxia niche. For CSCs,
which critically depend on adjusted redox balance to
maintain stemness, the nanomaterials-induced
redox turbulence can be lethal. The amplified ROS
generation in CSCs disrupts core signal transduc-
tions responsive for stemness maintenance and thera-
peutic tolerance, thereby driving CSCs out of their
protective, quiescent states and rendering them sus-
ceptible to therapeutic interventions®.

External stimuli-driven regulation. Functional design
on structure and composition endows nanomaterials
with the capabilities to respond to exogenous phys-
ical fields, such as near-infrared light (NIR), ultra-
sound (US), alternating magnetic field, or electric
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Figure 1. Schematic illustration of the specialized biological traits of CSCs. The diagram is composed of three interconnected pillars: (i)
CSC-specific biomarkers and aberrant signaling pathways (e.g., CD44, CD133, ALDH, Wnt/B-catenin, and Notch), which provide
molecular targets for active recognition and ligand-functionalized nanocarriers; (ii) intracellular metabolic reprogramming and redox
homeostasis, characterized by enhanced glycolysis, elevated glutathione levels, and upregulated antioxidant enzymes, which offer
exploitable vulnerabilities for redox responsive and metabolic-interfering nanosystems; and (iii) the CSC niche, encompassing hypoxic
gradients, extracellular matrix remodeling, and stromal crosstalk, which guide the design of microenvironment-modulating nanomaterials
(e.g., oxygen-replenishing, pH-sensitive, or matrix-modulating nanoplatforms). CSC: Cancer stem cell; CD133: Prominin-1; CD44: cluster
of differentiation 44; EpCAM: epithelial cell adhesion molecule; ALDH: aldehyde dehydrogenase; Wnt: wingless-related integration site;
TGF-B: transforming growth factor-B; TCF: T-cell factor; LEF: lymphoid enhancer-binding factor; OXPHOS: oxidative phosphorylation;
TCA: tricarboxylic acid; GPX: glutathione peroxidase; SOD: superoxide dismutase; TRX: thioredoxin; ROS: reactive oxygen species; CAF:
cancer-associated fibroblast cell; EC: endothelial cell; VEGF: vascular endothelial growth factor; bFGF: basic fibroblast growth factor; IL-10:
Interleukin-10; CXCL12: C-X-C motif chemokine ligand 12; DC: dendritic cell; TAM: tumor-associated macrophage.

field. This external stimuli-driven regulation, either
through catalytic regulation (e.g., sonodynamic ther-
apy, SDT; photodynamic therapy, PDT) or physical
interruption, allows for the dynamic remodeling of
TME and cellular behaviors, laying a robust material
foundation for multimodal synergistic therapies.
The design of NIR-responsive nanomaterials mainly
involves the incorporation of noble metals with
strong localized surface plasmon resonance (LSPR)
effects (e.g., gold nanorods/nanostars)"”, two-dimen-
sional transition metal dichalcogenides (e.g., MoS,
nanosheets)"*) or up-conversion nanoparticles
(UCNPs)!*!. Recent advancements emphasize the
deep tissue penetration of NIR-II, effectively reach-
ing the deep-seated CSC niches. The rapid hyperther-
mia directly induces tumor cell apoptosis or necrosis

via protein denaturation and ROS generation. Con-
currently, it disrupts the ECM by denaturing dense
collagen fibers and downregulating hyaluronic acid,
which significantly enhances therapeutic permea-
bility™”..

Similarly, US-mediated acoustic cavitation exerts
severe mechanical stress. This mechanical stress can
be amplified by the integration of fluo-
rocarbon-encapsulated nanodroplets”**?, which
manifests significantly enhanced mechanical disrup-
tion through acoustic droplet vaporization. Ration-
ally designed surface roughness and hydrophobicity
on these nanomaterials provide optimal nucleation
sites for microbubbles, elevating the cavitation
yield®*. At the cellular level, the violent implosion



Page 6 of 18 Zhu et al. Nanomed Ther. 2026;1:3
Chemical regulation External stimuli-driven regulation
TME \ \ @ ) External 7= »
stimuli Redox Hypoxia Enzymes stimuli us NIR Magnetic fields

|
[ |

Structure changes

Catalytic cascades

Dynamic bonds 1 @ ( i)

Peptide linkers PBs MOFs  MSNs

@—2¢

A 4
A 4
® Redox hemeostasis
® Relieve hypoxia

v
Size transformation

N
® Deep penetration
® Controlled release

[ |

Chemical effect Physical effect

VI | QE@

Sonosensitizer BTO MNPs  AuNPs
4 A 4
® Cavitation

® Regulate cytoskeleton

® Photodynamic therapy ® Hyperthermia

® Sonodynamic therapy

Vel v
® Piezoelectric effect ,?T umor mechanics

Figure 2. Schematic illustration of potential strategies by stimuli-responsive nanomaterials for modulation of CSCs. TME: Tumor
microenvironment; US: ultrasound; NIR: near-infrared light; CSC: cancer stem cell; PB: Prussian blue; MOF: metal-organic framework;
MSN: mesoporous silica nanoparticle; BTO: barium titanate; PFH: perfluorohexane; MNP: magnetic nanoparticles; AuNP: gold

nanoparticle.

of cavitation bubbles causes transient sonoporation,
increasing membrane permeability, or leads to direct
mechanical lysis. Within TME, the resulting
shockwaves physically shear the rigid ECM architec-
ture, dismantling the dense stromal barrier and dis-
rupting biomechanical supports for CSC stemness
maintenance. What’s more, piezoelectric nanomater-
ials (e.g., barium titanate, zinc oxide) have emerged
as a transformative frontier in stimuli-responsive
nanomaterials owing to their unique capability of
converting US-mediated mechanical stress into
electric signals or ROS, severely disrupting intracellu-
lar homeostasis of tumor cells”™. Besides, magnetic
nanoparticles (MNPs), with unique magnetic proper-
ties, can dynamically convert magnetic energy into
mechanical energy to regulate biological processes in
response to a magnetic field”?. MNPs conjugated
with actin-binding protein (ABP-MNs) selectively
induce F-actin depolymerization and reshape the
tumor mechanical microenvironment, unlocking
new therapeutic avenues for cancer treatment!”.

DISRUPTING ENDOGENOUS HOMEOSTASIS
TO COMPROMISE CSC STEMNESS

Redox homeostasis disruption. CSCs maintain their
robust self-renewal capacity, phenotypic plasticity,
and therapeutic resistance by establishing a highly
atypical homeostatic network characterized by a

reinforced antioxidant defense system and flexible
metabolic reprogramming. Targeting intracellular
redox homeostasis is a primary target for such inter-
ventions, as elevated antioxidant defense maintains a
significantly lower ROS level, which makes it a poten-
tial strategy for exploiting rationally designed respon-
sive nanomaterials to dismantle CSC antioxidant
shields"". For instance, researchers have integrated a
redox-responsive dimeric prodrug of docetaxel
(DTX) with the anti-CSC agent salinomycin (SAL),
creating an efficient delivery system entirely devoid
of inert carriers”™. Upon endogenous cleavage, this
nanosystem uniquely targets CSCs and interferes
with the delicate redox homeostasis that CSCs heav-
ily rely on for survival and chemoresistance. The
above strategy capitalizes on the redox vulnerability
of CSCs. Interestingly, this redox reliance is closely
intertwined with another metabolic feature of CSCs,
their avid demand for iron, which not only sustains
their proliferative and survival capacities but also ren-
ders them susceptible to ironmediated cytotoxic reac-
tions, most notably the Fenton chemistry.

CSCs exhibit strong addiction to iron and form a
labile iron pool to meet their metabolic demands,
thus making the iron-based Fenton reaction a widely
utilized nanotherapeutic for CSC treatment'*”. For

example, a nebulized nanocatalytic medicine
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(blue, DAPI) in lung regions. Scale bar: 25 pm. Reproduced with permissiont®”. Copyright 2023, American Chemical Society; (C)
Schematic illustration of the ferroptosis amplification strategy to prevent tumor recurrence and metastasis after resection surgery; (D)
Western blot analysis of the expression of SLC7A11 and GPX4 in CSCs under different treatments; (E) gPCR analysis of the expression of
stemness-related genes in CSCs after treatment. Reproduced with permissiont®. Copyright 2024, American Chemical Society. HMSN:
Hollow mesoporous silica nanoparticles; DFHC: TAM: tumor-associated macrophage; CSC: cancer stem cell; FPN: DMT: PUFA: PL: ALOX:
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(Dex@Fe-HMSNs@Ct, DFHC) was employed to
modulate TAMs and effectively trigger CSC ferropto-
sis in the early stage of lung cancer [Figure 3A]. It
has been found that DFHC-internalized TAM:s local-
ized proximal to tumor cells, thereby enabling citrate
(Ct)-mediated iron transportation to trigger CSC fer-
roptosis by disrupting iron metabolism [Figure
3B]!. Moreover, Wu et al. pointed out that high lev-
els of the Prominin2 protein and GSH enabled
breast CSCs to efflux excess iron ions and inhibit the
generation of lipoperoxidation, thus limiting the
therapeutic efficacy of ferroptosis in breast CSCs'®
Therefore, they constructed a hyaluronic acid (HA)-
modified siProminin2-loaded spindle-like FeOOH-
based nanoparticle (FeOOH/siPROM2@HA) to
increase the intracellular iron pool and deplete GSH,
thereby effectively inducing CSC ferroptosis®”. Simi-
larly, a responsive nanoplatform was developed to
integrate a gallic acid-modified FeOOH framework
with a DKK1 inhibitor, which was found to

successfully inhibit the expression of SLC7A11 and
GPX4, dismantling the restoration of the antioxidant
defense system and triggering a ROS storm in
response to H,O, for inducing CSC ferroptosis'®’!
[Figure 3C-E]. More importantly, this disruption of
intracellular redox homeostasis effectively diverted
CSCs away from their protected state and further
downregulated the expression of stemness-associat-
ed genes, underscoring its essential role in maintain-
ing CSC stemness.

Despite these promising effects, endogenous redox-
based interventions still face inherent limitations,
such as suboptimal selectivity, compensatory
antioxidant upregulation, and tumor microenviron-
mental buffering. To address these challenges and to
further augment these endogenous redox-disrupting
strategies, integrating exogenous stimuli-responsive
functionalities has emerged as a transformative fron-
tier. By incorporating NIR-responsive photothermal
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agents or US-activated sonosensitizers into
nanomedicines, researchers can exploit exogenous
physical fields to radically accelerate Fenton or
Fenton-like reaction kinetics by generating acoustic
ROS bursts!**. This synergistic activation not only
exponentially amplifies oxidative stress within CSCs
but also physically disrupts the dense stromal barri-
ers, ensuring deep therapeutic penetration and the
absolute eradication of resilient CSC niches. It is
worth mentioning that such redox disruption may
not be strictly CSC-specific, and off-target effects on
normal stem cells or proliferating tissues remain a
major concern that requires careful evaluation in
future studies.

Cellular metabolism intervention. Beyond redox
manipulation, targeting cellular respiration and
energy metabolism is an alternative pathway to regu-
late CSCs. Mitochondria act as the core energetic
hubs for CSCs. By designing nanomaterials capable
of accumulating in mitochondria, researchers can
exploit elevated mitochondrial ROS or proteotoxic
stress to profoundly impair mitochondrial function,
disrupting the electron transport chain and suppress-
ing OXPHOS, ultimately precipitating a catastrophic
energy crisis within the CSCs!*”

Breast CSCs were demonstrated to display enhanced
dependence on glutamine (Gln), which is the critical
precursor for generating NADH and FADH2 for
OXPHOS. Wang et al. developed a folic acid-mod-
ified nanodrug delivery system (named COHF) load-

ed with a Lonidamine derivative (HYL001) to inhibit
glutaminolysis and reduce intracellular ROS scav-
engers (GSH and NADPH), which consequently
blunts OXPHOS for oxygen-conserving PDT, thus
disrupting the intracellular redox equilibrium within
CSCs!””!. Recently, cuproptosis has been defined as a
novel form of cell death, which is involved with the
aggregation of lipoylated proteins and destabiliza-
tion of Fe-S cluster proteins in the tricarboxylic acid
(TCA) cycle, inducing proteotoxic stress and cell
death*®. Xiao et al. reported that CSCs could under-
go cuproptosis upon the treatment of ROS-respon-
sive CuET@PHF nanomedicine; therein, CuET
nanocrystals were stabilized with polydopamine and
hydroxyethyl starch®. They also emphasized the dis-
advantage of hypoxia in triggering mitochondrial
ROS and facilitating cuproptosis, as proteins in the
TCA cycle could usually be downregulated under
hypoxia'®!. Therefore, enzyme mimetic nanomater-
ials (CAT-like) with oxygen-producing capability
are potentially able to physically relieve hypoxia and
amplify TCA-dependent cuproptosis.

In addition to energy metabolism, other flexible
metabolic reprogramming is also a core mechanism
underlying CSC-mediated therapeutic resistance. Lv
et al. designed a CD276/CD133 dual-targeting
biomimetic nanovesicle for the synergistic co-deliv-
ery of siMTHFD2 and manganese dioxide (MnO,)
nanoparticles”’!. The smart nanovesicles targeted
drug-resistant CSCs to concurrently disrupt folate-
nucleotide metabolism (via siMTHFD2) and remod-



Zhu et al. Nanomed Ther. 2026;1:3

Page 9 of 18

el aberrant y-aminobutyric acid (GABA) metabolism
via MnO, catalysis [Figure 4A]. The disruption of
GABA metabolism in CSCs reconstructed the
immunosuppressive microenvironment and inhibit-
ed EMT, thus enhancing chemotherapy and
immunotherapy in advanced renal cell carcinoma
[Figure 4B and C].

REMODELING THE STROMAL
MICROENVIRONMENT TO DEPRIVE CSC
SUPPORT

Instead of directly targeting CSCs with cytotoxic
agents, an emerging strategy involves remodeling
this stromal niche to dismantle the extrinsic support
system, effectively starving CSCs of the survival and
self-renewal cues they require””. Recent advances in
responsive nanomaterials offer promising strategies
to remodel the tumor stromal microenvironment,
thereby disrupting the external support for CSCs.

ECM remodeling. Solid tumors often exhibit severe
desmoplasia, producing a dense and stiff ECM""?\.
This aberrant physical environment generally serves
as the biomechanical niche for protecting CSCs
from external stress"”’!. It forms an impenetrable
barrier to nanotherapeutic delivery, and its height-
ened rigidity provides a mechanical scaffold that
actively promotes stemness and multidrug
resistance. To dismantle this mechanical shield, stim-
uli-responsive nanomaterials have been innovatively
engineered to directly remodel the mechanics of the
tumor stroma, including the intelligent release of
ECM-degrading
hyaluronidase, etc.) specifically within the tumor mil-

enzymes (collagenase,
ieu”*”®). This targeted enzymatic activity “softens”
the stromal matrix, improving drug penetration
across multiple cancer models and blocking the
mechanotransductive signals (e.g., YAP/TAZ activa-
tion) that would otherwise translocate to the nucleus
and drive pro-tumorigenic gene expression in CSCs.
Beyond these biochemical strategies, physical regula-
tion provides temporally and spatially controllable
strategies to modify abnormal tumor mechanical
properties through techniques such as mild
photothermal therapy (PTT), high-intensity focused
ultrasound (HIFU), hyperbaric oxygen (HBO), radio-
therapy, and magneto-mechanical therapy”®. By
inducing collagen loosening and partial unfolding,
these physical methods reduce the stiffness of the
ECM, facilitating infiltration of nanomedicines'””.

As an example, our group has demonstrated that
US-mediated mechanical effects can directly disrupt
the dense ECM and reduce matrix stiffness [Figure
5A-D], thereby reducing tumor stiffness and
downregulating the expression of stemness-related
genes, suggesting the potential of US to remodel the
biomechanical niche that supports CSC proliferation
and stemness acquisition”*"**. Physical remodeling of
the ECM overcomes the desmoplastic barrier in sol-
id tumors. These modulation approaches
successfully disrupted ECM integrity, enhancing
therapeutic drug penetration and reducing CSC pop-
ulations. Excessive or uncontrolled ECM degrada-
tion may release matrix-sequestered growth factors
(TGF-p and VEGF), which may instead promote
tumor cell migration and intravasation. Besides, the
proteolytic remodeling of ECM architecture can cre-
ate physical corridors that facilitate CSC dissemina-
tion and metastatic outgrowth. Therefore, by
integrating these strategies with spatiotemporally
controlled nanomaterial systems that allow localized
and on-demand ECM degradation, the risk of sys-
temic dissemination may be mitigated.

Reversal of hypoxia and vascular normalization.
Hypoxia represents a critical sanctuary that sustains
CSCs’ stemness, primarily through the constitutive
activation of hypoxia-inducible factor 1-alpha
(HIF-1a), which directly upregulates a panel of
pluripotency-associated genes”®”. To alleviate this
hypoxic niche, oxygen-generating nanomaterials,
such as fluorocarbon-based oxygen carriers®*" or
catalytically active manganese dioxide (MnO,)"*,
have shown much promise. By remodeling the local
oxygen gradient and alleviating tumor hypoxia,
these responsive nanosystems effectively downregu-
late HIF-1a expression. This action not only directly
erodes the protective external niche of CSCs but also
sensitizes them to conventional therapies. For
instance, Yu et al. developed a tumor hypoxia-target-
ing nanomedicine to improve the treatment of
hypoxic cancer cells and CSCs'®. They found that
the nanomedicine could downregulate HIF-1a
expression and exhibit excellent synergistic effects
with paclitaxel and carboplatin, yielding ideal thera-
peutic outcomes'™’,

As mentioned above, CSCs mainly reside in the cen-
tral regions of tumor tissues that is far from tumor
vasculatures, rendering them typically inaccessible
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due to the limited tumor-penetrating capability of
nanomedicines®. This spatial barrier poses a partic-
ular challenge for eliminating CSCs located distantly
from blood vessels. To address this issue, researchers
designed a tumor-penetrating peptide (tLyP-1)
conjugated ZIF-90 nanoplatform, enabling it to pene-
trate deeply into tumor tissues and eradicate both
differentiated and CSCs
simultaneously"™. Beyond direct penetration strate-

cancer cells
gies, normalizing the tumor vasculature represents a
complementary approach to enhance nanocarrier
accumulation and intratumoral penetration, thereby
enabling more potent eradication of CSCs. For exam-
ple, Zhao et al. developed a pair of small-sized
nanoparticles, sunitinib-loaded ROS-responsive
micelles (RM@St) and salinomycin-loaded GSH-re-
sponsive micelles (GM@SAL)"™!. RM@St signif-
icantly extends the window of vessel normalization
and enhances vessel integrity, improving the intra-
tumoral delivery of these nanomedicines to deep-

ly-residing CSCs, thus enhancing antitumor
efficiency™.

However, it is worth noting that vascular normaliza-
tion may paradoxically increase the risk of facilitat-
ing CSC dissemination by enhancing tumor perfu-
sion and facilitating the formation of a pre-metastat-
ic niche. Therefore, it remains an open question
whether responsive nanomaterials can effectively
overcome these challenges by enabling more
precisely timed and localized vascular modulation,
reinforcing the promise of this strategy for CSC treat-
ment.

Disruption of crosstalk between stromal cells and
immune cells. CSCs actively co-opt surrounding
stromal cells to establish a self-sustaining malignant
circuit'®**”l. Through the secretion of diverse
cytokines, they form reciprocal, tumor-supportive
loops with CAFs and TAMs. These loops provide a
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constant paracrine supply of trophic factors, includ-
ing interleukin-6 (IL-6) and TGF-g, which are essen-
tial for CSC maintenance'®. Among all stromal cells,
CAFs are the most abundant and play a critical role
in shaping TME"™!. They not only remodel the ECM,
forming a unique pathological barrier in fibrotic
tumors that impedes drug delivery, but also actively
interact with both immune cells and cancer cells,
thereby promoting immunosuppression and CSC-
-mediated drug resistance*’. In order to break this
protective network, emerging nanoplatforms have
been designed to target CAFs as a first-line of thera-
peutic intervention. Nevertheless, direct depletion of
CAFs may paradoxically increase cancer aggressive-
ness and metastatic risk. To conquer this challenge,
recent studies have developed CAFs-targeted
that
reprogramming with epigenetic regulation of secret-

nanoparticles combine metabolic
ed factors that promote stemness and immunosup-
pression. This strategy reduces CSCs and suppressor
immune cell populations, thus enhancing drug sensi-

tivity and facilitating cytotoxic T cell infiltration".

TAMs represent another key component of the
stromal niche®. Among tumor-infiltrating immune
cells, TAMs are generally the most abundant and
have gained increasing attention due to their essen-
tial role in initiating adaptive and innate immunity,
as well as their functions in pathogen defense and
tumor regulation””. In parallel, responsive nanoma-
terials have been engineered to address this immune
compartment, particularly through the targeted
reprogramming of TAMs"*>**. For instance, Pan et
al. developed an engineered hollow manganese
dioxide (hMnO,@gCMs) that generated oxygen in
response to endogenous H,O,, consequently shifting
TAM polarization from M2 to M1-type for potent
antitumor immunity and the successful elimination
of CSCs [Figure 5E-G]"**). This targeted TAM
reprogramming strategy fundamentally hijacked the
paracrine nutritional lines originating from the
immune niche, thereby depriving CSCs of extrinsic
survival signals®**. By alleviating immunosuppres-
sion and disrupting CSCs’ supportive crosstalk, such
combination approaches also enhance T cell infiltra-
tion and activation within the tumor bed, leading to
more durable antitumor responses!®”**!. Further-
more, reducing CSC fractions via niche remodeling
sensitizes CSCs to immune checkpoint blockade,
addressing a major hurdle in current immunothera-

py.

Collectively, stripping essential environmental sup-
port from CSCs by rationally engineered stimuli-re-
sponsive nanomaterials represents a promising strat-
egy to overcome therapy resistance and prevent
tumor relapse. ECM remodeling and vascular
normalization may pose the risk of facilitating CSC
dissemination. By contrast, integrating immunomod-
ulatory functions into these nanoplatforms may
offer a complementary solution, as activated
immune cells can actively eliminate residual CSCs
and counteract metastatic spread. Future efforts
should therefore focus on combining these modali-
ties and leveraging stromal heterogeneity to improve
nanomaterial predictability and therapeutic out-
comes against CSCs.

DIRECTING CSCS’ FATE VIA NANOMATERIAL
INTERVENTION

Differentiation induction. Modulating intracellular
homeostasis and remodeling the extracellular niche
with stimuli-responsive nanomaterials are promis-
ing strategies in regulating CSCs’ behaviors (plastic-
ity and multidrug resistance), showing significantly
optimized anti-CSC and antitumor efficacy. More-
over, rationally designed stimuli-responsive nanoma-
terials have also emerged as sophisticated “fate
programmers” by directly dictating CSC trajectories
through forced differentiation, EMT reversal, and
the epigenetic silencing of the core stemness
network.

A commonly used paradigm in CSC regulation is
nanomaterial-driven cell differentiation. By spa-
tiotemporally delivering differentiation-inducing
agents (e.g., all-trans retinoic acid, ATRA), stim-
uli-responsive nanomaterials can transform highly
tumorigenic CSCs into a mature, differentiated, and
non-stem phenotype with decreased stemness level
and therapeutic tolerance*'*!. For instance, a kind
of double-layered hollow mesoporous cuprous oxide
nanoparticles was developed to facilitate the sequen-
tial release of ATRA and camptothecin (CPT) within
CSC niches, wherein the first release of ATRA from
the outer layer induces CSC differentiation towards
non-CSCs with lower chemoresistance, and then the
second release of CPT from the inner layer of NPs
causes cell apoptosis. Besides, the third release of
Cu’ can trigger the Fenton-like reaction and glu-
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tathione depletion, resulting in ferroptosis of non-
CSCs!"**l. Such drug nanocarriers successfully
achieve sequential drug release in response to pH
changes, thereby diminishing CSC multidrug
resistance and enhancing chemotherapy.

Epithelial-mesenchymal transition. Except for differ-
entiation, reversing EMT represents a pivotal strat-
egy to halt CSC-driven metastasis and recurrence, as
EMT fundamentally drives the phenotypic plasticity,
metastatic dissemination, and multidrug resistance
of CSCs. It has been demonstrated that DOX increas-
es the risk of metastasis; thus, mesoporous silica
nanoparticles co-loaded with 3,3'-diindolylmethane
(DIM) and DOX with exosomes as outer layers (e-
DDMSNP) were synthesized"*”. The co-delivery of
DIM successfully diminishes DOX-induced EMT
progression at a significantly low dose and reduces
CSC populations. Remarkably, fate manipulation
does not strictly rely on pharmacological payloads.
A hyperthermia-mediated strategy has been report-
ed to modulate CSCs. Researchers found that target-
ing CD146 (EMT inducer) with black phosphorus
nanosheets (BPNSs) and mild photothermal treat-
ment was demonstrated to reverse EMT, leading to a
complete stoppage of cancer cell migration [Figure
6A and B]"”l. Moreover, researchers also designed
CD44-modified MoS, nanosheets to precisely target
CSCs and photothermally attenuate stemness by
inhibiting CD44-EMT signaling pathways, thereby
reversing the EMT process and converting mes-
enchymal (stem-like) cancer cells to an epithelial

(less stem-like) phenotype, holding great promise in

104]

addressing CSC stemness-associated challenges!

Although nanomaterials are promising in directing
CSCs’ differentiating behaviors, the profound hetero-
geneity of CSCs across patients and tumor types
severely hinders clinical translation and complicates
the nanoplatform design. Rather than a one-
-size-fits-all approach, future designs may adopt
patient-adaptable strategies guided by biomarker
profiling, thereby offering a better path to balance
broad utility with therapeutic efficacy.

CONCLUDING REMARKS AND OUTLOOK

In summary, the precise regulation of CSCs remains
one of the most formidable challenges for cancer
treatment owing to their phenotypic plasticity,
intrinsic metabolic adaptability and unique protec-
tive niches. This review highlights the transforma-
tive potentials of stimuli-responsive nanomaterials
in overcoming these bottlenecks. By harnessing
endogenous microenvironmental cues alongside
fields, these
nanoplatforms may achieve spatiotemporally precise

exogenous physical smart
intervention. These engineered nanoplatforms can
actively remodel the CSC niche and disrupt intra-
cellular homeostasis, collectively shifting the thera-
peutic paradigm from merely eliminating tumor
cells to systematically dismantling the foundational

CSC life-support network.

Despite remarkable advances in designing stimuli-re-
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sponsive nanomaterials for regulating CSCs, several
critical aspects lack deeper exploration. In parallel
with therapeutic efficacy, establishing precise
biosafety thresholds for intense physical and bio-
chemical stimuli, including hyperthermia, ROS
production, and mechanical effects, is critical for rig-
orous clinical application. For instance, hyperther-
mia or uncontrolled ECM degradation can activate
compensatory heat shock proteins or inadvertently
open physical vascular escape routes, thereby acceler-
ating tumor intravasation. Therefore, future nanoma-
terial designs must focus on spatiotemporally
refined modulation and define therapeutic thresh-
olds to prevent treatment-induced metastatic dissem-
ination.

A paramount challenge in evaluating CSC-targeted
therapies lies in tracking their dynamic systemic
behaviors in vivo, particularly given their profound
propensity for metastasis. As CSCs exhibit plasticity
and undergo dynamic differentiation or EMT pro-
cesses, and the extremely rare population makes
monitoring their real-time differentiation trajecto-
ries and systemic dissemination a major bottleneck
for current clinical non-invasive imaging modalities,
including magnetic resonance imaging (MRI) or
computed tomography (CT). To address this issue,
functionalized stimuli-responsive nanomaterials,
such as AuNPs, IONPs, or silica NPs conjugated
with CSCs-specific aptamers or antibodies (e.g.,
CDa44, CD133, ALDH), offer a promising avenue to
isolate and enrich CSCs"”!. Furthermore, developing
stimuli-responsive nanoprobes equipped with NIR
fluorescent reporters could enable the ultra-sensi-
tive, real-time monitoring of CSC phenotypic transi-
tions during circulation or treatment"*. Pioneering
these in vivo tracking and dynamic capture nano sys-
tems is imperative not only for unraveling the
complex temporal and spatial cascade of CSC
metastasis but also for clinically intercepting sys-
temic dissemination before secondary metastatic
niches are established.

Currently, conventional preclinical models are
basically standard two-dimensional (2D) cell cul-
tures or simple 3D spheroids, which lack the
complex ECM architecture, immune infiltration,
and diverse cell types that are the key characteristics
of the native tumor microenvironment. Thus, evalu-
ating the distribution and therapeutic efficacy of
designed nanomaterials in these oversimplified mod-

els often yields results that fail to translate to clinical
treatment. To bridge this translational gap, future
evaluations can integrate with advanced systems, par-
ticularly tumor organoids"°”'**! or microfluidic
“tumor on chip” platforms!®). These biomimetic
evaluation platforms highly preserve the functionali-
ties and complexity of tumors, offering more reliabil-
ity for assessing the regulatory effect of nanomater-
ials on CSC populations and their surrounding nich-
es. Furthermore, by utilizing these platforms, exca-
vating and intercepting the intercellular communica-
tion networks (CAFs, TAMs, etc.), and more
importantly, engineering “network-disrupting” nano-
materials to regulate the “supporting cells” within
niches for enhanced modalities in refractory cancer
treatment*”. Beyond biochemical signaling, biome-
chanical cues characterized by elevated solid stress,
high interstitial fluid pressure, and ECM stiffness
also serve as the fundamental driver of CSC survival
and stemness maintenance. However, current
research mainly focuses on disrupting ECM integrity
for better penetration and more thorough CSC elim-
ination; the underlying signaling and mechanisms
between the biomechanical microenvironment and
the multi-drug resistance, metastasis, and stemness
traits of CSCs are worthy of further exploration.

Ultimately, while designing multifunctional, stim-
uli-responsive nanomaterials is theoretically promis-
ing, all preclinical strategies must confront the
demands of clinical translation. At present, the vast
majority of novel stimuli-responsive nanomaterials
remain in the in vitro and in vivo animal testing
stage. Major gaps between preclinical research and
clinical trials of CSC-targeted nanotechnologies
mostly lie in the long-term biosafety of nanomater-
ials and the dynamic heterogeneity of CSC markers
in human patients. Therefore, future clinical
breakthroughs will likely emerge from simpler, high-
ly biocompatible nanomaterials with potent CSC-
specific inhibitors screened and validated by patient-
derived tumor organoids. By utilizing the organoid
platform as a personalized screening gateway, these
nanomedicines matched to individual patient
biomarker profiles can finally translate responsive
nanotherapeutics from the benchtop to the bedside.
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