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Abstract: The tumor microenvironment constitutes the external condition that supports the survival and development of tumor cells.
It promotes tumor cell proliferation and survival by secreting various cytokines and the provision of nutritional support, thereby
driving tumor advancement. However, its structural density and complex composition pose significant barriers to drug delivery and
therapeutic intervention, necessitating the development of advanced techniques for effective penetration. In recent years, nanotechnol-
ogy, characterized by its distinctive physicochemical properties and excellent targeting and regulatory capabilities, has shown
tremendous potential in overcoming the tumor microenvironment barriers, garnering significant research interest. This paper system-
atically summarizes the formation mechanisms of various TME subtypes, including immunosuppressive, metabolic, acidic, hypoxic,
stromal, mechanical, microbial, inflammatory, and neural TME. It analyzes the principal challenges faced by nanomaterials in
regulating these microenvironments, focuses on research strategies and application prospects of nanomaterials across different subtype
microenvironments, and proposes novel directions for future investigation. The objective is to facilitate breakthroughs in the
translational application of nanomaterials from mechanistic innovation to clinical practice.
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Introduction

Tumor microenvironment (TME)'- refers to the surrounding environment of tumor cells, which is primarily composed of
tumor cells, immune cells, neovasculature, diverse stromal cells, and a range of cytokines. It is distinguished by elevated
density, reduced permeability, hypoxia, and acidity. Tumor cells remodel external conditions through various mechanisms
to evade immune surveillance or enhance immune suppression, thereby creating favorable conditions for tumor
proliferation and survival. Consequently, the complexity and density of TME present a substantial obstacle to effective
pharmacological intervention.

Nanomaterials,® > representing an emerging frontier technology, are defined as molecular materials with dimensions
ranging from 1 to 100 nanometers. Their inherent physicochemical properties enable them to effectively penetrate the
TME barrier. Nanomaterials, constructed according to different strategies, such as inorganic/metallic nanoparticles,
lipids, polymer micelles, and protein-based carriers, have the potential to assist in the diagnosis, treatment, and
modulation of TME in tumors.

From the standpoint of composition and function, the TME can be categorized into several aspects, including
immunosuppressive, metabolism, acidity, hypoxia, stroma, mechanics, microbiota, inflammation, and neural TME.

https://doi.org/10.2147/1IN.S573490 International Journal of Nanomedicine 2026:21 573490 |
Received: 11 October 2025 © 2026 Xie et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 25 February 2026 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Published: 10 March 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Xie et al

Among them, the immunosuppressive microenvironment,”’ as one of the most prevalent types, is characterized by an
abundance of regulatory T cells (Tregs), inhibitory stromal cells, and immunosuppressive factors such as interleukin-10
(IL-10), which collectively induce changes in the phenotype and function of immune cells and promote the formation of
immunosuppressive cell lineages. The metabolic microenvironment,®? through the accumulation of abnormal metabolic
products, suppresses T cell function and downregulates the expression of inhibitory receptors such as programmed cell
death protein 1 and cytotoxic T-lymphocyte-associated protein 4. There is a close interrelationship among the metabolic,
acidic, and hypoxic microenvironments. The acidic microenvironment'® is associated with metabolic dysregulation and
abnormal angiogenesis, further enhancing the immune-suppressive functions of Tregs and Myeloid-Derived Suppressor
Cells (MDSCs). The hypoxic microenvironment'' originates from the elevated metabolic demands of tumor cells
combined with increased interstitial pressure, which impedes effective oxygen delivery. The principal regulatory factor,
Hypoxia-Inducible Factor (HIF), facilitates tumor angiogenesis and immune evasion. The stromal microenvironment'?'?
mainly includes various stromal cells and related fibrous components, which participate in regulating tumor cell

14,15

adhesion, migration, and signal transduction. The mechanical microenvironment involves the physical properties

within tumor tissues, including tissue stiffness, mechanical stress, and interstitial pressure, with related signaling path-

16,17

ways affecting tumor cell proliferation and migration. The microbiota microenvironment regulates tumor progression

and immune response through interactions between the microbiome and tumor cells. Inflammatory mediators within the

inflammatory microenvironment'®'?

participate in cascade reactions that promote immune suppression and stromal
remodeling. Lastly, the neural TME®® supports angiogenesis and tumor metastasis while exerting a regulatory role in
immune exhaustion and escape. The submicroenvironments described above are closely interconnected in
a multidimensional and dynamic manner, which has a certain impact on tumor progression. Existing nanomaterials,
with their inherent programmability, responsiveness, physical and chemical properties, as well as excellent permeability,
are capable of selectively targeting the differences in these microenvironments to influence interaction mechanisms,
intervene at multiple points, weaken the barrier synergistic effect, and bring the microenvironment back to a controllable
state, thus laying the foundation for subsequent treatments.

Unlike previous reviews, this paper explores the mechanisms of action of nanomaterials on various subtypes of the
TME and therapeutic approaches. It primarily discusses synergistic therapeutic strategies such as phototherapy, sonother-
apy, and magnetotherapy, novel research concepts like cuproptosis and ferroptosis, and aspects like mitochondrial
targeting, enzyme regulation, and gene editing, to clucidate effective research materials. The paper also highlights
challenges such as the single-action nature, mass production of materials, and tumor heterogeneity. It aims to furnish
researchers and clinicians in related fields with strategies for the application of nanomaterials in tumor treatment.
Furthermore, the article offers potential future research directions to facilitate clinical translation, thereby contributing
novel therapeutic opportunities and hope for patients (Figure 1).

Immunosuppressive Tumor Microenvironment

The immunosuppressive TME is one of the key mechanisms by which tumors escape immune surveillance. It is
composed of various immune-suppressive cells, stromal components, and interactions with tumor cells themselves,*'
collectively establishing a complex immunosuppressive network. These cells secrete immunosuppressive cytokines that
regulate the functions of CD8+ T cells and natural killer (NK) cells.”> Among these, the cyclic GMP-AMP synthase-
stimulator of interferon genes (cGAS-STING) pathway> and the remodeling of the immune microenvironment are
critical strategies for enhancing anti-tumor responses. These pathways are critically involved in multiple cancers and
represent pivotal targets in current tumor therapies.

Synergistic Effects of Nanomaterials with Multimodal Therapies
The combination of nanomaterials with various tumor treatment methods has become a significant research direction in

this field, including photothermal therapy (PTT), sonodynamic therapy (SDT), radiotherapy (RT), chemotherapy,

24-36

immunotherapy, and targeted therapy (see Additional Table 1). With in phototherapy, Near-Infrared Regions

(NIR) I and NIR II are distinct spectral regions. NIR I light is cost-effective and widely used in early research, whereas
NIR 1II light has superior tissue penetration depth, which is crucial for treating deep-seated tumors. Although the majority
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Figure | Currently, nanomaterials, due to their multifunctionality, have become an effective strategy for modulating various types of TME. These strategies not only involve
precise modulation of the TME through mechanisms such as multimodal combination therapies, but also include the direct induction of tumor cell death using techniques
such as cuproptosis, ferroptosis, and gene silencing. This figure was created by Adobe illustrator and Biorender (https://app.biorender.com/).

Abbreviations: cGAS-STING, cyclic GMP-AMP synthase pathway; IDOI, indoleamine 2,3-dioxygenase .

of nanomaterials focus on lasers and fluorescence, other light sources, such as organic light-emitting diodes, quantum dot
light sources, and supercontinuum light sources, due to their tunable spectral properties and potential clinical applica-
tions, should be considered in nanomaterial design. The selection of an appropriate light source should comprehensively
consider factors such as tumor anatomical location, depth, volume, and treatment goals to achieve precise and
personalized treatment.

Phototherapy utilizes light energy to activate immune responses, while radiofrequency (RF) ablates tumors through
electromagnetic waves. Low-intensity radiofrequency uses nanomaterials®’ to produce reduced energy output compared

to traditional RF, minimizing thermal damage to surrounding tissues, providing a gentler new strategy for tumor
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treatment. Future studies may focus on other modalities, such as pulsed radiofrequency or combining RF with magnetic
therapy and microwaves for multi-physical field synergy, which could expand the application dimensions and treatment
precision of RF therapy. Similarly, microwaves also use electromagnetic waves through the microwave thermal effect for
tumor ablation. Nanomaterials based on microwave thermal effects*® demonstrate enhanced capabilities for deep tissue
heating and accelerated thermal response compared to traditional PTT, which also avoids the accumulation issues
associated with photosensitizers. During the treatment process, real-time imaging and monitoring are crucial for
evaluating therapeutic efficacy and guiding precise intervention.

Common imaging methods include fluorescence imaging (FLI), photoacoustic imaging (PAI), and photothermal
imaging (PTI). FLI reflects molecular activity and, when combined with NIR II, enables the monitoring of drug
distribution and cellular metabolism,*® which is crucial for the precise evaluation of drug efficacy and optimization of
treatment plans. PAI provides high spatial resolution and deep tumor information,*® helping to better understand tumor
morphology, dimensions, and boundaries. PTI measures temperature changes and monitors photothermal effects in real-
time,*' ensuring accurate temperature control during treatment and preventing excessive thermal damage. FLI-PAI-PTI
tri-modal imaging is one of the most advanced imaging methods. Guided by this multimodal imaging, nanomaterials**
are capable of providing real-time, multi-dimensional, and comprehensive imaging information. Researchers may
consider this strategy when technical and cost conditions permit, to further improve the precision and efficacy of
tumor therapy.

. . 43,44
Exosomes are small vesicles secreted by various cells,**

which have excellent drug delivery and tumor-targeting
capabilities. When combined with multimodal imaging, exosomes facilitate precise tumor treatment.*> They can also be
applied in other TME or drug delivery nanomaterials, with broad application prospects after being combined with
multimodal therapy.

The cavitation effect*® is an important mechanism in SDT. Under the action of ultrasound, bubbles in liquids undergo
vibration, growth, shrinkage, and rupture, generating mechanical stress, localized elevated temperatures, and free radicals
that induce tumor cell death. Nanomaterials utilizing the cavitation effect'’ not only have excellent energy transfer
capabilities but also efficiently generate reactive oxygen species (ROS), enhance tumor vascular permeability, and
minimize tissue fibrosis and hardening, avoiding the exacerbation of the microenvironment. A similar effect, termed
photocavitation, relies on photosensitizers to chemically generate bubbles, aiding drug delivery. However, this area
remains in early stages, and its mechanisms are yet to be fully elucidated. Therefore, the synergy of cavitation effects
with other therapies can produce strong anti-tumor immune responses, making related nanomaterials promising for tumor
treatment.

Cyclic GMP-AMP Synthase-Stimulator of Interferon Genes Pathway

The cGAS-STING pathway activates the cGAS enzyme to recognize cytoplasmic DNA, subsequently catalyzing the
synthesis of the second messenger cyclic GMP-AMP. It activates the STING protein and induces robust induction of type
I interferons (IFN-I) through the downstream TANK-binding kinase 1 - Interferon Regulatory Factor 3 signaling axis,
promoting dendritic cell (DC) maturation and the activation of cytotoxic T lymphocytes (CTLs). Nanomaterials based on
this pathway enhance CD8+ T cell activity and inhibit tumor cell proliferation by targeting the delivery of cGAS-STING
agonists (such as cyclic dinucleotide analogs), encapsulating DNA-damaging drugs, or carrying cytoplasmic DNA
release inducers.*®*>® The materials described above primarily utilize double-stranded DNA, such as mitochondrial
DNA (mtDNA) leakage or DNA damage, while metal ions enhance the ability of cGAS to recognize DNA, thereby
synergistically activating the cGAS-STING signaling pathway.

Nonetheless, differences are observed in the composition, mechanisms of synergistic stimulation, and the timing
control of administration. For instance, OSA@CMCS Gel* serves as a localized implantable hydrogel delivering
cisplatin and the demethylating agent DAC in combination with MnCl,. DAC mediates the demethylation that
upregulates Gasdermin E expression, triggering pyroptosis in tumor cells and subsequently releasing damage-
associated molecular patterns (DAMPs). This process diminishes the proportion of Tregs and promotes the formation
of central memory T cells and effector memory T cells. The hydrogel enables localized and sustained drug release,
thereby mitigating systemic toxicity, with a degradation period of approximately 15 days in the post-operative tumor
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cavity. It demonstrates favorable biocompatibility and potential anti-tumor metastatic properties. However, the assess-
ment of circulation, maximum tolerated dose (MTD), and long-term safety remains to be thoroughly evaluated.

Furthermore, Cu-ZnO,@PDA® exhibits selective release of Cu®" and Zn®" along with Hydrogen Peroxide (H,O,)
under acidic conditions, inducing cuproptosis and resulting in mitochondrial damage, which in turn releases mtDNA. Zn?
" cooperatively activates the cGAS-STING pathway with mtDNA, leading to a significant amplification of the immune
cascade following treatment with 808 nm PTT. In vivo safety evaluations indicated an MTD of > 50 mg/kg, evidencing
its excellent biocompatibility. However, this study has not yet provided comprehensive pharmacokinetic parameters, such
as plasma elimination half-life and dose-response curves. Therefore, further detailed toxicokinetic and pharmacokinetic
studies are required in alignment with preclinical research guidelines to support subsequent preclinical investigations.

Similar to the cGAS-STING pathway, the Programmed Death-1/Programmed Death-Ligand 1 (PD1/PD-L1) pathway
also regulates T cell-mediated anti-tumor immune responses, but it primarily relies on the blockage of inhibitory signals
to restore T cell anti-tumor effects.’’ %> Although both JS-201%? and aPD-1-siRNA@NP>® stimulate immune responses
by inhibiting the PD-1 pathway, the former alleviates immune suppression through combination with TGF-f neutraliza-
tion, while the latter modulates the microenvironment more precisely via MDK-siRNA, suggesting that a combination of
classical targets with emerging delivery systems holds significant potential for application. Meanwhile, nano-drugs
targeting PD-L1, such as SPS-NPs,*® CPPD1,*' CXNP-CeBM,”’” and PML@Len,*® intervene in the PD-1/PD-L1 axis
through direct blockade, lysosomal degradation, or occupancy shielding, thus providing diverse approaches for immune
therapy. In the future, the combination of nanomaterials targeting the PD-1/PD-L1 axis with advanced technologies like
CRISPR-dCas9 presents a compelling avenue for development, although careful consideration must be given to
minimizing biotoxicity and enhancing delivery specificity.

The excessive activation of other pathways, such as the Nuclear Factor k-light-chain-enhancer of activated B cells
(NF-xB) and Signal Transducer and Activator of Transcription 3 (STAT3) pathways, often mediates the formation of an
immunosuppressive microenvironment. In response, one researcher has developed a nanoparticle-based DNAzyme™
designed to selectively degrade miR-19a in the miR-19a-PTEN-STAT3 immunosuppressive loop. This degradation
alleviates the post-transcriptional suppression of PTEN by miR-19a, restores PTEN protein levels, and subsequently
inhibits STAT3 phosphorylation. As a result, this intervention reverses the immunosuppressive microenvironment,
enabling T cells and NK cells to recover their cytotoxic function. Similarly, another researcher employed the proteasome
inhibitor Bortezomib to prevent the degradation of IkBa, thereby inhibiting the nuclear translocation of NF-kB.%* This
approach reduces the expression of downstream pro-inflammatory factors, including IL-6, thereby mitigating the
inflammatory and immunosuppressive state of the TME and enhancing the efficacy of immunotherapy. However, there
remains a limited number of nanoparticle-based materials that utilize these two mechanisms.

Another pathway that induces IFN production is the Retinoic acid-inducible Gene I (RIG-I) pathway, which has
garnered increasing research interest. This pathway activates the RIG-I receptor upon recognizing double-stranded RNA,
initiating a Mitochondrial Antiviral Signaling Protein-mediated signaling cascade that induces IFN-I production and
promotes immunogenic cell death (ICD). Phung® used antisense oligonucleotides (ASOs) of Kirsten Rat Sarcoma Viral
Oncogene Homolog (KRAS) in combination with RIG-I agonists to simultaneously suppress mutated KRAS expression
and activate RIG-I, significantly enhancing anti-tumor immunity and directly inducing tumor cell apoptosis. Although the
downstream effector molecules and dynamic regulatory networks of the RIG-I pathway remain incompletely elucidated,
the combination of RIG-I agonists with novel delivery systems, such as nanovesicles, hydrogels, and engineered bacteria,
may offer new directions for tumor immunotherapy.

Despite the relatively mature clinical translation of PD-1/PD-L1, the cGAS-STING pathway, which has emerged as
a star player in innate immunity over the past decade, still presents significant opportunities for exploration. While
classical pathways such as NF-kB, STAT3, and RIG-I are relatively well-understood at the molecular level, their
spatiotemporal regulation within the TME and their synergistic effects with nanomaterials have yet to be fully
investigated. These pathways continue to offer promising opportunities for integration with the aforementioned materials
and technological platforms. The integration of immune modulation with hypoxia or acidity targeting has become

a prevalent method for TME-responsive nanocarriers. Compared to single-function nanoplatforms, this combined

International Journal of Nanomedicine 2026:21 https: 5



Xie et al

approach demonstrates clearer clinical translation potential in enhancing drug delivery, overcoming immune suppression,
and promoting systemic anti-tumor immunity (Figure 2).

Multitargeted Strategy for Immune Microenvironment Remodeling
Reshaping the immune microenvironment represents a critical therapeutic strategy for reversing immune suppression.®>
"I Currently, nanomaterials exhibit a broad range of regulatory potential in this field, mainly by promoting the

repolarization of M2 tumor-promoting macrophages to the M1 anti-tumor phenotype,>'-47-38:60:72-77

transforming N2
immune-suppressive neutrophils into the N1 phenotype,”® degrading extracellular matrix (ECM)” to improve tumor
tissue permeability, and inhibiting epithelial-mesenchymal transition (EMT)® to promote T cell infiltration, thereby
enhancing anti-tumor immune responses. While the study of macrophage polarization is relatively mature, the polariza-
tion mechanism of N2 neutrophils requires further exploration, and the signaling pathways and metabolic regulation

associated with them are not yet clear. These cells play a complex role in establishing the inflammatory
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Figure 2 In the immunosuppressive TME, various therapeutic strategies can modulate immune regulatory mechanisms, such as nanotechnology-based delivery systems,
exosome-based drug delivery, chemotherapy, targeted therapy, phototherapy, and sonotherapy. These interventions help diminish the invasiveness of tumor cells, induce
polarization of macrophages and neutrophils, promote the phenotypic transformation of TAMs, inhibit EMT, and reduce tumor angiogenesis, thereby suppressing tumor
invasion and metastasis. Additionally, DNA derived from bacteria, viruses, mitochondria, and genomes can activate the cGAS-STING signaling pathway, while double-
stranded RNA triggers the secretion of IFN and other pro-inflammatory cytokines via the RIG-| pathway, thereby promoting DC maturation and enhancing the tumor-
targeted killing effect of CD8" T cells and CD4" T cells. Furthermore, copper and iron ions can induce tumor cell death through the Fenton reaction, with glutamine
metabolism plays a regulatory role in copper-induced and iron-induced cell death. This figure was created by Biorender (https://app.biorender.com/).

Abbreviations: cGAS, cyclic GMP-AMP Synthase; STING, Stimulator of Interferon Genes; IRF3, Interferon Regulatory Factor 3; IkB, Inhibitor of Nuclear Factor k-light-
chain-enhancer of Activated B Cells; NF-kB, Nuclear Factor k-light-chain-enhancer of Activated B Cells; IFN, Interferon; dsRNA, double-stranded RNA; RIG-I, Retinoic
Acid-Inducible Gene I; MAVS, Mitochondrial Antiviral Signaling Protein; TBK I, TANK-binding Kinase I; IKK, IkB Kinase; CTR, Copper Transporter; SLC3|Al, Solute Carrier
Family 31 Member |; DLAT, Dihydrolipoamide S-Acetyltransferase; ROS, Reactive Oxygen Species; Glu, Glutamate; y-GC, y-Glutamylcysteine; GSH, Glutathione; GPX4,
Glutathione Peroxidase 4; GSSG, Oxidized Glutathione; TfR, Transferrin Receptor.
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microenvironment and immune suppression. Targeted regulation strategies are still in the exploratory stage, and in-depth
research is urgently needed from the perspectives of microenvironment interactions and molecular mechanisms.

Other Emerging Therapeutic Strategies

Cuproptosis and ferroptosis, along with mitochondrial-targeted cell death mechanisms, are gradually becoming effective
strategies for inducing tumor cell death.**-***!"#> Cuproptosis involves the abnormal aggregation and stress of mitochon-
drial respiration-related proteins triggered by copper ions, while ferroptosis is driven by iron-dependent lipid peroxida-
tion. In comparison, arsenic and vanadium-related nanomaterials®® exhibit distinct mechanisms and cutting-edge value.
Arsenic compounds efficiently induce apoptosis, whereas vanadium promotes ferroptosis by promoting lipid peroxida-
tion. Their synergistic effects can simultaneously activate both apoptosis and ferroptosis pathways. Despite their
promising potential, these agents exhibit certain systemic toxicity, and long-term use may lead to liver and kidney
damage, as well as neurotoxicity. Therefore, careful design of dosing regimens and dose control strategies is required for
safe clinical application within the therapeutic window.

The FasL-Fas pathway, a classical exogenous apoptosis pathway, has also been applied in nanomaterials to enhance
anti-tumor effects.®” However, it is limited by instability and non-specificity in inducing apoptosis, susceptibility to
interference from multiple factors in the TME, and faces challenges such as unstable activation and off-target effects.
Luo® designed an innovative nanomaterial combining gas therapy with PANoptosis to alleviate the immunosuppressive
microenvironment. Hydrogen sulfide (H,S) is an emerging gas therapy that helps induce ICD and relieves immune
suppression, as well as modulates pathological conditions like acidity and hypoxia, offering potential for multi-
mechanistic synergistic treatment. PANoptosis, which combines pyroptosis, necrosis, and apoptosis, is associated with
various molecular mechanisms, including inflammasomes, Gasdermin family proteins, and Caspase cascades. This
comprehensive approach induces cell death and effectively circumvents drug resistance problems related to single-cell
death pathways, making it a prominent focus in recent research.

In metabolic regulation, inhibition of Indoleamine 2,3-dioxygenase 1 (IDO1) expression and its mediation of the

kynurenine metabolic pathway can enhance immune responses,*®®!

alleviating tryptophan depletion-induced T cell
dysfunction, reducing Nicotinamide Adenine Dinucleotide levels, inhibiting glycolysis, and reversing immune suppres-
sion. This strategy can break the immune-metabolic cycle and reverse immune suppression. In future research, this
treatment strategy could be considered in combination with other metabolic pathways or multi-modal treatments to
address the limitations of single therapy.

Gene silencing technology, with its high programmability and precise targeting ability, has become an important tool
in regulating the TME.’>”® The use of small interfering RNA (siRNA) to silence mRNA or transcription factors can
affect various cellular functions and protein expression in the TME, enhancing the activity of CD8+ T cells. Its
designability and efficient targeting make it a popular option for nanomaterials. Future research could explore additional
options, such as ASOs,** CRISPR-Cas systems, and RNA interference (RNAi), which further expand the dimensions and
depth of gene regulation, providing diverse tools for nanomaterial design.

Despite significant progress in immune microenvironment regulation research, the clinical translation of related
nanomaterials still faces challenges. Future efforts should promote interdisciplinary collaboration and evaluate their
safety, pharmacokinetic characteristics, and therapeutic efficacy through carefully designed clinical trials to facilitate the

transition of high-translational-value strategies from basic research to clinical practice.

Metabolic Tumor Microenvironment
Metabolic reprogramming in the TME is a key mechanism for maintaining tumor malignancy and immune suppression.

Metabolites such as glucose, lactate, lipids, glutamine, or glutathione (GSH), and adenosine”* ¢

provide bioenergy and
synthetic precursors for tumor cells, while also directly regulating immune cell functions, forming metabolic barriers that
support tumor growth. Nanomaterials targeting specific metabolic pathways have become an important strategy for

reversing immune suppression and enhancing anti-tumor effects.
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Glucose Metabolism

In terms of glucose metabolism, nanomaterials targeting aerobic glycolysis can reduce ATP production and lactate
accumulation®”°° by inhibiting key enzymes or transport proteins, such as Pyruvate Kinase M2 (PKM2) and Lactate
Dehydrogenase A (see Additional Table 2). More precise strategies can also be considered, such as metabolic-specific

therapies based on local glucose levels, or combining with cuproptosis, ferroptosis, and disulfide-induced apoptosis to
synergistically induce tumor cell death.'® By regulating the tricarboxylic acid cycle or pentose phosphate pathway, and
integrating multimodal imaging, further understanding of the metabolic-immunity coupling mechanisms in the TME can
be achieved.

Beyond the direct inhibition of aerobic glycolysis, targeting glucose transport and pivotal metabolic proteins has also
shown significant therapeutic potential, such as mannose competing with glucose for the same transport proteins, and
inhibiting the expression of glycolysis-related proteins to indirectly affect energy supply and carbon source
replenishment.'?'%> Furthermore, glucose metabolism reprogramming not only involves energy supply but is also
closely related to epigenetic modifications, redox homeostasis, and immune microenvironment regulation. Inhibiting
the expression of IDO1°" can simultaneously regulate the immune suppression mediated by tryptophan depletion and the
glucose metabolism process. Suppressing PKM2'® can redirect the metabolic flux toward biosynthetic pathways,
enhancing oxidative stress sensitivity. Downregulating Glucose Transporter 1'®* and Hexokinase 2 (HK2)'® directly

106 can restore

limits glucose influx and glucose phosphorylation, while targeting Pyruvate Dehydrogenase Kinase (PDK)
the activity of the pyruvate dehydrogenase complex, promoting pyruvate entry into the tricarboxylic acid cycle, and
reversing the aerobic glycolysis phenotype. Further exploration of the downstream regulatory nodes of glycolysis, such
as Phosphofructokinase-1, Phosphoglycerate Kinase, and Enolase, which are integral to branching metabolic pathways, is
needed. Changes in the activity of these enzymes may affect nucleotide synthesis, serine-glycine metabolism, and redox

balance, providing new dimensions for the development of multi-target metabolic intervention nanomaterials (Figure 3).

Lactate Metabolism

Nanomaterials that influence lactate metabolism have been shown to reduce lactate efflux by depleting lactate or
inhibiting Monocarboxylate Transporters (such as MCT-1), thereby reversing the pH of the TME.'*” """ Compared to
the well-researched MCT-1, MCT-4 as the main channel for lactate efflux in high glycolysis tumors, remains under-
explored in terms of its mechanistic research and targeting strategies.''? Integrating lactate metabolism regulation with
mitochondrial-targeting strategies can further disrupt redox homeostasis, enhancing the anti-tumor efficacy.''*''* When
combined with ultrasound, PTT, cuproptosis, apoptosis, and other therapies, it holds the potential for synergistic

enhancement of metabolic intervention and physical treatment,''>""”

although its potential toxicity and metabolic
adaptability still require systematic evaluation.

Glycolysis and lactate metabolism are closely coupled in the TME, where increased glycolytic flux directly leads to
increased lactate production, driving microenvironment acidification and immune suppression. Researchers have
designed nanomaterials that are capable of concurrently inhibiting glucose uptake and lactate production by inhibiting
HK2, 3-Phosphoinositide-Dependent Protein Kinase-1, and Glucose Oxidase to reduce lactate generation,'0>!06-118:119
Moreover, combining lactate metabolism regulation with multiple metabolic pathway interventions, such as glucose and
glutamine, or synergizing with photothermal, chemodynamic, and immunotherapy strategies, holds promise for achieving
multidimensional and precise control over tumor acidity. Such strategies have the potential to reverse the immune-

suppressive microenvironment and enhance therapeutic responses.

Other Metabolism

Beyond the metabolism of glucose and lactate, other metabolism-related nanomaterials also play a pivotal role. Tumor
cells, through the reprogramming of lipid metabolism, facilitate their proliferation, metastasis, preservation of cancer
stemness, and chemotherapy resistance, while concurrently inhibiting anti-tumor immune responses in a lipid-enriched
microenvironment. Lipid droplets not only serve as energy reserves to support tumor cell metabolic adaptation but also
promote the formation and maintenance of an immune evasion microenvironment by reshaping the lipid metabolic
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Figure 3 Normal cells primarily rely on HK and PKMI for glycolytic metabolism. In contrast, tumor cells tend to favor the high expression of HK2 and PKM2, engaging in
aerobic glycolysis (Warburg effect) and generating large amounts of lactate. Lactate is subsequently exported to the microenvironment through monocarboxylate
transporters, leading to an increase in extracellular acidity and the formation of an acidic TME, which in turn promotes tumor progression and weakens anti-tumor
immune responses. Furthermore, lipid metabolism can cause immune cell dysfunction, such as impairing T cell activation and macrophage polarization. Conversely,
a decrease in intracellular glutathione (GSH) synthesis compromises the antioxidant defenses of tumor cells, thereby inhibiting their proliferation and survival. This figure was
created by Biorender (https://app.biorender.com/).

Abbreviations: Glc, Glucose; HK2, Hexokinase 2; Glc-6-P, Glucose-6-Phosphate; Fru-6-P, Fructose-6-Phosphate; PFK2, Phosphofructokinase 2; Fru-2,6-3, Fructose-
2,6-Bisphosphate; Fru-1,6-BP, Fructose-|,6-Bisphosphate; G3P, Glyceraldehyde-3-Phosphate; DHAP, Dihydroxyacetone Phosphate; PEP, Phosphoenolpyruvate; PKM2,
Pyruvate Kinase M2; LDH-A, Lactate Dehydrogenase A; Lac, Lactate; MCT-4, Monocarboxylate Transporter 4; FABPs, Fatty Acid Binding Proteins; CD36, Cluster of
Differentiation 36; ACSL4, Acyl-CoA Synthetase Long-chain Family Member 4; Acyl-CoA, Acyl-Coenzyme A; CPT|-M, Carnitine Palmitoyltransferase |-Mitochondrial; FAO,
Fatty Acid Oxidation; Acetyl-CoA, Acetyl-Coenzyme A; TCA, Tricarboxylic Acid Cycle; ACCI, Acetyl-CoA Carboxylase |; Malonyl-CoA, Malonyl-Coenzyme A; FASN,
Fatty Acid Synthase; 0-KG, a-Ketoglutarate; IDHI, Isocitrate Dehydrogenase |; ACLY, ATP-Citrate Lyase; GLS, Glutaminase; ASCT2, Alanine, Serine, Cysteine Transporter
2; GCLC, Glutamate-Cysteine Ligase Catalytic Subunit; y-Glu-cys, y-Glutamylcysteine; GSS, Glutathione Synthetase; GSH, Glutathione; GSSG, Oxidized Glutathione.

pathways of immunosuppressive cells. Studies have shown that triglycerides and glycerophospholipids can abnormally

accumulate in lipid droplets of macrophages,'?’

and the accumulation of succinates promotes the activation of lipid
generation-related signaling pathways.'?" Similar lipid metabolism abnormalities can lead to the dysfunction of related
immune cells and lactate accumulation, forming a vicious cycle of metabolic suppression. Therefore, developing
nanomaterials targeting lipid metabolism has become a promising strategy to counteract immune suppression, such as
inhibiting Fatty Acid Synthase expression to reduce lipid droplet formation and free fatty acid accumulation, thus
enhancing immune cell activity.'** Additionally, regulating key metabolic intermediates like citrate to inhibit fatty acid
synthesis and energy metabolism, succinate to influence hypoxia signaling and inflammation response, inhibiting Fatty
Acid Oxidation, and using energy stress inducers to intervene in lipid metabolism balance have shown great potential for

translational applications. Future research may further explore the interactions between lipid metabolism and glucose or
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glutamine metabolism, and design smart nanomaterials capable of achieving coordinated regulation across multiple
metabolic pathways to more effectively reshape the immune TME.

GSH and glutamine metabolism serve as nitrogen and carbon source supplementation pathways. The regulation
strategies mainly involve inhibiting Glutaminase 1 to prevent the conversion of glutamine to glutamate, thereby reducing
GSH formation and inducing oxidative damage to suppress tumor progression.'”> Moreover, reprogramming the
glutamine metabolic pathway can affect the regeneration capacity of Nicotinamide Adenine Dinucleotide Phosphate
(NADPH), disrupting the tumor’s redox homeostasis.'** Combined with glucose metabolism and glutamine metabolism
can induce energy metabolic crises and biosynthesis disorders, enhancing the anti-tumor properties of materials.'®*
Future research can further explore the interplay between glutamine and lactate metabolism, such as targeting Glutamine-
derived a-ketoglutarate’s metabolic feedback on lactate production or inhibiting Alanine-serine-cysteine transporter 2 to
restrict glutamine uptake, enhancing the spatial specificity of metabolic interference.

Adenosine metabolism also holds research potential. Extracellular adenosine accumulation can inhibit DC maturation
and T cell function via the Adenosine A2A receptor signaling pathway and promote M2 macrophage polarization.
Lowering adenosine levels, promoting its conversion to inosine, or blocking the breakdown of ATP and ADP to
adenosine helps restore T cell function.'?>*'?® Therefore, future nanomaterials can further explore the optimal balance
of adenosine or inosine, aiming to precisely reshape a T-cell-friendly immune microenvironment in terms of spatiotem-
poral dimensions.

Despite the promising prospects of metabolism-targeting nanomaterials in correcting tumor metabolic reprogramming
and augmenting immune activity, they face complex challenges such as metabolic pathway redundancy, intercellular
nutrient competition, and metabolite crosstalk. Integrating multi-omics technologies such as metabolomics, fluxomics,
and proteomics will systematically reveal the interaction mechanisms between tumors and immune cells, facilitating the
rational design of metabolic intervention strategies. Additionally, the combined use of specific metabolic small molecule
inhibitors like 2-Deoxyglucose, 3-Phospho-Pyruvate, and glutaminase inhibitors like CB-839 with responsive nanocar-

riers holds the promise of achieving more selective and synergistic anti-tumor therapies.

Acidic Tumor Microenvironment

The formation of the acidic TME is closely related to the Warburg effect. Tumor cells rely on aerobic glycolysis to
produce large amounts of lactate, which is expelled from the cells via Monocarboxylate transporters, resulting in
a significant decrease in extracellular pH.'?” The acidic TME not only directly inhibits the function of immune effector
cells, such as CTLs and NK cells, but also promotes the polarization of Tregs and M2-tumor-associated macrophages
(TAMs), creating a niche that supports tumor progression and metastasis.'?*'** Current primary therapies for the acidic
TME include phototherapy, ultrasound therapy, cuproptosis, and ferroptosis, which indirectly regulate the acid-base
balance and help improve immune cell function (Figure 4).

Combination Therapy Strategies for Acidic Tumor Microenvironment and Applications

of Nanomaterials

The treatment strategies for acidic TME mainly focus on locally modulating pH and combining various therapies. Acid-
responsive and drug-related nanomaterials are widely used in combined applications such as phototherapy, ultrasound
therapy, chemotherapy, and immune targeting due to their advantages in targeted delivery and controlled drug release'*% !5’

(see Additional Table 3). Magnetic hyperthermia has excellent tissue penetration and efficient heat generation performance

under acidic conditions.'>® In the future, it can be combined with irreversible electroporation, targeted gene delivery, and
other therapies.

In terms of material design, proton doping, which involves introducing protons (H") into certain conjugated materials,
alters the electrical and optical properties of the material. For example, Hu'>® incorporated protons into polypyrrole
(PPy), enhancing its light absorption and photothermal conversion capabilities. This strategy is not limited to PPy and
can be extended to other conjugated polymers and metallic nanomaterials. Nevertheless, the dynamic instability of proton
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Figure 4 The hypoxic microenvironment promotes tumor malignant progression through multiple mechanisms. On one hand, it induces functional changes in vascular
smooth muscle cells, facilitating tumor angiogenesis, and concurrently activates TAFs, driving extracellular matrix remodeling. Additionally, hypoxia significantly suppresses
immune cell function, collectively creating conditions favorable for tumor cell survival and invasion. On the other hand, hypoxia activates multiple signaling pathways,
including PI3K/AKT, Ras/Raf, and JAK/STAT3, stabilizing the expression of HIF-o. HIF further regulates the expression of critical glycolytic enzymes, such as GLUT I, HK2,
PGI, PFKI, enhancing aerobic glycolysis and lactate production, thereby promoting the formation of the acidic TME and ultimately supporting tumor cell survival and
adaptation. This figure was created by Biorender (https://app.biorender.com/).

Abbreviations: TCR, T Cell Receptor; PI3K, Phosphoinositide 3-Kinase; AKT, Protein Kinase B; PHDs, Proline Hydroxylases; mTOR, Mammalian Target of Rapamycin;
P70S6K, p70 Ribosomal Sé Kinase; HIF-a, Hypoxia-Inducible Factor «; 4E-BPI, Eukaryotic Initiation Factor 4E-Binding Protein I; elF-4E, Eukaryotic Initiation Factor 4E;
eNOS, endothelial Nitric Oxide Synthase; NO, Nitric Oxide; GFR, Growth Factor Receptor; Ras, Rat Sarcoma; Raf, Rapidly Accelerated Fibrosarcoma; Erk, Extracellular
Signal-Regulated Kinase; MNK, Mitogen-Activated Protein Kinase-Interacting Kinase; IL-6R, Interleukin-6 Receptor; JAK, Janus Kinase; STAT3, Signal Transducer and
Activator of Transcription 3; TLR, Toll-Like Receptor; IKK, kB Kinase; NF-kB, Nuclear Factor kB; Glc, Glucose; GLUTI, Glucose Transporter |; HK2, Hexokinase 2;
Glc-6-P, Glucose-6-Phosphate; PGI, Phosphoglucose Isomerase; Fru-6-P, Fructose-6-Phosphate; PFKI, Phosphofructokinase I; Fru-1,6-BP, Fructose-1,6-Bisphosphate; G3P,
Glyceraldehyde-3-Phosphate; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase; BPG, |,3-Bisphosphoglycerate; PGKI, Phosphoglycerate Kinase |; PEP,
Phosphoenolpyruvate; PKM2, Pyruvate Kinase M2; LDH-A, Lactate Dehydrogenase A; Lac, Lactate; MCT, Monocarboxylate Transporter.

doping, such as proton transition and desorption, limits its transformation application. Therefore, optimizing surface
modification of nanomaterials and controlling appropriate temperature and humidity can help address this issue.
Proteolysis Targeting Chimera technology, a cutting-edge method for targeted protein degradation, significantly
improves targeted degradation capability and bioavailability when combined with nanomaterials,'®® and reduces off-
target toxicity. However, since it relies on reversible protein degradation rather than gene silencing, there remains a risk
of tumor recurrence, underscoring the necessity for multifaceted therapeutic regimens. Biomimetic nanotechnology,
which mimics the composition or structure of biological systems, significantly enhances drug biocompatibility and
tumor-targeting efficiency.'®’ When combined with cryoablation and nanocatalytic treatment, it shows considerable
research potential,'®® but it is still in the concept verification stage and faces challenges in preparation complexity and

large-scale production, which is time-consuming.
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Exploration of Emerging Therapies and Regulatory Strategies

Cuproptosis and ferroptosis, as metabolism-related forms of cell death, have gained attention in the regulation of the
acidic TME.'®>"'® The Fenton reaction, as one of the sources of ROS in ferroptosis, serves as an inducer of hydroxyl
radical generation, promoting the accumulation of lipid peroxides that culminate in cell death. Fenton-like therapy
utilizes non-iron metal ions to catalyze the conversion of H,O, into hydroxyl radicals. For instance, CCDRH'®” and
Lipo@CP@DQ'®® utilize the redox activity of Cu?" to mediate the production of hydroxyl radicals from H,O»,.
Compared to traditional Fenton therapy, Fenton-like therapy has a broader acidic microenvironment suitability and
reduces the probability of Hydroxyl radical scavenging. However, it has indirect reaction pathways and incomplete
oxidative damage, which could potentially be combined with SO, gas therapy, phototherapy, and acoustic therapy. It can
h,'® through the
depletion of NADPH and GSH, destroys cytoskeletal proteins to trigger cell death. However, its multi-pathway

also be applied to other TMEs to extend its treatment window and application scenarios. Disulfide deat

regulation and tumor heterogeneity limit clinical translation and require further clarification of the mechanisms and
optimization of regulation strategies.

SO,, as an emerging gas therapy,'’® has good acid-response and tissue penetration properties. It can reduce GSH
levels and achieve regional treatment effects through uniform diffusion. Despite this, it releases inflammatory mediators,
and long-term treatment may lead to chronic inflammation in the TME. Therefore, further exploration in combined anti-
inflammatory therapy or controllable release systems is needed.

Enzyme regulation strategies, such as Dihydrolipoamide S-acetyltransferase,'’'"'’* Peroxidase (POD) and Catalase
(CAT),'**'%” and Serine/Threonine Protein Phosphatase 2A,'”* can indirectly regulate lactate metabolism and proton
production, alleviating acidosis. Carbonic anhydrase IX (CA9) is markedly upregulated in hypoxic microenvironments,
and it not only participates in pH regulation but also indirectly influences immune cell function through mechanisms such
as adenosine signaling pathways. Deng'’* developed corresponding nanomaterials to address this issue. Due to the
heterogeneity of CA9 expression levels across tumor types and stages, future research should focus on developing
stratified treatment strategies based on its expression patterns. He also highlighted pH-regulating proteins such as
Sodium-Hydrogen Exchanger 1, MCT-4, and V-type Proton ATPase, since these molecules help reverse the acidity of
the TME. Therefore, developing inhibitors targeting pH-regulating proteins and their nanodelivery platforms represents
a promising avenue for overcoming tumor acidity and reversing immune suppression in the future.

Mitochondrial targeting strategies, which disturb mitochondrial membrane potential and oxidative stress levels,
indirectly regulate intracellular pH and induce apoptosis.'”>'”® Analogous to cuproptosis, calcium overload can induce
collapse of the mitochondrial membrane potential,'”” but its cytotoxic effect is lower than cuproptosis and may result in
non-specific toxicity. Nevertheless, its unique advantages, such as good biocompatibility and more established clinical
applications, remain attractive. Interestingly, Zhang'’® designed nanomaterials — named FeFKC — that can switch
morphology based on different acidity levels, facilitating lysosomal escape and mitochondrial targeting, providing novel
insights for developing environment-adaptive drug delivery systems. However, it still faces challenges related to
synthesis complexity and cost-effectiveness.

Gene Technology and Precise Regulation of Acidic Tumor Microenvironment
Gene technologies, such as RNAi and engineered bacteria, present opportunities for precise regulation of acidic
TME."””""®" Guo'® took an innovative approach, focusing on the regulatory function of m6A in TME, and down-
regulated YTH domain family protein 2 and MYC oncogene protein to suppress MDSC function via siRNA. Although
this approach does not directly alter the pH of the tumor, it offers a new perspective on epitranscriptomic regulation of
acidic TME. Future research should further explore m6A and its associated gene expression mechanisms in acidic
microenvironments, as well as investigate silencing strategies for m6A-related lactate metabolism genes and their
biomarker development.

Overall, the acidic microenvironment promotes tumor progression by inducing immune suppression, and most current
nanomedicines targeting this environment remain at the preclinical stage. The targeting specificity and therapeutic
efficacy require further improvement. Given the multiple interactions between the metabolic, acidity, and hypoxia
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microenvironment, developing multi-functional nanomaterials that can simultaneously respond to multiple microenvir-
onmental features will be essential for achieving efficient anti-tumor therapies. Nonetheless, the regulation of the acidic
TME still lacks highly specific molecular targets, and most current strategies rely on indirect interventions. The
development of truly effective, precise, and clinically translatable combined therapy platforms needs continued explora-
tion and innovation.

Hypoxic Tumor Microenvironment

Hypoxic TME not only significantly enhances the malignant phenotype and metastatic capacity of tumors but also
mediates resistance to RT, chemotherapy, and immunotherapy through various mechanisms. It establishes a positive
feedback loop with the acidic microenvironment, collectively promoting the formation of an immune-suppressive state.
Combination therapies involving nanomaterials, such as phototherapy and sonotherapy, as well as CAT to help normal
cells resist excessive oxidative stress,'® HIF-la to assist tumor angiogenesis and immune modulation,'®* and the

antioxidant function of GSH, offer targeted interventions within the TME and enhance treatment effects.

Combination Therapy Strategies for Hypoxic Microenvironment and Applications of

Nanomaterials
In combination therapy strategies, hypoxia-responsive nanomaterials utilize multimodal regulatory approaches, including

PTT, sonotherapy, magnetic therapy, and chemodynamic therapy, to reverse the hypoxic microenvironment and facilitate

185-198

immune cell activation (see Additional Table 4). Photodynamic therapy relies on photosensitizers that generate

ROS under specific wavelength excitation, but its efficacy is frequently constrained by oxygen dependence, intersystem
crossing (ISC) instability, low photon conversion efficiency, and phototoxicity. Integrating other treatment modalities can
mitigate the shortcomings of single phototherapy. Ultrasound-targeted microbubble destruction based on nanobubbles
can enhance vascular permeability and local drug release through cavitation effects, thereby improving tumor
oxygenation.'”” However, multifunctional nanoplatforms that can synergize various physical effects and biochemical
regulation remain insufficient, impeding their clinical translation.

Magnetic nanomaterials”® generate heat through magnetic hysteresis losses and eddy current effects under alternating
magnetic fields, which not only induce tumor cell apoptosis but also promote vasodilation and blood flow reperfusion,
alleviating tissue hypoxia. Subsequent optimization of magnetic field parameters, size distribution, and surface functio-
nalization of nanomaterials can enhance targeting and thermal conversion efficiency. Similar to magnetic therapy,
electrodynamic therapy enhances the delivery and efficacy of nanomaterials through electric fields or currents.
Although it does not directly generate ROS, it can promote photosensitizer electron transfer through electric field
regulation, helping to resolve ISC limitations and enhance singlet oxygen yield.”°" It has not yet been fully explored
in combination with PTT, sonotherapy, and magnetic therapy, requiring systematic evaluation of optimal combinations
and the most suitable biological toxicity to improve biocompatibility and treatment windows for tumor therapy. Inducing
tumor cell pyroptosis elicits inflammatory responses and releases a large number of Damage-Associated Molecular
Patterns (DAMPs). When combined with phototherapy,®®? it has shown promising potential, and further incorporation of
magnetic therapy and electrodynamic therapy is expected to reduce off-target effects and normal cell injury by spatially
selective activation mechanisms. Exosomes, as important carriers for tumor immune modulation, transport PD-L1 and

induce Treg expansion alongside DC functional inhibition. Therefore, inhibiting exosome production®”?

or using
biomimetic exosome nanomaterials’** has become an effective strategy to enhance immunotherapy. However, the
instability of exosome secretion, complex composition, and functional diversity impose higher requirements for material

design, necessitating comprehensive consideration by researchers.

Nanom Enzyme Technology and Redox Balance Regulation

The development of nanenzyme technology provides a new approach for sustainably regulating tumor hypoxia. In
addition to simulating POD and CAT to directly decompose H,O, and generate oxygen,’” 2% Oxidase-type
nanomaterials””® can indirectly consume hypoxia-related metabolites through substrate oxidation. Targeting critical
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enzymes in the redox balance, such as Glutathione Peroxidase 4°'° and Glutathione Oxidase,”'' can disrupt the ROS

212

equilibrium in tumor cells, indirectly improving oxygen utilization. Lactate Oxidase” ~ catalyzes the conversion of lactate

into pyruvate and hydrogen peroxide, which not only reduces the acidity but also provides a substrate for CAT to sustain

an oxygen-generating cycle. Inhibiting the CD39/CD73/adenosine pathway>'?

reduces the accumulation of immunosup-
pressive adenosine, augments T cell function, and improves oxygenation. Future research can combine these various
oxidases to design multi-enzyme cascade systems, forming self-sustaining catalytic cycles, as well as exploring addi-
tional enzymes such as Superoxide Dismutase, Lactate Dehydrogenase, and Glutathione Reductase to regulate the

hypoxic microenvironment.

HIF-1a Regulation and Gene Therapy Strategies

HIF-10, as the central transcription factor of the oxygen-sensing pathway, serves as a critical integrator connecting
metabolic reprogramming, acidity, and the hypoxic microenvironment. It facilitates the production of lactate, which
subsequently stabilizes HIF-1a, establishing a positive feedback loop that exacerbates acidosis. This acidic environment
inhibits mitochondrial oxidative phosphorylation, further reducing oxygen utilization efficiency, thereby sustaining
immune suppression within the TME. Downregulating HIF-1a has been demonstrated to effectively block downstream
angiogenesis, glycolysis, and immune suppression gene expression.”’”*'*2!7 Nonetheless, HIF-1a plays an important
role in normal tissues, and the use of nanomaterials to target HIF-1a requires precise control of targeting performance
and biocompatibility. Alternative gene regulation strategies mainly utilize siRNA technology or silence genes such as
Vascular Endothelial Growth Factor (VEGF),?'®%?? but their efficacy is limited by tumor heterogeneity and gene
compensation effects and needs to be combined with oxygen-economization strategies or other treatments.

Mitochondrial Targeting and Oxygen Economy Strategies

Targeting the antioxidant defense system is another important direction. GSH is a key intracellular antioxidant that
protects mitochondria from oxidative stress damage and mainly exists in the reduced form (GSH) and oxidized form
(GSSQG), participating in cellular antioxidant defense through dynamic conversion between these states. The GSH/GSSG
ratio has gradually attracted attention in recent years, with tumor cells exhibiting a significantly increased GSH/GSSG
ratio, indicating heightened activation of the antioxidant system. Direct depletion of GSH reduces the antioxidant defense
capacity of tumor cells to some extent.”'’?**>?® Nevertheless, since normal cells also rely on the GSH system to
preserve redox homeostasis, this strategy lacks selectivity and may induce oxidative damage and mitochondrial
dysfunction in healthy tissues.

In contrast, indirectly regulating the GSH/GSSG ratio®*%-**°

or increasing GSSG levels, such as promoting the
oxidation of GSH to GSSG or inhibiting its recycling, can specifically disrupt redox balance within tumors while
reducing off-target effects on normal cells. Furthermore, inhibiting Glutamate-Cysteine Ligase Catalytic Subunits, GSSG
Reductase, or using RNAI technology can further regulate this ratio. However, single-targeting of the GSH system still
faces challenges, mainly because tumor cells activate compensatory antioxidant pathways, such as the Thioredoxin
System, leading to treatment resistance. Therefore, combining this strategy with RT, chemotherapy, immunotherapy, or
novel metal drugs to induce oxidative stress through multiple mechanisms has become a promising direction to overcome
resistance and improve therapeutic efficacy.

The use of cuproptosis or ferroptosis induction strategies and the Fenton reaction to achieve tumor-specific cell death
presents notable advantages.”'”**'>** But the classic Fenton reaction faces bottlenecks such as stringent pH require-
ments, limited efficiency in radical generation, and insufficient substrate H,O, concentration, which restrict its biological
application efficacy.

To overcome these limitations, nanocatalytic materials have been developed by doping with metal ions to enhance the

206

kinetics of Fenton-like reactions. Manganese-based nanomaterials™" are widely used due to their multiple valence states

(Mn**/Mn’*/Mn*"), favorable biocompatibility, and relatively low cost. They can effectively catalyze H,0, decomposi-

235 also

tion and promote oxygen-free radical generation under mildly acidic conditions. Similarly, silver-doped materials
show excellent catalytic activity. By accelerating metal cycling (Ag’/Ag"), they significantly enhance free radical

production and maintain reaction activity at lower H,O, concentrations. Manganese-based systems offer better cost-
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effectiveness and long-term safety, while silver-based catalysts provide stronger catalytic aggressiveness. Future opti-
mization directions include the construction of multi-metal oxides, regulation of material surface electronic structures,
and the design of responsive delivery systems to achieve more efficient and controllable ROS generation in complex
physiological environments, ultimately enhancing the precision and intensity of antitumor effects.

Mitochondria, as central organelles for oxygen consumption and ROS generation, are important targets for reversing
hypoxic microenvironments. Researchers reduce oxygen consumption and indirectly alleviate hypoxia by disrupting

1,217:227:236-240 mediating mtDNA damage,”*!

mitochondrial membrane potentia and increasing mitochondrial oxidative
stress. %2422 The Mitochondrial Membrane Potential (MMP) is an indicator of mitochondrial function and energy
status, and its collapse is often accompanied by the opening of mitochondrial permeability transition pores and the
release of Cytochrome C, thereby initiating the apoptosis program. In addition to targeting MMP, emerging mitochondrial
gene editing technologies (such as mitoCRISPR) provide more precise tools for specifically inducing mtDNA mutations
and functional defects. However, a single mitochondrial-targeting mechanism is difficult to completely eradicate tumors
and needs to be combined with other therapeutic approaches.

Oxygen economization is an emerging strategy to reduce oxygen consumption or improve oxygen efficiency to

227 - ..
7 is one of the critical

enhance oxygen availability, and inhibiting mitochondrial Oxidative Phosphorylation (OXPHOS)
strategies. In addition, inhibiting other oxygen-consuming enzymes, such as Monoamine Oxidase, or improving oxygen
efficiency through hyperbaric oxygen therapy, also contributes to oxygen economization. These strategies can be
combined with nanomaterials and various therapies for multidimensional treatment to alleviate tumor hypoxia. Besides
mitochondria, other organelles, such as lysosomes, are gradually becoming regulatory targets. Targeting lysosomal
membrane stability or inducing protein misfolding and aggregation®** may cooperate with mitochondrial intervention
strategies to reshape the tumor metabolic microenvironment, enhancing the breadth and effectiveness of treatments.

Although most current nanomaterials focus on catalytically generating ROS to alleviate hypoxia, significant chal-
lenges persist due to the high heterogeneity and dynamic evolution of the tumor hypoxic microenvironment. Specific
issues include: spatiotemporal heterogeneity of hypoxia, non-oxygen-dependent alternative pathways induced by meta-
bolic reprogramming, and acquired resistance under therapeutic stress. The integration of cutting-edge technologies such
as spatial transcriptomics, single-cell proteomics, and metabolomics will help to analyze the regulatory network of the
hypoxic microenvironment at the system level, providing a theoretical foundation for the development of the next
generation of intelligent responsive nanodrugs.

Stromal Tumor Microenvironment

The tumor stromal microenvironment plays a pivotal role in tumor progression and therapy resistance, primarily
consisting of tumor-associated fibroblasts (TAFs), ECM, endothelial cells, immune cells, and various factors. TAFs
promote the excessive deposition and remodeling of the ECM, contributing to the construction of physical and
biochemical barriers. Abnormally activated endothelial cells promote the malformed growth of tumor-associated

24% that nanodrugs

vasculature,>* which collectively restricts T-cell infiltration and drug penetration. Studies have shown
exhibit significant regional heterogeneity in distribution within tumors, with higher concentrations found in the tumor
periphery or ECM-rich areas with macrophage infiltration, while the central tumor region has a lower concentration. This
highlights the critical regulatory role of the stromal microenvironment in the delivery of nanodrugs. The stromal TME
has only recently gained attention, and preliminary progress has been made in tumor types with highly enriched stroma,
such as breast cancer, pancreatic cancer, and melanoma. However, the underlying mechanisms and broad applicability

remain to be systematically elucidated (see Additional Table 5).

Targeting Tumor-Associated Fibroblasts and Their Signaling Pathways to Improve Drug
Delivery and the Immune Microenvironment

Targeting TAFs and their activation signaling pathways has become a critical direction for improving drug delivery and
the immune microenvironment. TAFs contribute to the reinforcement of the ECM by promoting the synthesis of collagen
and hyaluronic acid through the Transforming Growth Factor-B/Smads signaling pathway (TGF-f/Smads). Therefore,
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inhibiting the TGF-f/Smads pathway as well as the synthesis of collagen and hyaluronic acid can significantly reduce the
stiffness and density of the stroma, thereby enhancing the permeability of nanodrugs.>*’2°? Reprogramming TAFs from
an activated state to a quiescent state, for example, by downregulating a-smooth muscle actin (a-SMA) expression, or in
combination with PTT, RT, chemotherapy, and immunotherapy, shows potential for synergistic anti-tumor effects.>>> >’
Targeting specific genes in TAFs, such as SLC7All, or organelles like mitochondria, has broadened the scope of
research.”>®?*” Traditional Chinese medicine, the baicalin, has also been found to have potential for regulating TAFs.**°
However, the targeting specificity and systemic side effects of these nanomaterials still require further improvement.
Platelet-Derived Growth Factor Receptor B-positive stromal fibroblasts, due to their high targeting ability and inter-
nalization capacity, have become excellent targets. Nanomaterials targeting these cells*®' have also achieved good anti-
tumor effects. Consequently, the development of highly specific nanomaterials cannot be overlooked. However, chal-

lenges remain in their preparation complexity, in vivo stability, and targeting efficiency.

Extracellular Matrix Regulation and Multimodal Therapy Strategies

ECM, as the physical scaffold of the tumor, not only increases the hardness and viscosity of the tumor stromal network
due to excessive deposition, but also promotes the formation of an immune-suppressive microenvironment.
Nanomaterials combined with phototherapy, acoustic therapy, enzyme-targeted degradation, metabolic interventions,
and other multimodal treatment strategies can regulate ECM dynamic balance,”** 2% such as through the NO — ONOO—
— Matrix Metalloproteinase signaling pathway”®® to activate this enzyme, promoting collagen degradation, effectively
reducing tumor stiffness, and enhancing nanodrug penetration. By combining advanced technologies such as confocal
microscopy and laser ablation, the cell-matrix mechanical interactions can be observed from both optical imaging and
mechanical operation perspectives, providing important tools for understanding the regulatory mechanisms of stromal
TME. Some nanomaterials can also influence ECM synthesis and assembly by intervening in glucose and lipid
metabolism reprogramming.®®®?®” This strategy uses metabolic crosstalk to regulate stromal cell functions, reverse
immune-suppressive states. Based on this, further combine metabolic regulation with gene silencing technologies (such
as siRNA or CRISPR systems), which can synergistically enhance ECM regulation and expand therapeutic responses
through the bystander effect.”****° However, phenotypic differences and functional heterogeneity may result in varying
therapeutic effects of gene silencing, and effective ECM regulation often requires combined RT, PTT, or drug interven-
tions to enhance the bystander effect and therapeutic depth.

Tumor Vasculature Targeting and Epithelial-Mesenchymal Transition Intervention

The abnormal structure of the tumor vasculature results in elevated stromal pressure and hypoxic microenvironments. On
the one hand, promoting tumor vessel normalization, such as anti-VEGF strategies, can reduce stromal pressure and
improve drug delivery efficiency.”’*’> On the other hand, reducing tumor vascular density and disrupting vascular
structures can inhibit tumor growth by cutting off nutrient supply.?’>*”* However, the potential risks and therapeutic
efficacy balance of these strategies need to be carefully evaluated. Future vascular-targeting research should extend
beyond vascular normalization to include stromal normalization strategies, utilizing the enhanced permeability and
retention (EPR) effect,””
such as inhibiting angiogenesis.

enhanced transcytosis and retention to optimize nanodrug distribution, and emerging directions

Although EMT is not strictly part of the stromal components, it plays a key role in promoting stromal fibrosis, tumor
invasion, and metastasis. Targeting molecular markers of EMT, including Epithelial cadherin, Neuronal cadherin, and
Matrix Metalloproteinase-9,>’® is a good approach. Using gene silencing technologies, such as siRNA to silence TGF-p

L2772
and 0-SMA expression,”’ "8

effectively suppresses the activation of the EMT signaling pathway and related transcrip-
tional regulatory programs. However, this strategy still faces challenges, including low in vivo delivery efficiency,
instability, and off-target effects. In addition to the classical targets mentioned above, targeting dynamic mesenchymal
markers, cell polarity-regulating genes (such as Par3, Crumbs complex members), and their underlying signaling
networks in the EMT process shows great exploratory potential. Moreover, reversing the EMT phenotype through
specific signaling axes allows tumor cells to regain epithelial characteristics, which is becoming an emerging therapeutic

concept. For example, Zhang®’® successfully demonstrated this method through the DDR2/p-ERK 1/2/Snaill signaling
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axis, providing a mechanistic basis and intervention window for targeting EMT plasticity, showing good translational
prospects.

TAFs, vascular abnormalities, and EMT processes are the three most active directions in stromal microenviron-
ment research, and most nanoregulation strategies also revolve around these areas. In addition to conventional
targeting strategies, vitamin C**° has also been found to influence ECM mechanical signal transduction by
regulating collagen deposition and crosslinking. High-dose vitamin C can inhibit tumor angiogenesis and induce
mitochondrial ROS bursts, promoting oxidative stress and providing new directions for metabolic intervention of
the ECM. To achieve more comprehensive and dynamic stromal remodeling, future research urgently needs to
integrate multimodal regulatory methods. For example, cryoablation can induce coagulative necrosis of the tumor
vascular network and enhance antigen exposure, whereas microwave ablation causes protein denaturation and
coagulative necrosis through thermal effects. Both methods can significantly alter the physical structure of the
stroma and the immune microenvironment. When used in combination with nanodrugs, they are expected to
synergistically enhance targeting and therapeutic efficacy. Additionally, gas molecule therapies, including H,S and
SO,, can regulate redox and sulfur metabolism pathways to influence stromal cell functions, offering a novel
dimension for nanomaterial microenvironment regulation, especially in adjusting tumor metabolism and inflamma-
tory responses.

Mechanical Tumor Microenvironment

The complex dynamics of cell-nanoparticle interactions play an important role in shaping cell behavior through the
mechanical microenvironment. The mechanical properties of the mechanical TME, such as tissue stiffness, interstitial
fluid pressure (IFP), and solid stress, all have significant effects on drug targeting and cancer cell uptake. For example,
the elevated density and rigidity of the ECM limit T cell infiltration, and the mechanical forces generated by it lead to
tumor vessel compression, occlusion, and reduced perfusion, which in turn hinders nanoparticle drug penetration. This
phenomenon®®' is also one of the main reasons for the heterogeneity of drug permeability and the EPR effect (see

Additional Table 5).

Mechanical Microenvironment Improvement Strategies and Vascular Regulation
Strategies to improve the mechanical microenvironment have shown clear therapeutic potential. Reducing IFP,

solid stress, and matrix stiffness can directly promote drug diffusion,*™?

while reducing collagen content may
indirectly relieve tumor vessel compression and improve perfusion efficiency.?®**** Based on these nanoparticles,
future research could further enhance vascular permeability and perfusion to promote drug penetration. Inducing
vascular occlusion to minimize interstitial fluid leakage represents a viable therapeutic strategy.”®>-**® However,
vascular occlusion may be more suitable for hepatic artery chemoembolization, and it may exacerbate tumor
hypoxia and acidic conditions, affecting chemotherapy and immunotherapy efficiency. Therefore, in most solid

tumors, vascular normalization strategies have more promising applications than vascular destruction.

Cross-Physical Field Regulation Strategies and Applications of Nanomaterials

Cross-physical-field regulation strategies offer new approaches for reprogramming the mechanical microenvironment.
Nanomaterials combined with phototherapy, acoustic therapy, such as high-intensity focused ultrasound, can destroy
ECM structures and decrease tumor interstitial pressure through photomechanical or acousto-mechanical effects.?®7 2%
However, these methods still face issues such as limited penetration depth or potential damage to normal tissues.
Emerging thermomechanical strategies, such as explosive vaporization of thin water layers or mechanical decomposi-

tion induced by overheated lipid layers,?”!

may help alleviate the issues with photoacoustic mechanical effects.
Mpekris®** explored a specific parameter combination (MI = 0.6 and NoC = 32) where acoustic permeability
significantly increased tumor perfusion and reduced IFP. The ultrasound-mediated microbubble drug delivery technol-
ogy they used holds broad clinical application prospects, but the targeting accuracy and stability of microbubbles still

need systematic optimization.
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Piezoelectric Effect and Physical Property Design of Nanoparticles

Piezoelectric effects, as a special mechanical-electrical signal conversion mechanism, not only regulate tumor cells’
ability to perceive mechanical stimuli from the microenvironment, but also indirectly reshape the physical properties of
the mechanical TME by altering ECM assembly and rigidity.>>® Mechanistically, the surface charge changes induced by
piezoelectric nanomaterials upon stress can influence ion channel activity and mechanosensitive signaling pathways, such
as PI3K-Akt-mTOR, Wnt/B-catenin, which are closely related to cell proliferation, differentiation, and invasion.
Therefore, research into the intersection of piezoelectric effects and mechanical signal transduction networks is expected
to open novel directions for application.

In the design of the physical properties of nanoparticles, surface charge and mechanical properties are of critical
biological significance. Positively charged nanomaterials”* enhance interactions with cell membranes through electro-
static forces, promoting endocytosis and transcellular transport. Whereas modulating the softness of nanoparticles®”’
contributes to improved drug penetration. Thus, transformable nanoparticles can respond to microenvironmental sig-
nals — such as pH, enzymes, or mechanical stimuli — at different delivery stages within the body, dynamically adjusting
surface chemical or mechanical properties to achieve more precise drug penetration and release. Concurrently, tumor cell
softness is related to invasiveness. Zhang?’> proposed an innovative mechanical regulation strategy in which they used
nanomaterials to intervene in lowering membrane cholesterol levels and induce F-actin rearrangement, thereby increasing
tumor cell rigidity. This helps enhance T cell cytotoxicity and provides new avenues for mechanical immune therapeutic
strategies. This method, if further combined with immune checkpoint inhibitors, molecular-targeted drugs, or exosomes,
may generate synergistic anti-tumor effects.

Enhancing mechanical forces often strengthens physical barrier functions, while relieving mechanical microenviron-
ment compression helps promote immune cell infiltration and improve nanoparticle drug permeability, also improving the
hypoxic and acidic conditions within the tumor.

Looking ahead, strategies for intervening in the mechanical TME urgently need to integrate multidisciplinary
expertise spanning materials science, biomechanics, cell immunology, and clinical medicine. Treatments targeting the
mechanical microenvironment could involve inhibiting core mechanotransduction pathways such as FAK, Rho/ROCK,
and YAP/TAZ, which have demonstrated significant potential in reversing fibrosis. Furthermore, these approaches could
be integrated with molecular targets, biomaterials such as Microporous Annealed Particle Hydrogel, and other disciplines
to form an interdisciplinary approach. By employing such integrative methodologies, it is possible to systematically
regulate the mechanical properties of tumors, thus opening new paradigms for tumor treatment.

Microbial Tumor Microenvironment

Microbial TME refers to the complex interaction network formed between microbial communities, such as bacteria,
fungi, and viruses, planted in tumor tissues and tumor cells along with their surrounding stroma.?****” It plays a crucial
role in tumor initiation, progression, and immune evasion. In recent years, the intervention of microbial TME using
microorganism-derived or microorganism-mimicking nanomaterials has become an emerging strategy for cancer treat-
ment, especially showing promising application prospects in fields such as breast cancer, colorectal cancer, and
melanoma (see Additional Table 5).

Current research focuses on the construction and application of engineered microbial nanomaterials. Engineered
bacterial systems, such as those based on salmonella and cyanobacteria, have been used to precisely regulate the
TME.?*® 3% For example, the engineered bacterium LR-S-CD/CpG@LNP?* can disrupt mitochondrial membrane
structures, directly damaging the energy metabolism homeostasis of tumor cells. Furthermore, combining microorgan-
ism-derived nanomaterials with photobiological therapy, chemotherapy drugs, or metabolic intervention strategies can
achieve multi-modal synergistic regulation of the microbial TME.*** % Photobiological therapy, in particular, has
shown distinct advantages in personalized treatment due to its non-invasive nature, precise spatiotemporal control, and
favorable compatibility with immunotherapy.

Another strategy focuses on biomimetic immune regulation, which activates pattern recognition receptors, such as
Dectin-2 and Toll-Like Receptor 4 (TLR-4) on DC, by mimicking Pathogen-Associated Molecular Patterns (PAMPs) in
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microbial cell walls using nanomaterials.>®” These biomimetic nanomaterials not only retain the immune activation
properties of natural ligands but also possess programmable physicochemical properties and delivery efficiency. Future
research should extend beyond PAMPs mimicry and to the development of nanomimics targeting DAMPs receptors,
Nucleotide-binding oligomerization domain-like receptors, C-type lectin receptors, and other immune recognition path-
ways, aiming to achieve multi-target and synergistic regulation of the innate immune system. Compared to inorganic
nanomaterials, microorganism-derived nanomaterials usually have better biocompatibility and inherent targeting ability.
Nonetheless, when combined with other treatment modalities, such as RT and chemotherapy, these materials encounter
challenges such as insufficient stability and limitations in physiological tolerance. Consequently, improving the stability
and biological tolerance of these materials is a critical avenue for their clinical translation. Optimizing manufacturing
processes to enhance batch-to-batch consistency and promoting large-scale production®°® will substantially expedite their
clinical implementation.

It is worth noting that Tertiary Lymphoid Structures (TLS), as important markers of immune activation within tumors,
are closely related to the LIGHT-HVEM signaling pathway.>**>'? Studies have demonstrated that engineered bacteria-
mediated drug delivery may influence the development of TLS, involving complex regulation by various cytokines such
as Innate Lymphoid Cells Type 3 and IFN-y. However, the impact of drug-loaded engineered bacteria on the behavior of
the bacteria themselves, as well as how the cytokine network synergistically regulates TLS formation, remains unclear
and warrants further in-depth investigation.

In summary, although microorganism-related nanomaterials have shown therapeutic potential in regulating microbial
TME through multi-species and multi-mechanism approaches, there remains a notable deficiency in systematic analysis
of specific molecular pathways and precise molecular targets. Given the significant heterogeneity in the composition and
abundance of the microbiota between patients and tumor types, future research should prioritize the development of
personalized treatment strategies and integrate high-throughput technologies such as metagenomics, transcriptomics, and
proteomics to advance the systematic study of microbial-nanomaterial interaction mechanisms and clinical translation.

Inflamed Tumor Microenvironment

The formation of the inflammatory TME is closely associated with adipose tissue and chronic inflammatory states.
Adipose tissue contributes to the release of pro-inflammatory factors and chemokines by secreting various hormones and
cytokines (such as IL-6, CCL2/5, CXCL8),>'! thus participating in the shaping of the inflamed TME in tissues like the
breast. Similarly, chronic hepatitis induces the formation of an inflammatory microenvironment in the liver, indicating
that tumors from different tissue sources share common inflammatory regulation mechanisms. Currently, investigations
into nanomaterials targeting the inflammatory microenvironment predominantly use breast cancer as the primary model,
and their underlying mechanisms and translational value need to be verified in more cancer types (see Additional
Table 5).

Macrophage Polarization and Nanomaterial Regulation

In the TME, M2 macrophages typically dominate, promoting tumor immune evasion by secreting anti-inflammatory
factors and suppressing immune responses. Recent studies have shown that inducing macrophages to polarize from the
immune-suppressive M2 phenotype to the pro-inflammatory M1 phenotype using nanomaterials can effectively enhance
anti-tumor immune responses.”'>>'* Existing strategies are mainly based on the activation of signaling pathways, such as
TLR, NF-kB, or lysosomal pathways, to indirectly regulate the polarization state. Future research could focus on directly
enhancing macrophage phagocytic function, for instance, by promoting the expression of surface phagocytic receptors or
regulating phagocytosis-related genes, thereby augmenting their ability to eliminate tumor cells.

Myeloid-Derived Suppressor Cells and Granulocytes in the Tumor Microenvironment
MDSCs comprise two subtypes: monocyte-derived (M-MDSCs) and polymorphonuclear cell-derived (PMN-MDSCs),
both of which regulate the immune-suppressive state in the TME through various mechanisms. Studies show that the
reduction of PMN-MDSCs mediated by nanomaterials can promote CDS8" T cell infiltration and enhance anti-tumor
immunity.*'>*'®  Although research on PMN-MDSCs has been more extensive, M-MDSCs and spleen-derived
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granulocytic MDSCs (G-MDSCs) also play significant roles. In particular, M-MDSCs have pronounced phagocytic
capabilities, and the regulation of their immune-suppressive function will become an important direction for future
research, such as reducing M-MDSCs or regulating G-MDSCs to control immunosuppression and promote anti-tumor
immune responses.

Neutrophils also exhibit dual functions in the TME, with the N1 phenotype showing anti-tumor activity while the N2
phenotype promotes tumor progression. Although there have been attempts to drive the conversion of N2 to N1 using

nanomaterials,?®’*%%

the specific mechanisms remain inadequately elucidated, and critical toxic granules such as
Myeloperoxidase, Elastase, and others have not been included in the studies. Eosinophils contribute to the immune
status of the TME by mediating the release of inflammatory factors through pyroptosis.*'” The roles of additional factors,
such as Eosinophil Cationic Proteins, Eosinophil-Derived Neurotoxins, and Basophil Major Basic Protein in the TME,
warrant further in-depth exploration, suggesting that granulocytes have broad research prospects in the inflammatory

microenvironment.

Signal Pathway Regulation and Gene Targeting Strategies

Signal pathway regulation is another important strategy for reshaping the inflammatory microenvironment. Inhibiting the
TGF-B, PI3K/AKT/mTOR pathways, or activating the AMPK, cGAS-STING pathways, and TLR-4/9 pathways can
elevate pro-inflammatory factor levels. However, single pathway regulation often fails to continuously suppress tumor
progression and should be combined with other treatments like PTT, cuproptosis, ferroptosis, IFN-y, and stress
induction.*'® 32! Gao®?* designs nanomaterials based on the TLS generation mechanism, providing new ideas for
combination immunotherapy, but issues such as the side effects and complexity of dosing regimens®*® in combination
treatments still need to be addressed.

Nanomaterials with gene-targeting functions offer possibilities for precise regulation of the inflammatory micro-
environment. For example, downregulating pro-inflammatory genes such as Tim-3, IL-6, IL-1pB, or upregulating anti-
inflammatory gene IL-10 expression®?®>** has been shown to significantly alter the cytokine profile. Lin*** discovered
that mitochondrial OXPHOS-related genes might influence the inflammatory TME through the TLR9/MyD88-AMPK
/mTORCI1 axis, suggesting that future approaches could extend beyond DNA to include non-coding RNAs and other
mitochondrial genes in influencing tumor cells. Furthermore, gene silencing technologies contribute to this regulatory
framework. For instance, siRNA liposomes**® targeting Chemokine-like Motif Containing 4 (CMTM4) can potentiate
anti-tumor immunity by inhibiting the AKT/mTOR and NF-«B pathways. It is noteworthy that CMTM family members
exhibit functional heterogeneity across different tumors and developmental stages, and future research should focus on
stage-specific and tumor type-specific designs.

RNAI can act synergistically with other combination therapies to adjust the inflammatory microenvironment, such as

by interfering with lactate metabolism>%’

to regulate lactic acid levels and block the inflammation-lactate positive
feedback loop. This shows that gene silencing technologies can influence tumor progression by interfering with glucose,
lipid, and glutamine metabolism or combining with therapies like PTT and RT, thus reprogramming the TME in multiple
dimensions.

Although research on the tumor inflammatory microenvironment remains in the developmental stage, its mechanistic
complexity and therapeutic potential are increasingly evident. From understanding the mechanisms of inflammation
formation, identifying associated biomarkers, to integrating targeted drugs and nanomaterials, this domain is expected to
provide breakthroughs in cancer treatment. Future efforts should further combine multi-omics analysis, advanced

nanomedicines, and immune regulation strategies to promote the clinical translation of inflammation-targeted therapies.

Neural Tumor Microenvironment

Neuropeptides in the TME serve as critical regulatory components,***

significantly promoting the evolution of malignant
tumor phenotypes through localized neurosecretion or systemic regulatory mechanisms, including sympathetic nerve
activity regulation and circadian rhythm influences.’®® Despite this, anticancer strategies targeting neurocomponents
remain in the early stages, and the field lacks a comprehensive framework, resulting in a limited number of nanomaterials
available for neuro-targeted therapy.
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Current nanomaterials mainly focus on the intervention of neurotransmitter signaling, such as regulating neuroim-
mune cross-talk in the microenvironment through neurotransmitter inhibitors***>3° (see Additional Table 5). This type of

intervention can indirectly affect the functional status of TAMs. However, this strategy has not been fully extended to
a wider range of neuroendocrine components, such as argentophilic cells, chromaffin cells, and neurotrophic factors.
These elements are highly pathophysiologically related to the neural TME, and further in-depth investigation is expected
to reveal new microenvironmental regulatory targets.

The neural TME, a previously underappreciated but functionally crucial subunit of TME, involves various types of
cells, including schwann cells, neurons, glial cells, and others, that participate in immune regulation, angiogenesis, and
tumor invasion through multiple mechanisms. The heterogeneity of the neural TME across different tumor types, the
bidirectional signaling exchange between nerves and tumor cells, and the potential role of nanomaterials in intervening in
these interactions constitute significant scientific issues in the field. By integrating multi-omics analysis, bioinformatics
exploration, and high-throughput in vitro model construction, a systematic understanding of the neuro-TME cross-
network will be promoted.

Discussion

Despite significant progress in the design and application of nanomaterials in disease treatment, ongoing research
continues to introduce innovative therapeutic strategies. This review summarizes various emerging therapeutic
approaches based on nanomaterials, which hold potential for integration with novel therapies such as chimeric antigen
receptor therapies, genetically engineered mesenchymal stem cells, growth factors, ionic liquids, and hydrogen therapy,
potentially further enhancing therapeutic outcomes. However, despite the extensive clinical promise of nanomaterials,
their inherent limitations remain a critical issue that warrants careful consideration.

Optimization of General Properties and Scalability Challenges

Upon entry into the bloodstream, nanoparticles are influenced by parameters including particle size, surface charge, and
ligand modification, which collectively dictate the structure of the protein corona, thereby preventing immune cell
attacks. These parameters not only regulate the drug loading efficiency, release kinetics, and bioavailability but also
establish the basis for subsequent passive targeting. However, passive targeting relies on the EPR effect at the
pathological sites and external triggers such as ultrasound, temperature, or pH, lacking the ability to actively recognize
tumor cells, leading to non-specific targeting. In contrast, active targeting, through specific interactions such as ligand-
receptor or antibody-antigen binding, enables directional delivery at the cellular level. However, it involves considerable
design and technical thresholds, and the number of active targeting nanomaterials undergoing preclinical validation
remains limited. To expand the application scope of active targeting, future investigations may focus on identifying
tumor-specific antigens, novel peptides, biomimetic membranes, biomarkers, and heterogeneity targets revealed by
spatial transcriptomics.

Moreover, it is imperative to consider the spatial gradient of target expression within the individual tumor to avoid
off-target toxicity caused by insufficient recognition in regions exhibiting low expression levels. Inappropriate design of
surface properties may lead to protein corona remodeling, premature drug degradation, or accelerated immune clearance,
thereby amplifying non-specific distribution and systemic toxicity. Therefore, identifying low-abundance targets, improv-
ing the biosafety of carrier materials, and balancing toxicity and efficacy remain critical challenges in drug design.
Furthermore, after the nanocarrier releases the drug, its degradation products or residual components often accumulate in
metabolic organs like the liver and kidneys over extended periods, and high-dose accumulation could interfere with the
body’s detoxification and excretion functions. Clarifying the degradation pathways, metabolic fate, and organ clearance
kinetics of the carriers constitutes a fundamental consideration for researchers in this field.

In terms of large-scale production, nanomaterials frequently encounter challenges related to inter-batch variability.
Variations in raw materials, process parameter control, and preparation complexity may lead to significant discrepancies
in particle size, surface characteristics, and pharmacodynamics between different batches, ultimately affecting clinical
consistency and reproducibility. Therefore, a more stringent quality control system needs to be established to enhance
preparation precision and product uniformity. Meanwhile, the long-term stability of nanomaterials during storage and
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transportation has not been guaranteed, and the degradation mechanisms and stability assessments under diverse
environmental conditions still require systematic research.

Crucially, the current preparation standards and regulatory policies for nanomaterials remain insufficiently developed,
with an absence of unified industry norms and regulatory guidance, becoming one of the significant barriers limiting their
clinical translation. This issue has attracted widespread attention from researchers, and establishing a scientific, rational,
standardized system and regulatory framework is essential to facilitate the transition of nanomaterials from the laboratory
to clinical applications.

Material Improvement Strategies Targeting Different TME

Although significant progress has been made in TME research, numerous aspects remain poorly understood. Regarding
the immune-suppressive microenvironment, it may represent the ultimate result of the tumor regulation network
interactions. Investigating the fundamental mechanisms is essential for improving regulation and treatment.
Optimizing metabolic reprogramming can help reverse immune suppression and reduce tumor cell supply. However,
the numerous interfering factors involved in metabolism and the metabolic differences among different tumors make it
crucial to identify specific receptors and conduct precise treatments. Metabolism, hypoxia, and acidic microenvironments
have complex interactions and synergistic effects, and gene silencing, along with combination therapies, may yield
promising results. Additionally, clinical applications face challenges including tumor differentiation, hypoxia or acidity
evaluation, specific signaling pathways, and systemic toxicity. Techniques such as epigenetics and spatial transcriptomics
can serve as supportive tools. Stromal cells contribute to the formation of adverse environments, and targeting TAFs,
EMT transition, and the ECM are current research hotspots. The associated signaling pathways and potential biomarkers
have good research potential. Moreover, physical stress has been shown to enhance barrier functions, and interdisci-
plinary collaboration can help address this issue. The presence of microorganisms, such as bacteria and viruses, in tumors
plays a significant role. Researchers can promote tumor treatment by interacting with microbial communities, regulating
bacterial abundance, and altering metabolism. Chronic inflammation can induce changes in extracellular conditions, with
related factors further promoting tumor invasion. Targeting pro-inflammatory factors and IFN, as well as constructing
organoids, may offer deeper insights. The interaction between neurons and tumors is gradually being understood. The
differences between different nerves and tumors, the release of neurotransmitters, and the connections between nerves
and tumors with other microenvironments may further advance drug research. In summary, using nanomaterials to
modulate the TME is one of the critical strategies for achieving precise cancer treatment.

Conclusion

This article systematically reviews the regulatory strategies of various nanocarriers targeting distinct subtypes of TME.
By integrating multimodal therapies, key signaling pathway interventions, microenvironment remodeling, novel forms of
cell death induction, organelle targeting, enzyme activity regulation, signal molecule delivery, and gene editing techni-
ques, nanocarriers and drugs can synergistically promote the conversion of “cold” tumors to “hot” tumors. This enhances
immune cell infiltration and activation, improves the microenvironment of different subtypes, thereby inhibiting tumor
immune escape and augmenting the efficacy of immunotherapy. Numerous studies have demonstrated that the interac-
tions between multiple microenvironments provide a favorable environment for tumor growth, forming a complex and
dynamic network. Therefore, the strategic importance of the TME is clearly established. This review aims to promote the
clinical translation of nanomaterials and provide novel insights for subsequent material research.
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