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Abstract: Hepatocellular carcinoma (HCC) presents significant challenges due to its aggressive nature and resistance to conventional
treatments. While CAR-T therapy has shown promise in hematologic cancers, its application in HCC is limited by the tumor
microenvironment (TME), insufficient T-cell infiltration, and antigenic heterogeneity. Nanomaterials offer a promising solution by
enhancing CAR-T cell delivery, activation, persistence, and overcoming the immunosuppressive TME. This review focuses on the
application of nanoparticles in CAR-T therapy, highlighting recent advancements in nanomaterials-based mRNA delivery, photo-
thermal remodeling, and hydrogel platforms. Furthermore, nanomaterials-enhanced imaging tools enable real-time monitoring of
CAR-T cell activity, improving therapeutic precision and safety. By addressing current limitations, nanomaterial-mediated CAR-T
therapy holds the potential to transform HCC treatment, paving the way for more effective and personalized cancer immunotherapy.
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Introduction

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and is a leading cause of cancer-
related mortality worldwide.' HCC is often diagnosed at an advanced stage, where treatment options are limited, and
prognosis is poor.®> Conventional treatments, including surgical resection, chemotherapy, and radiation therapy, are often
insufficient due to the aggressive nature of the disease, its high recurrence rates, and the resistance developed to systemic
therapies.*> In recent years, immunotherapy, particularly Chimeric Antigen Receptor T-cell (CAR-T) therapy, has
emerged as a promising approach for treating various cancers, including HCC.%’

CAR-T therapy involves engineering T cells to express specific receptors that recognize and target tumor antigens. In
hematologic cancers, CAR-T therapy has achieved remarkable success, leading to durable remissions.® However, its
application in solid tumors, such as HCC, remains challenging. Several factors contribute to the limited efficacy of CAR-
T therapy in HCC, including the complex and immunosuppressive tumor microenvironment (TME), poor infiltration of
CAR-T cells into solid tumors, and the heterogeneity of tumor antigen expression.”'® Additionally, off-target toxicity and
CAR-T cell exhaustion further limit the therapeutic potential of this approach in treating solid tumors.'""'* A critical
factor in the development of CAR-T therapy for HCC is the identification of suitable tumor-associated antigens (TAAs).
Among these, Glypican-3 (GPC3) is the most widely studied due to its high expression in HCC and limited presence in
normal adult tissues.'? Other TAAs such as alpha-fetoprotein (AFP),'* particularly in its peptide-HLA complex form,
Epithelial Cell Adhesion Molecule (EpCAM),"* and Mucin-1 (MUC1)'® have also been explored in preclinical and early
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clinical settings. However, the heterogencous and often low expression of these antigens across patient populations
presents an ongoing challenge for universal CAR-T targeting in HCC.

Nanotechnology has recently garnered attention as a potential strategy to overcome these challenges.'” By leveraging
nanoparticles and nanoscale materials, researchers aim to enhance the delivery, targeting, and activation of CAR-T cells
in the TME."®!” Nanotechnology can facilitate the precise delivery of CAR-T cells to tumor sites, improve their
persistence and activation, and modulate the immunosuppressive nature of the tumor microenvironment. Moreover,
nanoparticles can be designed to reduce off-target effects and enhance the safety profile of CAR-T therapy.?%*'

In this review, we explore how nanotechnology can be integrated into CAR-T therapy to address the current
limitations in the treatment of HCC. We will discuss the key challenges faced in applying CAR-T therapy to solid
tumors, the potential solutions offered by nanotechnology, and the preclinical and clinical advancements made in this
field. By examining the role of nanotechnology in enhancing CAR-T therapy, this review aims to provide insights into
how these innovative approaches can improve treatment outcomes for patients with HCC and potentially transform the
therapeutic landscape.

CAR-T Therapy in HCC: Current Challenges
TME

Effective trafficking and infiltration into tumor tissues are essential for CAR-T cells to fulfill their anti-tumor functions.
In contrast to hematological malignancies, where CAR-T cells can directly attack malignant cells, solid tumors require
CAR-T cells to reach the tumor lesions to engage their targets, a process that is often impeded by the TME.

Physical barriers such as abnormal neovascularization, wide gaps in blood vessel walls, excessive vascular leakage,
and dense extracellular matrix (ECM) create significant challenges for CAR-T cells attempting to reach tumor sites.*>*
HCC, which frequently develops from liver fibrosis and cirrhosis, presents additional difficulties due to its pronounced
fibrotic nature, further limiting CAR-T cell migration and infiltration. Moreover, HCC often produce chemokines like
CXCLI, CXCL2, and CXCLS5, which hinder T cell migration and penetration.”*2® Interestingly, a nanoprodrug was
developed, self-assembled from polyethylene glycol-poly-4-borono-L-phenylalanine (mPEG-PBPA) conjugated with
quercetin (QUE) via boronic ester bonds. Additionally, the immune adjuvant imiquimod (R837) was incorporated.
This nanodrug effectively remodels the TME, promoting high infiltration of cytotoxic T lymphocytes, thus enhancing
immunotherapy for HCC.?” This suggests that nanotechnology could potentially improve the penetration and infiltration
of CAR-T cells in HCC, thereby boosting their anti-tumor efficacy.

Additionally, in HCC, the TME is dominated by an array of immunosuppressive cells, including regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs). These cells release
immunosuppressive molecules that hinder CAR-T cell efficacy and accelerate their exhaustion.”® Importantly, nanotech-
nology provides a promising approach to tackling the challenges posed by the TME by employing nanocarriers to deliver
targeted immunomodulatory therapies, significantly reducing adverse effects®’ (Figure 1). In addition, immune pathways
involving PD-1 on T cells and PD-L1 within the TME of HCC are key factors that contribute to CAR-T cell dysfunction.
The application of PD-1/PD-L1 inhibitors can enhance the immunosuppressive environment and prolong CAR-T cell
activity.’*>! Notably, recent studies have found that a multifunctional colloidosomal microreactor was constructed by
encapsulating catalase within calcium carbonate nanoparticle-assembled colloidosomes, with anti-PD-1 co-loaded inside.
This nanodrug significantly enhances the efficacy of CAR-T cells against solid tumors by promoting tumor infiltration
and the secretion of effector cytokines.*?

CAR-T Cell Persistence and Exhaustion

When CAR-T cells are infused into the human body, they often undergo exhaustion, which diminishes their antitumor
capabilities. This exhaustion is primarily driven by continuous antigenic stimulation, leading to a weakened immune
response. As a result, the cells lose their ability to proliferate, produce cytokines, and effectively eliminate tumor cells.*?
Additionally, they begin to express elevated levels of inhibitory receptors such as PD-1, TIM-3, and LAG-3, further
hampering their function.** Notably, ganglioside-functionalized nanoparticles can bind to CD169-expressing APCs and
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Figure | Mechanisms of nanomaterial-mediated TME modulation. Targeting immunosuppressive cells such as Tregs, MDSCs, and TAMs using nanoparticles offers
a promising strategy to overcome the immunosuppressive TME, thereby enhancing the responsiveness of CAR-T cell therapy.

localize to the contact sites between APCs and CAR T cells during cell conjugation initiation, thereby promoting a strong
and durable antigen-specific T cell-mediated immune response.”

Currently, mRNA-based CAR-T cells represent a promising engineering strategy. In all clinical studies, the delivery
of CAR mRNA has primarily been achieved through electroporation (EP).*** However, this method can lead to
irreversible membrane damage and the loss of cellular contents, which in turn decreases cell viability and increases the
risk of alterations in gene and protein expression.*” To overcome the challenges associated with electroporation-induced
cellular manipulation, researchers have utilized lipid nanoparticles (LNPs) to encapsulate mRNA within fully synthetic
lipid shells for the in vivo production of mRNA-based CAR T cells. Compared to traditional EP-CAR T cells, LNP-CAR
T cells exhibit significantly prolonged persistence.*’

Future research should go beyond current CAR T cell strategies and explore the application of nanotechnology in
broader immune cell engineering, such as modifying natural killer (NK) cells and macrophages. Additionally, the
potential of nanoparticles in modulating the tumor microenvironment should not be overlooked, as they can deliver
drugs in a targeted manner, alter immunosuppressive environments, and thereby enhance immune responses. When
combined with gene editing technologies like CRISPR/Cas9, nanoparticles can precisely modify immune or tumor cells
in vivo, improving treatment specificity (Figure 2). Future studies should also focus on developing multifunctional
nanoparticles capable of delivering not only mRNA but also immunomodulatory molecules, providing more sophisti-
cated and precise therapies. Moreover, the design of personalized nanoparticles tailored to a patient’s genetic profile will
drive the advancement of precision medicine.

Targeting and Off-Target Toxicity

One of the key challenges in the success of CAR T cell therapy for HCC is the difficulty in identifying optimal tumor-
associated antigens (TAAs). In many solid tumors, only a subset of cells displays the target antigen. Even when TAAs are
consistently expressed in HCC, there is still a risk of antigen loss or escape, leading to significant antigen heterogeneity.*’
Furthermore, tumor antigens are often expressed to varying degrees in normal tissues, making it more challenging to
target them specifically. For instance, in neuroblastoma treatment, high-affinity anti-GD2 CAR not only targets GD2 on
neuroblastoma cells but also affects low levels of GD2 in the brain, resulting in fatal encephalitis. These severe side
effects indicate that even low-level expression of target antigens in normal tissues can be a major source of toxicity.**
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Figure 2 Flowchart for CRISPR/Cas9 integration with nanotechnology.
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Therefore, selecting the appropriate antigen is crucial in CAR design to ensure therapeutic effectiveness and avoid “on-

target off-tumor” toxicity.

Enhancing CAR-T Therapy for HCC Using Nanotechnology

Various nanotechnologies are being applied to overcome the challenges associated with CAR T cell therapy for HCC.

These include approaches such as transient CAR expression through RNA delivery, hydrogels, and nanoparticle

conjugation, among others. These nano-integrated therapies have shown great potential in inducing robust antitumor

immunity, effectively eradicating both primary tumors and metastatic lesions (Table 1).

Table | Key Nanotechnology Strategies for Enhancing CAR-T Therapy in HCC

Strategy Description Advantages Delivery Clinical Limitations Ref.

Efficiency Translation

Potential

Nano-based C14-4 LNP formulation improves CAR High transfection efficiency, High High (validated in Requires targeting [43]
mRNA mRNA delivery to human T cells. reduced toxicity. mRNA vaccines) specificity; liver
Delivery tropism possible
Nano-based LNPs encapsulating CAR mRNA Precise targeting and High High (validated in Requires targeting [44]
mRNA specifically target macrophages activation of immune cells. mRNA vaccines) specificity; liver
Delivery associated with HCC. tropism possible
Nano-based LNPs engineered with anti-CD3 Improved targeting specificity High High (validated in Requires targeting [45]
mRNA antibodies enhance T-cell targeting. for T cells. mRNA vaccines) specificity; liver
Delivery tropism possible
Nano-based GPC3-CARTT cells secrete IL-7 and Enhanced CAR-T cell High High (validated in Requires targeting [46]
mRNA CCLI9, boosting infiltration and persistence and infiltration. mRNA vaccines) specificity; liver
Delivery persistence. tropism possible
Hydrogel Injectable hydrogel system co-delivers Prolonged CAR-T retention Moderate Moderate (injectable Degradation rate and [47]
Delivery CAR-T cells and cytokines. and controlled cytokine platform, preclinical) retention must be
Systems release. tuned

(Continued)
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Table | (Continued).

Strategy Description Advantages Delivery Clinical Limitations Ref.
Efficiency Translation
Potential

Hydrogel Hydrogel releasing CAR-T cells and anti- Improved CAR-T cell activity Moderate Moderate (injectable Degradation rate and [48]
Delivery PD-LI conjugated platelets. in solid tumors. platform, preclinical) retention must be
Systems tuned
Photothermal PLGA nanoparticles loaded with Enhanced CAR-T cell / Moderate Requires NIR source; [49]
Therapy indocyanine green for photothermal penetration and tumor (photothermal agents | potential for off-target

therapy. targeting. in animal models) heating
Photothermal Gold nanoparticles combined with heat- | Increased T-cell infiltration and / Moderate Requires NIR source; [50]
Therapy responsive CAR-T cells. direct tumor cell killing. (photothermal agents | potential for off-target

in animal models) heating

TME targeted A2aR antagonists delivered via liposomal Improved CAR-T cell Moderate Promising (small Drug loading and [511
CAR-T vesicles reduce adenosine-mediated functionality. molecules in clinical tumor targeting
therapy suppression. use) efficiency
TME targeted ROS-inducing nanozymes promote Synergistic photothermal and Moderate Experimental ROS dose control and | [52]
CAR-T antigen release for CAR-T activation. nanocatalytic effects enhance off-target toxicity risk
therapy immunity.
TME targeted Nanobody-targeted FGFR4 CAR-T cells | Effective targeting and delivery | Moderate Moderate (nanobody Limited clinical [53]
CAR-T improve specificity and antitumor within the tumor CARs in early-stage validation; complex
therapy effects. microenvironment. trials) manufacturing

Nano-Based mRNA CAR Delivery in T Cells

mRNA therapeutics offer transformative potential for modern medicine by providing a gene therapy platform that allows
rapid development. The stabilization of therapeutic mRNA can be enhanced through the incorporation of modified
nucleosides, synthetic caps, and extended poly-A tails, along with codon optimization to further improve stability.>*
LNPs-based mRNA therapies have emerged as promising approaches in CAR T cell immunotherapy. LNP-mRNA CAR
can be produced in cell-free systems, with its expression easily regulated, and it offers a safer alternative as it eliminates
the risk of genetic integration. The delivery efficiency of LNP systems hinges on the use of ionizable cationic lipids.** As
mRNA is negatively charged, it binds within the LNP through electrostatic interactions, enhancing its stability in vivo
and protecting it from lysosomal degradation.”® Once LNPs are internalized by cells, the acidic environment of the
endosomes promotes fusion with LNPs, facilitating the release of mRNA into the cytoplasm. Studies have shown that
LNP-based mRNA systems achieve high transfection efficiency and lower cytotoxicity across various cell types.’®
Interestingly, in a study focused on HCC, mRNA encoding CAR was encapsulated in LNPs. Importantly, researchers
developed a specific lipid formulation for the LNPs, enabling them to selectively bind to certain plasma proteins and
target macrophages associated with HCC.** Therefore, future research should focus on identifying lipid formulations for
LNPs that can specifically target HCC-associated T cells. Notably, Billingsley identified seven formulations capable of
enhancing mRNA delivery compared to lipofectamine. Among them, the top-performing LNP formulation, C14-4, was
selected for delivering CAR mRNA to primary human T cells.*> Additionally, by modifying LNPs with antibody
conjugation (Ab-LNPs), the LNPs were covalently bound to anti-human CD3 mAb, which enhanced T cell targeting®
and could potentially improve the transfection efficiency of CAR-encoding mRNA in T cells. Since LNPs often
accumulate in the liver, the aforementioned strategy could help enhance nano-based mRNA CAR delivery in T cells.

In efforts to stimulate or enhance CAR T therapy, cytokine and vaccine mRNA LNPs have also been developed. For
instance, Lu et al engineered GPC3-CAR-T cells to secrete human IL-7 and CCL19. These secreted factors enhance
CAR-T cell infiltration and persistence within the body, while also recruiting more mature dendritic cells (DCs). As
a result, the IL-7 and CCL19 nanochaperones significantly boosted CAR-T cells’ antitumor activity, leading to the
effective eradication of HCC*® (Figure 3).
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Figure 3 Nano-based mRNA CAR delivery in T cells. The LNP loaded with CAR mRNA induces T cells to express CAR, which results in tumor targeting and cell death.

Hydrogel for CAR T Cells Delivery

Over the past few years, scientists have introduced an innovative injectable hydrogel delivery system aimed at enhancing
the effectiveness of CAR-T cells in targeting solid tumors.’”->® Grosskopf et al, for instance, engineered a practical
hydrogel formulation that facilitates the controlled release of CAR-T cells alongside stimulatory cytokines to improve
therapeutic outcomes in solid tumor treatment. This hydrogel’s distinct design effectively limits the passive spread of
embedded cytokines while enabling the active movement of the contained cells. This feature supports prolonged
retention, improved viability, and activation of CAR-T cells. Following administration, a temporary inflammatory
microenvironment is established, which continuously exposes CAR-T cells, promotes the development of tumor-
reactive phenotypes, and boosts treatment efficacy.*” Moreover, it is essential for the material used in this platform to
exhibit signs of breakdown during the treatment of solid tumors. The previously discussed covalently cross-linked
hydrogel systems may remain intact for extended periods post-treatment, potentially heightening the risk of systemic
toxicity due to their inability to degrade within a clinically relevant timeframe.*® These observations indicate that this
hydrogel-based CAR T cell delivery approach holds promise for treating hard-to-reach solid tumors and metastatic
cancers (Figure 4). In addition, a recent study developed a multifunctional hydrogel system composed of y-polyglutamic
acid (y-PGA), fifth-generation polyamide-amine dendrimers (G5), and polydopamine (PDA) nanoparticles, enabling
a synergistic approach that combines photothermal therapy and chemotherapy. This hydrogel integrates PDA nanopar-
ticles with the chemotherapeutic agent doxorubicin (DOX), exhibiting excellent photothermal conversion efficiency and
temperature-responsive drug release. In vivo experiments demonstrated significant tumor growth inhibition with minimal
systemic toxicity, alongside favorable biocompatibility, photothermal stability, and biodegradability. Unlike conventional
hydrogels, the y-PGA-based platform offers both therapeutic versatility and precise stimulus-responsiveness, representing
a promising strategy to enhance the local efficacy of CAR-T cell therapy through combined photothermal and
chemotherapeutic mechanisms.>’

Photothermal-Remodeling CAR-T Cell Therapy

Regional hyperthermia has been demonstrated to partially degrade the tumor extracellular matrix, promote blood vessel dilation
to enhance circulation, and directly increase CAR T-cell penetration into solid tumors. The heat-induced destruction of cancer
cells triggers an inflammatory response that boosts chemokine secretion, further supporting CAR-T cell activation and
recruitment. In their study, Chen et al showed that nanoparticles made from poly (lactic-co-glycolic) acid (PLGA) and loaded
with indocyanine green (ICG), a near-infrared photothermal (NIR) dye, enhanced the trafficking and accumulation of CAR.
CSPG4+ T cells at tumor sites.*’ Additionally, Miller et al engineered heat-responsive constructs to modify T cells for the
regulation of various immunostimulatory genes, including CARs, BiTEs, and a cytokine superagonist designed to enhance T cell
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Figure 4 Hydrogel for CAR T cells delivery.

proliferation.”® Gold nanoparticles, which naturally accumulate in tumors, were administered intravenously to mice with hind
limb tumors that had received these modified CAR-T cells. The combined treatment of heat therapy and engineered CAR-T cells
resulted in significant tumor regression compared to mice treated with either the modified CAR-T cells or heat therapy alone.>® It
is worth noting that photothermal ablation enhances T cell infiltration within HCC tumor tissues,® with gold nanoparticles
playing a critical role in the photothermal treatment of HCC®' (Figure 5). Future research should focus on investigating whether
gold nanoparticle-based photothermal therapy can further promote the infiltration of CAR-T cells into HCC tumor tissues.

Regional
hyperthermia

Nanoparticles
loaded with NIR
photothermal

agents \

Enhance the
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Figure 5 Nanoparticle-assisted photothermal therapy enhances CAR-T cell infiltration. NIR-activated nanoparticles induce regional hyperthermia in tumors, promoting
a favorable microenvironment for CAR-T cell infiltration and activity.
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TME Targeted CAR-T Therapy

The TME in HCC is characterized by a complex network of cellular and molecular components that hinder CAR-T cell
infiltration, persistence, and functionality. Key immunosuppressive factors include Tregs, MDSCs, and various cytokines
like TGF-B and IL-10, which collectively contribute to the suppression of T cell activity and promote tumor progression.

To overcome these barriers, nanotechnology-based approaches have been developed to enhance the efficacy of CAR-
T cell therapy by targeting and modulating the TME.®* One strategy involves engineering CAR-T cells to carry
nanoparticles that can specifically deliver therapeutic agents to the TME. For instance, nanoparticle delivery systems
can encapsulate small molecule inhibitors that block immunosuppressive pathways within the TME. A prominent
example is the use of CAR-T cells loaded with cross-linked multilamellar liposomal vesicles (cMLVs) carrying A2aR-
specific small molecule antagonists, such as SCH-58261, which can mitigate the effects of adenosine—an immunosup-
pressive metabolite—and improve CAR-T cell function.”' Recent advancements have also included the synthesis of
tumor-specific nanozyme systems, such as HA@Cu2—xS-PEG (PHCN) nanozymes, that catalyze the production of
reactive oxygen species (ROS) within the TME. The increase in ROS levels induces a synergistic photothermal and
nanocatalytic effect that not only promotes direct tumor cell killing but also enhances the release of tumor antigens,
thereby facilitating the activation and effector function of CAR-T cells.>

Furthermore, the inhibitory microenvironment and the inherent heterogeneity of individuals contribute to the down-
regulation of tumor-associated antigens in HCC cells.***** Notably, nanobodies (Nbs) have the ability to specifically
recognize tumor-associated antigens on the surface of cancer cells, allowing for the direct delivery of therapeutic
molecules or drugs to the tumor site. Due to their small size, nanobodies can effectively penetrate the tumor micro-
environment, enhancing both targeting specificity and therapeutic outcomes. In a recent study, Lin et al injected FGFR4-
ferritin (FGFR4-HPF) nanoparticles into alpacas and created a phage display library of nanobodies derived from alpaca
antibodies, successfully obtaining nanobodies targeting FGFR4. Notably, CAR-T cells engineered with high-affinity and
high-specificity nanobodies targeting FGFR4 demonstrated significantly improved antitumor effects both in vitro and
in vivo.”

These nanotechnology-enhanced strategies represent a promising frontier in overcoming the limitations imposed by
the TME in HCC and improving the therapeutic outcomes of CAR-T cell therapy. By leveraging targeted delivery,
responsive release mechanisms, and advanced imaging techniques, researchers are paving the way for more effective and
precise treatment modalities for HCC patients.

Advancing CAR-T Cell Therapy Monitoring in HCC Through

Nanotechnology
Nanotechnology-based imaging agents have transformed the landscape of monitoring and diagnosing CAR-T therapies,
addressing many of the shortcomings of conventional approaches.'®®> Traditional techniques such as enzyme-linked
immunosorbent assays (ELISA) are constrained by their long processing times, large sample requirements, limited
sensitivity, and inability to provide real-time detection.®® In comparison, bioimmunosensors, a multidisciplinary innova-
tion, leverage methods such as double-antibody sandwich or competition detection, supported by optical and electrical
systems, to achieve superior detection sensitivity and lower limits of detection.®” Nanomaterials play a pivotal role in
enhancing the performance of these sensors, acting as carriers or catalysts to amplify detection signals, thus improving
overall accuracy and efficiency.®®® For example, interleukin-6 (IL-6), a key biomarker in cytokine release syndrome
(CRS), has been detected using an innovative biosensor that combines a gold nanoparticle (AuNP)-based surface-
enhanced Raman spectroscopy (SERS) substrate with a DNA aptamer. This approach demonstrated exceptional sensi-
tivity and selectivity for IL-6 detection.”®

Beyond biosensors, nanotechnology-based imaging agents provide critical insights into CAR-T cell distribution and
activity, allowing for early detection and intervention to mitigate off-tumor effects.”' One approach involves ex vivo
loading of nanoparticles onto CAR-T cells. For instance, in preclinical mouse models, the biodistribution of CAR-T cells
was effectively tracked by incorporating radiolabeled or contrast-enhanced nanoparticles into the cells before infusion.”
Furthermore, light-inducible systems, such as the light-inducible nuclear translocation and dimerization platform, enable
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precise control over CAR-T cell activation. By leveraging light to regulate nuclear translocation and dimerization, this
system facilitates the fine-tuning of gene expression in CAR-T cells with high specificity.”* These advancements have

paved the way for more precise tracking and improved therapeutic efficacy of CAR-T cells while reducing potential
risks.”*

Conclusion and Future Perspectives

Nanotechnology has emerged as a transformative tool for overcoming the challenges associated with CAR-T cell therapy
in HCC. By leveraging nanoparticles and nanoscale materials, researchers have achieved significant advancements in
improving CAR-T cell delivery, activation, and persistence within the immunosuppressive TME. These innovations have
paved the way for enhanced therapeutic outcomes, offering hope for a more effective treatment of solid tumors like HCC.

Despite these advancements, several hurdles remain. The heterogeneity of TAAs, the physical barriers of the TME,
and the risk of off-target toxicity continue to limit the broad application of CAR-T therapy in HCC. Future strategies
should focus on developing personalized nanotechnologies capable of addressing these limitations. Tailoring nanopar-
ticles to individual genetic and molecular profiles can enhance the precision and safety of CAR-T cell therapies,
particularly in targeting antigens that are selectively expressed in tumor cells.

Given the unique histological features of HCC, such as a highly fibrotic TME, the development of nanocarriers that
specifically target hepatic stellate cells (HSCs) may offer a promising solution. These cells are central to ECM production
and stromal stiffening, which impair T cell infiltration. Nanoparticles delivering matrix-modifying enzymes or TGF-§
inhibitors to activated HSCs could help reverse fibrosis, remodel the TME, and facilitate CAR-T cell penetration and
expansion within tumor lesions.

To address the high degree of antigen heterogeneity, multi-targeted CAR constructs may be integrated with
nanoparticle-based co-delivery systems that either present multiple tumor-associated antigens (eg, GPC3, AFP,
EpCAM) or deliver mRNA sequences for poly-specific CAR expression. This would increase recognition breadth
while reducing immune escape. Combining these strategies with stimuli-responsive nanoparticles—capable of releasing
immune modulators in response to pH, ROS, or enzymatic signals—may further refine CAR-T activation kinetics within
the tumor.

Nanomedicine-based CAR-T cell therapies can also be categorized into two principal delivery strategies: ex vivo and
in vivo. Ex vivo approaches involve nanoparticle-mediated T cell engineering outside the body before reinfusion,
offering high transfection efficiency and control, but requiring labor-intensive processes and specialized manufacturing
infrastructure. In contrast, in vivo approaches use systemically administered nanoparticles to directly generate or
modulate CAR-T cells within the patient, potentially reducing production cost and improving scalability. However,
challenges such as targeting specificity, immune clearance, and safety concerns remain. Future research should aim to
optimize and integrate both strategies based on HCC-specific TME characteristics and clinical feasibility.

Moreover, combining nanotechnology with cutting-edge genetic tools, such as CRISPR/Cas9, holds promise for the
precise modification of immune cells or tumor cells, thereby increasing the specificity of therapeutic interventions. These
approaches could further broaden the scope of immune-based therapies by integrating nanoparticles into the engineering
of other immune cells, such as NK cells and macrophages.

Another critical research direction is the optimization of real-time monitoring systems for CAR-T therapy using
nanotechnology-enhanced imaging modalities. Advanced imaging tools, including nanoparticle-based MRI and PAT,
provide critical insights into CAR-T cell distribution, activity, and therapeutic efficacy. These tools enable clinicians to
track CAR-T cells more accurately, intervene earlier to mitigate off-target effects, and optimize treatment protocols in
a timely manner.

Notably, despite the increasing preclinical interest in nano-assisted CAR-T therapy for HCC, no clinical trials to date
have specifically investigated such approaches. Current trials remain focused on conventional CAR-T modalities
targeting GPC3 or AFP, without integrating nanomaterial-based delivery or modulation systems. This highlights
a major unmet need in translational development. Future clinical efforts should prioritize early-phase trials to evaluate
the safety and feasibility of nanotechnology-enhanced CAR-T systems, while addressing scalability, targeting efficiency,
and regulatory challenges.
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In conclusion, nanotechnology offers an unprecedented opportunity to enhance CAR-T therapy for HCC by addres-

sing its current challenges and expanding its therapeutic potential. Through interdisciplinary collaboration between

oncologists, immunologists, and nanotechnology experts, these innovations can be translated from the laboratory to

clinical practice, ultimately improving patient outcomes and redefining the future of cancer immunotherapy.
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