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Abstract: Colorectal cancer (CRC) is a common malignancy that remains difficult to control with surgery, chemotherapy, radio-
therapy, and targeted therapy. These challenges arise from tumor heterogeneity, therapy resistance, and frequent relapse or metastasis,
especially in advanced disease. In addition, precision approaches are limited by interpatient variability, evolving targets, and
suboptimal biomarker performance. Nanodynamic therapy (NDT) is a modular, energy-activated strategy (e.g. PDT, SDT, CDT, and
EDT). It can be systematically engineered using a “Structure—Energy Conversion—Reaction Dynamics” framework that links nanoplat-
form architecture to stimulus-transduction efficiency and spatiotemporally controlled cytotoxic reactions. NDT converts externally
applied light, ultrasound, or electric fields into localized oxidative or catalytic cytotoxicity, potentially reducing off-target injury. This
approach is particularly relevant to CRC because intracavitary or endoluminal energy delivery enables precise spatiotemporal control
that is difficult to achieve with systemic targeting alone. However, NDT alone rarely addresses the full complexity of the hetero-
geneous, immunosuppressive CRC microenvironment. Efficacy is often limited by hypoxia, immunologically “cold” tumors, and
suboptimal synchronization of treatment timing and delivery. These constraints motivate rational combinations with immunotherapy
and microenvironment-targeted interventions. In this review, we summarize organ-specific design principles for CRC-focused NDT.
Guided by the Structure—Energy Conversion—Reaction Dynamics paradigm, we describe how nanostructure design (e.g. composition,
morphology, and interfaces) governs energy deposition and conversion. We then explain how these processes shape ROS/catalytic
kinetics and diffusion, and how the resulting dynamics can be tuned for CRC-relevant activation routes. We further discuss how
programmable, locally activated modules can be integrated into synergistic regimens that couple tumor debulking and immunogenic
cell death with durable immune programming. We also highlight localized hydrogel- or depot-based “logistics layers” that maintain
high drug concentrations at resection margins or intraperitoneal sites. These platforms enable repeated external triggering and
coordinated multiagent release, helping to overcome systemic co-delivery barriers. Finally, we outline translational priorities, including
patient stratification and biomarkers, clinically compatible energy delivery, manufacturability, and tumor access constraints. These
considerations may guide the development of CRC-ready NDT platforms toward prospective validation.
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Introduction

Colorectal cancer (CRC) is among the most prevalent malignancies worldwide and remains a leading cause of cancer-
related mortality, representing a substantial burden on global public health.' Current standard treatment modalities for
CRC include surgical resection, chemotherapy, radiotherapy, and molecularly targeted therapies.”> Although these
approaches have significantly improved patient survival, their therapeutic efficacy remains constrained by tumor
heterogeneity, treatment resistance, local recurrence, and distant metastasis.®’ Consequently, the 5-year survival rate
for patients with advanced disease remains unsatisfactory.® In parallel, although precision medicine strategies have
emerged, such as tailoring therapeutic regimens to individual tumor molecular profiles, their clinical implementation
remains limited by target heterogeneity, treatment tolerance, and suboptimal biomarker specificity.” ' Therefore, to
address these unmet clinical needs, innovative therapeutic strategies for CRC are urgently required to enhance radio-
therapy sensitivity, overcome hypoxia-induced resistance, and maximize tumor eradication while preserving organ
function.'?

In recent years, nanotechnology has emerged as a cutting-edge tool in the biomedical field, offering novel perspec-
tives and advanced technological platforms for the diagnosis and treatment of CRC."*'* Among these advances, research
on nanodynamic therapy (NDT) for CRC has expanded rapidly, encompassing the design of high-efficiency nanosensi-
tizers, tumor-targeted delivery strategies, and integration with synergistic modalities such as immunotherapy and
chemotherapy.'*'®> These studies not only deepen the mechanistic understanding of NDT but also introduce novel
strategies for the precision treatment of CRC, with the goal of improving therapeutic efficacy through enhanced tumor-
selective cytotoxicity and reduced systemic toxicity.'*'® NDT represents a rapidly evolving paradigm in nanotechnology-
based cancer treatment. In this approach, external energy sources such as light, ultrasound, heat, or electric fields are used
to activate nanosensitizers, leading to localized generation of reactive oxygen species (ROS) or other cytotoxic inter-
mediates for precise tumor cell eradication.'”'® NDT encompasses multiple therapeutic modalities, including photo-
dynamic therapy (PDT), sonodynamic therapy (SDT), electrodynamic therapy (EDT), and chemodynamic therapy
(CDT)."” The mechanistic diversity of NDT enables it to overcome the limitations of single-modality therapies and to
better address the complexity of the tumor microenvironment.'”® Unlike conventional radiotherapy, NDT allows
selective activation of energy sources such as localized light or ultrasound to induce high levels of ROS/RNS generation
within tumor tissues. This enhances tumor destruction while minimizing damage to surrounding normal tissues.’’
Furthermore, because rectal tumors are anatomically proximal to the intestinal lumen, transrectal or intracavitary energy-
activation approaches such as optical or acoustic stimulation can be used to achieve highly controllable energy delivery
and spatially precise NDT at the tumor site. This may be more critical than reliance on systemic targeting alone.?’>* This
cancer-specific, spatially confined energy delivery represents a distinct engineering opportunity beyond conventional
targeting strategies and offers theoretical advantages in overcoming key barriers, including radiotherapy resistance and
hypoxia-associated treatment insensitivity.

At present, several reviews have addressed nanotechnology-based and energy-dependent tumor therapies, focusing on
the fundamental mechanisms and general strategies underlying modalities such as PDT and SDT.?"*-** However,
comprehensive reviews focused on organ-specific nanodynamic therapies for CRC remain scarce. Given substantial
unmet clinical needs in CRC management, particularly in the context of total neoadjuvant therapy (TNT) and organ-
preservation strategies, and the unique advantages of NDT in controllable energy activation and localized generation of
reactive species, this review provides a systematic analysis of underlying mechanisms, engineering implementations, and
key challenges for clinical translation. In particular, this review emphasizes cancer-type-specific engineering opportu-
nities and therapeutic logic, and proposes a conceptual framework to guide the rational design and strategic evolution of
NDT for precision treatment of CRC.

An Overview of the Design and Application of NDT Nanoplatforms in CRC
So far, we have gained a deep understanding of the challenges and potential advantages of NDT in the treatment of CRC
(Figure 1). Although NDT has demonstrated controllable local effects and innovative treatment methods in tumor
therapy, the design and application of nanoplatforms must be further optimized in order to successfully translate this
therapy from basic research to clinical applications. In this process, how to construct an efficient and safe NDT
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Figure | Molecular pathways involved in NDT-mediated tumor cell killing. (A) ROS-induced endoplasmic reticulum stress and mitochondrial apoptosis. (B) Ferroptosis
triggered by Fenton/Fenton-like reactions and redox imbalance mediated by nano-platforms. In the tumor microenvironment (TME), the nano-platform releases catalytic
metal ions (eg., Fe, Cu, Mn, Co, or Ce) that participate in Fenton or Fenton-like reactions. “Fenton metal” refers to redox-active transition metal ions capable of catalyzing
H,0O, decomposition to generate highly reactive hydroxyl radicals (*OH), while “higher-valent metal species” denote oxidized metal intermediates produced during these
catalytic cycles that further enhance ROS generation. The platform also promotes glucose oxidation via glucose oxidase (GOx), producing H,O, and H*, while depletion of
intracellular glutathione (GSH) and inhibition of GPX4 weaken antioxidant defenses, thereby amplifying lipid peroxidation and inducing ferroptosis. (C) Copper homeostasis
disruption—mediated cuproptosis. (D) Cell cycle arrest regulated through p53-p2| and cyclin~CDK signaling pathways. Adapted from Li Y, Jin L, Tao Bet al Nanodynamic
therapy for cancer: mechanistic innovations, targeting strategies and multimodal treatments. | Trans| Med. Copyright © 2025 by authors.'®

nanoplatform, ensuring its superior targeting, drug loading capacity, and controllable release characteristics in the
complex tumor microenvironment, has become a key factor for successful treatment.>° At present, the design of
nanoplatforms is not limited to a single drug delivery function, but involves more multifunctional integration, including
the synergistic effects of multiple modules such as intelligent response, immune activation, targeted delivery, and energy
triggering. 2’ For example, through the precise design of nano platforms, the problems of oxygen deficiency and drug
leakage in the tumor microenvironment can be effectively solved, and the therapeutic effect can be activated through
external triggering mechanisms, making the treatment process more personalized and efficient.”® Therefore, this section
will explore in detail the design principles, key technologies, and applications of different types of NDT nanoplatforms in
the treatment of CRC, aiming to provide theoretical support and technical assurance for future clinical translational
research.

NDT Nanoplatform Structure Energy Conversion Reaction Dynamics Triangle

Under the precise treatment of CRC, the reason why NDT is worth discussing separately is that it converts material
structure into programmable energy conversion and quantifiable reaction kinetics, thereby making local tumor treatment
a programmable, verifiable, and more clinically controllable thing.*®** Maintaining consistency in focus from engineer-
ing to translation, we present NDT not only as a set of modalities but also as a design logic that links nanoplatform
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architecture, stimulus transduction, and measurable catalytic flux. The widely proposed “Structure—Energy Conversion—
Reaction Dynamics” triangle provides a practical framework for NDT design.'®** The structure axis governs active-site
exposure, mass-transfer distances, interfacial electron or substrate transport, and targeted enrichment. The energy-
conversion axis defines how inputs such as photons (NIR), ultrasound, electrons, or ionizing radiation are absorbed
and converted into excited states, localized heat, charge separation, or secondary electrons.'®*® The reaction-dynamics
axis determines key rate constants and the sustainability of catalytic flux for Fenton/Fenton-like reactions, enzyme-like
catalysis, and free-radical chain reactions, including substrate selectivity and whether effective ROS/catalytic flux can be
maintained under high GSH and a hypoxic TME.*!*? Importantly, CRC is not a monolithic disease. Its Consensus
Molecular Subtypes (CMS) impose distinct microenvironmental constraints that can be rationally mapped onto the
triangle.**** For example, CMS|1 tumors are often immunogenic but remain constrained by immune suppression and
metabolic stress. This profile suggests that NDT designs prioritizing reaction dynamics, such as sustaining ROS flux
under hypoxia and high GSH and promoting immunogenic cell death, may be particularly relevant.*>*® By contrast,
CMS4 tumors show a desmoplastic, stroma-rich phenotype and poor prognosis, implying that structure-end design,
including improved penetration and retention, ECM-modulating interfaces, and diffusion-shortening architectures, and
energy-end selection using deeper-penetrating stimuli are needed to overcome stromal transport barriers.*’** For
example, a semiconductor/metal oxide, TiO,—Ti;C, (MXene) heterostructure, combines NIR-II photothermal efficiency
with locally controllable tumor heating through the structural advantage of “layered interface carrier/phonon coupling”.
This platform shows an energy-conversion window at 1064 nm that supports precise PTT and reproducible tumor
suppression in human CRC cell lines and nude mouse subcutaneous tumor models. It also provides a materials-science
rationale for combining radiotherapy or total neoadjuvant therapy (TNT) with local sensitization in RCR.**** However,
because photonic penetration is intrinsically limited, the energy modality should be explicitly matched to lesion depth
and clinical stage. NIR light typically penetrates on the millimeter scale, ultrasound can reach centimeter-scale depths
with focusing, and X-rays offer essentially unrestricted penetration in tissue.*'*** In CRC, T3/T4 tumors frequently
extend beyond the bowel wall and infiltrate perirectal or pericolic tissues. In such settings, deeper-penetrating energy
sources, such as focused ultrasound or radiotherapy-compatible X-ray-activated platforms, may be more realistic for
bulky or infiltrative disease. By contrast, endoluminal illumination may be advantageous for superficial lesions or tumors
that are readily accessible from the lumen.*?

Along the same metal oxide pathway, MnO,-modified hollow mesoporous SiO, (HMSN@DHA@MnO,) links gate-
controlled release at the structure end, defined by an HMSN reservoir and MnO; shell, with reaction-dynamics tuning via
GSH depletion, Mn*" generation, and Fenton-like ROS production coupled to drugs and endogenous H,O,. The authors
reported GSH-triggered degradation and an in vivo tumor inhibition rate of 52.6%, supporting the conclusion that
reaction dynamics can be reshaped by TME substrate availability, particularly GSH. Such redox-adaptive design is
particularly relevant in CRC, where the microenvironment is often highly reducing.** In CRC, we further emphasize that
reaction-dynamics tuning is not only a chemical problem but also a subtype-dependent biological one. For example,
stromal hypoxia and redox buffering can be more prominent in aggressive phenotypes. This context reinforces why the
triangle should be interpreted in a CMS-aware manner rather than as a purely materials-centric schematic.>**’ In MOF
systems, the Cu PrIm three-in-one copper-based MOF nanoenzyme mimics the coordination microenvironment of natural
copper enzymes via structurally twisted Cu-Ny4-like active centers. This design enables multiple enzyme-like activities
and has been validated for antitumor efficacy and drug-resistance reversal in several CRC models. This example suggests
that NDT is not simply the stacking of metal ions. Instead, coordination chemistry can render the catalytic cycle and
substrate affinity programmable.*® In a setting closer to the clinical challenge of standard chemotherapy and drug
resistance, Fe MOF nanoplatforms have been used to co-deliver oxaliplatin (OXA) and nitric oxide related substrates
(L-Arg). This couples drug delivery with multipath resistance reprogramming, including NO-related regulation and TME
remodeling, to target OXA-resistant CRC cells and improve efficacy. Such resistance-mechanism-oriented NDT design
may align more readily with neoadjuvant therapy pathways.>' Because clinical translation requires more than mechan-
istic elegance, we also discuss Chemistry, Manufacturing, and Controls (CMC) considerations for multi-component
MOF/COF platforms. Key issues include batch-to-batch compositional consistency, defect control, specifications for
residual metals and ligands, and stability of catalytic activity during storage and sterilization.*’ ** We also highlight that
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logistics layers, such as hydrogels and depots, face CRC-specific stability challenges in the gastrointestinal environment.
Fecal enzymes, variable pH, and shear forces can compromise gel integrity and alter release profiles, and these factors
should be addressed early to support reproducible manufacturing and regulatory alignment.’%>!

Another materials-oriented example is surface engineering of a porphyrin-based MOF (PCN-224) loaded with Au
nanoenzymes and copper peroxide nanodots. By leveraging the catalytic activity of Au and copper overload related
triggering, this platform drives a cascade output that couples ROS-mediated apoptosis with cuprotosis. This behavior
illustrates how structure-end features, including multiple interfaces and short-range electron or substrate transfer, can
amplify the reaction-dynamics end by improving cascade efficiency and flux. This mechanistic narrative emphasizes
a closed loop linking molecular death pathways to the material catalytic cycle in CRC.’> Complementary COF-based
organic systems can also implement this triangular framework. For example, a disulfide-linked porphyrin COF
undergoes triggered biodegradation and nanocrystallization under high GSH conditions. After loading with 5-Fu, it
can further depolymerize and efficiently release the drug in tumor cells. In parallel, synergistic therapy can be achieved
through a reaction sequence in which GSH depletion enhances PDT and amplifies ferroptosis and oxidative stress,
indicating that purely organic frameworks can translate structural degradability into improved reaction kinetics.>
A more translational approach to drug delivery is to use pH sensitive carboxymethyl starch gelatin (CMS Gel) coated
COF/5-Fu system, which utilizes the differences in pH and mucosal environment in the colorectal area to achieve
better local delivery and reduce systemic exposure risk after oral administration. This integrated design of structure
delivery kinetics is more friendly to the clinical reality of long-term, staged combination therapy for CRC.>* Given the
dense and diverse colonic microbiome, we incorporate an organ-specific analysis of microbiome-NDT interactions.
Pro-tumorigenic bacteria such as Fusobacterium nucleatum have been implicated in chemoresistance and TME
shaping, raising two clinically relevant questions for NDT translation.’>® First, can NDT-induced oxidative or
catalytic stress selectively modulate pro-tumor microbes and improve therapy sensitivity.”’ Second, can bacterial
biofilms and microbial enzymes hinder nanoplatform penetration, alter catalytic substrates, or degrade logistics
layers.”® ®° We therefore add a subsection on microbiome-aware design opportunities, including biofilm-penetrating
structure-end features, microbiota-responsive release, and combinations with microbiome-modulating strategies.
Finally, the “energy conversion” end was truly connected to the clinical pathway of CRC: RA-PDT used radiation
dose as an external energy to trigger photodynamic effects in the LARC (lymph node involvement) model, providing
a more closely aligned NDT prototype with radiation therapy as the main line and local sensitization as the target,
while X-PDT achieved X-ray triggered photodynamic chemotherapy synergy through folate modified lipid polymer
nanoparticles co loaded with vitreofen and 5-Fu; Considering the crucial role of radiotherapy in neoadjuvant/TNT
therapy for CRC, platforms that convert clinically available energy sources (RT) into nanoscale ROS kinetic outputs
may be one of the most realistic approaches for NDT to move towards translational research.?®2%!

To quantitatively support the proposed “structure—energy transduction—reaction kinetics” triangle in CRC-relevant
NDT, comparative studies of representative nanoplatforms show that structural manipulation can measurably alter energy
deposition and transduction efficiency, as well as the sustainability of catalytic and ROS flux in the TME. These changes
translate into differences in therapeutic output and translational feasibility. At the structure-to-energy interface, TiO,-
coated Ti;C, provides a quantitative example in CRC photothermal therapy. Under identical NIR-II irradiation (1064 nm,
0.5 W ¢cm~2, 6 min, 100 pg mL~ l), Ti;C, alone heated to about 35 °C, whereas TiO,-coated Ti;C, reached about 60 °C,
with photothermal conversion efficiency (1) increasing to about 34.3%.34 These data quantify how interface engineering
enhances energy ingestion and conversion into a clinically actionable thermal dose window.*® In electrically triggered
NDT, where energy deposition depends on field-catalyst coupling, Fe;O4@Pt offers a quantitative readout across the
triangle. Pt nanocrystal decoration at the structure end promotes electric-field-driven ROS formation at the energy end,
while the Fe;O4 core releases iron under acidic conditions to drive Fenton chemistry. The authors reported that an AC
square-wave electric field (5 mA, 10 min) markedly reduced cell viability, and the strongest synergy occurred when
electric activation was combined with the Fenton substrate (H,O,) and GSH depletion. Mechanistically, Fe*'/Fe,"
cycling consumed intracellular GSH, measured by the Ellman assay, and restored ROS-mediated reactions that would
otherwise be quenched by thiols, indicating that flux sustainability can be improved by reshaping the redox sink.®® The
same study also reported translationally relevant quantitative endpoints, including tumor Pt accumulation of about 1.25%
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injected dose, a blood half-life of about 1.33 h, and efficacy even with initial tumor volumes of about 400 mm?>. These
metrics help connect measurable energy and flux outputs to biodistribution constraints that determine clinical
controllability.> A third CRC-relevant comparison shows that the choice of energy modality redefines transduction
depth and dosimetry. An X-ray-activated PDT plus chemotherapy lipid-polymer nanoparticle system (FA-LPNPs-VP
-5-FU, about 100 nm) generated ROS under a clinical 4 Gy X-ray fraction and induced apoptosis and necrosis in
HCT116 cells, outperforming single modalities. In this design, the energy end is standardized by radiotherapy dosing,
whereas the structure end, including a hybrid carrier, folate targeting, and co-loading, increases local reactant concentra-
tion and effective ROS yield per delivered dose.”” Importantly, RA-PDT has been evaluated in an in vivo rectal cancer
context. One study reported that a single 4 Gy fraction activated verteporfin in a folate-functionalized lipid-polymer
nanoplatform, generated ROS with minimal surrounding tissue injury, and inhibited primary tumors in orthotopic and
subcutaneous models while suppressing lymph-node tumor progression. This example illustrates how clinically available
RT can be converted into quantifiable ROS kinetics in anatomically relevant rectal settings.”® Finally, at the structure-to-
kinetics vertex in a CRC-like reducing TME, MnO,-gated hollow mesoporous silica systems (HMSN@DHA@MnO»)
used GSH-triggered degradation and Mn>" generation to reprogram Fenton-like ROS kinetics. The authors reported an
in vivo tumor inhibition rate of 52.6%, supporting the conclusion that substrate-adaptive structural gating can convert
high GSH from a redox sink into a driver of catalytic flux.**

NDT Mediated TME Engineering of CRC

TME is often accompanied by hypoxia, high GSH reduction pressure, lactate accumulation/acidification, and immune
suppression, which are unfavorable elements for tumor treatment. These factors not only determine the yield and
diffusion radius of active species, but also determine whether the immune cycle can be ignited after treatment.®® For
example, CRC cells enhance glycolysis and excrete lactate under hypoxia. Lactic acid not only shapes the acidic
microenvironment, but also drives TAM polarization towards the M2 phenotype and induces HMGBI1 related pro
tumor signals, thereby amplifying the invasion and metastasis phenotype through the ERK/EMT/Wnt axis - meaning
that “metabolic waste” itself is an engineered therapeutic target.> Therefore, in recent years, NDT nano strategies have
begun to use reaction substrates/inhibitors as programmable variables: for example, displaying lactate oxidase (LOX) and
catalase (CAT) on the surface of protein nanoparticles (AalS), constructing AalS/LOX or AalS/LOX/CAT, which can
continuously consume the lactate produced by CT26 colon cancer cells under normoxic and hypoxic conditions. The
former generates H,O, through LOX and triggers strong necrosis like killing, while the latter further regulates the supply
and demand of H,0,/O, through CAT to adapt to hypoxic TME, thus rewriting the lactate hypoxia immunosuppression
chain into a more favorable reaction environment for ROS amplification.®* When oxygenation is proposed as
a therapeutic mechanism, such as CAT mediated O, supply, direct quantification of intratumoral oxygenation pO, is
recommended.®> Evidence should also be supported by hypoxia marker modulation, including HIF lo, CAIX, and
pimonidazole staining.°® When feasible, spatial or real time oxygen mapping methods such as photoacoustic imaging or
BOLD MRI should be applied. These approaches are particularly important in orthotopic colorectal models, where
vascular architecture and oxygen gradients differ markedly from those in subcutaneous systems.®”-*®

Correspondingly, chemical oxygen supplementation combined with reductive depletion on the material side is equally
crucial. ZIF 90@CDDP@MnO,@HA employs an MnO, shell as a TME responsive module. On the one hand, it
exhausts GSH and weakens cisplatin detoxification and ROS clearance. On the other hand, it downregulates HIF-1 a
through the decomposition of H,O, to produce oxygen, alleviating hypoxia related drug resistance from the source. It
also inhibits HK2/GLUTI to suppress glycolysis energy supply. The released Mn®" can participate in Fenton like
reactions to achieve CDT amplification, which is equivalent to turning high GSH/hypoxia from resistance to reaction
propulsion.®® Furthermore, the system also utilizes the Zn®> * released by the ZIF skeleton to induce mitochondrial
damage and reduce ATP production, forming a dual channel cutoff with glycolysis inhibition, enabling the synergistic
convergence of nanodynamic oxidative stress and metabolic starvation to cell death within the same TME window.®” On
the immune dimension, TME engineering is pushing NDT from local chemical killing to scalable systemic immunother-
apy: DOX@Zr-MOF Under acidic conditions, it can degrade and release drugs, triggering caspase-3/GSDME dependent
pyroptosis. In the CT26 colon cancer model, it not only directly inhibits tumor growth, but also enhances systemic anti-
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tumor immunity by reshaping immunosuppressive TME, further significantly enhancing efficacy when combined with
anti-PD-1. These findings suggest that immunogenic cell death and DME reprogramming represent an important
interface for the clinical translation of NDT.”” The pH sensitive ZIF-8 nanoframe (CS/NPs) encapsulates mitoxantrone
(MTX), a chemotherapy drug similar to mitoxantrone, and immunomodulatory peptide TP5 with chondroitin sulfate as
the goal of immune cold tumor to heat. Firstly, the Zn®" framework disrupts glycolysis and downregulates GLUTI,
activating the AMPK axis to promote PD-L1 protein degradation, thereby reducing the immune checkpoint barrier;
Secondly, MTX causes dsDNA damage, activates the cGAS STING pathway, and overlaps with TP5 to promote T cell/
dendritic cell function, achieving stronger systemic immune response and lower systemic toxicity against CRC both
in vitro and in vivo.”' We believe that from a translational perspective, these works collectively point towards a more
clinically friendly design logic: using degradable frameworks (MOF/ZIF, protein nanoparticles) to carry enzyme/metal
active centers, integrating oxygen supplementation, depletion of GSH, lactate metabolism reset, and STING/ICD
activation into a set of TME response programs, thereby improving local control within the window of CRC radio-
therapy/neoadjuvant therapy without significantly increasing systemic exposure and providing interpretable biomarker

7072 To strengthen translational

reads for immune combination (such as HIF-1 a, lactate, PD-L1, and T cell infiltration).
interpretability, oxygen generating designs should report whether the intervention measurably increases intratumoral pO,
rather than relying only on downstream inference.®> Reduced hypoxia associated signaling such as HIF la down-
regulation should also be demonstrated with independent hypoxia probes.”® Ideally, intratumoral oxygen mapping should
be provided. This requirement is particularly important in orthotopic CRC models because vessel density, perfusion, and
lumen adjacent oxygen diffusion are not accurately reproduced in subcutaneous xenograft models.”*

Importantly, many CRC-NDT studies still rely on subcutaneous CT26 or MC38 models. Orthotopic and metastatic
models can substantially reshape TME dependent treatment responses, including stromal architecture, immune infiltra-
tion, and perfusion or oxygen gradients. Therefore, these models can improve predictive validation for TME engineering
related claims.®® For example, a direct comparison between subcutaneous and orthotopic MC38 implantation showed that
the implantation site significantly alters the tumor immune microenvironment. It also changes the sensitivity and
response trajectory to anti-PD-1 therapy. These findings indicate that the same therapeutic platform may produce
different immunotherapy relevant outcomes depending on the tumor location.” Consistent with this observation, location
dependent profiling in murine colon cancer models has shown that orthotopic tumors display immune checkpoint and
immune context features that differ from those of subcutaneous tumors. This suggests that conclusions regarding immune
activation or relief of immune suppression should be validated in anatomically relevant settings.”® Methodologically,
orthotopic CRC models established through cecal or colonic wall implantation better recapitulate local tumor invasion.
These models also enable clinically relevant liver and lung metastatic spread. Such processes are difficult to reproduce in
standard subcutaneous systems but are essential for evaluating NDT strategies intended for metastatic risk disease.”” "’
Moreover, CRC development is strongly influenced by the intestinal microbiota. Emerging mechanistic evidence
indicates that Fusobacterium nucleatum can colonize colonic crypt niches and promote tumor associated programs.
Therefore, the microbiome context in orthotopic models may influence ROS and ICD outputs as well as downstream
immune remodeling differently from ectopic sites.*” Notably, F. nucleatum promotes chemoresistance in CRC through
innate immune signaling and autophagy associated pathways. This finding provides a rationale to examine how NDT,
particularly ROS and ICD based regimens, may be hindered by or may modulate biofilm like bacterial burdens in the
colon.”>* Taken together, CRC focused NDT studies should prioritize validation in orthotopic models and, where
appropriate, metastatic models. This recommendation is particularly relevant for studies claiming TME reprogramming,
including oxygenation, GSH depletion, lactate metabolic rewiring, and immune cold to hot conversion. In addition, site

dependent immune and microbiome variables should be explicitly reported to strengthen translational predictability.’®®

Local Delivery of Drugs in NDT in CRC

The local drug delivery of CRC is a huge advantage in the treatment of CRC, as the natural accessibility of the rectal
cavity makes local drug delivery no longer just a dose reduction strategy. At the same time, it can lock the energy trigger
and reaction site of NDT at the engineering entrance of the adjacent space of the lesion, providing a structural basis for
the high local effect/low systemic exposure treatment window.®*' We can understand the specific delivery methods as
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follows: enema/suppository achieves intracavitary coverage, endoscopic injection achieves precise placement under the

mucosa or around the tumor, and in situ depot upgrades short resident drugs to long resident material depots (Table 1).%*

However, rectal mucus barrier and erosion (peristalsis, defecation, and secretion dilution) will lead to rapid loss of nano

drugs. Therefore, material countermeasures often start from anti-erosion: forming a wall attachment library through ionic

cross-linking/rapid gel, improving local retention by using injectable viscoelastic network, and adapting endoscopic

injection and complex intracavity mechanical environment with shear thinning/self-healing characteristics.

83-85 In

addition, a current research focus is the integration of local material libraries with NDT triggering strategies. In this

approach, catalytic sites and precursor substrates are first immobilized around rectal lesions using functional materials.

These components may include H,O, sources, metal active sites, and modules for GSH depletion or oxygen supply.

Table | Comparison of Local Delivery Strategies for CRC-Oriented NDT Platforms

Local Delivery | Typical NDT- Key Advantages for | Main Representative Ref.
Modality Deployment in Compatible CRC Limitations/Risks | CRC/NDT
CRC Trigger & Evidence
Practical
Penetration
Intrarectal Photosensitizers (eg., | Light (PDT/PTT) Maximizes mucosa/ Limited depth for Hydrogel [89]
mucoadhesive ALA) formulated as delivered rectal-wall exposure bulky tumors and suppositories
formulations hydrogel endoluminally; while minimizing variable mucosal improved local rectal-
(suppository/ suppositories/rectal penetration is systemic exposure, barrier/retention wall exposure for
gel/enema) gels for luminal/rectal | shallow (mm-scale) | supporting “local- depending on drug | ALA-based PDT
lesions. and best for first” activation for physicochemical feasibility in rectal
superficial/mucosal | rectal scenarios. properties. tumor models.
disease.
Endoscopic/local | Endoscopic Light (PTT/PDT) Leverages standard Limited by line-of- Near-infrared [90]
luminal delivery | instillation/painting/ via endoscope CRC workflows sight and fluorescent
+ endoscopic spray of NDT agents enables tight (colonoscopy) for intraluminal endoscopic image-
activation and image-guided spatiotemporal diagnosis—therapy accessibility; deeper | guided photothermal
activation during control at the coupling and invasion may escape | ablation using dual-
colonoscopy. lesion surface. repeatable focal thermal/ROS modal gold nanorods
activation. coverage. in CRC models.
Intratumoral/ Injection of in situ— Light-triggered Improves on-site Requires injection Photoactivated o1
peritumoral forming hydrogels activation can be retention and access; injectable poloxamer-
injection depots | carrying repeated, with coordinates heterogeneous gel based hydrogel
(injectable photosensitizers/ hydrogel enabling activation—release distribution and enabling local
hydrogels) photothermal agents synchronized timing to amplify local pressure/ photodynamic—
+ immunomodulators | payload release. immunogenic cell necrosis risk in immuno collaboration
adjacent to tumor or death and immune confined spaces. in colon cancer
resection bed. modulation. models.
Postoperative Spreadable/adhesive NIR light (PTT/ Sustains high local Requires ICG-locking granular [92]
resection- depots placed directly | PDT) can be drug levels at the intraoperative gel adhered to surgery
margin adhesive | on wet surgical applied externally margin, reduces placement; light site enabled durable
“bed” implants/ | margins after CRC and repeated while | diffusion/clearance, delivery logistics PTT and synergized
patch-like resection to prevent depot remains and supports and thermal safety with aPD-LI to
depots recurrence. adherent. prolonged immune must be controlled | prevent postsurgical
programming in the near anastomoses. | recurrence/
same compartment. metastasis.
(Continued)
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Table | (Continued).

injection depots
for peritoneal
metastasis

(thermosensitive

gels)

thermosensitive gels
forming depots in the
abdominal cavity for
diffuse peritoneal
metastasis or high-

risk dissemination.

intracavitary/
endoluminal
energy; depot
primarily solves
retention/clearance
for local
combination

regimens.

intraperitoneal
clearance by forming
depots, sustaining
lesion-site exposure
and enabling
prolonged immune
conditioning.

adhesions/
compartmental
heterogeneity and
translation of
dosing/gelation
behavior across
species and fluid
volumes.

thermosensitive
hydrogel formed
intraperitoneal depots
and improved local
chemo-—
immunotherapy
efficacy in advanced
CRC with diffuse PM.

Local Delivery | Typical NDT Key Advantages for | Main Representative Ref.
Modality Deployment in Compatible CRC Limitations/Risks | CRC/NDT
CRC Trigger & Evidence
Practical
Penetration
Sprayable Spray-on, tissue- Photothermal Rapid, uniform Potential off-target | Sprayable HA-based [93]
in situ—forming adhesive hydrogels (NIR) can be coverage of large/ coating/adhesion, multidrug composite
hydrogels for that conform to triggered complex surfaces and | hydrogel clearance | hydrogel achieved
surgical fields/ irregular repeatedly; long-lasting local variability, and need | long-lasting local
peritoneal postoperative hydrogel can stage | release (days—weeks) for reproducible release and
surfaces surfaces and can drug release over for recurrence/ spray dosing. photothermal-induced
cover peritoneal-risk | weeks. peritoneal immuno—chemo
areas. dissemination control. synergy in
postoperative CRC
models.
Intraperitoneal Injectable Can be paired with | Overcomes rapid Risks include OxP/R848@PLEL [94]

Subsequently, exogenous energy inputs such as ultrasound, light, or radiotherapy, or endogenous chemical gradients
including pH, GSH, and glucose, are used to activate ROS, 'O,, or ‘OH generation. This strategy enables spatially
selective amplification of reaction kinetics.”®*® For example, AceGel (0.4% sodium alginate+2% calcium lactate)
developed by Kang et al can be used as an endoscopic submucosal injection water cushion material to instantly gel
and maintain mucosal lifting, and has also verified a good cushion effect in the rectum of animals. Moreover, small-scale
clinical studies show that the mucous membrane heals well in postoperative follow-up, without serious adverse events,
providing a direct reference for the feasibility of “endoscopic injection - local reservoir” in the clinical process.”® Once
loaded with NDT active units (such as MnO,, Fe/Cu based Fenton like catalytic sites, or acoustic/photosensitive
components), this injectable local library that has been validated by endoscopic procedures can converge the reaction
site from the system distribution to the submucosal/tumor microenvironment.*® An example closer to the experimental
system of CRC is the multi enzyme like hydrogel (MELH) constructed by Zhou et al, which provides a drug bank locally
with an injectable network, and improves the therapeutic effect of 5-FU through multi-functional mechanisms (including
the regulation of antioxidant barriers such as glutathione in tumors). It reflects the local rewriting of microenvironmental
factors related to chemotherapy tolerance in CRC models, suggesting that local bank building can sustain the substrate/
catalyst/depletion process required for NDT rather than pulse it once.®” In addition, the injectable composite hydrogel
AMPS reported by Wang et al integrates MnO, nanoparticles (Fenton like CDT) with sound sensitive components, and
produces 'O, and -OH equivalent reactants triggered by ultrasound, reflecting the programmable path of local reservoir
fixed reaction unit - exogenous energy triggered dynamics. This paradigm is particularly suitable for coupling with
clinically available energy input modes such as transperineal/transluminal ultrasound in the rectal cavity.*® On the other
hand, suppository formulations have demonstrated the feasibility of intracavitary delivery with prolonged local residence
and sustained release in animal intestinal tumor models. For example, a sustained H, and 5-FU releasing suppository
developed by Chen et al showed high therapeutic efficiency with low toxicity in colon tumor models. This system
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provides a translational reference for local rectal administration from a pharmaceutical perspective.*® In the dimension of
energy triggering, Sang et al proposed a radiation activated photodynamic strategy using folate modified lipid polymer
hybrid nanoplatforms loaded with vitriprofen. ROS generation was achieved under low-dose radiation therapy (such as
a single dose of 4 Gy), and the precision of tissue relative less collateral damage was demonstrated in the in situ rectal
tumor and lymph node progression model. This suggests that combining it with the local rectal material library may
further compress the non target distribution radius of the nanoplatform.”® From the perspective of clinical accessibility,
Gu et al reported local tumor necrosis and increased immune cell infiltration in patients with advanced CRC treated with
colonoscopic PDT using hematoporphyrin and 630 nm optical fiber irradiation in a retrospective study. These findings
suggest that intracavitary energy delivery combined with local therapeutic amplification has a practical clinical basis.
Registered clinical studies involving colon route local 5-FU administration and thermosensitive gel based formulations
further support the exploratory development of local material platforms within regulatory and clinical research pathways.
These efforts provide a clearer translational direction for the clinical implementation of local rectal delivery strategies for
NDT.*'

Application of Five Types of NDT in CRC

Although NDT has shown great potential in the treatment of CRC, the clinical efficacy of each NDT technique is still
influenced by the tumor microenvironment, treatment mode, and nanoplatform characteristics. Different types of NDT,
such as photodynamic therapy (PDT), sonodynamic therapy (SDT), chemodynamic therapy (CDT), etc., have different
applications and effects in actual treatment due to their different mechanisms of action and indications (Figure 2).%7:%°
For example, PDT is mainly applicable to the surface or local area of tumors through the activation of specific
photosensitizers, while SDT utilizes the deep penetration characteristics of ultrasound, especially suitable for tumors
that are deep or difficult to reach.”® With the development of nanotechnology, these methods have also begun to integrate
multiple treatment strategies, forming a new treatment model characterized by multimodal therapy, striving to provide
more accurate and efficient solutions at different stages of cancer treatment.>’ Therefore, this section will focus on
discussing the specific applications of these five main NDT techniques in CRC, covering their design principles,
preclinical and clinical research progress, and challenges faced, in order to better understand the advantages and
limitations of each method in practical applications (Table 2).%°

PDT for CRC Under The Advantage of Intracavity lllumination

The intracavitary radiogenicity of the rectum/distal colon gives PDT a natural advantage in temporal and spatial
controllability within the framework of NDT, as optical fibers can be inserted through colonoscopy or intracavitary
placement to precisely confine the light field to the tumor surface and infiltration front, thereby transforming the coupling
of the three elements of light oxygen photosensitizer (PS) from an uncontrollable systemic process to an engineered local
energy deposition process.®""'®* At the mechanistic level, PDT induces cascade generation of ROS through PS light
stimulation, and further induces direct damage to tumor cells, microvascular destruction, and release of immunogenic cell
death signals. These effects can be manifested in clinical samples as increased infiltration of T cells, B cells, and
macrophages in tumor tissue after treatment, suggesting its dual pathway potential of local ablation immune
remodeling.'® The key value of nanoplatforms lies in integrating the enrichment, activation threshold, and imaging
guidance of PS into the same material system. For example, the TCPP-Fe®>* metal organic framework (MOF) constructed
by Li et al utilizes the CRC microenvironment H2S enrichment to trigger skeleton degradation, achieving a switch mode
transition of TCPP from fluorescence/photosensitivity off to fluorescence/photosensitivity on, thereby supporting targeted
PDT under real-time fluorescence imaging navigation and reducing the risk of non tumor phototoxicity.'® Another
strategy that is closer to the transformation pathway is to stabilize and target PS that has been clinically applied or is
close to clinical use: Khaled et al loaded the clinically relevant mTHPC liposome formulation Foslip, covered it with
a silica shell, and coupled it with anti CEA Affimer to achieve CEA dependent uptake and phototoxicity of CRC cells
such as LoVo/LS174T/HCT116. In the LS174T xenograft model, a single PDT can achieve about 4-fold tumor volume
inhibition without significant organ toxicity, providing material level evidence for the precise scenario of “fluorescence
tracing and intraoperative/intracavitary illumination”.'®® Targeting CRC with a high proportion of “cold tumors” and
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Figure 2 Application of five types of NDT in CRC. Schematic illustration of photodynamic, chemodynamic, radiodynamic, sonodynamic, and electrodynamic therapies, in
which nanosensitizers are activated by distinct external or internal stimuli to generate reactive oxygen species (ROS) for tumor eradication. Adapted from Zhang, B., Huang,
Y., and Huang, Y (2024). Advances in Nanodynamic Therapy for Cancer Treatment. Nanomaterials (Basel, Switzerland). Copyright © 2024 by authors.??

limited immune therapy response, nano PDT can also complement the mechanism of immune checkpoint inhibition
formation, as reported by Yuan et al mTHPC@VeC /T-RGD multifunctional nanoparticles mediate PDT under 660 nm
laser, which can activate HIF-1 o and upregulate PD-L1 expression through PDT related hypoxia, making tumors more
sensitive to PD-L1 therapy, thereby inhibiting primary and distant tumors and establishing immune memory, providing
a clear dynamic explanatory framework for PDT to move from local controllability to systemic benefit'®’ In addition to
carrier engineering, the structural design of PS molecules themselves can also serve the local irradiation window of the
colon. For example, the novel chlorophyll derivative HCE6 synthesized by Chen et al showed low dark toxicity/high
light toxicity in HT-29 and LoVo models, and could inhibit tumor proliferation and metastasis phenotype, suggesting that
the molecular nano two routes can be used in parallel to optimize the therapeutic threshold under rectal irradiation
conditions.'®® The evidence for more rectal customization comes from Nguyen et al’s on photobleaching mediated charge
convertible cyclodextrin nanoparticles: they first trigger charge conversion at 880 nm to promote cross cellular transport
and deep penetration, and then initiate PDT/chemodynamic combination at 660 nm to achieve clearance of clinically
relevant volume tumors in an in situ rectal tumor model, strengthening the combination logic of “local rectal illumination
“nano penetration engineering”.'®® At the clinical level, a retrospective analysis of stage III-IV CRC patients by Gu et al
showed that intravenous injection of hemoglobin followed by 630 nm fiber segmented intracavitary irradiation (energy
density of approximately 200 J/cm 2, continuous 3—4 days) can achieve high short-term remission and disease control

rates, and prolong overall survival. At the same time, significant enrichment of local immune cells in the tumor after
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Table 2 Comparative Snapshot of Five NDT Modalities for CRC

current driving

electrocatalytic
ROS generation on
conductive catalysts

(often Pt-based).

by optical scattering, but
requires electrode placement/
configuration for effective in situ

activation.

*OH (and related
reactive species) via
electro-driven surface
reactions on Pt
nanoparticles under AC
fields.

demand activation and may
pair naturally with
implantable/local depots at

resection margins.

device integration, safe
field parameters, and
maintaining effective
electrochemical conditions

in tissue.

strong for
postoperative-bed
implants, but higher
engineering/regulatory
burden than light/US

NDT Trigger Effective Penetration / Dominant ROS/ Key Advantages in CRC Main Limitations / Match to Rectal/ Ref.
Type Deliverability Primary Effector Bottlenecks Colorectal Scenarios
PDT Light (often visible— | Optical penetration is limited in | Predominantly 'O, (Type High spatiotemporal Oxygen dependence and High: rectal/colonic [96, 97]
NIR) activating bulk tissue, but endoluminal/ Il) with possible radical precision and repeatable hypoxic niches can endoscopy enables
a photosensitizer. endoscopic illumination pathways depending on activation make PDT constrain efficacy, controllable light
shortens the light path and sensitizer/conditions. attractive for localized CRC motivating oxygen- delivery for mucosal/
improves practical reach in control and combinational boosting or locoregional disease and
colorectal lumens. designs. immunomodulatory postoperative margins.
combinations.
PTT NIR light heating Limited by optical penetration in Heat is the primary Rapid tumor debulking, Risk of off-target thermal | Very high: colonoscopy- | [90, 98—100]
a photothermal deep tissue, but endoscopic NIR | effector (not ROS), with strong local control, and injury and heterogeneous compatible
agent to induce enables clinically relevant focal secondary immune synergy with immunotherapy | heating; still constrained by | photothermal ablation
hyperthermia/ heating inside the colon/rectum | activation via ICD signals through antigen/DAMP light delivery depth has been demonstrated
ablation. possible. release and without endoscopic/ for CRC-relevant
microenvironment interstitial strategies. endoscopic workflows.
remodeling.
SDT Ultrasound Ultrasound offers deep Commonly 'O, and Noninvasive triggering with | Outcome depends strongly | High: pelvic access and [30, 101,
activating penetration and can be focused, *OH/other ROS, depth capability and potential | on acoustic dose, oxygen/ depth favor rectal- 102]
a sonosensitizer supporting treatment of deeper | depending on sensitizer/ immune activation makes ROS chemistry, and region lesions and
(often via pelvic/abdominal targets than material and acoustic SDT appealing for sensitizer accumulation/ intraperitoneal targets
cavitation/ light alone. parameters. locoregional relapse/ retention. when paired with local
sonoluminescence- peritoneal disease concepts. depots/nanocarriers.
related
mechanisms).
CDT No external energy “Penetration” is governed by Predominantly *OH Trigger-free ROS generation | Limited endogenous H,O,, Moderate—high: useful [97, 103]
needed; Fenton/ carrier transport and generated from H,0O, via can complement NDT/ neutral pH regions, and as an always-on
Fenton-like intratumoral distribution rather Fenton/Fenton-like immunotherapy, especially strong antioxidant capacity “baseline” module in
catalysis in TME than a physical trigger field. reactions. when engineered to remodel (eg., GSH) can suppress postoperative beds/
conditions TME or amplify oxidative catalytic efficiency. peritoneum when local
(acid/H,0O5). stress. retention is ensured.
EDT Electric field/ Electric-field effect is not limited Reported to generate Offers repeatable, on- Practicality depends on Moderate: conceptually | [23, 81, 104]
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treatment and fewer serious adverse reactions were observed, directly proving the operability and safety boundary of
intracavitary irradiation in the real world of CRC.'*” However, some existing studies have shown that clinical evidence
for CRC-PDT is still mainly based on small sample/case series, with significant differences in light dose and PS regimen
(such as light dose spans of tens to hundreds of J/cm?). Therefore, a more convertible direction in the future is to use the
rectal advantage of intracavity illumination as an entry point to incorporate imaging navigation, activatable switches, and
immune synergistic mechanisms into nanomaterial design, and standardize light field dosimetry and local delivery
processes in prospective trials to promote its entry into the evidence system of new adjuvant or organ preservation

strategies.'%!'1°

CDT: Transforming CRC into in situ Chemical Reactors

CDT is a treatment modality that significantly affects the TME of CRC and has a crucial impact on the prognosis and
quality of life of patients. The core of CDT lies in its ability to convert readily available weak acids, H,O,, and metal ion
metabolic abnormalities in the TME into programmable in situ free radical reactions, amplifying therapeutic effects
through reaction kinetics rather than single drug occupancy.”®''! At present, research mainly focuses on Fenton/Fenton
like catalysts, using metal sites such as Fe/Cu/Mn to catalyze the generation of ROS such as *OH from H,O, under weak
acid conditions. However, unlike strongly acidic lysosomes, the extracellular pH of CRC lesions is typically neutral to
mildly acidic and usually ranges from pH 6.5 to 7.4.''? In addition, intracellular redox buffering systems such as GSH
and GPX4 remain strong.''® Therefore, mechanistic claims regarding CDT should be supported by kinetic analyses
conducted under physiologically relevant pH conditions rather than relying solely on assumptions of acidic activation.*
Accordingly, three major bottlenecks remain for the implementation of CDT in CRC. These include insufficient catalytic
kinetics, insufficient substrate availability, and reductive quenching.''* We recommend that future CDT studies explicitly
report pH dependent kinetic parameters, including apparent rate constants and Michaelis Menten constants when
applicable. In addition, studies should include in situ ROS flux quantification and experimental validation under neutral
to mildly acidic conditions that better reflect CRC physiology, such as pH 6.8 to 7.4 and approximately pH 6.5.3%'"°

From a quantitative perspective, CDT performance in CRC should be benchmarked using standardized assays and
kinetic frameworks.''® Key metrics include pseudo first order or second order rate constants for H,O, decomposition and
*OH generation, expressed as k app or k, across pH values of 7.4, 7.0, and 6.5. These parameters should ideally be
normalized by the accessible metal site content of the catalyst.>*'!” Direct identification and flux measurement of ROS
should be performed using EPR spin trapping methods, such as DMPO for *OH detection.''® These measurements should
be complemented by fluorescent probes, including terephthalic acid for *OH detection and DCFH DA for total ROS,
together with time resolved calibration. Redox quenching resistance should also be evaluated.''®"'?° Relevant indicators
include GSH consumption kinetics measured using Ellman or DTNB assays, changes in GPX4 activity, and ROS
persistence under physiologic thiol concentrations.'*' In addition, in situ validation should be conducted in CRC models
with controlled pH microenvironments. Suitable systems include buffered media, 3D spheroids, or orthotopic
models.®”*® These approaches help confirm that catalytic flux remains sufficient under mildly acidic conditions. This
kinetic reporting framework enhances mechanistic interpretability and strengthens translational confidence. It directly
links catalyst design to predictable ROS flux outputs under clinically relevant conditions.'*?

For example, Cu site engineering can regulate peroxidase like activity and reaction channels through coordination
environment: the three in one Cu Prlm nanoenzyme constructed by Dong Shuohui et al distorts the Cu-N4 active center
to simulate the natural copper enzyme structure, achieving ROS catalysis, copper ion stable disturbance, and promoting
HIF-1 o degradation in various CRC in vivo models, thereby simultaneously suppressing the biological roots of
chemotherapy tolerance on the three axes of oxidative stress cuprotosis hypoxia signal.*> To address the clinical
challenge of oxaliplatin resistance, Wan et al used an Fe MOF carrier to co deliver OXA and the NO precursor
L Arg. In the high GSH tumor environment, the Fe sites undergo reduction and the framework gradually disintegrates,
which triggers drug release. At the same time, the Fe*" mediated H,O, Fenton reaction enhances ROS generation. In
addition, NO related signaling pathways are introduced to achieve multi pathway reversal of drug resistance. This
strategy reflects an integrated material design concept involving metal site dynamics, gas signal regulation, and
chemotherapy sensitization.>' To strengthen mechanistic alignment with CRC physiology, we add that Fe-based systems
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should demonstrate sustained ROS/catalytic flux under mild acidity and high thiol pressure by quantifying (a) Fe*'/Fe*"
cycling and H,O, consumption rates at pH 7.4/6.8/6.5, and (b) whether NO-related modulation reduces redox quenching
or improves effective ROS lifetime—metrics that are directly tied to resistance-reversal robustness. Further triple
efficiency enhancement strategies typically follow a cascade logic of acidification substrate (H,O,) - GSH consumption
as designed by Zhang et al ZIF-90@CDDP @ MnO, @ HA utilizes MnO, to consume GSH and release Mn>" to perform
CDT in the CRC model, while downregulating HIF-1 a through in situ oxygen production, inhibiting glycolysis (such as
the HK2/GLUT!] related axis), and inducing mitochondrial damage by superimposing Zn”', thereby coupling ROS
generation and energy metabolism suppression into a reactor level synergy on the same nanoplatform® In the dimension
of “substrate supply”, GOx and other enzyme consuming enzymes are used to convert glucose into HO, accompanied
by acidification, thereby pushing the Fenton window from passive dependence on TME to active manufacturing reaction
conditions. Specially, Li et al’s dual targeting GOx@FeNPs In the CT26 CRC model, GSH consumption and ROS
amplification were achieved, and the combination with o. PD-L1 significantly enhanced DC maturation and CD8" T cell
infiltration, indicating that CDT/nanozyme can not only kill tumor cells, but also provide bottom-up energy for immune
checkpoint therapy through ICD/ferroptosis related antigen release.'>® Another pathway that synergizes with immunity is
to use nanozyme to alleviate hypoxia and immune suppression, thereby improving the interpretability of NDT combina-
tion therapy. For example, Chen et al used a tumor cell membrane coated sonosensitizer iron oxide coupling system for
CRC, relying on the catalysis and sonodynamics of iron oxides to generate ROS and interact with anti-PD-1, demon-
strating a transferable framework of catalyzing ROS local inflammation immune amplification.'** For such multimodal
systems, it is important to separately quantify the chemical CDT component and the energy triggered SDT
contribution.'* For example, ROS flux should be measured under conditions with and without ultrasound at matched
pH values. This approach helps validate the proposed mechanistic framework and guides the development of clinically
reproducible activation protocols.>> In another direction that emphasizes stable delivery and translational feasibility of
material platforms, some studies loaded CDDP onto a Cu MOF through copper coordination. In a high GSH environ-
ment, Cu”" and the drug are released simultaneously, which suppresses stemness related tolerance in cancer cells.'*° In
addition, copper ion chemistry and chemotherapy induced stress are integrated at the immune level to achieve combined
sensitization. These results suggest that MOF based platforms can integrate catalysis, drug delivery, and immune
regulation within a unified design framework while maintaining manufacturability.'*®'?” The latest trend in reactor
upgrades is to make multiple reaction units controllable interfaces. For example, Chen et al surface engineered copper
peroxide nanodots onto PCN-224 porphyrin MOF and combined them with Au nanozyme to achieve more efficient
translation and multimodal coordination of TME trigger signals in the CRC model. This further proves that CDT/
nanozyme is not only a ROS attachment, but can be designed as a core catalytic module that determines reaction
selectivity and treatment window.>* Overall, the clinical translational value of CDT/nanozyme in CRC is shifting from
supplementing ROS to rephrasing hypoxia, drug resistance, and immune suppression encountered in radiotherapy/
chemotherapy/immunotherapy as engineering reaction kinetics problems, which is precisely the most convincing material

science landing point of NDT system.'*'%°

SDT: Deep Precision Killing Triggered by Ultrasound

SDT uses low-intensity ultrasound as an external energy source to activate sonosensitizers, inducing ROS generation
under the combined action of cavitation/sonoluminescence and sonochemical effects, thereby achieving better penetra-
tion and non-invasive, focusing spatiotemporal control of deep tissues. This gives SDT a more reachable energy
advantage compared to PDT in CRC, and it is also the most suitable triggering mode for integration with clinical
ultrasound equipment in the NDT system.””> Due to the widespread hypoxia and high GSH scavenging free radicals in
CRC TME, the ROS flux of SDT alone is easily limited, thereby reducing the damage to CRC. Therefore, in recent years,
basic research has tended to use nanomaterials to integrate sound sensing units, catalytic units, and TME regulatory units
into a sound triggered original amplification reaction chain, and has shown many promising application opportunities.
For example, Chen et al covalently or physically adsorbed Ce6 onto Fe304 nanoparticles. They further constructed
MBFCs by coating the nanoparticles with CT26 tumor cell membranes. This design enabled homologous tumor targeting
and the synergistic integration of Fe304 mediated Fenton like catalysis CDT with Ce6 induced ROS generation in SDT.
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This system significantly increased ROS levels, induced apoptosis, and inhibited tumor growth in CT26 cells and tumor
bearing mice. These results demonstrate that combining material site engineering with biomimetic targeting can expand
the effective dose window of SDT.'** To further address hypoxia dependence, Guo et al constructed a platelet membrane
coated with C-TiO2 hollow nano shell (C-TiO2)/ AIPH@PM) TiO2 is used as the sound sensitive core, AIPH as the
oxygen independent alkyl radical generator, and platelet membrane is used to prolong circulation and enhance tumor
homing. AIPH decomposition releases N2, which can reduce cavitation threshold and improve acoustic field penetration/
deposition efficiency, thereby achieving more thorough tumor clearance and good biosafety under both normoxic and
hypoxic conditions. The key material strategy for CRC-SDT is emphasized as oxygen independent radical.'** In addition,
in the direction of reaction cascade, Zhang et al proposed a biomimetic cascade nanoreactor (Pt nanozyme doped hollow
polydopamine, tumor cell membrane coated and co loaded with Ce6 and chloroquine CQ), which enhances ROS
generation through Pt nanoenzyme catalysis, while blocking autophagy clearance pathways with CQ, so that ultrasound
triggered oxidative strikes are no longer recovered by cell stress. In a CRC model, multi omics suggests that apoptosis/
ferroptosis related pathways are jointly activated, improving the reproducible efficacy of SDT from both the dynamic
amplification and tolerance mechanism disassembly ends.'*' Another type of material route that is closer to the local
reachable scene of the rectum is the local library and acoustic triggering. Specifically, Wang et al constructed injectable
AMPS hydrogel with alginate as the skeleton, in-situ gelled under the effect of Ca2+in the tumor microenvironment, and
simultaneously loaded MnO2 (Fenton like CDT), organic sound sensitive polymer, and anti-metastasis drug SIS 3, to
achieve SDT+CDT synergy and significantly inhibit the growth of subcutaneous tumors in mice, while achieving near
complete inhibition of lung/liver metastasis, suggesting that fixed reaction sites in the material library can translate sound
field triggering into more lasting local response flux.*® Furthermore, Zhao et al utilized pre drug micelles connected by
diselenide bonds and introduced Pt nanozyme cascade enzyme like activity (such as SOD-CAT/SOD-POD) to alleviate
hypoxia, enhance sonogenic ROS production, and achieve the reduction response release of Ce6 and paclitaxel in tumors,
thereby improving the synergistic efficiency of “sonotherapy” for colon cancer in vitro and in vivo. This indicates that
nanozyme can not only replenish ROS, but also systematically improve the therapeutic window of SDT through oxygen
regulation and reaction selective engineering.'** From the current research perspective, the advantage of SDT lies not
only in its deeper penetration, but also in its ability to naturally couple with clinical routine ultrasound imaging/
localization and its low-cost, repeatable irradiation characteristics. The tumor homing, hypoxia/antioxidant barrier
breaking, and immunogenic death amplification provided by the nano platform make it more likely to form an
interpretable joint sensitization strategy with radiotherapy or immunotherapy, and approach the clinical goal of preser-
ving CRC organs and improving local control rates.'***'** Given biological variability, we suggest that “hypoxia relief”
claims in SDT-enhancement studies be supported by direct pO, measurements and hypoxia-marker profiling before/after
treatment, and that validation in orthotopic colorectal tumor models be prioritized to reflect clinically relevant vascular

and perfusion features.®>-*®

RDT: Standard Radiotherapy Process Level Fusion Point for CRC

RDT can be seen as a secondary amplification of radiation energy onto a nanoplatform, transitioning to ROS/free
radical chemistry. By utilizing the accessibility of X-rays in deep tissues, RDT converts local ionizing radiation in
tumors into more controllable and high-density oxidative stress, providing a clinical entry point for nanodynamic gain
in CRC, an already highly radiation dependent disease spectrum.'*>'3® RDT nanoplatforms typically enhance energy
deposition through high-Z components, achieve energy transfer through organic/inorganic radiation response modules,
and amplify ROS generation such as « OH/'O, in the tumor microenvironment to complement the chemical killing
deficiencies of conventional radiotherapy under hypoxia, sublethal repair, and dose limitation.'*” Taking the work that
directly corresponds to the cytological evidence of CRC as an example, Sang et al constructed folate targeted lipid
polymer hybrid nanoparticles (FA-LPNPs-VP-5-FU) composed entirely of FDA approved ingredients. Under
a clinically relevant dose of 4 Gy X ray irradiation, verteporfin triggered a burst of ROS. This ROS increase induced
apoptosis and necrosis in HCT116 cells and caused cell cycle arrest at the G2/M and S phases. These findings reflect
a chemodynamic enhancement effect within the radiation dose window.?* Furthermore, Rui Sang et al’s RA-PDT
(radiation activated PDT) reported in eBioMedicine has advanced similar nanoplatforms to the in vivo scenario of
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locally advanced rectal cancer (LARC) with lymph node positive progression: a single 4 Gy division can activate VP
and generate sufficient ROS, significantly inhibiting the growth of primary lesions in both local and subcutaneous
models, while suppressing lymph node tumor progression with minimal involvement of surrounding tissues. This
directly echoes the clinical demand for precise sensitization rather than simple dose escalation.”® This low segmenta-
tion trigger local high ROS tissue selective protection RDT logic has natural clinical alignment potential with the
current guided practice of dose segmentation, treatment window, and organ preservation strategy in CRC radiotherapy:
using nano RDT as a chemical gain module in conventional radiotherapy or TNT treatment sequences to increase
effective biological dose and tumor control probability without changing the irradiation geometry.'*>'*® At the material
level, clinically convertible sensitization designs are also moving from single high-Z to structurally engineered
composite energy converters, such as Du et al through engineering Hfy 7 Ti 30,@PEG Nanoparticles achieve enhanced
radiotherapy response, emphasizing the use of material composition and surface engineering to obtain stronger tumor
radiotherapy sensitization and better in vivo adaptability, providing a representative model for the manufacturability
administration controllable toxicity route of rectal cancer radiotherapy sensitization materials.'*® The common trend of
nano radiation dynamics/nano sensitization for radiotherapy is to couple oxidative chemistry with microenvironmental
regulation (such as oxygen supply/hypoxia relief, inhibition of antioxidant systems, or parallel with cell cycle
regulation) to maintain the reaction kinetics advantage of ROS generation in real TME and reduce dependence on high-
dose single irradiation, in response to the hypoxia immunosuppression bottleneck during radiotherapy.'®” At the same
time, the key pivot of RDT in pushing local radiotherapy towards systemic therapy lies in immunological amplification:
stronger ROS and cell damage can enhance immunogenic cell death and antigen release, thereby providing higher
quality in situ vaccine substrates for combined immune checkpoint inhibitors and theoretically increasing the prob-
ability of distant effects.>”"'*" It is worth noting that TNT strategies in rectal cancer are rapidly evolving. Increasing
clinical evidence supports the integration of radiotherapy, chemotherapy, and immunotherapy. For example, Spring-01
evaluates the TNT regimen of short course radiotherapy (5 x 5 Gy) in locally advanced CRC and reports a higher
pathological complete response rate signal in combination with cetuximab and CAPOX. This treatment framework
provides a clear transformation path for embedding RDT nanoplatforms into segmented radiotherapy and immune
combination timing in the future, from local sensitization to overall benefit.'**'*" Because radiotherapy-relevant
oxygen effects are highly context-dependent, studies proposing oxygen supplementation/hypoxia relief in RDT should
include quantitative oxygen-tension readouts (pO,), hypoxia-marker modulation, and preferably spatial oxygen map-

ping, with emphasis on orthotopic rectal/colonic models for realistic vascular microarchitecture.®%'*?

EDT: A New Approach with Therapeutic Potential

EDT, as a new branch of NDT that deserves attention in recent years, focuses on converting programmable electric fields
into in situ active species generation within tumors: electrode induced electrolysis products (especially chlorine contain-
ing active species) are reactivated on the surface of nanocatalysts, thereby amplifying oxidative stress and triggering
tumor cell death without relying heavily on oxygen supply.”” At the mechanistic level, Lu et al pointed out from the
perspective of heterogeneous catalysis that EDT is not simply electric field directly cracking water, but more likely to
involve free chlorine/HOCI generated by electrolysis in key reactions, and undergo catalytic activation on the surface of
Pt nanoparticles, producing strong oxidizing species such as superoxide anions.'** At the same time, it is accompanied by
detectable processes such as Pt surface reactions/corrosion, providing an operable reactant site kinetics framework for
subsequent material site engineering. Based on the idea of in-situ enrichment of reaction substrates, Chen et al utilized Pt
Cu alloy nanoparticles to regulate the electronic structure through alloying and superimpose chloride ion transporters
(CIT) to achieve intracellular C1~ elevation, thereby significantly enhancing the generation of electrically driven ROS. At
the same time, the Fenton like reactions mediated by Cu and Fe sites together with GSH consumption were utilized to
enhance catalytic activity. This design established a multi pathway coupling strategy involving electrically driven ROS
generation, *OH reinforcement, and release of antioxidant barriers. As a result, stronger antitumor effects were observed
both in vitro and in vivo.'** Similarly, other researchers have utilized KCL-CaCO3 nanoclusters coated with Pt
nanocrystals (KCCP) to integrate the “ion pool” with the electrocatalytic site: the release of Cl~ within tumor cells
promotes the generation of Pt driven ROS, while Ca® * overload and ROS form a self-amplifying cycle, resulting in
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higher levels of oxidative damage and deeper tumor inhibition under the same electrical stimulation.'** In addition, to
address practical barriers such as high expression of GSH and fluctuations in acidic/peroxide substrates in the tumor
microenvironment, Chen et al further integrated the logic of EDT and CDT nanoenzymes using Fe;O4@Pt. Pt is
responsible for electrically driving ROS, while Fe sites participate in the Fenton reaction under acidic conditions and
rapidly deplete GSH through the Fe’*/Fe*" cycle, thereby reducing ROS clearance, improving overall reaction flux, and
therapeutic window (Figure 3).°> However, the current mainstream validation of EDT nanomaterials still relies on models
such as subcutaneous transplant tumors, and there is still limited systematic evidence in colorectal/rectal in situ models.
However, the electrode accessibility within the rectal cavity is rapidly filling this transformation chain: endoscopic
calcium electroporation has been completed for Phase I clinical studies of CRC, demonstrating that the intracavitary
electric field can act on tumor tissue in a controllable manner and has a feasible safety profile.'*® Furthermore, calcium
electroporation has been explored as a potential neoadjuvant strategy for patients with curable CRC. This approach
indicates that combining a local electric field with local material or substrate delivery may support clinical strategies
aimed at organ preservation and treatment downstaging.'*’ The series of cases of palliative treatment for CRC with
intracavitary calcium electroporation from the UK also demonstrates the feasibility of this type of intracavitary electrical
therapy in late stage complex lesions from a real-world perspective, providing a clinical entry point for future grafting of
local material libraries (such as EDT electrocatalytic nano platforms)-+electric field triggering to local rectal treatment.'*®
At the same time, electroporation/electrochemical reactions can cause controllable pH and electrolytic microenvironment
changes around the electrode, and have been shown to affect the state of immune cells (such as promoting macrophage
activation towards a more anti-tumor phenotype), providing a verifiable biological lever for EDT to further form a local
trigger immune amplification combination logic with immune checkpoint and other systemic therapies.'*’ In more
engineering oriented electrochemical tumor therapy research, designs such as external anode/multi cathode arrays have
been used to expand the effective reaction volume and pursue more thorough pathological reactions. This also suggests
that in the future, if the electrode devices in the rectal cavity are optimized in conjunction with EDT nanocatalysts, the
electric field may be upgraded from a simple energy input to a programmable reaction field, thereby promoting EDT
from a conceptual new therapy to a more translational strategy that is closer to the clinical context of CRC."*°

To translate intracavitary activation strategies based on light, ultrasound, and electric fields into clinically executable
rectal cancer workflows, patient specific dosimetric standardization is required. Such frameworks should explicitly model
pelvic tissue heterogeneity, mucosal geometry, and organ level energy absorption rather than assuming homogeneous

Enhanced ROS %
Generation 7|

P GSH Depletion ———

Figure 3 Schematic illustration of Fe304@Pt NPs for synergistic electrodynamic/chemodynamic tumor therapy with GSH depletion. The red dot on the mouse indicates
the tumor site (intratumoral injection location) where Fe;O4@Pt NPs are administered. The lightning/electric field symbol represents electrodynamic therapy that promotes
ROS production, while chemodynamic therapy is mediated by the Fe?*/Fe* redox cycle converting endogenous H,O, into *OH via Fenton/Fenton-like reactions. “ROS”
denotes reactive oxygen species and “*OH” denotes hydroxyl radicals. GSH depletion indicates the consumption of intracellular glutathione, which weakens antioxidant
defenses and further enhances ROS accumulation for tumor killing. Adapted from Chen T, Chu Q, Li M, Han G, Li X. Fe304@Pt nanoparticles to enable combinational
electrodynamic/chemodynamic therapy. | Nanobiotechnology. Copyright © 2021 by authors.®?
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fields."*' For intracavitary or endoluminal PDT, established dosimetry principles indicate that treatment effects depend on
geometry, tissue optical properties, photosensitizer distribution, and tissue oxygenation. Therefore, rectal implementa-
tions should combine applicator position tracking with optical property aware light transport calculations. This strategy
helps prevent excessive local irradiation and insufficient dosing along curved mucosal surfaces.?"'>* Clinical CRC and
rectal PDT studies have historically shown large variation in light dose, irradiation methods, and sensitizer protocols.
Therefore, standardized reporting is essential. Key parameters should include mucosal irradiance or fluence, exposure
geometry, and oxygen related treatment dependence. Such standardization is critical for cross center reproducibility and
for aligning NDT activation strategies with pelvic anatomy.'>* For ultrasound triggered NDT and SDT, engineering
feasibility improves when treatment centers adopt standardized parameter reporting and dosimetry guidelines. Important
parameters include frequency, duty cycle, pressure or intensity, focal volume, and calibration methodology. These
parameters should be integrated with acoustic modeling that accounts for pelvic anatomical structures. Such modeling
helps address variations in attenuation and reflection across the bowel wall, mesorectum, and surrounding tissues.'**'>
Electric field activation faces a similar challenge. Therapeutic thresholds depend on the spatial distribution of electric
fields within heterogeneous tissues. Therefore, treatment planning should incorporate field mapping and monitoring
approaches. These methods should account for nonlinear tissue changes during electroporation as well as the proximity
of critical pelvic structures.'>*'>* Finally, pelvic anatomy is intrinsically heterogeneous and differs substantially from
homogeneous phantom models in terms of absorption and attenuation. Therefore, heterogeneity aware quality assurance
strategies derived from pelvic dosimetry should be incorporated into NDT trial SOPs. These approaches are particularly

valuable when combined with image guidance and post treatment dose or field reconstruction.'>®

Synergistic Therapy in NDT to Enhance Immunotherapy in CRC

Although different types of NDT have their own advantages in the treatment of CRC, such as achieving locally efficient
production of ROS, inducing tumor cell death, and reshaping the tumor microenvironment to some extent through light/
sound/catalysis triggering, from a clinical decision-making perspective, a single NDT strategy is often difficult to
simultaneously cover the highly heterogeneous biological characteristics and complex immunosuppressive network of
CRC, and its efficacy is still limited by multiple bottlenecks such as tumor hypoxia, immune “cold” state, drug exposure
spatiotemporal mismatch, and recurrence and metastasis risk.'>”'*® Therefore, it is still difficult to become the preferred
monotherapy for clinical treatment. In contrast, the accumulated basic and translational research in recent years has
shown that embedding NDT as a programmable local activation module into combination therapy systems can achieve
tumor burden reduction and immune activation at a precise and controllable tissue scale, and further complement and
cooperate with immune checkpoint blockade, innate immune agonists, metabolic/microenvironment regulation, or local
delivery systems, thereby demonstrating more clinically significant potential in inhibiting recurrence, expanding systemic
benefits, and prolonging the duration of therapeutic efficacy.'”® '®* When multimodal systems simultaneously integrate
PDT, CDT, and immunotherapy, quantitative evaluation of synergistic effects should be included in the discussion. Such
analysis helps distinguish true synergistic amplification from simple additive effects and improves the reproducibility and
translational relevance of the conclusions.'®'"'%? Because synergy definitions are model dependent, it is recommended to
report synergy scores from multiple reference models. These may include Bliss, Loewe, HSA, and ZIP frameworks,
together with visualization of synergy landscapes. For example, SynergyFinder can be used to standardize and visualize
multidose combination data. This approach helps identify synergistic intervals within clinically feasible dose ranges
rather than relying on apparent synergy observed only at extreme doses.'® For engineered platforms activated by light,
sound, or electric fields, pharmacological frameworks such as MuSyC can further decompose synergy into efficacy and
potency components. This analysis helps determine whether a combination increases maximal therapeutic efficacy or
primarily reduces the effective dose. The latter scenario may support toxicity reduction and optimization of activation
parameters. Such evaluation provides a more practical basis for clinical SOP development and cross center
consistency.'® Based on these trends, this section focuses on the design logic and key evidence supporting NDT
based synergistic therapies. It discusses how mechanism complementarity and optimization of timing and delivery
engineering can transform local dynamic therapy into scalable antitumor immune responses. These strategies may
provide promising treatment options for CRC, particularly for tumors with an immune cold phenotype.
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NDT as an in situ Tumor Vaccine: ICD-Driven Antigen Cascade
The core synergistic logic of coupling NDT with immunotherapy in the “cold tumor” immune ecosystem of CRC is to
reshape local tumor cell death from simple tumor reduction to an in situ vaccine process that can be read by the host
immune system. Among them, NDT first produces measurable immunogenic cell death (ICD) signals, and then amplifies
these signals into treatable immune activation and systemic anti-tumor memory through nanoadjuvants and microenvir-
onment engineering.'®>'°® For example, built by Wan et al TIR@siRNA (TAT-IR780 self-assembled nanoparticles
loaded with Nrf2 siRNA, particle size<60 nm) achieved sonosensitizer nuclear localization and inhibited Nrf2 mediated
ROS clearance through TAT, transforming ultrasound triggered SDT from transient oxidative stress to accumulative
lethal oxidative stress, and stronger tumor suppression and immune related changes were observed in the CT26 CRC
model More importantly, this work has written ICD as a verifiable chain: at the cellular and tumor tissue levels, it reports
a significant increase in ROS under ultrasound, activation of DNA damage and mitochondrial apoptosis pathways, and
the appearance of ICD related phenotypes accompanied by increased DC recruitment and T cell infiltration. Ultimately, it
synergizes with DPPA-1 peptide anti-PD-L1 to inhibit primary lesions and suppress intestinal metastases, reflecting
a logical loop from in situ vaccination to checkpoint release.'®” In a representative electrical NDT study, Chen et al
constructed Pt-loaded with glutamine antagonist 6-diazo-5-oxo-L-nurleucine (DON) starting from the production of
highly toxic -OH by EDT Pd@DON Nanocarriers are designed to advance an EDT from short-term killing to long-term
tumor suppression in the context of immune suppression, with a focus on the risk of tumor recurrence and metastasis.'®®
This work explicitly juxtaposes ROS mediated ICD and DON promoted CD8+T cell infiltration as a synergistic axis to
achieve more robust systemic anti-tumor immune output in primary and metastatic models, emphasizing that metabolic
intervention can serve as an ICD backend amplifier to enhance the immune transformation efficiency of EDT.'*® More
importantly, electric NDT should be regarded as a reliable in situ vaccine, not only by observing the ICD phenotype, but
also by using a traceable causal chain to connect electrically triggered -OH with immune initiation (such as establishing
consistency through the generation of -OH under electrically triggered conditions and changes in immune response), thus
avoiding the explanatory bias of difficult to distinguish between cytotoxicity and immune contribution solely based on
endpoint tumor suppression.'®!'%®

Positioning NDT as an in situ tumor vaccine is most convincing when its local cytotoxicity is mechanistically linked
to canonical ICD signaling. Key signals include ecto calreticulin exposure, extracellular ATP release, and HMGB1
release or translocation. These events enable dendritic cell cross priming and support durable T cell immunity.'**'"° In
CRC relevant NDT systems, ROS driven ER stress and membrane damage can initiate an antigen cascade. Tumor cell
killing generates a synchronized release of tumor associated antigens together with DAMP signals. These signals
promote DC maturation and antigen presentation rather than allowing antigen release to remain immunologically
silent.'®® The strongest immunological evidence arises from studies that quantify ICD biomarkers and functionally
connect them with DC maturation and T cell priming. For example, photodynamic ER stress models in the CT26 colon
carcinoma system have shown that CRT exposure and ATP secretion directly promote DC activation and a prophylactic
vaccination effect.'”! In this study, mice immunized with PDT treated CT26 cells were protected against subsequent live
tumor rechallenge. This result directly demonstrated the presence of immune memory rather than transient inflammatory
responses.'”! More recent CRC oriented nanodynamic platforms have begun to report quantitative DAMP readouts
together with DC maturation analysis. For example, a zirconium coordinated nanosonosensitizer for CRC increased CRT
membrane translocation with MFI quantification, promoted HMGBI release detected by imaging and quantification, and
altered ATP levels. Conditioned medium from treated cells also induced BMDC maturation measured as CD11¢"CD80"
and CD86" populations by flow cytometry under defined ultrasound parameters. This experimental sequence more
closely reflects the mechanistic requirements of in situ tumor vaccination.'’? Conceptually similar PDT centered studies
emphasize that ICD competence is not guaranteed by ROS generation alone. Therefore, ICD induction should be
evaluated using standardized biomarker panels and functional assays. Different photosensitizer localizations and cellular
stress programs can produce distinct immunogenic outputs even when the extent of tumor killing appears comparable.' "
When antigen specific T cell activation is examined, cross presentation and antigen specific assays should be included
together with DC maturation measurements. Examples include IFN y ELISPOT, tetramer staining, and defined antigen
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models. These approaches ensure that CRT, ATP, and HMGB1 measurements are mechanistically linked to adaptive
immune responses rather than remaining correlative observations.'”*!7 From a translational perspective, the sequential
pathway linking ICD induction, DC activation, T cell priming, and immune memory suggests specific correlative
endpoints for CRC NDT clinical trials. These may include peri treatment biopsies or organoid based assays that quantify
CRT, HMGBI, and ATP related DAMP signatures together with DC activation markers and T cell clonality or expansion.
Longitudinal monitoring of immune memory may also provide patient level evidence analogous to tumor rechallenge
experiments. Such approaches are particularly relevant for MSS CRC, where insufficient.”®!7¢

At the level of adjuvant engineering, what we hope to achieve is to amplify ICD from weak signals to immune
activation. Often, instead of continuing to pile up ROS, we use nano platforms to decouple danger signals from innate
immune switches/microenvironmental resistance, thereby increasing effective DC uptake and reducing immune suppres-
sion thresholds.'*>'%!"7 For example, as an immunosuppressive axis releasing adjuvant, Huang et al prepared a nano
drug NCG co loaded with a sound sensitive agent Ce6 and a TGF - B receptor inhibitor galunisterib. Under ultrasound,
Ce6 produced ROS to induce ICD and release immune stimulation signals such as CRT/HMGBI, while the acidic
microenvironment triggered Gal release to inhibit Smad2/3 signaling, thereby inhibiting MDSC differentiation, promot-
ing TAM polarization towards M1, and weakening the tumor associated fibroblast barrier. This significantly improved
effector T cell infiltration and enhanced the efficacy of anti-PD-L1 in CRC liver metastasis models. Essentially, this is the
same nano prescription for ICD antigen production and relieving TGF-B-mediated immune rejection.'®> On the other
hand, the innate immune switch amplifying adjuvant is also an important component. For example, Liu et al assembled
a supramolecular nanocarrier HCCSM using hyaluronic acid cyclodextrin as the host guest assembly, and co delivered
the chemotherapy prodrug CPT with the STING agonist MSA-2 for in situ vaccination of CRC. The key point is to
synchronize the tumor antigen released by cell death with the STING signal in time and space, thereby increasing the
probability of triggering DC maturation and T cell initiation, and upgrading the death signal to a programmable vaccine
adjuvant signal.'”” In addition, in the impact study, researchers constructed the albumin nano delivery system FA-ICG&
MnOx@HSA The co loading of ICG and MnOx aims to amplify anti-tumor immune responses by combining acoustic
triggered ROS/sonodynamic effects with Mn related innate immune enhancement (accompanied by microenvironmental
response behavior), providing a convertible design template for nanomedicine with sonodynamic+STING axis gain.'**
Furthermore, Zhang et al proposed the biodegradable platform MMCH (MnOx@MIL-100 @ CDDP@HA) TME acid/
GSH triggers the release of CDDP, Fe?", and Mn”*. On the one hand, GSH consumption and - OH generation promote
iron death and induce ICD. On the other hand, nuclear DNA and mitochondrial DNA damage drive the cGAS STING
pathway. Mn”>" can increase the sensitivity of ¢cGAS to dsDNA, achieve the synergy of the three pathways of ICD
(adaptive immunity)+cGAS STING (innate immunity), and report persistent immune memory and recurrence
inhibition.'”® At the same time, the IrTe-x-Mn nano acoustic sensing system reported by Wu et al coupled Mn as an
immune adjuvant/signal amplifier with acoustic sensing catalysis, and demonstrated the improvement path of nano
adjuvant on the efficiency of in situ vaccines through a chain logic from material composition to ICD and then to tumor
vaccination system immunity.'”” We need to point out that in the precision treatment of CRC, the clinical significance of
such in situ vaccine strategies lies in the fact that the vast majority of microsatellite stabilized (MSS) CRC is insensitive
to PD-1/PD-L1 monotherapy. The goal of NDT-ICD and adjuvant engineering is to transform locally controllable energy
deposition into a systemically amplified immune response, thereby creating a responsive immune background noise for
immune checkpoint inhibitors and promoting our clinical treatment.'®>'¢’

Finally, in addition to ROS type ICD, material induced pyroptosis/inflammatory cell death can also serve as a strong
adjuvant pathway for ICD. Specifically, Wang et al DOX@Zr-MOF Triggering caspase-3/GSDME dependent pyroptosis
and reprogramming the immunosuppressive microenvironment significantly enhanced efficacy in the CT26 colon cancer
model when combined with anti-PD-1 This suggests that we can consider dynamic ROS in the field and endogenous
inflammatory death in the material as two convertible pathways for in situ vaccination of NDT.”° Electric fields/currents
have the advantages of tissue penetration and spatial controllability, making the combination of locally accessible
electrical stimulation with nano EDT materials and immune adjuvant modules theoretically easier to embed in neoadju-
vant or local enhancement strategies. However, their clinical application still needs to establish stricter translational
evidence around the safety window of electrical parameters, in vivo disposal and systemic toxicity of platinum/
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manganese based materials, and the repeatability of the kill ICD adjuvant T cell effect chain in the human immune

suppressive microenvironment.'®!%*

NDT Collaborative Immune Checkpoint Blockade: Turning CRC from Cold to Hot
At present, in the actual clinical treatment of CRC, the long tail benefits brought by immune checkpoint inhibitors (ICIs)
are mainly concentrated in the MSI-H/dMMR population, and the overall efficacy for MSS patients, who account for the
vast majority, is still limited. Therefore, there is an urgent need for a controllable, locally triggered, and systematically
reshaped immune pretreatment method to push “cold tumors” towards “hot tumors” (Table 3).'3%!%% Previous studies,
represented by negative results such as IMblaze370, may suggest that in the absence of effective antigen release and
T cell recruitment, it is often difficult to cross the primary tolerance threshold of tumors solely by relieving PD-1/PD-L1
axis inhibition.'®®'®” From the perspective of traditional systems engineering, NDT, Some methods that focus on precise
delivery and controlled triggering of local dynamic therapies driven by ROS such as PDT/SDT using nano platforms are
naturally suitable as synergistic treatment methods for ICI. Because ROS mediated local cell death and tissue stress can
form an in situ vaccine effect in tumors, creating an entry point for subsequent T cell clone expansion and infiltration
through antigen release and inflammation cascade. In addition, NDT has spatiotemporal programmability (light/sound
triggering, dose segmentation), making the engineering trade-off between immune activation and toxicity more con-
trollable, especially suitable for treatment scenarios that are locally accessible to the rectum.'®” Typical examples from
Yuan et al’s construction mTHPC@ VeC /T-RGD multifunctional nanoparticles mediate PDT. PDT not only inhibits the
primary lesion, but also induces systemic immune response and suppresses distant tumors. PD-L1 blockade further
amplifies this effect and forms immune memory, thereby transforming local killing into systemic immune control. More
importantly, this study reveals why NDT is suitable as an immune pretreatment for ICI in mechanism: the hypoxic stress
caused by PDT can upregulate tumor PD-L1 through HIF-1 o, forming an adaptive immune escape induced by dynamic
therapy. Introducing PD-L1 blockade during this window period can translate the original tolerance response into
a therapeutic target that can be utilized by drugs, thereby achieving a closed-loop synergy from thermalization to
amplification.'®” Similarly, in the sound triggered path, Wan et al designed TIR@siRNA Realizing IR780 (sonosensi-
tizer) nuclear localization and Nrf2 siRNA cytoplasmic delivery, utilizing gene enhanced nuclear targeted SDT to
regulate redox balance and alleviate the immunosuppressive microenvironment, thereby significantly enhancing the
therapeutic effect of DPPA-1 peptide based anti-PD-L1 therapy. In the CT26 model, not only the primary tumor is
cleared, but also intestinal metastasis is inhibited and accompanied by enhanced T cell infiltration, reflecting the material
immune synergistic logic of first igniting antigen/inflammation and then relieving checkpoint inhibition.'®” Furthermore,
in response to the key bottleneck of the lack of strong inflammatory cell death signals in the MSS context, Cao et al
reported that mitochondrial targeted PDT can trigger GSDME mediated pyroptosis and enhance the efficacy of anti-PD-1
antibodies in microsatellite stable CRC, suggesting that a more immunostimulatory form of cell death (compared to
simple apoptosis) may be more effective in enhancing antigen presentation and the probability of effector T cells entering
the tumor, thereby providing a higher quality initiating signal for the “cold to hot” transition.'®’

Recently, more conversion-oriented material schemes have begun to nanoize and antibody free the blockade itself.
For example, the chimeric peptide engineered photodynamic PD-L1 degradation agent NPPM (PpIX-PD-L1 targeting
peptide CVRARTR forms an amphiphilic skeleton and is loaded with macitentan) developed by Wei et al Under light
irradiation, it not only triggers ICD but also achieves PD-L1 photodynamic degradation in tumor cells. At the same time,
macitentan synergistically reduces the expression of PD L1 in extracellular vesicles. This effect leads to increased T cell
infiltration and a reduction in Treg populations. As a result, both primary tumors and metastatic lesions are effectively
suppressed. These findings highlight the potential to simultaneously disrupt PD L1 mediated immune suppression at the
cell membrane and extracellular vesicle levels through materials based strategies.'®® Similarly, Zhang et al self-
assembled small molecule PD-L1 inhibitor C2 and photosensitizer Ce6 into C2-Ce6 nanoparticles, achieving up to
94.7% tumor growth inhibition in the MC38 model, accompanied by increased T cell infiltration and enhanced evidence
of DAMPs, suggesting that small molecule blockade and PDT-ICD co delivery at the nanoscale can provide a more
manufacturable and iterative joint paradigm for CRC with antibody tolerance or insufficient infiltration.'®* However, for
clinical translation, given the overall lack of stable benefits of MSS mCRC for ICI and the urgent need for interpretable
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Table 3 Synergistic Integration of NDT with Immune Checkpoint Blockade for CRC

nanoparticles)

and spatiotemporal

control

expand immune response

NDT x ICB Trigger/Energy | ICB Form CRC Model Key Points of Collaborative Mechanism | Main Internal Outcomes Ref.
Combination
TSPO targeting PDT+a Light triggered Anti-PD-| MSS-CRC related ROS — p38/CASP3 — GSDME lysis induces | Combined PDT can significantly enhance the [180]
PD-I (IR700DX-6T) PDT (near- antibody models (including pyroptosis like ICD, enhancing the sensitivity | efficacy of alpha PD-1 and improve immune

infrared/visible CT26, etc.) and of “cold tumors” to PD-| blockade infiltration/tumor control

light irradiation evaluation of

dependent combined immune

system) effects
ICG-NIR-PDT+CTLA-4/ 808 nm near- Combination MC38/CT26 model; PDT induces ICD and promotes Compared to monotherapy, combination therapy | [181]
PD-LI blocking (P407 infrared light blockade of a P407 hydrogel as phagocytosis/antigen presentation, while ICB | can prolong survival and enhance inflammation
temperature sensitive triggers PDT CTLA-4 and o a local co delivery releases inhibition to jointly promote DC and immune cell infiltration, thereby more
hydrogel co delivery) PD-LI platform maturation and T cell effector response effectively inhibiting tumor growth
Nuclear targeted gene Ultrasound Anti-PD-L1 CT26 tumor bearing | Downregulation of Nrf2 weakens tumor The combined approach can significantly enhance | [167]
enhanced SDT (Nrf2 triggered SDT therapeutic mice; Nano delivery antioxidant buffering and enhances ROS T cell infiltration and synergistically block PD-L1
siRNA)+anti-PD-L1 (deep peptides achieves nuclear pressure, while nuclear/mitochondrial to suppress the burden associated with in situ
peptide therapy penetration) (D-PPA-I, etc). | targeting and gene damage promotes ICD to alleviate immune tumor and metastasis

silencing microenvironment

Biomimetic aPD-L1 Near infrared PD-LI targets CRC related models; | Thermal ablation releases TAA and improves | In vivo tumor suppression and prolonged survival, | [182]
functionalized gold light triggers PTT | scFv mediated Membrane infiltration/vascular permeability, combined while promoting DC maturation, increasing CD8
nanostar PTT+PD-1/PD- (local heating) axis blockade biomimetics with PD-L| blockade to release inhibition * T cells, and reducing Treg/MDSC
LI axis blockade (scFv (and promotes enhances tumor site | and jointly reshape TME
membrane encapsulation) enrichment) enrichment
Mitochondrial targeting Near infrared Anti-PD-1 Bilateral mouse colon | Mitochondrial damage - AMPs ICD chain The joint group achieved the clearance of the [183]
PTT/CDT+a PD-1 (AuCu/ | light triggers PTT | antibody cancer model (in situ/ | enhances antigen presentation, ICB converts | primary lesion on the irradiated side and
ICG TPP and other and amplifies contralateral it into systemic T cell effects and produces significantly inhibited the non irradiated distal
platforms) CDT oxidative evaluation of distant | distant inhibition tumor, accompanied by upregulation of

damage effects) inflammatory factors and increase in DC/CD8 *

T cells

PD-LI small molecule Light triggered PD-LI small MC38 model; Nano PDT induces DAMPs/ICD and increases Reported high TGl in MC38 model accompanied | [184]
inhibitor C2+Ce6 PDT Ce6 PDT molecule self-assembly infiltration, while small molecule PD-LI| by enhanced T cell infiltration and safety
(self-assembled blockade enhances enrichment | blocks tumor sites to release inhibition and | performance
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and stratable sensitization strategies, NDT has the advantages of local temporal and spatial controllability (such as
accessible rectal/colon cavity illumination, ultrasound coverage of deep lesions) and material programmability (targeting,
organelle localization, death mode regulation, extracellular vesicle immune suppression intervention). We hope to form
an engineered synergistic treatment unit with PD-1/PD-L1 blockade as an immune pretreatment module. However, its
clinical implementation still needs to align with existing evidence systems in patient stratification, biomarker and
combination design, and be validated through prospective studies.'®'%%:19

In addition, ROS bursts and oxygen dynamics can transiently reshape checkpoint biology. Therefore, NDT pulses
may modulate PD L1 expression through hypoxia and HIF 1 signaling pathways. This effect makes the temporal
synchronization between NDT and ICB treatment nontrivial.'*"*'*? For example, a CRC nanoplatform study combining
PDT with PD L1 blockade reported that PDT mediated hypoxia activated HIF la signaling and increased PD L1
expression. This finding explained why the timing of anti PD L1 administration relative to the PDT pulse influenced
therapeutic efficacy.'”” In addition to tumor cells, ROS can also reprogram myeloid cell compartments. ROS inducing
agents have been shown to increase PD L1 expression in macrophages through NF kB dependent transcription. These
findings suggest that NDT generated oxidative stress may transiently alter PD L1 levels in both tumor and immune cells.
Consequently, the optimal window for checkpoint inhibition may shift over time.'”® Collectively, these findings support
a practical translational recommendation for CRC NDT and ICB combination protocols. PD L1 and HIF la kinetics
should be measured over time after each NDT pulse, together with local oxygenation when possible. These measure-
ments help determine when checkpoint upregulation peaks and when antigen release and DC priming are maximal. ICB
dosing should then be aligned with this empirically defined therapeutic window rather than assuming that concurrent

treatment is always Optimal,107’19 1

Engineering Localized Hydrogel and Depot Systems to Coordinate NDT with

Immunomodulation

Localized co-delivery depots (injectable/sprayable hydrogels, in situ—forming matrices, or “postoperative bed”” implants)
are increasingly used as a logistics layer for nanodynamic therapies (NDT, eg., photodynamic/photothermal/chemody-
namic modules) combined with immunomodulators, because a single platform can simultaneously solve tissue retention,
spatiotemporal triggering, and multi-agent release mismatches that commonly limit systemic combination regimens
(Figure 4).""*'%% In CRC scenarios where surgery and locoregional relapse or peritoneal dissemination remain major
barriers, a depot placed directly at the resection margin or intraperitoneal sites can sustain high on-site drug levels while
reducing systemic exposure, thereby enabling repeated external triggering (light/heat) and prolonged immune modulation
within the same anatomical compartment (Figure 5).°*'” Mechanistically, these depots are designed to synchronize
tumor debulking plus antigen/alarmin generation by NDT with a longer immune programming window delivered by
adjuvants or checkpoint blockade, a concept emphasized in recent injectable hydrogel immunotherapy
frameworks.' 719819 A representative colon cancer example is the thermosensitive poloxamer 407 (P407) hydrogel
used as a co-delivery reservoir for indocyanine green (ICG) and checkpoint antibodies, where near-infrared PDT induced
reactive oxygen species—mediated cytotoxicity and immunogenic cell death, while the same depot enabled effective
intratumoral exposure to anti-PD-L1 and anti-CTLA-4 to extend survival in CT26/MC38-bearing mice compared with
monotherapies.'®! Importantly, the study directly connected material choice (P407 gelation and intratumoral retention)
with immune readouts, showing that ICG-PDT promoted dendritic cell handling of tumor debris and maturation, and that
adding checkpoint blockade amplified leukocyte infiltration and antitumor control, illustrating why depot-based coloca-
lization can convert a transient photoreaction into a durable immune cascade.'®!

Beyond simple loading, advanced depots embed stimulus-responsive logic so that NDT itself controls immunomo-
dulator release. For example, Wang et al developed a DNA hydrogel, which encodes PD-L1 aptamer and CpG through
rolling circular amplification, carries dihydroporphyrin e6 (Ce6), captures tumor cells with early recurrence after surgery,
and then uses laser triggered PDT to damage the captured cells and generate ROS. ROS decomposes the matrix to release
PD-L1 blocker (aptamer) and CpG in situ adjuvant.'®' This design is notable from a combination-logistics perspective
because the depot couples a local recurrence event with on-demand irradiation and an automatically “unlocked”
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Figure 4 Local CRC therapy—immunotherapy combinations enabled by localized co-delivery depots. Schematic overview of local cancer therapy in which a peritumoral/
intratumoral depot serves as a logistics layer to integrate immunotherapy alone or in combination with chemotherapy, radiotherapy, phototherapy (photodynamic/
photothermal), and gene/DNA-based interventions to elicit synergistic antitumor immunity. Localized co-delivery depots (eg., injectable/sprayable hydrogels, in situ—forming
matrices, or postoperative-bed implants) improve tissue retention and enable spatiotemporally controlled activation of NDT modules while coordinating multi-agent release
kinetics, thereby mitigating delivery and dosing mismatches that often limit systemic combination regimens. Adapted from Liu C, Liao Y, Liu Let al Application of injectable
hydrogels in cancer immunotherapy. Front Bioeng Biotechnol. Copyright © 2023 by authors.'*

immunotherapy payload, leading to systemic antitumor immunity and inhibition of metastasis in the authors’ post-
operative recurrence-mimicking model, while also acknowledging translational constraints such as hydrogel/probe

81 A clinically relevant extension in

in vivo stability and model fidelity that must be engineered for clinical feasibility.
postoperative CRC is a sprayable, hyaluronic-acid—based adhesive composite hydrogel embedding multifunctional
nanoparticles (OXA—Mn(II)-Cur coordination polymer core with polydopamine shell), which achieved segmented pH-
responsive release for >20 days, maintained high local concentration with reduced systemic toxicity, and produced long-
lasting multi-stage immune activation that synergized with chemotherapy to eliminate residual disease and suppress
peritoneal metastasis in mice.””> Although that platform emphasizes chemo—immuno synergy, its materials logic (tissue
adhesion, sustained regional pharmacokinetics, and externally reinforced NDT-like photothermal contributions via PDA)
directly informs how “rectal bed” depots could be engineered to host NDT sensitizers alongside immune agonists or

1.3 At the antigen-supply level, a complementary strategy is to use

checkpoint agents for prolonged local contro
thermoresponsive F-127/gelatin hydrogels as a tumor-antigen depot by mixing tumor cells into the gel and applying
PDT-associated ROS monitoring (Cy7 functionalization), conceptually positioning the hydrogel as a local vaccine-like
template to mechanistically limit postsurgical relapse through antigen release coupled to phototherapy.”’° In the future,

modular immunostimulatory nanocomponents that integrate NDT with innate immune agonism—such as manganese-
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Figure 5 Mechanism schematic of a postoperative, triggerable immunomodulatory hydrogel depot for tumor recurrence monitoring and locoregional control.
(a) Construction of CPDH-Ce6@cAS: aptPDLI| and CpG/Ce6-cDNA binding sites are introduced via a “one-pot” RCA process, followed by self-hybridization and nucleic-
acid hybridization to assemble CPDH-Ce6 and further load cAS, yielding the final CPDH-Ce6@cAS complex. (b) Postoperative implantation and on-demand activation:
a locally embedded CPDH-Ce6@cAS depot is placed at the CRC resection margin and/or intraperitoneal sites to sustain high on-site exposure with reduced systemic
burden. Elevated ATP associated with locoregional relapse/peritoneal dissemination restores cAS fluorescence for early warning, while repeated external triggering (light)
activates Ce6 to generate ROS, induces depot self-disassembly, and enables release/availability of immunomodulators for locoregional tumor control. (c) Immunomodulation
mechanism: CpG and tumor-associated antigens (TAA) promote dendritic cell (DC) maturation and T-cell activation, while the released PD-L| aptamer blocks the PD-1/PD-
LI checkpoint, thereby enhancing cytotoxic T-cell-mediated tumor killing.Adapted from Wang D, Liu J, Duan | et al Enrichment and sensing tumor cells by embedded
immunomodulatory DNA hydrogel to inhibit postoperative tumor recurrence. Nat Commun. Copyright © 2023 by authors.'””

coordinated nanoparticles co-packaging Ce6 with the STING agonist MSA-2—provide plug-in payloads that are
particularly compatible with depot placement, because depots can mitigate systemic off-target innate activation while
preserving repeated triggerability and durable local exposure.’°' Overall, these studies support a translationally grounded
engineering principle for CRC: hydrogel/depot selection is not merely a carrier decision but a system-design variable
that governs co-localization, trigger timing, and dose density of NDT plus immunomodulators, thereby shaping whether

locoregional immune activation can be sustained long enough to prevent recurrence and metastatic escape.’' %%

International Journal of Nanomedicine 2026:21 hetps: 25



Wang et al

Challenges and Future Directions

Clinical Translational Challenges
Although NDT has shown various unique advantages compared to traditional treatments in CRC, there is still a critical
gap between it and conventional clinical protocols. The core issue is not the insufficient performance of a single material,
but the uncertainty and non-standardization of the full chain synergy of delivery triggering immune effects manufacturing
and regulation.”***°® From a translational perspective, the lack of real exposure of nanoplatforms in vivo, limited cross
model reproducibility, and gaps in evidence of biocompatibility and long-term safety are common bottlenecks that limit
the entry of nanomedicine into clinical practice.’***°” NDT, relying on dynamic catalysis/energy triggering and ROS
cascades, is more likely to amplify these uncertainties.’”® Meanwhile, tumor vascular permeability and cell-mediated
transport mechanisms are highly heterogeneous between different patients and lesions, leading to significant deviations in
tumor accumulation and distribution of the same nano formula in clinical settings from animal models, thereby directly
affecting the local response threshold and immune post effects required for NDT.*'% For the indication of CRC, which
is a more locally operable anatomical site, how to truly translate the advantages of local delivery into a controllable
engineering loop of dose and exposure is still a clinical problem that needs to be prioritized.**” In addition, in terms of
triggering and dosimetry, NDT of PDT/class PDT is constrained by the depth of light penetration, tissue optical
heterogeneity, and hypoxia, especially in locally advanced CRC or deep infiltrating lesions, where uneven light field
distribution can cause “edge residue” and insufficient immune stimulation, thereby weakening the synergistic window
with immunotherapy.?” At the same time, clinical evidence also suggests that PDT research on CRC is still mainly based
on early case series or retrospective evidence, with significant differences in treatment parameters (light dose, photo-
sensitizer, irradiation method) across studies, making it difficult to form a replicable standard pathway. This makes it
even more necessary to have a strict dosimetric framework when NDT approaches prospective trials.''” Even though
there have been clinical explorations showing changes in the peripheral and tumor local immune cell spectrum after PDT
accompanied by therapeutic signals, the queue size and study design are still insufficient to answer the key translational
questions of optimal trigger intensity, repetition rate, and immune combination timing.*'*'® For SDT/ultrasound
triggered NDT, the acoustic field parameters (frequency, intensity, duty cycle, focusing mode) are highly coupled with
cavitation effects and are related to tissue acoustic properties, tumor location, and gas/blood flow status. This leads to
a greater dependence on equipment and operational standardization for efficacy and toxicity windows, which must be
addressed through an engineering quality control system before multi-center clinical promotion.®'-'621°

Furthermore, considering the biocompatibility of nanomaterials, NDT often achieves immune activation through ROS
induced cell death and DAMPs release. However, ROS generation relies on oxygen supply and local antioxidant
buffering. The hypoxia and metabolic/inflammatory fluctuations in the CRC microenvironment can cause individual
differences in the intensity of immunogenic cell death (ICD), which in turn affects the predictability of subsequent
immunotherapy.?'" In addition, the active ingredient carrier boundary of NDT nanoplatforms is often not clear (such as
metal/semiconductor nanostructures with both carrier and catalytic functions), and their protein crown, immunogenicity,
reticuloendothelial system uptake, and long-term clearance pathways may be completely different from traditional small
molecules. Therefore, more systematic immunotoxicology and chronic exposure assessment are needed, not just short-
term blood biochemistry and major organ H&E.?'* Notably, glutathione GSH depletion is widely used as a catalytic
amplification strategy to sustain ROS flux. However, GSH is a central redox buffer in normal tissues, particularly in the
liver and kidney, and it participates in detoxification and redox signaling pathways. Therefore, systemic perturbation of
GSH can disrupt whole body redox homeostasis and increase susceptibility to off target oxidative injury.?'?>>'"
Accordingly, CRC oriented NDT and CDT systems that rely on GSH depletion should clearly distinguish local
intratumoral depletion from systemic depletion. Longitudinal oxidative safety monitoring should also be incorporated.
Relevant indicators include blood or tissue GSH to GSSG ratios, lipid peroxidation products such as MDA and 4 HNE,
protein oxidation markers, and antioxidant enzyme activities. These measurements should be evaluated together with
standard organ function panels and extended histopathological analyses.>'>>'> This safety consideration is closely
related to biodistribution. After systemic administration, a substantial fraction of nanoparticles may be captured by the
liver through RES and Kupffer cell pathways. This process can concentrate metal or catalytic components in hepatic
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tissue. If GSH reactive chemistry is not adequately confined, this accumulation may amplify redox related toxicity.?'®>!”

Therefore, hepatic accumulation and clearance as well as potential hepatobiliary elimination should be reported as part of
a translation oriented evaluation package. Design strategies should prioritize degradable chemistries and circulation
stable inactive states. In addition, local delivery approaches such as intrarectal depots, hydrogels, or postoperative
implants can spatially confine redox modulation and reduce systemic oxidative burden.?'®?!” For metal based catalytic
agents, long term biodistribution and clearance kinetics should be quantitatively evaluated. Measurements should include
RES organs such as the liver and spleen as well as CRC relevant sites. These sites include the intestinal mucosa,
particularly under endoluminal or intrarectal exposure conditions, and metastatic liver lesions. Hepatic sinusoidal
structures and Kupffer cell uptake can dominate nanoparticle fate and may generate clinically meaningful off target
exposure.”'®!? Accordingly, translation ready NDT studies should report time resolved organ burden measurements.
These may include elemental quantification by ICP MS for metal catalysts or radiotracer imaging such as PET or SPECT
when feasible. Studies should also quantify biological half life and excretion routes. In addition, dose exposure toxicity
relationships should be defined to establish practical safety thresholds for CRC patients with compromised liver function
or liver metastases.>'® 2 For mucosa facing strategies, nanoparticle interactions with mucus and epithelial barriers as
well as local immune responses can influence retention and safety profiles. Therefore, mucosal accumulation, barrier
perturbation, and local inflammatory responses should be evaluated together with systemic PK measurements.??!-*%?
From the perspectives of regulation and chemistry, manufacturing and controls, the key quality attributes of nanomedi-
cine (particle size distribution, surface chemistry, morphology, impurities, and inter batch consistency) need to be linked
to the mechanism of action and risk benefit logic in the early stages, otherwise they are often forced to rework after
entering the IND/clinical stage due to the inability to prove controllability and comparability.*** European regulatory
authorities also emphasize that the development of nanomedicine should be aligned with regulatory scientific advice as
early as possible, and a consistent classification and quality data package should be established throughout the lifecycle
to reduce registration uncertainty caused by differences in the definition of active ingredients/excipients in different

regions.”>*%?

Future Directions

In the near future, we believe that the breakthrough of NDT in precision treatment of CRC should shift from stronger
materials to clinically executable system solutions. The primary direction is to reconstruct the delivery path with local
accessibility as the core, such as using endoscopy, intracavitary/intraoperative light sources, and focused ultrasound to
achieve spatial dose control, and coupling with imaging or optical monitoring to form a closed-loop dosimetry, thereby
improving the coverage and consistency of deep or irregular lesions.?”*'>"?2¢ Secondly, based on the objective reality of
heterogeneity in tumor delivery mechanisms, there is a greater need for the development of interpretable patient
stratification and biomarker strategies in the future (such as histological/vascular and immune structural feature predic-
tion of nano accumulation and immune plasticity) to reduce the dilution of the true beneficiary population by averaging
experimental designs.?*®?%® To make this stratification clinically actionable, we propose a biomarker framework aligned
with the mechanistic logic of NDT involving trigger activation, ROS flux generation, and immune responses. The first
category includes hypoxia associated indicators such as HIF 1o and CAIX expression or hypoxia PET tracers including
18F FMISO. These biomarkers help evaluate oxygen dependent PDT or ROS kinetics and hypoxia associated immune
escape. The second category includes metabolic markers reflecting lactate accumulation and tumor acidity.
Representative examples include lactate transport signatures such as MCT4 and SLC16A3. These markers have been
associated with immune suppression and may correlate with responsiveness to ICB therapy. The third category involves
dynamic PD L1 expression trajectories, including hypoxia driven coupling between HIF signaling and PD L1 regulation.
These dynamics can guide the temporal synchronization between pulsatile NDT treatment and checkpoint blockade
therapy.'?>*?’?* In parallel, immune infiltration profiles should be standardized using clinically validated frameworks
such as the Immunoscore. This system evaluates CD3 and CDS8 T cell densities within the tumor core and invasive
margin. Additional profiling of myeloid and Treg related signatures, including MDSC and TAM polarization states, can
further characterize the capacity for immune cold to hot conversion. These parameters also provide cross center
comparable immune readouts.”**>*? Thirdly, in terms of immune transformation, it is recommended to position NDT
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as a programmable immune preprocessing module, systematically designing the timing, frequency, and intensity of ICIs/
immunomodulators through controllable local inflammation and antigen release windows, and establishing a transferable
readout system with tumor infiltrating T cells, Treg/MDSC lineage, PD-L1 dynamics, and memory T cells to support
cross center comparability.®'*** Fourthly, at the industrialization level, following the transformation framework such as
DELIVER, the design, characterization, manufacturing, non-clinical models, and clinical endpoints will be moved
forward and coordinated. Priority will be given to selecting scalable and scalable synthesis routes, degradable/removable
material systems, and trigger schemes compatible with existing equipment platforms, which will significantly improve
the success probability of NDT entering clinical validation.?’°*#** Future development of multilayer MOF, COF, and
nanozyme based NDT systems should prioritize manufacturing feasibility. Designs should move beyond proof of concept
complexity toward scalable, reproducible, and stability validated architectures. Regulatory agencies require developers to
define critical quality attributes (CQAs), control process variability, and demonstrate product comparability when
nanomaterials are incorporated into finished drug products.”****> Continuous manufacturing strategies can help reduce
process drift and improve batch to batch consistency. Examples include microfluidics enabled synthesis and scalable
downstream drying or solidification processes. In addition, long term physicochemical stability programs should
incorporate stress testing relevant to clinical handling conditions. When gastrointestinal delivery layers are involved,
these logistics related components should also be evaluated. Such measures allow multifunctional nanoplatforms to
remain compatible with a translation ready CMC development framework.?’**>** By vigorously combining basic
experiments with clinical translation and promoting each other, we believe that NDT will greatly improve the outcomes
of CRC treatment in the future.

Conclusion

Nanodynamic therapy provides a promising locally controllable strategy for CRC. It enables on demand generation of
cytotoxic species and modulation of the tumor microenvironment. Because CRC lesions are anatomically accessible,
externally triggered activation and localized delivery are particularly feasible. These features offer advantages in
precision and safety compared with purely systemic approaches. Increasing evidence indicates that the therapeutic
potential of NDT extends beyond direct tumor ablation. NDT can function as an immune priming modality that
synergizes with immunotherapy and other treatment strategies. This process may convert immunologically cold CRC
lesions into immune active tumors and enhance responsiveness to immune checkpoint blockade. Nevertheless, successful
clinical translation will require standardized activation protocols, robust patient stratification strategies, and scalable
manufacturing systems that meet regulatory requirements. To accelerate cross center reproducibility, future CRC focused
NDT trials should establish practical Standard Operating Procedures SOPs. These procedures should harmonize stimulus
dosimetry and reporting parameters. Examples include light wavelength, irradiance, fluence, and exposure geometry, as
well as ultrasound frequency, duty cycle, acoustic pressure or intensity, and focal volume. When applicable, RT dose and
spatial mapping should also be reported. In addition, SOPs should standardize intraluminal or intracavitary delivery
logistics, including applicator positioning, treatment margins, and motion management. Prespecified pharmacokinetic and
retention controls for local depots or hydrogels should also be defined. Finally, response assessment timelines and
immune monitoring panels related to ICD induction and systemic immune memory should be incorporated. Standardized
dosimetry, particularly for optical and ultrasound fields, should be treated as a field level priority. Lack of standardization
remains a major bottleneck that limits inter institutional comparability and delays regulatory acceptance. Addressing
these challenges will be essential for translating NDT from experimental platforms into clinically impactful therapies for
CRC. Finally, the anatomical accessibility of rectal tumors and the increasing emphasis on organ preservation create
a favorable context for NDT based strategies. NDT induced local immune priming and durable complete clinical
responses may support Watch and Wait strategies in selected rectal cancer patients. Such approaches could reduce the
need for radical surgery while maintaining oncologic safety and would highlight the clinical significance of CRC oriented
NDT platforms.
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