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ABSTRACT

Minimally invasive tumor ablation techniques, such as radiofrequency ablation, microwave ablation, and
cryoablation, have emerged as important modalities for treating solid tumors, owing to their advantages
such as rapid recovery after treatment and reduced surgical trauma. However, their clinical efficacy
remains limited by various factors, including incomplete ablation, high rates of recurrence, and an
immunosuppressive tumor microenvironment. In recent years, the advent of nanoengineering strategies
has provided promising avenues to overcome these limitations. Owing to their unique properties, such as
tumor-targeting, controlled drug release, and immunomodulatory functions, nanocarriers not only
enhance the local efficacy of ablation therapies but also modulate cell death pathways, such as pyroptosis
and ferroptosis, and reprogram the tumor immune microenvironment. These effects collectively activate
systemic antitumor immune responses. This review summarizes the underlying mechanisms by which
nanoengineered systems augment tumor ablation, with a specific focus on key pathways through which
nanocarriers synergize with ablation therapies to improve therapeutic outcomes. This review also criti-
cally assesses current limitations, including biosafety concerns and translational challenges, and dis-
cusses future perspectives, such as the development of intelligent nanocarriers and multimodal
combination strategies. Ultimately, this work aims to provide theoretical insights and practical guidance
for advancing the efficacy and personalization of tumor ablation therapies.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Overview of tumor ablation

The first modern cryosurgery system using liquid nitrogen was
developed by Cooper et al. in 1961 [1]. In 1983, ultrasound-guided
ethanol injection for liver tumors was pioneered by Sugiura et al.
[2]. Radiofrequency ablation (RFA) was first introduced for treating
patients with small liver tumors by Rossi et al. in 1993 [3]. Success-
ful microwave ablation (MWA) for liver tumors with a size of less
than 2 cm was first reported by Seki et al. from Japan in 1994 [4].
Since the advent of modern imaging technologies, image-guided
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thermal ablation techniques have become increasingly wide-
spread. Ablation therapy is now commonly used to treat both pri-
mary and metastatic liver tumors, and has become routine in
clinical practice [5]. Under guidance from imaging modalities such
as ultrasound, computed tomography (CT), magnetic resonance
imaging (MRI), or CT/positron emission tomography (PET), ablation
procedures can be performed with high precision [6] (see Fig. 1 for
a schematic overview of tumor ablation techniques).

Tumor ablation is a minimally invasive technique, and percuta-
neous thermal ablation has been widely applied for treating vari-
ous solid tumors, including those of the liver, kidney, bone, and
lung [7-11]. Ablation therapy eliminates all viable malignant cells
within a designated target area by applying thermal energy or
chemical agents [8]. Studies have demonstrated that achieving an
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Fig. 1. A systematic overview of the evolution of tumor ablation technologies.

ablation margin of at least 1.0 cm into the surrounding normal tis-
sue is critical for long-term disease-free survival in patients under-
going curative resection for hepatocellular carcinoma (HCC) [12].

One of the major advantages of tumor ablation over traditional
surgery is its ability to spare a greater proportion of healthy tissue
[13]. For instance, in patients with early-stage HCC, the preserva-
tion of liver function reserve is a key determinant of long-term out-
comes. In such cases, tumor ablation minimizes collateral damage
to the surrounding cirrhotic parenchyma, thereby offering a safer
alternative [14]. Despite these advantages and widespread clinical
adoption, tumor ablation is not without limitations. The following
section critically examines the challenges and drawbacks that con-
strain its therapeutic efficacy.

1.1. Clinical applications of tumor ablation

RFA and MWA are thermal-based techniques that induce coag-
ulative necrosis of tumors or diseased tissue by generating heat.
These techniques deliver electrical or electromagnetic energy to
the target tissue via electrodes or antennas embedded in special-
ized needles. In RFA, a high-frequency alternating current induces
resistive heating of surrounding tissues via ionic agitation, result-
ing in localized thermal destruction around the electrode tip
[6,7]. Under imaging guidance, thermal ablation techniques such
as RFA, MWA, and cryoablation (Cryo) have been developed for
the treatment of tumors that are difficult to resect surgically. These
approaches have demonstrated high efficacy in treating both pri-
mary and metastatic malignancies [7,15,16]

Compared with RFA, MWA offers several advantages, including
faster heating rates, higher intratumoral temperatures, and the
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PD-1: programmed cell death protein-1; PD-L1: programmed cell death ligand-1.

ability to achieve larger zones of tumor necrosis. These character-
istics make MWA particularly advantageous for treating larger
tumors [17,18]. MWA can be performed via percutaneous, laparo-
scopic, or open surgical approaches by directly inserting a micro-
wave antenna into the tumor site, offering flexibility in clinical
application [19]. MWA generates heat by applying electromagnetic
energy to biological tissues. When electromagnetic radiation in the
megahertz range (typically 300 MHz to 300 GHz) interacts with
tissue, polar molecules, such as water, attempt to realign with
the oscillating electric field. This molecular friction generates heat,
resulting in coagulative necrosis. On the basis of power deposition
and tissue characteristics, ablation zones larger than 5 cm can be
achieved [20,21]. Compared with other thermal ablation modali-
ties, MWA offers several advantages, including a shorter ablation
time, lower susceptibility to heat-sink effects, larger and more uni-
form ablation zones, and the ability to maintain higher intratu-
moral temperatures [20,22,23]. These features contribute to its
potent cytotoxicity, minimal invasiveness, and growing popularity
in the treatment of various solid tumors, including lung cancer,
HCC, and colorectal cancer [24-26].

Cryo involves cycles of rapid freezing and thawing. During the
procedure, high-pressure argon or nitrogen gas is delivered to
the chamber at the tip of a cryoprobe, where it expands and rapidly
cools. This cooling induces cell death through coagulative necrosis,
caused by direct cellular injury from extreme cold, as well as by
vascular stasis and ischemia in the targeted tumor tissue [27,28].
Percutaneous Cryo has been shown to completely eradicate renal
cell carcinoma (RCC) lesions up to 4 cm in diameter. For nonsurgi-
cal candidates with tumors up to 7 cm, CT-guided Cryo remains a
viable alternative, offering high efficacy with relatively low com-
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plication rates [29-31]. Cryotherapy is now widely used to treat
renal and musculoskeletal tumors, primarily because of its key
advantage of compatibility with multiple imaging modalities, par-
ticularly unenhanced CT imaging. This flexibility significantly
improves procedural safety, particularly when tumors are located
near anatomically critical structures where the risk of collateral
damage is high [15,28,32].

However, emerging evidence suggests that image-guided per-
cutaneous Cryo not only provides substantial pain relief but also
offers local tumor control, potentially eliminating the need for
additional interventions such as radiotherapy or surgical resection,
thereby reducing the overall treatment burden and cost [33-35].
Energy-based tumor ablation, or thermal ablation, refers to the
application of extreme temperatures, either high or low, to induce
irreversible cellular injury, ultimately leading to apoptosis and
coagulative necrosis in tumors [36,37].

In terms of both efficacy and safety, intraoperative visibility of
the ablation zone is crucial for optimizing outcomes. Laser intersti-
tial thermal therapy (LITT) is fully compatible with MRI, enabling
real-time thermographic monitoring and precise control of the
ablation volume. This feature makes LITT particularly suitable for
treating central nervous system tumors, where precision is critical
[38,39]. Irreversible electroporation (IRE) is a novel nonthermal
ablation technique that induces tumor cell death through the
delivery of high-voltage electrical pulses. Unlike thermal methods,
IRE preserves surrounding vascular and ductal structures, making
it especially promising for tumors adjacent to major blood vessels
or bile ducts. Clinical studies have demonstrated that, when com-
bined with surgery in patients with pancreatic cancer, IRE can sig-
nificantly extend overall survival (20 vs 13 months) and alleviate
cancer-associated pain [40,41]. Additional advantages of ablation
therapies include shorter hospital stays and cost-effectiveness
compared with conventional options [37,42] (see Fig. 2 for a clas-
sification of tumor ablation therapies).

1.2. Limitations of tumor ablation

Despite the expanding indications and increasing use of thermal
ablation in clinical practice, it still carries a significant risk of dam-
aging adjacent structures, particularly the skin, intestines, and neu-
ral tissues. Thermal ablation at temperatures between 60 and 100
°C typically results in immediate coagulative necrosis; however,
tissue vaporization and carbonization may occur when the temper-
ature exceeds 110 °C, which can adversely affect the therapeutic
efficacy of ablation [36,43]. Although prolonged exposure of tumor
cells to sublethal hyperthermia (40-60 °C) can lead to irreversible
cellular damage, temperatures exceeding 60 °C induce rapid pro-
tein denaturation and mitochondrial dysfunction, and inhibit
DNA replication. These thermal effects can occur almost instanta-
neously. However, image-guided percutaneous tumor ablation
techniques, such as RFA, may also cause unintended thermal injury
to surrounding normal tissues, including the skin, bowel, and
nerves [44-47]. Achieving a target temperature at a single point
within the tumor does not necessarily guarantee complete abla-
tion. In fact, spatially heterogeneous heating throughout the entire
ablation zone, rather than a uniform temperature distribution, is
typically observed [48,49].

When evaluating the efficacy of Cryo combined with imaging
techniques, it is essential to account for factors such as the position
of the lethal isotherm, the number of freeze-thaw cycles, and the
rate of thawing. Studies have shown that, during Cryo, the distance
between the visible ice ball margin and the actual lethal isotherm
in normal renal parenchyma may be only a few millimeters. Con-
sequently, a safety margin of approximately 6 mm between the
ablation zone and adjacent normal renal tissue is generally recom-
mended for patients with RCC [50-52]. This narrow margin inevi-
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tably increases the technical complexity and demands greater
precision from the operator. Studies have shown that misplace-
ment of cryoprobes may compromise the accuracy of early pros-
tate cancer biopsies under MRI guidance and reduce the
likelihood of achieving complete tumor coverage during Cryo pro-
cedures [50].

Studies have shown that when tumors are located in critical
regions, such as near the gastrointestinal tract or hepatic hilum,
the use of thermal ablation may be associated with an increased
incidence of major complications [53]. In the treatment of pul-
monary malignancies using MWA, complications such as pneu-
mothorax, hemoptysis, and severe skin burns have been reported
[54,55]. In addition, percutaneous thermal ablation is limited by
the quality of imaging guidance and, in some cases, by complex
anatomical structures or difficult-to-access tumor locations. Most
patients with HCC are diagnosed at an advanced stage, when
tumors are typically large and no longer amenable to curative sur-
gery. In such cases, ablation procedures become technically chal-
lenging and may offer limited therapeutic benefit [56-58]. A
comprehensive comparison of the advantages and disadvantages
of each ablation modality discussed is provided in Table 1
[6,7,20,21,28,32,37,40,41,59-63].

To overcome these limitations, researchers have turned to nan-
otechnology. The next section introduces nanocarriers and their
antitumor mechanisms, which form the foundation for combina-
tion strategies with tumor ablation.

2. Antitumor mechanisms of nanocarriers
2.1. Targeting delivery

Nanocarriers, which are engineered structures typically ranging
from 1 to 100 nm, offer unique physicochemical properties that
enable efficient drug encapsulation, targeted drug delivery, and
controlled drug release [64,65]. Nanocarriers possess several
advantageous properties, including small particle size, a control-
lable morphology, and ease of surface functionalization. These fea-
tures enable efficient encapsulation, adsorption, or covalent
conjugation of both hydrophilic and hydrophobic drug molecules
[66]. Moreover, nanocarriers provide a protective microenviron-
ment for therapeutic agents to overcome biological barriers [67].

In recent years, a broad spectrum of drug delivery systems
(DDSs) has been developed to increase the efficacy of cancer ther-
apy. DDSs can increase the accumulation of anticancer drugs at
tumor sites, reduce the dosing frequency, and lower the risk of
multidrug resistance, ultimately improving the overall efficacy of
cancer therapy [65,68,69]. Among DDSs, liposomes are extensively
investigated as platforms for targeted drug delivery [70,71].

Passive targeting leverages the enhanced permeability and
retention (EPR) effect associated with the tumor vasculature, pro-
moting the accumulation of liposomes at tumor sites. In contrast,
active targeting is achieved by functionalizing the liposome surface
with ligands, such as small molecules, peptides, or monoclonal
antibodies, that specifically bind to receptors overexpressed on
cancer cells. This targeted approach significantly improves the pre-
cision and therapeutic efficiency of drug delivery [72,73].

Liposomes tend to accumulate in tissues with high vascular per-
meability, such as tumors and sites of inflammation, as well as in
organs with discontinuous endothelium, including the liver,
spleen, and bone marrow [74]. Taxane-based chemotherapeutic
agents, such as paclitaxel and docetaxel, have become cornerstone
drugs in the treatment of various cancers, including breast cancer,
because of their potent antitumor activity. However, their high
hydrophobicity poses significant challenges for their clinical
administration. To overcome their poor aqueous solubility, lipid-
based solvents have traditionally been employed as carriers
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Fig. 2. A systematic overview of tumor ablation technologies. Ablation is divided into non-thermal ablation (Cryo and IRE) and thermal ablation (RFA, MWA, high-intensity
focused ultrasound (HIFU), and photothermal therapy (PTT)). Each modality is clinically applied to specific tumor types: RFA and MWA are widely used for HCC, lung cancer,
and RCC; Cryo is commonly employed for renal and prostate cancer; IRE is particularly suited for pancreatic tumors and tumors adjacent to major vessels; HIFU is primarily

used for uterine fibroids and soft tissue sarcomas.

Table 1
Summary of the advantages and disadvantages of tumor ablation technology.

Technique Main principle Typical application scenarios ~ Advantages Disadvantages Refs.

name

RFA Uses high-frequency electrical Liver cancer (primary, Mature technology with ample Heat sink effect; limited [6,7,37]
current to cause ionic agitation and metastatic); lung cancer long-term efficacy data; relatively  ablation zone; risk of damage
frictional heat (70-100°C), leading  (early-stage, inoperable); simple operation; widely available; to adjacent hollow organs,
to coagulative necrosis of tumor RCC; bone tumors definitive efficacy for bile ducts, and nerves
tissue tumors < 3 cm.

MWA Uses microwave electromagnetic Liver cancer; lung cancer; Fast heating, high temperatures, Can produce a wider [20,21,37]
fields to cause water molecules to ~ RCC; larger volume tumors shorter ablation time; larger, more “charring zone;” technically
rotate rapidly, generating frictional (>3 cm); highly vascular uniform ablation zone; less demanding: requires skill to
heat tumors affected by heat sink effect; avoid accidental injury

effective for highly vascular tumors

Cryo Circulates ultra-cold cryogens RCC; prostate cancer; lung Excellent visualization: clear “ice Long procedure time; risk of  [28,32]
through probes to rapidly freeze cancer; bone tumors; tumors  ball” margins easy to monitor; hemorrhage during thawing;
tissue below -40°C, forming an “ice  near intestines, bile ducts significant analgesic effect, potential for systemic
ball,” followed by thawing; minimal intra/post-operative pain;  “cryoshock” reaction;
destroys cells through freeze-thaw preserves scaffold structures, low expensive equipment
cycles bleeding risk; can induce “cryo-

immunity” effect

IRE Delivers high-voltage, short Suitable for tumors in “no- Non-thermal ablation: perfectly Risk of cardiac arrhythmia, [40,41,59]
electrical pulses to create touch” zones near vital preserves vessels, bile ducts, requires synchronized
numerous irreversible nanopores structures; liver cancer near  nerves, et al.; sharp, clear ablation  electrocardiogram (ECG)
in cell membranes, inducing hepatic hilum; renal cancer margins; unaffected by heat sink monitoring; currently limited
apoptosis; a non-thermal near renal hilum; pancreatic  effect; rapid tissue healing to smaller tumors
mechanism cancer (typically < 3 cm)

HIFU Focuses low-energy ultrasound Mainly used for soft tissue Truly non-invasive: no puncture Long treatment duration; [60,61]
waves from outside the body onto  tumors in solid organs; wound, no radiation; fast recovery, highly dependent on acoustic
an internal target, generating high  uterine fibroids; low risk of complications; real- pathway; requires extremely
temperatures (60-100°C) causing adenomyosis; prostate time temperature monitoring still patient positioning
instantaneous coagulative necrosis  cancer; pancreatic cancer; possible

bone tumors
Multimodal  Technical synergy: Combines two Large or irregular tumors Synergistic effect: increases rate of Technically complex: [62,63]
ablation or more different ablation (>5 cm); tumors adjacent to complete tumor necrosis; toxicity  requires highly skilled

techniques or uses different modes
within the same technology (e.g.,
dual-frequency RFA and multi-
probe MWA) sequentially or
concurrently to overcome single-
technique limitations

critical structures; highly
vascular tumors; recurrent or
residual tumors

reduction: reducing severe
complication risks; overcomes
limitations: effectively circumvents
inherent drawbacks of single
techniques; offer more treatment
options

operators proficient in
multiple techniques; high
treatment cost: lack of high-
level evidence
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[75,76] (see Fig. 3 for a systematic overview of the antitumor
mechanisms of nanocarriers).

Nucleic acid-based therapeutics have emerged as a major
research focus because of their high efficiency and target speci-
ficity. However, their clinical application is hindered by poor cellu-
lar uptake and susceptibility to enzymatic degradation. To exert
their therapeutic effects, nucleic acid drugs require an effective
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delivery system to facilitate cellular entry and protect them from
degradation [77,78].

Liposomes can encapsulate nucleic acid drugs, thereby shielding
them from nucleases and increasing their stability in vivo. In addition,
liposomal carriers can facilitate the transport of nucleic acid drugs
across biological barriers to reach diseased tissues, thereby improv-
ing delivery efficiency and enabling precision therapy [73,79].
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In 1987, Felgner et al. [80] demonstrated that cationic lipo-
somes formulated with the synthetic lipid 1,2-dioleoyl-3-trimethy
lammonium-propane could efficiently complex with nucleic acids,
confirming the potential of liposomes as gene delivery vehicles.
The world’s first small-interfering RNA (siRNA)-based drug, pati-
siran (Onpattro®), was approved by the US Food and Drug Admin-
istration (FDA) to treat hereditary transthyretin (TTR)-mediated
amyloidosis with polyneuropathy. By utilizing a lipid nanoparticle
(LNP) delivery system, patisiran enables targeted delivery of the
siRNA to hepatocytes, thereby reducing the production and depo-
sition of TTR amyloid and slowing disease progression [81,82].

2.2. Modulating the immune microenvironment

The tumor immune microenvironment is an ecological system
composed of diverse immune cell populations, cancer-associated
fibroblasts, endothelial cells, pericytes, and various other tissue-
resident stromal cells [83]. These cellular components play cru-
cial roles in cancer initiation and progression [84]. Tumor cells
actively coordinate a tumor microenvironment (TME) by recruit-
ing and reprogramming nonmalignant host cells, and by remod-
eling the vasculature and extracellular matrix (ECM).
Consequently, these nontumor components have emerged as
promising targets for cancer immunotherapy [85,86]. For exam-
ple, chimeric antigen receptor T cell therapy has demonstrated
remarkable success in the treatment of hematologic malignan-
cies [87]. Despite significant advances in the field of cancer
immunotherapy, most patients still fail to achieve durable clini-
cal benefits from currently available treatments [88]. For exam-
ple, significant advances have been made in immune
checkpoint blockade (ICB) therapy, but most patients fail to
achieve durable clinical benefits because of unresolved factors
such as dendritic cell (DC) dysfunction and the inherently
immunosuppressive nature of the TME [88-90].

Nanocarriers have been developed to facilitate immune modu-
lation, offering distinct advantages for targeted drug delivery to
solid tumors [91,92]. By encapsulating therapeutic agents within
nanoscale carriers, this approach can significantly prolong the drug
circulation time and reduce the systemic toxicity commonly asso-
ciated with free drugs [93]. By exploiting features of the TME,
including the leaky vasculature, acidity, and hypoxia, nanocarriers
achieve passive targeting via the EPR effect, extending intratu-
moral drug retention [94-96]. These nanoscale platforms have
demonstrated promising tumor-selective therapeutic effects via
TME reprogramming [97,98].

Recent advances in nanocarrier-based cancer immunotherapy
have offered promising, tumor-selective strategies for inhibiting
tumor growth and metastasis [99].

As introduced in Section 2, nanocarriers modulate the tumor
immune microenvironment through multiple mechanisms (see
Fig. 4 for a schematic overview).

2.2.1. Targeting immune cells

An immunosuppressive TME (iTME) supports tumor develop-
ment by impairing antitumor immune responses. Key immunosup-
pressive cell populations, including tumor-associated macrophages
(TAMs), myeloid-derived suppressor cells (MDSCs), and regulatory
T cells (Tregs), play central roles in shaping the iTME [100-102].
These cell subsets exhibit distinct phenotypes and secrete various
immunoregulatory factors that interact with cancer cells, thereby
promoting tumor growth and metastasis. Such an abnormal
immune landscape significantly compromises immune surveil-
lance and cytotoxicity, ultimately enabling tumor cells to evade
immune surveillance [103]. Among the various immunosuppres-
sive cell types in the TME, TAMs are considered major contributors
to tumor progression and immune tolerance [104,105].

Engineering xxx (XXXX) XXx

Macrophages are considered to have both beneficial and harm-
ful functions in the context of cancer, as they possess both tumori-
cidal and tumor-promoting properties [106]. They can be polarized
into either classically activated M1-like macrophages or alterna-
tively activated M2-like macrophages [107]. M1 macrophages
exert antitumor effects by secreting proinflammatory cytokines,
promoting tumor cell necrosis, and increasing immune cell infiltra-
tion into the TME. In contrast, M2 macrophages, typically known as
TAMs, are widely recognized for their tumor-supportive functions.
They contribute to cancer progression by promoting angiogenesis,
recruiting immunosuppressive cells, and facilitating tumor cell
proliferation and metastasis under hypoxic conditions [108,109].

Notably, the TME itself regulates macrophage recruitment and
polarization, thereby shaping their protumoral behavior. This abil-
ity has led to increasing interest in developing functional nanocar-
riers designed to repolarize TAMs, aiming to shift their phenotype
from the tumor-promoting M2 type to the tumor-inhibiting M1
type, a strategy that holds great promise for increasing the efficacy
of cancer immunotherapy [94,106]. Given the high plasticity of
macrophages in the TME, nanoparticles (NPs) can be engineered
to specifically target TAMs and modulate their polarization. For
instance, iron oxide NPs, which have already approved by the
FDA for clinical use, have been shown to be able to reprogram
M2-like TAMSs toward the proinflammatory M1 phenotype, thereby
enhancing antitumor immune responses [110]. The therapeutic
potential of targeting tissue-resident macrophages extends beyond
oncology. In cardiovascular diseases, modulating microglia, the
resident macrophage population in the brain, has been shown to
attenuate neuroinflammation, reduce sympathetic overactivity,
and improve outcomes in patients with hypertension and myocar-
dial infarction [111]. Another study employed a bimetallic Ca/Zn
nanoagonist, PZH/Zn@CaNA, which similarly repolarized M2-like
TAMs into the M1 phenotype. In addition, PZH/Zn@CaNA can be
combined with MWA to produce a robust antitumor immune effect
[112]. This strategy effectively modulated the iTME and enhanced
T-cell-mediated immune responses, thereby synergistically
improving the efficacy of chemotherapy.

DCs play a key role in activating the immune system in anti-
cancer immunotherapeutic strategies. As professional antigen-
presenting cells, DCs possess a remarkable capacity to initiate
robust and long-lasting immune responses [113,114]. The antitu-
mor immune response critically depends on specialized subsets
of conventional DCs, which capture tumor antigens and transport
them to draining lymph nodes [115]. There, they provide essential
costimulatory signals for T-cell priming and activation, ultimately
inducing cytotoxic T lymphocytes (CTLs) and eliciting tumor-
specific immune responses. However, the tumor itself can shape
the TME, significantly impairing DC function. This dysfunction
compromises antigen presentation and T-cell activation, facilitat-
ing immune evasion and weakening the overall antitumor immune
response [94,115,116]. To combat the highly iTME associated with
B-Raf proto-oncogene, serine/threonine kinase (BRAF)-mutant mel-
anoma, one study developed lipid-coated calcium phosphate NPs
for the efficient delivery of the BRAFV600E tumor antigen [117].
This NP-based vaccine promoted DC maturation and increased
their antitumor functionality, thereby eliciting a potent antigen-
specific T cell response and effectively inhibiting tumor growth.
The experimental results demonstrated that vaccination with
lipid-calcium-phosphate (LCP) NP-based formulations significantly
suppressed the progression of aggressive BRAF-mutant melanoma.
Li et al. [118] introduced a “nano-epidrug” termed macrophage
membrane-coated FIDAS-5-loaded MnO, nanoparticle with anti-
PD-L1 (MFMP), which is composed of hollow mesoporous man-
ganese dioxide (MnO,) NPs, FIDAS-5 as a methionine adenosyl-
transferase 2A (MAT2A) inhibitor, a macrophage membrane, and
an anti-programmed cell death ligand-1 (PD-L1) antibody (aPD-


move_f0020

J. Luo, B. Tang, X. Zhang et al.

Immune activation

cGAST
Activationr l
cGAMP

‘M;E-MP ‘ STING
.STING activation
TBK1

Silencing PD-L1
expression \ (
_

Activation

cGAMP-
siPD-L1@GalNPs

ICD effects T

sS@RMCM/. 4 crT

cRGD-phLips HMCAT

Engineering xxx (XXxX) XXx

Immune suppression

TNF-a N

iNOS Solariat o | Immuno-

1L-1 olarization ¢ | modulation

u_-es[3 e ‘. / +———— PZH/IZn@CaNA

12 ™= MO

IL-23 macrophage I

0 Q roduiation HMCN/
mo ation

—(HIF-10) «——= o Tmodulation, | B0

«JCCL2 e Y=
o|GCSFq " "~ 4 | | Inhibition
« |TGF-B Downregulate - | Fdmi

oe ( ) IL-2 Treg MDSC
« .. Cytokines ) /
s el BZMAY
Activated K ] i
/"C civates A Ablation
L ,r Y ¥ i
Maturation ‘
Immature DC Mature DC CABttIBtLTmég{IT
Cancer
\» tissue
Activation i
Antigen
FS@RBCM/ ]
cRG@D—phLipS presentalonT

Fig. 4. Nanocarriers synergize with ablation techniques to kill tumor cells by reprogramming the TME and enhancing antitumor immunity. MFMP: macrophage membrane-
coated FIDAS-5-loaded MnO, nanoparticle with anti-PD-L1; cGAS: cyclic GMP-AMP synthase; cGAMP: cyclic GMP-AMP; STING: stimulator of interferon genes; TBK1: TANK
binding kinase 1; IRF3: interferon regulatory factor 3; siPD-L1: small interfering RNA targeting programmed cell death ligand 1; GalNP: galactose-installed nanoparticles;
ICD: immunogenic cell death; CRT: calreticulin; HMGB1: high-mobility group box 1; RBCM: red blood cell membrane; cRGD: cyclic arginine-glycine-aspartic acid; phLips:
pH-sensitive liposomes; GZMA: granzyme A; MHC II: major histocompatibility complex class II; TCR: T-cell receptor; CD8: cluster of differentiation 8; TNF-o.: tumor necrosis
factor-oi; iNOS: inducible nitric oxide synthase; PZH: Pien Tze Huang; CaNA: calcium-based nanoagonist; HMCN: hollow mesoporous carbon nanoparticles; HIF-1o.: hypoxia-
inducible factor-1o,; CCL2: C-C motif chemokine ligand 2; G-CSF: granulocyte colony-stimulating factor; TGF-p: transforming growth factor-p; Treg: regulatory T cell; MDSC:
myeloid-derived suppressor cell; FAMI: fucoidan-decorated metal-organic framework incorporating manganese and ionic liquid.

L1). MEMP initially reverses immune suppression via PD-L1 inhibi-
tion. MFMP also disassembles in the TME, releasing FIDAS-5 and
Mn?*. Mn?* promotes the restoration of the stimulator of inter-
feron genes (STING) pathway. These changes increase the anti-
genicity of HCC cells to promote their recognition and killing by
cytotoxic T cells. Tang et al. [119] constructed a nanocarrier code-
livery system loaded with superparamagnetic iron oxide (SPIO)
and fatty acid-binding protein 5 (FS@RBCM/cRGD-phLips). This
platform demonstrated strong potential for stimulating DC-based
immunotherapy by promoting the maturation of bone marrow-
derived DCs (BMDCs) and activating both T-cells and macrophages.
Importantly, this platform increased RFA efficacy by improving
biocompatibility. Yu et al. [97] introduced a nanovaccine, malei-
mide cross-linked Pluronic F127-chitosan NP-encapsulated Astra-
galus polysaccharide (AMNP). AMNP was proposed to strengthen
the effects of immunotherapy. AMNP recognizes immunogenic
tumor antigens generated from Cryo, activates DCs, modulates T-
cell differentiation, and enhances the antigen-specific CTL response
through multiple immune-related pathways.

2.2.2. Targeting hypoxia

Hypoxia contributes to the formation of the TME by inducing
mitochondrial stress and progressively increasing reactive oxygen
species (ROS) levels, ultimately leading to T-cell exhaustion [120-
122]. The TME, and particularly within tumor cells, is characterized
by hypoxia and high concentrations of the reducing agent glu-
tathione (GSH), which impedes ROS generation and accumulation,
thereby severely limiting ROS-mediated oxidative damage [123].

Notably, immunotherapy outcomes remain suboptimal among
patients with triple-negative breast cancer (TNBC), primarily
because of the hypoxia-induced “cold” TME, characterized by poor
T-cell infiltration and low immunogenicity, which collectively pro-
mote the invasion and metastasis of breast cancer cells, resulting in
reduced clinical responses to immunotherapies [124,125].

Alleviating hypoxia within the TME has been shown to increase
antitumor immune responses [126]. One study synthesized a nitric
oxide (NO)-based molecular probe, BN-O, with a second switchable
near-infrared imaging signal that transitions from an “off” to an

on” state in response to hypoxia in the TME [127]. Under hypoxia,
BN-O can trigger photodynamic therapy (PDT), promoting
immunogenic cell death (ICD). This dual-modal therapy synergisti-
cally activated the cyclic GMP-AMP synthase (cGAS)/STING path-
way, thereby eliciting a robust antitumor immune response.

Another study developed a multifunctional nanoplatform,
SP94-PB-SF-Cy5.5 NPs, to achieve targeted drug delivery, the con-
trolled release of shikonin (SF), and effective photothermal therapy
(PTT) [128]. This nanoplatform incorporates Prussian blue (PB),
which has catalase (CAT)-like activity and can alleviate hypoxia
in the TME by decomposing endogenous hydrogen peroxide
(H203). Zhang et al. [129] designed ultrasmall gold NP-anchored
hollow mesoporous carbon NPs (HMCNs) loaded with hemoglobin
(Hb) to serve as a MWA nanosensitizer (HMCN/Au@Hb). Upon
microwave irradiation, HMCN/Au@Hb can alleviate hypoxia in
the microenvironment, which improves the antitumor response.

Low-pH insertion peptides (pHLIPs) that exploit the acidic con-
ditions of the hypoxic TME have also been employed for selective
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drug delivery to tumor tissues, thereby improving drug resistance,
increasing bioavailability, and modulating the TME [130]. In addi-
tion, pHLIPs have been utilized for the targeted delivery of radioac-
tive isotopes to hypoxic tumor cells. For example, pHLIPs labeled
with radionuclides such as ®*Cu and '8F demonstrated excellent
imaging capabilities and selectively accumulated in hypoxic
regions, enabling precise localization of hypoxic tumors [131,132].

As introduced in Section 2.2, nanocarriers modulate the tumor
immune microenvironment through multiple mechanisms, as shown
in the schematic overview in Fig. 4. Beyond immune modulation,
nanocarriers can directly trigger specific cell death pathways that
increase the immunogenic effects of ablation. Section 2.3 explores
two such pathways, namely, pyroptosis and ferroptosis, and the
unique advantages of applying nanocarriers to induce them.

2.3. Induction of cell death

2.3.1. Nanocarrier-mediated induction of pyroptosis

Pyroptosis is a form of proinflammatory programmed cell death
characterized by cell swelling, large bubble-like protrusions,
plasma membrane rupture, and the release of proinflammatory
intracellular factors, such as interleukin-1p (IL-1B) and
interleukin-18 (IL-18) [133]. This process is primarily mediated
by the activation of inflammasome complexes, which trigger the
cleavage of gasdermin D (GSDMD) by inflammatory caspases. The
cleaved N-terminal domain of GSDMD oligomerizes and inserts
into the plasma membrane, forming functional pores that execute
a lytic form of cell death. Thus, pyroptosis is considered a gasder-
min (GSDM)-mediated cell death pathway [134].

In both humans and mice, caspases in the canonical (caspase 1
(CASP1)) and noncanonical (CASP4, also known as CASP11 in mice,
and CASP5) inflammasome pathways specifically cleave GSDMD at
the linker region between its N- and C-terminal domains. This
cleavage is a critical step in the formation of membrane pores
and the initiation of pyroptosis [135-137]. Pyroptosis plays a crit-
ical role in both anti-infective and antitumor immunity. As a proin-
flammatory form of programmed cell death, pyroptosis causes the
release of intracellular proinflammatory mediators, such as IL-1B
and IL-18, which stimulate innate and adaptive immune responses
[134,136].

Mechanistically, pyroptosis induces the release of damage-
associated molecular patterns (DAMPs), contributing to inflamma-
some activation and promoting effective immune responses [138].
Ling et al. [112] designed a multifunctional bimetallic Ca/Zn
nanoagonist (PZH/Zn@CaNA) that can be combined with MWA to
induce pyroptosis. This nanoagonist increases calcium levels in
cells in the TME to activate pyroptosis, which results in the release
of DAMPs, thereby triggering immune activation. Yu et al. [139]
developed self-cascading pyroptosis-STING initiators composed
of cobalt fluoride (CoF,). This CoF, nanocatalyst triggers GSDM-
mediated pyroptosis. This process involves the induction of mito-
chondrial damage and the subsequent release of mitochondrial
DNA (mtDNA). The released mtDNA is thought to activate the
cGAS/STING pathway, thereby augmenting the antitumor immune
response [139]. Zhang et al. [140] designed a copper-
bacteriochlorin  nanosheet  (Cu-tris(2-benzimidazolyl)borane
(TBB)) that induces pyroptosis. Cu-TBB nanosheets have been
shown to potently trigger pyroptosis in vitro and in vivo through
the release of Cu™ and TBB in the TME [140]. Xiao et al. [141]
described a nanomedicine (PCL@GSK-diABZI/aPD-1) that combines
with granzyme B to trigger pyroptosis through delivery of the DNA
methylation inhibitor GSK-3484862 into tumor cells. Chen et al.
[142] engineered the nanomedicine acid-activatable nanophoto-
sensitizer (ANPS) to specifically target distinct endocytic signaling
pathways and trigger pyroptosis. ANPS activates phospholipase C,
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which specifically elicits gasdermin E (GSDME)-mediated pyropto-
sis via membrane perforation [142].

Furthermore, pyroptosis-induced DAMP release increases the
recruitment and activation of tumor-infiltrating immune cells.
The expression of GSDME has been shown to increase the phago-
cytic activity of TAMs and promote the infiltration and cytotoxic
function of natural killer (NK) cells and cluster of differentiation
8 (CD8)" T cells, collectively contributing to tumor suppression
[143,144].

Another study engineered a tumor-specific NP (NP-NH-D5) to
activate the pyroptosis pathway |[145]. Pyroptosis-associated
DAMPs stimulate pattern recognition receptors on innate immune
cells, leading to the activation of downstream NK and T cells. This
process increased antitumor immune responses and significantly
improved the efficacy of anti-CD274 antibody (CD274/PD-L1) ICB
therapy in 4T1 breast and Pan02 pancreatic ductal adenocarcinoma
tumor models. Wang et al. [146] designed a nanomedicine
(DOX@FRMSN-02), which acts as an MWA amplifier and consists
of O,-binding mesoporous silica NPs and doxorubicin. It can be
combined with MWA to amplify the nonclassical pyroptosis path-
way. MWA amplification increases the O, ratio to reverse the
MWA-induced aggravation of the hypoxic TME and improve
MWA outcomes [146] (see Fig. 5 for a schematic overview of
pyroptosis pathways).

Beyond cataloging nanocarriers that induce pyroptosis, it is crit-
ical to address a fundamental question: What unique advantages
do nanocarriers offer over conventional small-molecule inducers
in triggering pyroptosis? The answer lies in the distinct physico-
chemical properties of nanoscale platforms, which enable spa-
tiotemporal control and multimodal intervention that small
molecules alone cannot achieve.

Nanocarriers enable high local concentrations of reactive ions at
the subcellular scale. For instance, the bimetallic Ca/Zn nanoago-
nist (PZH@CaNA) [112] and CoF, nanocatalysts [139] leverage their
nanoscale architecture to deliver a burst of Ca?* or Co?* ions specif-
ically within the TME. This localized ion overload, achieved
through pH-responsive dissolution or cellular uptake, can effi-
ciently trigger mitochondrial damage and subsequent GSDM acti-
vation. In contrast, small-molecule ionophores lack such tumor-
selective accumulation and risk systemic toxicity.

Nanocarriers facilitate mitochondria-specific targeting, which is
particularly important in the context of pyroptosis induction given
the central role of mtDNA release in activating the cGAS/STING
pathway [139]. Surface functionalization with mitochondrion-
targeting moieties (e.g., triphenylphosphonium) allows nanocarri-
ers to deliver their payloads directly to this organelle, amplifying
mtDNA stress and subsequent pyroptotic cell death—a level of pre-
cision unattainable with free drugs.

The ability to codeliver synergistic agents in a spatiotemporally
controlled manner distinguishes nanocarriers from simple drug
combinations. For example, the nanomedicine PCL@GSK-diABZI/
aPD-1 [141] simultaneously delivers a DNA methylation inhibitor
to sensitize tumor cells and an immune checkpoint inhibitor to
sustain the subsequent antitumor response. This “all-in-one” deliv-
ery approach ensures that both agents act on the same cell at the
optimal time, maximizing the likelihood of triggering GSDM-
mediated pyroptosis while minimizing off-target effects.

Nanocarriers can exploit endocytic pathway hijacking to acti-
vate pyroptosis through mechanisms distinct from those of small
molecules. The ANPS platform [142] was engineered to specifically
engage phospholipase C signaling via receptor-mediated endocyto-
sis, leading to membrane perforation and GSDME cleavage. This
mechanism-based activation, which relies on the recognition of
cell surface receptors at the nanoscale, offers a level of cell-type
specificity that small-molecule pyroptosis inducers often lack.
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2.3.2. Nanocarrier-mediated induction of ferroptosis

Ferroptosis is a distinct form of regulated, nonapoptotic cell
death that is iron-dependent and characterized by the accumula-
tion of lipid peroxides (LPOs). Ferroptosis can be triggered by
small-molecule compounds such as erastin, which disrupt intracel-
lular redox homeostasis [147]. Morphologically, ferroptotic cells
exhibit smaller mitochondria with increased membrane density
and the loss of cristae while maintaining nuclear integrity—fea-
tures that distinguish pyroptosis from classical apoptosis, which
involves the release of cytochrome c from the mitochondria,
nuclear condensation, and the formation of apoptotic bodies
[148,149].

Ferroptosis inducers act directly or indirectly to inactivate glu-
tathione peroxidase 4 (GPX4), a critical antioxidant enzyme. The
inhibition of GPX4 disrupts the cellular antioxidant defense sys-
tem, leading to the accumulation of ROS and LPOs, ultimately
resulting in cell death [150-152]. Another key mechanism is the
inhibition of the cystine/glutamate antiporter system Xc~, which
leads to GSH depletion. The resulting GSH deficiency further com-
promises GPX4 activity, leading to excessive lipid peroxidation
that damages cellular membranes and triggers ferroptosis. LPOs
are widely recognized as hallmarks of ferroptosis [152-154]. Fer-
roptosis is fundamentally driven by an iron-catalyzed Fenton reac-

tion, in which intracellular ferrous ions (Fe®*) facilitate the

generation of lipid-based ROS. The Fe**-catalyzed conversion of
lipid hydroperoxides into toxic free radicals is considered a central
event in ferroptotic cell death [150,155]. Zhang et al. [156]
designed a new iron supplement nanodrug (T;o@cLAV) by conju-
gating transferrin-homing peptide Ty on the surface of lipoic acid
vesicles. This nanodrug targets transferrin in the blood to increase
ferroptosis through increasing Fe?* levels [156]. Zhu et al. [157]
introduced Ce6-PEG-HKN15 NPs, which target ferritin to robustly
activate ferroptosis. These NPs integrate the ferritin-homing pep-
tide HKN15 with the photosensitizer chlorin e6 (Ce6) to increase
ROS levels and induce ferroptosis. Feng et al. [158] introduced a
microwave-activated Cu-doped zirconium metal-organic frame-
work (CuZr MOF) as a strong microwave sensitizer. Synergistic
treatment with the CuZr MOF and MWA targets GPX4 to trigger
ferroptosis [158]. The synergistic nanodrug SRF@FellITA (SFT)
was rationally designed to effectively induce ferroptosis [159]. This
nanoplatform enables the intelligent, TME-responsive corelease of
Fe2" and sorafenib under acidic tumor conditions. Fe?* catalyzes a
sustained Fenton reaction, leading to the continuous generation of
LPOs, while sorafenib disrupts intracellular iron homeostasis.
These dual actions synergistically activate a potent ferroptotic cas-
cade, effectively suppressing tumor proliferation. Fu et al. [160]

designed an inhalable biomineralized liposome, LDM, as a

ferroptosis  nanoinducer. This  nanoinducer  conjugates
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dihydroartemisinin and pH-responsive calcium phosphate to signif-
icantly increase both reactive species production and lipid peroxida-
tion accumulation by activating endoplasmic reticulum (ER) stress
[160]. Hou et al. [161] designed a nanodelivery system, red blood
cell membrane (RBCM)/cyclic arginine-glycine-aspartic acid
(cRGD)-modified pH-sensitive liposomes (sS@RBCM/cRGD-phLips).
This system knocked out ribonucleotide reductase regulatory sub-
unit M2 (RRM2) to activate the signal transducer and activator of
transcription 1 (STAT1)-interferon regulatory factor 1 (IRF1)-acyl-
CoA synthetase long chain family member 4 (ACSL4) axis, which
can induce lipid peroxidation and ferroptosis [161]. These dual-
loaded NPs present a synergistic approach that can be combined
with RFA to activate ICD through the upregulation of calreticulin
(CRT) and high-mobility group box 1 (HMGB1) expression.

Another study developed a DNA-free guanosine-based poly-
meric nanoreactor, HP.G@hemin-GOX, as an inducer of both ferrop-
tosis and apoptosis. This nanoplatform exhibits multiple enzyme-
like activities, including glucose oxidase (GOx)-like, peroxidase
(POD)-like, CAT-like, and GPX-like activities. Notably, the GPX-
like activity of HPG@hemin-GOx leads to the depletion of intracel-
lular GSH accompanied by the downregulation of GPX4 expression,
thereby impairing the cellular antioxidant defense system. Thus,
this nanoplatform promotes the excessive accumulation of LPOs
and triggers ferroptosis in tumor cells [162]. Tang et al. [119] con-
structed a nanocarrier codelivery system that integrates cyclic
arginine-glycine-aspartic acid and a RBCM, and encapsulates SPIO
to specifically target fatty acid-binding protein 5. This nanocarrier
can improve both RFA efficacy by increasing biocompatibility and
RFA-induced ferroptosis by increasing iron levels [119] (see Fig. 6
for a schematic overview of ferroptosis pathways).

A similar mechanistic question applies to ferroptosis: What dis-
tinguishes nanocarrier-mediated ferroptosis induction from that
induced by conventional small-molecule ferroptosis agents (e.g.,
erastin and RAS-selective lethal 3 (RSL3))? The answer again lies
in the unique capabilities of nanoscale platforms.

Nanocarriers enable sustained and localized Fenton chemistry that
small molecules cannot replicate. This is exemplified by the ferrous
supply-regeneration nanoengine (SFT) [159]: this platform responds
to the TME to codeliver Fe** and sorafenib, creating a self-
amplifying cycle of lipid peroxidation. Fe?* continuously catalyzes
Fenton reactions, generating a sustained “ROS storm” [123] within
the tumor, while sorafenib disrupts iron homeostasis. This synergistic
cascade, enabled by the nanocarrier’s ability to colocalize multiple
agents at the tumor site, far exceeds the efficacy of either agent alone.

Nanocarriers can replenish iron and hijack endogenous iron
pools through clever surface engineering. In the T;,@cLAV nan-
odrug [156], transferrin-homing peptides are conjugated to lipoic
acid vesicles, effectively “hijacking” circulating transferrin to deli-
ver iron specifically to tumor cells. This approach increases intra-
cellular Fe?* levels without the toxicity of systemic iron
administration—a strategy impossible with small molecules. Simi-
larly, Ce6-PEG-HKN15 NPs [157] target ferritin directly, redirecting
the cell’s own iron stores to drive ferroptosis.

The multiple enzyme-mimicking capacity of nanocarriers offers
a synthetic biological approach to ferroptosis induction. The DNA-
free guanosine-based polymeric nanoreactor HPG@hemin-Gox
[162] simultaneously exhibits GOx-like, POD-like, CAT-like, and
GPX-like activities. This “all-in-one” enzymatic platform depletes
glutathione, downregulates GPX4, and promotes lipid peroxidation
through a coordinated cascade—an extent of multifunctionality
unattainable with simple small-molecule inhibitors.

2.3.3. Crosstalk and context-dependency of pyroptosis and ferroptosis
in the ablation milieu

While pyroptosis and ferroptosis are often discussed as distinct,
parallel pathways, emerging evidence suggests significant cross-
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talk and context-dependent interplay between them, particularly
within the unique stress milieu of an ablation zone. Understanding
this interplay is critical for the rational design of nanocarrier
combinations.

Both pathways can be triggered by common upstream events
relevant to ablation, such as oxidative stress and mitochondrial
dysfunction. ROS generated by thermal stress or the Fenton reac-
tion can simultaneously activate inflammasome complexes (lead-
ing to pyroptosis) and promote lipid peroxidation (leading to
ferroptosis) [123,133]. This convergence suggests that nanocarriers
designed to amplify oxidative damage may inadvertently activate
both pathways, potentially increasing overall immunogenicity.

Iron metabolism, which is central to ferroptosis, also influences
pyroptotic signaling. Excess intracellular iron can catalyze ROS
production, which in turn can activate the NOD-like receptor fam-
ily pyrin domain-containing protein 3 (NLRP3) inflammasome
[150]. Conversely, robust inflammatory cytokine release (IL-1B
and IL-18), which is characteristic of pyroptosis [134,136], can
upregulate hepcidin expression and alter systemic iron distribu-
tion, potentially creating a microenvironment that is more con-
ducive to ferroptosis. The dominant cell death pathway may shift
depending on the localization relative to the ablation center and
the temporal phase postablation. In the central coagulation zone
during thermal ablation, immediate necrosis is predominant, but
surviving cells at the peripheral margin experience sublethal stress
[48,49]. Here, hypoxia and iron accumulation may favor ferroptosis
[163]. In the inflammatory recovery phase, DAMPs released from
dying cells [138,164] may prime the innate immune system,
potentially lowering the threshold for pyroptosis induction in infil-
trating immune cells or residual tumor cells.

This crosstalk presents both opportunities and challenges.
Nanocarriers could be engineered to target both pathways in a
“belt-and-suspenders” approach to tumor eradication. For exam-
ple, a nanoplatform combining iron delivery (for ferroptosis induc-
tion) with STING activation could leverage the synergy between
these pathways. This context dependency indicates that the opti-
mal strategy may vary by tumor type, ablation modality, and
nanocarrier administration timing. Future studies should system-
atically investigate this interplay using spatially resolved profiling
of the ablation zone.

2.4. Nanocarriers in tumor diagnosis

Early detection and accurate diagnosis of malignant tumors are
vital for improving patient survival [165,166]. Currently, tumor
monitoring relies primarily on biomarker detection and imaging.
Early-stage tumors are often detected on the basis of circulating
biomarkers; however, most tumor-derived biomarkers are shed
from tumor tissues and become highly diluted in the bloodstream,
leading to low specificity and limited diagnostic accuracy [167].
Imaging modalities, such as CT and MRI, are also widely used for
tumor diagnosis, but they often lack sufficient sensitivity to detect
tumors at an early stage [168,169].

Nanocarriers have attracted widespread attention because of
their broad applications in cancer diagnosis, immunoassays,
genetic research, and bioseparation, ultimately contributing to
improving public health [170,171]. Owing to their unique physical
and chemical properties, gold NPs have been widely employed in
the development of biosensing platforms. Their advantages include
accelerated signal transduction, increased signal intensity, and a
straightforward signal readout, making them highly suitable for
biochemical analyses [119,172].

Keliher et al. [173] developed a macrophage-specific PET imag-
ing agent composed of 8°Zr-labeled cross-linked short-chain dex-
tran NPs that enabled quantitative assessment of inflammation
levels and holds great potential for diagnosing and treating
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inflammation-associated cancers. In addition, emerging platforms
such as MOFs have shown promise in ablation combination diag-
nosis. MOFs are hybrid materials composed of metal ions or clus-
ters coordinated to organic linkers that are characterized by high
porosity, tunable structures, and biodegradability [174]. The key
characteristics of the different nanocarrier platforms discussed in
this section are summarized in Table 2 [65,66,68,70,71,73,75, 77,
79,110,118,119,129,158,172,174-176], which provides a compara-
tive overview of their core materials, main characteristics, and clin-
ical translation status.

3. Comparative analysis of post-ablation microenvironments

While the various cell death pathways activated by nanocarri-
ers were detailed in the previous sections, the efficiency of the
induction of these pathways is profoundly influenced by the speci-
fic TME remodeled by different ablation techniques. A critical con-
sideration for designing effective combination strategies is the
recognition that thermal ablation (RFA/MWA) and nonthermal
ablation (IRE/Cryo) leave fundamentally different biological land-
scapes behind.

Thermal ablation (RFA and MWA), despite its potent local
tumor destruction capability, often induces a state of acute
hypoxia in the peripheral ablation zone because of microvascular
disruption and coagulation necrosis [177,178]. This hypoxic niche
not only promotes the survival of residual tumor cells but also
serves as a recruitment signal for immunosuppressive cells such
as MDSCs and Tregs, resulting in a profoundly iTME [179,180].
Consequently, nanocarriers designed to synergize with RFA/MWA
must prioritize hypoxia relief (e.g., oxygen-carrying NPs
[129,146]), immunosuppressive metabolism reprogramming (e.g.,
cholesterol-targeting hydrogels [62]), and the induction of ferrop-
tosis, which thrives in such oxidative and iron-rich environments
[119,158,161].
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In stark contrast, nonthermal ablation techniques, particularly
IRE and Cryo, preserve the integrity of the ECM and major blood
vessels [40,181]. Such preservation of the vasculature minimizes
the degree of postablation ischemia and hypoxia. Instead, these
modalities are characterized by the rapid and robust release of
DAMPs, such as adenosine triphosphate (ATP) and HMGB1, which
potently activate DCs and prime adaptive immunity [1648,182].
Therefore, the mechanistic requirements for nanocarriers are dif-
ferent in this context. The emphasis is less on alleviating hypoxia
and more on amplifying ICD signals, capturing and presenting
tumor antigens (as with nanovaccines [97]) and inducing long-
term “trained immunity” in peripheral immune organs such as
the spleen [183].

In the following sections, we detail how nanocarriers fulfill key
functional roles when applied in combination with ablation
therapies.

4. Integration of nanocarriers with tumor ablation therapies

4.1. Core mechanisms of synergy between nanocarriers and ablation
therapies

Before discussing modality-specific applications, it is important
to recognize the core mechanisms that underlie the synergy
between nanocarriers and various ablation techniques. These com-
mon principles form the theoretical foundation for the analysis of
nanocarrier applications with specific ablation modalities in the
following sections.

Thermal ablation techniques (RFA and MWA) often exacerbate
tumor hypoxia, which promotes immunosuppression and treat-
ment resistance, whereas nanocarriers equipped with oxygen-
carrying or oxygen-generating capabilities can alleviate this
hypoxic microenvironment, promoting both direct cell death and
immune activation [93,127,145]. Although ablation triggers the
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Table 2
Summary of the main characteristics of nanocarriers.
Type of nanocarrier Core materials Main Characteristics Refs.
Liposome Phospholipids, cholesterol Optimal biocompatibility; analogous to cell membrane [70,71,73]
structure; can load both hydrophilic and lipophilic drugs;
among the earliest in clinical translation
Polymeric micelle Amphiphilic block copolymers Small nanoscale size (10-100 nm); facilitates tumor [65,66,68]
penetration; hydrophobic core efficiently encapsulates
insoluble drugs; hydrophilic shell prolongs circulation
time
Dendrimer Highly branched synthetic Precisely controllable structure; abundant surface [66,68]

macromolecules

can carry drugs

Inorganic NP Gold NPs: gold; magnetic NPs: iron
oxide; MOFs: metal ions/clusters”;
organic linkers; mesoporous silica:

silicon dioxide

Gold: PTT, CT imaging; magnetic NPs: MRI imaging,
magnetic hyperthermia, magnetic targeting; high
porosity; tunable structure; biodegradable; microwave
sensitizing capability; mesoporous silica: high drug

functional groups for easy modification; internal cavities

[172,175110,119158,174,176118,129]

loading capacity, easy functionalization

Albumin NP Human serum albumin High biosafety; no need for synthetic materials; [75]
penetrates vasculature via GP60 receptor-mediated
transport

Nucleic acid DNA or RNA molecules Self-assembly via base pairing; programmable structure; [77,79]

nanocarrier

precise size and shape; biodegradable; good
biocompatibility

release of DAMPs, this effect is often transient; nanocarriers
coloaded with ICD inducers (e.g., chemotherapeutics and photo-
sensitizers) can amplify DAMP release, promoting DC maturation
and T-cell priming [126,183,184]. Furthermore, the post-ablation
TME is frequently characterized by immunosuppression featuring
MDSCs infiltration and M2 macrophage polarization; nanocarriers
designed to deliver immunomodulators (e.g., STING agonists and
checkpoint inhibitors) can reprogram this landscape toward an
antitumor phenotype [110,117,185].

Beyond apoptosis, nanocarriers can trigger ICD pathways such
as ferroptosis and pyroptosis, which release proinflammatory sig-
nals and enhance systemic antitumor immunity
[110,119,138,157]. Moreover, stimuli-responsive nanocarriers
(thermosensitive, pH-sensitive, and enzyme-responsive) enable
targeted drug delivery to the ablation zone, maximizing local effi-
cacy while minimizing systemic toxicity [73,128,158]. These
mechanisms do not operate in isolation but rather synergize with
one another; for example, hypoxia relief can promote the induction
of ICD, while ICD can further remodel the TME, creating a positive
feedback loop. Understanding these core mechanisms and their
interplay is essential for rationally designing nanocarrier strategies
tailored to different ablation modalities. The following sections
build upon these common principles, emphasizing the mecha-
nisms most relevant to each ablation technique.

4.2. Nanocarrier-enhanced RFA

RFA induces coagulative necrosis in tumor tissues by causing
localized thermal injury [37,186,187]. Beyond its direct physical
cytotoxicity, RFA can enhance tumor immunogenicity through
the release of endogenous DAMPs that activate DCs. Evidence sug-
gests that RFA-induced tumor damage promotes antigen presenta-
tion, increases T-cell infiltration, and triggers tumor-specific
immune responses, particularly in patients with HCC [188-190].
RFA-induced thermal stress also stimulates the activation and phe-
notypic maturation of NK cells and facilitates the generation of
tumor antigen-specific CD4" and CD8" T cells, as well as tumor-
specific antibodies, thereby enhancing systemic antitumor immu-
nity [163,191,192].

However, compared with surgical resection, RFA monotherapy
is associated with a significantly higher recurrence rate [193].
The immunostimulatory effects of RFA are often transient and
insufficient to elicit durable tumor-specific T cell memory
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responses. Clinical observations have revealed that the abundance
of tumor-associated antigen (TAA)-specific T cells gradually
decreases within 24 weeks after RFA and that their memory phe-
notype and longevity are inadequate to prevent tumor relapse
and metastasis, particularly in patients with HCC [194]. In addition,
incomplete ablation and localized thermal injury can exacerbate
tumor hypoxia, leading to the formation of an immunosuppressive
tumor microenvironment (ITM), which not only reduces the effi-
cacy of RFA-induced immune responses but also may facilitate
tumor progression and distant metastasis [177,178,195].

The rationally designed nano-epidrug MFMP was developed to
simultaneously mediate DNA and RNA demethylation, thereby
reactivating silenced immune pathways. When combined with
insufficient radiofrequency ablation (iRFA), MFMP significantly
promoted ICD and increased TAA release. This combination ther-
apy synergistically enhanced T-cell effector function, leading to a
3.2-fold increase in tumor-infiltrating CD8" T cells and a 60%
reduction in PD-L1 expression while inducing robust immune
memory that suppressed tumor growth by 85% and significantly
reduced metastasis in HCC models [118].

Biomimetic nanovesicles coated with immune cell-derived
membranes have demonstrated marked effects, including prolong-
ing systemic circulation, improving antigen-specific targeting, sus-
taining drug release, and reducing systemic toxicity [196,197].
These features make biomimetic nanovesicles ideal carriers for
cancer immunotherapy, particularly in combination with local
ablation techniques such as RFA.

A recent study developed a novel biomimetic nanoplatform,
PML@Len, by cloaking NPs with macrophage membranes overex-
pressing programmed cell death protein-1 (PD-1), which enables
targeting to residual tumor tissue after RFA, remodels the ITM,
and prevents tumor recurrence. Compared with RFA alone,
PML@Len exhibited excellent structural stability and drug loading
efficiency, enabling targeted delivery to residual tumor tissue after
RFA, which reduced recurrence rates by 70% (from 65% to 19%) and
extended the median survival from 38 to 62 days [198]. This was
accompanied by a 4.5-fold increase in the number of tumor-
infiltrating CD8" T cells and a 55% reduction in the number of
Tregs.

This targeted delivery system significantly increases local
immunomodulation and promotes tumor-specific immune
responses. Tang et al. [119] designed a novel nanocarrier codeliv-
ery system to amplify ferroptosis and reprogram the TME. The pro-
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posed nanocarrier integrates cRGD and a RBCM and encapsulates
SPIO to specifically target fatty acid-binding protein 5 in tumor
cells. These findings demonstrate that nanocarriers exert antitu-
mor effects primarily through the activation of ferroptosis. Addi-
tionally, the impact of immunotherapy is underscored by the
increased antitumor immune responses characterized by increased
infiltration of cytotoxic T cells and inflammatory cytokines. The
nanocarrier codelivery system increased RFA efficacy, resulting in
tumor volume inhibition of 92% and a complete ablation rate of
75%, accompanied by a 5.2-fold increase in CTL infiltration and a
3.8-fold increase in the number of interferon-y (IFN-y)*CD8" T cells
[119] (see Fig. 7 for experimental validation).

4.3. Nanocarrier-enhanced MWA

MWA is a minimally invasive technique that induces localized
tumor necrosis via high-frequency electromagnetic heating [37].
MWA is not only a local tumor-eradicating modality but also an
immune-activating intervention that contributes to long-term
antitumor responses. After ablation, MWA can activate macro-
phages, which release proinflammatory cytokines such as IL-15,
thereby increasing NK cell cytotoxicity and the CTL/Treg ratio,
and promoting CD8" T cell cytotoxicity, leading to durable systemic
antitumor immunity, metastasis inhibition, and improved overall
survival [199,200]. In patients with HCC, MWA has been reported
to enhance tumor-specific immune reactions, potentially inducing
an abscopal effect to suppress the growth of untreated distant
lesions [195,201].

MWA can also trigger the release of DAMPs, activate the indu-
cible T-cell co-stimulator (ICOS) pathway, recruit immune cells,
and initiate CD4" T cell memory formation and T helper 1-type
immune responses. This cascade leads to tumor antigen-specific
systemic immunity [202-204].

Despite these immunological benefits, MWA is hampered by a
high postoperative recurrence rate [205]. Owing to the irregular
morphology of most tumors, larger ablation volumes are often
required to achieve complete tumor eradication, which may result
in collateral thermal injury to adjacent healthy tissues and increase
the risk of adverse effects [206,207]. In addition, only some
patients derive meaningful clinical benefit, likely because of
interindividual variability in immune responses, and MWA has
only a moderate effect on circulating immune cell subsets
[201,203,208].

Combining MWA with immune checkpoint inhibitors (ICIs) has
shown promise in increasing ICI efficacy [207,209]. However, the
overall clinical response rate remains limited, with only 15%-20%
of patients showing objective benefit [185,210]. To address these
limitations, a novel metal-alginate hydrogel coloaded with Mn?*
and Ca®* was developed as a microwave sensitizer. This hydrogel
increased MWA efficacy at lower power settings, achieving a 2.3-
fold larger ablation zone and 60% complete response rate, with a
4.8-fold increase in STING pathway activation and a 5.2-fold
increase in IFN-B levels [63].

Crucially, Mn?* released from the hydrogel activates the STING
pathway, whereas Ca?" influx induces oxidative stress and mito-
chondrial dysfunction, efficiently triggering ICD. The resulting
release of DAMPs further activates both innate and adaptive
immunity, ultimately suppressing tumor recurrence and metasta-
sis while establishing long-term immune memory. To address
MWA-induced hypoxia, Guo et al. [211] developed GaMOF-Arg-
TPP (GAT) microwave (MW) immunosensitizers that release NO
under microwave irradiation. NO downregulates hypoxia-
inducible factor-1o0 (HIF-1a) to alleviate hypoxia, induces mito-
chondrial damage to increase thermal sensitivity, and increases
CRT exposure, HMGB1 release, and T-cell proliferation to trigger
ICD. In a 4T1 model, GAT MW achieved 100% tumor inhibition,
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increased the percentage of intratumoral CD8" T cells from 16.8%
to 33.2%, and effectively inhibited lung metastasis [211].

In addition, cholesterol metabolism within the TME has
emerged as a key barrier to effective immunotherapy.
Cholesterol-derived metabolites promote tumor progression by
inducing immune checkpoint expression and CD8" T cell exhaus-
tion. This cholesterol-driven immunometabolism significantly
compromises the synergy between MWA and ICIs [212-214]. To
overcome this issue, a new cholesterol-targeting catalytic hydro-
gel, DA-COD-OD-HCS, was engineered, that combines microwave
sensitivity and immunostimulatory properties, to potentiate the
therapeutic synergy between MWA and ICIs in the context of
HCC [62]. In the acidic, residual ITM formed after MWA, the hydro-
gel enables sustained, stable release of cholesterol oxidase (COD),
which efficiently degrades cholesterol fragments. DA-COD-OD-
HCS responded to the post-MWA microenvironment in orthotopic
HCC models, continuously releasing COD and inducing ferroptosis
in tumor cells, thereby amplifying antitumor immunity. When
combined with anti-PD-L1 immunotherapy, this platform inhibited
primary tumor growth by 88% and reduced distant metastasis by
90%, with a 6.1-fold increase in the number of tumor-infiltrating
CD8" T cells and a 4.3-fold increase in the number of tumor necro-
sis factor-ot (TNF-01)"CD8" T cells, effectively preventing HCC recur-
rence (see Fig. 8 for characterization and efficacy data). Wu et al.
[174] engineered MnCa-MOF nanoactivator (MPPT NAs) coloaded
with pyrotinib and a PD-1/PD-L1 inhibitor. Under microwave irra-
diation, ROS are generated for dynamic MWA therapy, promoting
DC maturation and CTL infiltration. This strategy resulted in
98.7% primary tumor inhibition, significantly suppressed distal
tumors and lung metastases, and increased CD8" T cell infiltration
[174]. Li et al. [176] engineered a bismuth-based MOF (BMCPH)
that functions as both a microwave sensitizer and an H,S
immunomodulator. Under microwave irradiation, H,S is released
via cystathionine-B-synthase (CBS) that is overexpressed on tumor
cells, inhibiting MDSCs and promoting CTL infiltration, while the
Bi-MOF core scavenges ROS to dampen immunosuppression. This
strategy increased the number of intratumoral CD8" T cells by 6-
fold, reduced lung metastases, and achieved long-term tumor sup-
pression [176]. In addition, Wang et al. [146] engineered a protein
corona-detachable MWA amplifier (DOX@FRMSN-0,). Upon
microwave irradiation, O, bubbles release strips of the adsorbed
protein corona via inertial cavitation, increasing intratumoral accu-
mulation, whereas oxygenation reverses hypoxia and promotes
vascular normalization. These amplifiers activate the noncanonical
pyroptosis pathway via CASP4/GSDME cleavage, repolarizing can-
cer cells into senescent cells. In a HCC model, this strategy
extended the median survival beyond 40 days (vs < 20 days) [146].

Nanoplatforms have emerged as powerful tools in this context
because of their ability to increase therapeutic efficacy, minimize
side effects, provide precise spatiotemporal control, improve
imaging-guided interventions, and synergize with other therapeu-
tic strategies for comprehensive tumor eradication [215].

4.4. Nanocarrier-enhanced PDT/PTT

Phototherapy, including PDT and PTT, is a noninvasive modality
that uses light to precisely eliminate cancer cells by generating ROS
or inducing localized hyperthermia [216,217]. Temperatures above
40-43 °C can lead to cell membrane disruption, protein denatura-
tion, and tumor tissue ablation [60]. Both PDT and PTT exert direct
toxic effects on tumor cells by producing singlet oxygen or elevat-
ing the tissue temperature. They can also damage the tumor vascu-
lature and induce localized inflammation, thereby increasing
vascular permeability and remodeling the ECM. These effects
enhance the EPR effect, allowing for passive tumor targeting
and improved intratumoral drug delivery [218,219]. Because of
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minimal collateral damage and a negligible increase in tempera-
ture in the surrounding healthy tissues, PDT is particularly suitable
for treating cutaneous malignancies and has shown excellent cos-
metic outcomes [61].

In solid tumors, hypoxia, which is caused mainly by rapid and
abnormal tumor cell proliferation, leads to the overexpression of
hypoxia-inducible factors, which are associated with radioresis-
tance, chemoresistance, increased invasiveness, and metastatic
potential [220]. Beyond direct tumor cell ablation, PDT and PTT
also effectively induce ICD and have potent immune-activating
effects [127]. Nanocarriers with broad-spectrum photonic absorp-
tion exhibit unique optical properties that enable light to penetrate
deep into tissue, allowing effective tumor ablation even in deep-
seated lesions [184].

Given that most patients with cancer are diagnosed at an
advanced stage with a high tumor burden, prognosis and therapeu-
tic efficacy are often compromised. To address this challenge, one
study designed a self-assembled nanoassembly (NA) composed of
Ce6 and mitoxantrone, termed CM NAs [221]. Upon a single expo-
sure to 660 nm laser irradiation, CM NAs synergistically enhanced
the effects of both PTT and PDT in large tumors, reducing tumor
volume by 94% and achieving 50% complete regression, with a
3.5-fold increase in CRT exposure and a 4.1-fold increase in HMGB1
release, indicating robust ICD. CM NAs exhibit favorable biocom-
patibility, low toxicity in the absence of irradiation, minimal pho-
totoxicity, and selective accumulation in tumors without affecting
healthy tissues or organs.

Another study developed the nanoplatform FPc NPs based on
phthalocyanine (Pc)-polymerized Pluronic NPs, which demon-
strated increased cancer cell targeting [222]. Upon continuous
near-infrared irradiation, compared with individual Pc dyes or sim-
ple aggregates, FPc NPs exhibited superior photothermal effects,
effectively inducing tumor cell death.

Another study developed a multifunctional nanodrug, SFT, for a
combination therapy by combining ferroptosis induction with pho-
todynamic therapy [159]. This nanodrug incorporates methylene
blue as a photosensitizer for tumor imaging and light-triggered
therapy. The iron-replenishing component promotes ferroptosis,
further enhancing tumor suppression, inducing long-term cytotox-
icity, and significantly inhibiting tumor proliferation. This dual-
modal approach not only improves tumor-killing efficiency but
also offers precise spatial control over the therapeutic process,
highlighting its potential as a powerful theranostic platform for
precision oncology.

4.5. Nanocarrier-enhanced IRE

IRE is a nonthermal local ablative technique that eradicates
tumor tissue by applying short, high-voltage electric pulses that
disrupt cell membrane integrity and induce a permanent loss of
homeostasis, leading to cell death [59]. Unlike thermal ablation,
IRE preserves critical structures such as blood vessels, nerves,
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and adjacent organs, minimizing collateral damage
[37,181,223,224]. For instance, in the treatment of localized pros-
tate cancer, percutaneous IRE effectively ablated tumor tissue
while exerting minimal effects on the rectum, urethra, and neu-
rovascular bundles [225].

Beyond direct cytotoxicity, IRE can also trigger ICD, character-
ized by the release of DAMPs such as CRT, ATP, and HMGB1
[164,226]. Extracellular ATP serves as a potent signal that activates
DCs, promoting IL-1 secretion and initiating CD8" T cell-mediated
cytotoxic responses [182]. After release due to electroporation-
induced stress or ionizing radiation, HMGB1 binds to toll-like
receptor 4 on DCs, enhancing antigen presentation and CTL activa-
tion [227-230].

In a rat osteosarcoma model, IRE treatment significantly
increased the numbers of cluster of CD3* and CD4" T cells, as well
as the CD4*/CD8" ratio, within seven days post-ablation, indicating
a stronger cellular immune response to IRE compared to surgical
resection [231,232]. These findings suggest that IRE can induce
robust ICD and enhance antitumor immunity.

As hematopoietic organs rich in myeloid cells, the spleen and
bone marrow can be exploited to modulate trained immunity via
LNP delivery systems. Myeloid cells exhibit heightened antigen
responsiveness following activation by DAMPs or pathogens
[233-235]. Targeting the spleen has emerged as a promising strat-
egy to elicit potent systemic immune responses against tumors.
Precise modulation of splenic and myeloid cell subsets may unlock
the full therapeutic potential of trained immunity and increase
antitumor immune efficacy.

One study developed a nanobiotherapeutic formulation,
MDCa@RBC-Alipo, to enhance IRE-induced immune responses in
patients with advanced and unresectable pancreatic cancer by
inducing trained immunity [183]. In conjunction with phospho-
lipids, other lipids, and apolipoprotein A1 (APOAT1), this nanoplat-
form preferentially accumulated in the spleen and modulated
myeloid cells via epigenetic and metabolic reprogramming. By
activating splenic myeloid cells, MDCa@RBC-Alipo enhanced
peripheral trained immune responses by 320%, extended median
survival from 41 to 68 days, and reduced metastasis by 85% when
combined with IRE and anti-PD-L1 therapy (see Fig. 9 for synthesis
and biodistribution data).

Another study developed a multifunctional nanoplatform, M-TK-
OA, for the codelivery of two DNA repair inhibitors, olaparib and
AZDO0156, to impair the DNA damage repair machinery in pancreatic
cancer cells [236]. When combined with IRE, M-TK-OA prolonged the
median survival from 41 to 68 days, with 40% of the mice achieving
long-term survival (>90 days) compared with 0 after treatment with
IRE alone, accompanied by a 4.2-fold increase in the number of
tumor-infiltrating CD8" T cells and a 3.1-fold increase in the number
of central memory T cells. Importantly, the loading of multiple ther-
apeutic agents into a single nanocarrier enables efficient, synergistic
combination therapy, which is crucial for treating aggressive,
immune-evasive tumors such as pancreatic tumors. The combination

Fig. 7. Nanocarriers enhance tumor sensitivity to RFA and antitumor immunity, thereby achieving synergistic therapeutic effects. (a) Schematic diagram depicting the
structural modifications of LNPs. (b) Representative transmission electron microscopy (TEM) images displaying the morphology of the modified LNPs. Scale bar = 100 nm. (c)
Fluorescence imaging of in vivo and ex vivo distributions of NPs in organs and tumors. (d) Flow cytometric analysis of ROS levels in SK-HEP-1 cells across five treatment
groups, measured by dichlorofluorescein diacetate (DCFDA) fluorescence intensity, with the 37 °C + @RBCM/cRGD-phLips (RP) group serving as the control. (e) Viability of
HCC-LM3 and SK-HEP-1 cells under five treatment conditions using calcein acetoxymethyl ester (AM; green, viable cells) and ethidium homodimer-1 (Eth-1; red, non-viable
cells) double staining. Scale bars = 100 um. (f) Representative immunofluorescence images showing BODIPY-C11 staining of HCC-LM3 and SK-HEP1 cells under the specified
treatments. Scale bars = 100 um. (g) Western blot analysis examining acyl-CoA synthetase long chain family member 4 (ASCL4) and GPX4 expression levels in HCC-LM3 and
SK-HEP-1 cells under the indicated treatments. (h) Representative immunofluorescence images depicting CRT expression under different treatment conditions. Scale
bars = 100 um. (i) Flow cytometry false-color plots depicting CD80 and CD86 expression in live-cell gated HCC tumor tissues, with histograms showing the percentage of
CD80'CD86" DCs. DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane; PEG: polyethylene glycol; CHEMS:
cholesteryl hemisuccinate; FABP5: fatty acid binding protein 5; FRP: sgFABP5@RBCM/cRGD-phLips; SRP: SPIO@RBCM/cRGD-phLips; FSRP: FS@RBCM/cRGD-phLips; DAPI:

4’ ,6-diamidino-2-phenylindole. Reproduced from Ref [119] with permission.
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Fig. 8. Nanocarriers enhance tumor sensitivity to MWA and antitumor immunity, thereby achieving synergistic therapeutic effects. (a) Schematic illustration of the synthesis process of
dimethylmaleic anhydride (DA)-cholesterol oxidase (COD)-oxidized dextran (OD)-hemin-chitosan (HCS) hydrogels. (b) Scanning electron microscopy (SEM) image of the OD-HCS hydrogel.
Scale bar = 200 pm. (c¢) Confocal imaging of the intracellular lipid peroxidation of H22 cells subjected to different treatments, as indicated, in the absence or presence of cell lysates stained with
the BODIPY-C11 probe. Scale bar = 20 um. (d) Intracellular ferroptosis of fluorescence intensity in H22 cells after various treatments, as indicated. (e) Confocal images of intracellular ferroptosis
in H22 cells after various treatments, as indicated. Scale bar = 20 pm. (f) In vivo fluorescence imaging of H22 tumor-bearing mice intratumorally injected with Cy5.5-labeled DA-COD in the
presence or absence of OD-HCS adhesive glue at the indicated time points post incomplete microwave ablation (iMWA) treatment. (g) A schematic illustration of the inoculation of the bilateral
tumor model for in vivo antitumor and immune mechanism studies. (h) Flow cytometry statistical histograms showing the frequencies of CD8" T cells in distant tumors after various treatments.
The TNF-oc and IFN-y secretion levels in distant tumors after various treatments. Glue: OD-HCS hydrogels; SA: succinic anhydride; i.t.: intratumoral. Reproduced from Ref[62] with permission.
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Fig. 9. Nanocarriers enhance tumor sensitivity to IRE and antitumor immunity, thereby achieving synergistic therapeutic effects. (a) A scheme indicating the step-by-step
synthesis of MDCa@RBC-Alipo. (b) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) pattern of proteins from liposome, APOA1, red blood cell
membrane, and MDCa@RBC-Alipo lysates. (c) Size changes of MDCa@RBC-Alipo NPs in phosphate buffer saline (PBS) to prove stability. (d) Cumulative release profiles of
muramyl dipeptide (MDP) from CaCOs in solutions at different pH values. Data were presented as means * SD (n = 3). (e) Fluorescence images to reveal the biodistribution of

MDCa@Lipo, MDCa@RBC-Lipo, or MDCa@RBC-Alipo post intravenous (i.v.) injection

at the indicated time points. Fluorescence imaging of dissected organs 6 h after

intravenous injection of MDCa@Lipo, MDCa@RBC-Lipo, or MDCa@RBC-Alipo. (f) Cytokine levels of IL-6, IL-1, TNF-a, and IL-10 in the serum after various treatments (n = 5).
Statistical difference was calculated using a two-tailed unpaired student’s t-test. Data were expressed as means * SD. *P < 0.05, **P < 0.01, and ***P < 0.001. DPPC: 1,2-
dipalmitoyl-sn-glycero-3-phosphorylcholine; CHOL: cholesterol; RBC: red blood cell; G1: control; G2: RBC-Alipo; G3: MDCa; G4: MDCa@RBC-Alipo. Reproduced from Ref

[183] with permission.
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Table 3
Summary of the combination of nanocarriers and tumor ablation technology.
Combination strategy ~ Ablation Nanocarrier functions and advantages Main outcomes achieved Refs.
technique
Targeted therapy for ~ RFA, MWA Active targeting: inhibition of local recurrence and Increases local drug concentration; enhances [62,198]
residual tumors at distant metastasis; drug-loaded NPs surface-modified  killing of residual foci; reduces systemic toxicity
the ablation with targeting ligands specifically recognize and bind
periphery to residual tumor cells activated by ablation
Alleviating tumor RFA, MWA Oxygen-carrying/oxygen-generating: uses oxygen- Reverses hypoxia; overcomes tumor resistance to  [63,118]
hypoxia to carrying carriers to improve the hypoxic chemotherapy and radiotherapy; sensitizes
enhance chemo/ microenvironment in the peripheral zone post- subsequent treatments
radiotherapy ablation; enhances cytotoxicity of chemotherapeutic
efficacy drugs and efficacy of radiotherapy
Synergistic induction ~ All Immunoadjuvant: inhibition of distant metastatic Amplifies the “in-situ vaccine” effect of ablation, [127,215,221,236]
of ICD ablation growth, establishment of immune memory; elicits potent systemic antitumor immunity
techniques nanocarriers co-loaded with chemotherapeutic/
immunotherapeutic drugs; ablation releases tumor
antigens, NPs promote antigen presentation and T-cell
activation
Visual guidance and RFA Multifunctional nano-platform: integrates imaging Precise tumor localization pre-operation; real- [119]
treatment agents; enables precise “see and treat” approach, time guidance during ablation; post-operative
monitoring improves treatment completeness and success rate efficacy assessment and targeted delivery to
residual lesions
Enhancing the All Photothermal conversion agents: uses nanocarriers Reduces required laser power; improves [63,97,183,221]
ablation effect ablation with high photothermal conversion efficiency; more localization and efficiency of hyperthermia;
itself techniques thorough tumor ablation, clearer treatment margins minimizes damage to normal tissue

strategies discussed herein are systematically summarized in Table 3
[62,63,97,118,119,127,183,198,215,221,236], which categorizes dif-
ferent nanocarrier ablation approaches on the basis of their therapeu-
tic goals.

This summary highlights the versatility of nanocarrier plat-
forms in addressing the specific limitations of each ablation modal-
ity and provides a framework for selecting appropriate
combination strategies on the basis of clinical needs (see Table 4
[62,63,118,119,146,176,183,198,211,221] for a schematic over-
view of the quantitative efficacy metrics of representative
nanocarrier-ablation combination platforms).

5. Conclusions and perspectives

The convergence of nanocarrier technology with tumor ablation
therapy has presented transformative opportunities for cancer
treatment by addressing the fundamental limitations of ablation
alone—incomplete eradication, local recurrence, and an iTME.
Throughout this review, we highlighted three synergistic mecha-
nisms underlying this integrated approach: amplification of ICD
to increase tumor immunogenicity [126,184]; reprogramming of
the iTME, including macrophage repolarization and hypoxia allevi-
ation [110,117,129]; and promotion of ablation-triggered antigen
presentation, converting the ablation site into an in situ vaccine
that primes systemic antitumor immunity [95,189,235].

Despite remarkable outcomes in preclinical studies, the clinical
translation of nanocarrier-enhanced ablation therapies faces for-
midable barriers. Thermal ablation induces coagulative necrosis
and microvascular disruption, creating a heterogeneous perfusion
landscape that may impede nanocarrier delivery to the critical
ablation margin [36,37]. Furthermore, the acute inflammatory
response from necrotic tissue activates the mononuclear phago-
cyte system, potentially accelerating nanocarrier clearance and
shortening its half-life in circulation [74,237]. These effects, com-
bined with an altered protein corona influenced by systemic
inflammation, can lead to off-target effects and unpredictable effi-
cacy [236]. Additionally, ablation of large tumors can induce sys-
temic inflammatory response syndrome (SIRS), increasing the
levels of cytokines such as IL-6 and TNF-a [36]. Introducing
nanocarriers designed to activate DCs, trigger pyroptosis, or induce
trained immunity into this inflamed environment results in a non-

negligible risk of inducing a cytokine storm [95,110,235]. This dan-
ger is especially acute for agents engaging innate immune
pathways, such as STING agonists, where the threshold for safe
immune activation may be substantially lower in postablation
patients—a nuance seldom addressed in preclinical studies
[117,185].

Beyond the risk of inducing an acute cytokine storm, a more
insidious concern lies in the potential for nanocarrier-ablation
combinations to inadvertently reinforce, rather than reverse,
immunosuppressive mechanisms. Sublethal thermal stress at the
ablation margin can activate autophagy and heat shock protein
pathways that increase residual tumor cell survival while simulta-
neously recruiting immunosuppressive cells such as MDSCs and
Tregs into the periablational zone [177,179]. Moreover, the selec-
tive pressure exerted by robust immunostimulatory intervention
may drive the emergence of tumor clones with compromised anti-
gen presentation or increased resistance to cell death pathways
such as ferroptosis and pyroptosis [180]. These biological risks
are distinct from the physical and nonspecific toxicity barriers
noted above, and they warrant systematic investigation in future
translational studies.

Beyond these ablation-specific challenges, the systemic delivery
efficiency of NPs remains a critical limitation. Delivery efficiency is
influenced by complex nano-bio interactions and the physico-
chemical properties of NPs, such as their size, shape, and surface
characteristics, which ultimately determine the EPR effect and
therapeutic efficacy [238]. Furthermore, the remarkable efficacy
observed in murine models often fails to translate to patients,
reflecting fundamental differences in tumor biology, immune sys-
tem complexity, and physiological responses [74,239,240].

In this context, the rapid advancement of artificial intelligence
(AI) and machine learning offers unprecedented multidimensional
opportunities to address the key translational bottlenecks high-
lighted in this review, reshaping the research paradigm of nanoab-
lation therapies.

Machine learning models can analyze vast amounts of material
science and nano-bio interaction data to establish accurate struc-
ture activity relationship models and predict NP physicochemical
properties, protein corona composition, tumor accumulation effi-
ciency, and in vivo fate [241,242]. Al algorithms can decipher com-
plex high-throughput data to reveal nonlinear relationships
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Table 4
Quantitative efficacy metrics of representative nanocarrier-ablation combination platforms.
Nanocarrier platform Ablation Key quantitative outcomes Ref.
modality
MFMP (nano-epidrug) RFA 3.2-Fold increase in tumor-infiltrating CD8" T cells; 60% reduction in PD-L1 expression; 85%  [118]
tumor growth inhibition
PML@Len (PD-1 macrophage membrane- RFA Recurrence rate reduced from 65% to 19% (70% reduction); median survival extended from 38 [198]
coated vesicles) to 62 days; 4.5-fold increase in CD8" T cell infiltration; 55% reduction in Tregs
Fatty acid-binding protein 5-targeting SPIO  RFA 92% tumor volume inhibition; 75% complete ablation rate; 5.2-fold increase in CTL infiltration; [119]
nanocarrier (SS@RBCM/cRGD-phLips) 3.8-fold increase in IFN-y*CD8" T cells
DA-COD-OD-HCS (cholesterol-targeting MWA 88% primary tumor growth inhibition; 90% reduction in distant metastasis; 6.1-fold increase in  [62]
catalytic hydrogel) tumor-infiltrating CD8" T cells; 4.3-fold increase in TNF-o."CD8" T cells
Metal-alginate hydrogel (Mn?*/Ca*) MWA 2.3-Fold larger ablation zone; 60% complete response rate; 4.8-fold STING pathway activation; [63]
5.2-fold increase in IFN-$
GAT MW-immunosensitizers MWA 100% tumor inhibition; intratumoral CD8" T cells increased from 16.8% to 33.2%; effective [211]
inhibition of lung metastasis
DOX@FRMSN-O,, (protein corona-detachable MWA Median survival extended beyond 40 days (vs < 20 days for control) [146]
MWA amplifier)
BMCPH (bi-MOF H,S immunomodulator) MWA 6-Fold increase in intratumoral CD8" T cells; effective reduction of lung metastases; long-term [176]
tumor suppression
MDCa@RBC-Alipo (spleen-targeting IRE 320% enhancement of peripheral trained immune responses; median survival extended from [183]
nanobiologic) 41 to 68 days; 85% reduction in metastasis
CM NAs (Ce6-mitoxantrone NA) Phototherapy  94% tumor volume reduction; 50% complete regression; 3.5-fold increase in CRT exposure; 4.1-  [221]
(PTT/PDT) fold increase in HMGB1 release

between NP surface properties (e.g., ligand density and spatial con-
formation) and biological systems (e.g., immune cell uptake and
protein adsorption) [243]. By integrating omics data and systems
biology approaches, Al can help predict and circumvent off-target
effects and immunotoxicity, which is crucial for designing safer,
more biocompatible nanoplatforms.

Al can integrate multidimensional, multimodal data spanning
genomics, proteomics, radiomics, and clinical records to construct
powerful predictive models. These models can identify patient
subgroups that are most likely to benefit from specific nanoabla-
tion combinations and predict individual treatment responses
and potential toxicity risks [244,245]. For example, by analyzing
pretreatment tumor biopsy pathology images and gene expression
profiles, Al can accurately determine the tumor immune microen-
vironment type (“cold” or “hot”), guiding the selection of nanocar-

rier strategies focused on immune activation versus
microenvironment remodeling and enabling true personalized
therapy.

By combining radiomics and deep learning, Al analyze intrapro-
cedural imaging data (e.g., ultrasound, CT, and MRI) in real time,
accurately assess ablation margins, identify potential residual dis-
ease tissue, and provide precise spatiotemporal feedback for the
on-demand activation of ablation-responsive nanocarriers [2].
Ultimately, this multifaceted, deep convergence will propel the
field of nanoablation from an empirical exploration model toward
a new era of Al-driven, predictive, data-driven personalized preci-
sion therapy.

The rapid advancement of organoid technology provides physi-
ologically relevant platforms for nanocarrier research, with
patient-derived tumor organoids uniquely retaining their original
tumor heterogeneity and microenvironmental architecture to
enable clinically relevant nanocarrier screening predictions [246-
248]. Integrating nanocarrier systems with organoid-on-a-chip
technology allows in vitro reconstruction of the postablation
microenvironment, facilitating simulations of nanocarrier behavior
at the ablation margin and systematic evaluation of ICD through
immune-tumor cocultures [247]. This organoid-guided paradigm
accelerates the translation of nanocarrier innovations from bench
to bedside, advancing precision nanomedicine for tumor ablation
[249].

Bridging the gap from “proof-of-concept” to “clinical transla-
tion” represents the central challenge currently faced by the field
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of nanocarrier-enhanced tumor ablation. On the basis of a system-
atic elucidation of the spatiotemporal evolution of the postablation
TME and a comparative analysis of immune remodeling mecha-
nisms between thermal and nonthermal ablation modalities, we
propose three priority research directions for the next decade, aim-
ing to translate mechanistic discoveries into preclinical research
frameworks with clear pathways for validation.

We hypothesize that biomaterials engineered to respond
directly to ablation-specific stimuli, such as the rapid increase in
temperature during RFA/MWA, ice crystal formation during Cryo,
or high-voltage electrical pulses during IRE, could enable precise,
spatiotemporally controlled drug release, addressing the key bot-
tleneck of the temporal disconnect between ablation and drug acti-
vation [195,250,251]. Building on this foundation, closed-loop
systems that integrate real-time imaging feedback and use MRI
thermometry or functional imaging to dynamically identify resid-
ual viable tumors at the ablation margin and precisely trigger
nanocarrier activation hold promise for achieving more complete
local tumor control and reducing off-target toxicity [37,252]. Real-
izing this aim relies on two key enabling technologies: real-time
TME sensors capable of reporting critical indicators such as
hypoxia levels, pH fluctuations, and DAMP release Kkinetics
[253,254]; and multimodal imaging contrast agents that enable
simultaneous physical monitoring of the ablation process and bio-
logical tracking of nanocarriers within a single platform, achieving
a holistic visualization of the therapeutic process [93,215].

Given the fundamental differences in the postablation TME
between thermal (e.g., RFA/MWA) and nonthermal (e.g., IRE/Cryo)
ablation approaches, including hypoxia levels, ICD characteristics,
and inflammatory response kinetics, a “tailored” nanocarrier
design is needed [37,59,224]. Specific testable hypotheses include
the following: For RFA/MWA, nanocarriers prioritizing hypoxia
relief and ferroptosis induction will achieve superior outcomes
compared with those focused solely on ICD amplification
[119,156]; for IRE/Cryo, nanocarriers that amplify ICD signals and
induce trained immunity will outperform those designed primarily
for hypoxia relief [183,235]; and furthermore, the optimal timing
of nanocarrier administration differs by modality [179]. Achieving
this goal is highly dependent on predictive computational mod-
els—physiologically based pharmacokinetic models integrating
ablation physics, nanocarrier pharmacokinetics/pharmacodynam
ics, and host immune dynamics—enabling high-throughput
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Fig. 10. A systematic overview of nanocarrier-tumor ablation integration barriers and future directions. PBPK: physiologically based pharmacokinetics.

screening and optimization of different ablation-nanocarrier com-
binations before animal studies [239,255], as well as clinically rel-
evant large-animal models to evaluate nanocarrier biodistribution,
efficacy, and safety under conditions resembling those of human
disease [256,257].

Nanocarriers codelivering ferroptosis inducers (e.g., iron-based
nanomaterials) and pyroptosis primers (e.g., STING agonists) are
hypothesized to achieve synergistic antitumor effects and durable
immune memory in ablation-resistant tumor models by engaging
complementary and synergistic death pathways and creating a
more immunogenic TME [112]. Furthermore, implantable or
injectable biomaterial scaffolds placed directly in the ablation cav-
ity could serve as local depots for sustained immunomodulation,
releasing immune checkpoint inhibitors, cytokines, or personalized
neoantigen vaccines over weeks to months, thereby converting the
immunologically “cold” ablation site into a “training ground” for
priming and launching systemic antitumor immunity, effectively
preventing local recurrence and distant metastasis caused by min-
imal residual disease [62].

The field of nanocarrier-enhanced tumor ablation stands at a
critical juncture. The remarkable preclinical successes reviewed
here have provided proof-of-concept examples and identified pow-
erful synergistic mechanisms. However, the very biological pro-
cesses that make these combinations potent—
immunostimulation, cell death amplification, and microenviron-
mental modulation—also carry the risk of unpredictable toxicity
when administered to the complex, inflamed environment of a
postablation patient. By pursuing the three research directions out-
lined above—ablation-responsive materials with closed-loop imag-
ing guidance, modality-tailored nanocarrier design, and
multitarget combinations to overcome resistance—the field can
navigate the steep path from promising preclinical platforms to
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safe and effective clinical modalities [255]. Only through such a
balanced, critical approach can the full potential of this synergistic
strategy be realized. The ultimate goal remains clear: to convert
focal ablation procedures into personalized, systemic cancer cures
(see Fig. 10 for a systematic overview of nanocarrier-tumor abla-
tion integration barriers and future directions).
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