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Introduction
Gynecologic malignancies, particularly ovarian cancer, pose signifi-
cant clinical challenges due to their insidious onset, frequent recur-
rence, and limited responsiveness to conventional therapies.1 These 
characteristics contribute to delayed diagnosis and poor long-term 
survival, making the development of novel, targeted therapies a 
clinical priority.2 To address these limitations, nanotechnology-en-
hanced chimeric antigen receptor (CAR)-T cell therapy has emerged 

as a promising strategy. Among emerging treatment paradigms, 
CAR-T cell therapy has revolutionized hematologic cancer care,3 
but it faces substantial barriers in solid tumors, including immuno-
suppressive microenvironments,4 inadequate T cell infiltration, and 
on-target/off-tumor toxicities.5 Recent advances in messenger RNA 
(mRNA)-based delivery platforms, particularly using lipid nanopar-
ticles (LNPs), have enabled transient and tunable CAR expression, 
offering potential for safer and more controllable therapy (Fig. 1). 
Integrating nanotechnology thus represents a transformative strate-
gy to enhance CAR-T therapy efficacy, precision, and safety in solid 
tumors. In particular, mRNA-based delivery systems provide a non-
viral, transient, and programmable platform for CAR expression,6 
while LNPs, tiny fat-like particles that protect mRNA and facilitate 
cellular entry, enable efficient intracellular delivery and organ-spe-
cific targeting.7 Further innovations, including hydrogel scaffolds,8 
photothermal-responsive materials, and acoustogenetic modulation 
technologies, allow for localized, sustained, and externally control-
lable CAR-T cell activation. These interdisciplinary approaches not 
only expand the therapeutic window of CAR-T therapies but also en-
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able synergistic multimodal interventions. This review systemati-
cally examines recent advances in nanotechnology-assisted CAR-
T engineering, focusing on mRNA delivery, carrier optimization, 
and biomaterial platforms, while highlighting promising preclini-
cal applications in ovarian cancer. By elucidating the mechanistic 
basis and translational potential of these integrated strategies, we 
aim to chart a path toward next-generation, precision-targeted im-
munotherapies in ovarian cancer.

In addition to CAR-T therapy, other immunotherapeutic ap-
proaches have been explored in ovarian cancer. Immune check-
point inhibitors targeting programmed death 1/ programmed death 
ligand 1 and cytotoxic T-lymphocyte-associated protein 4 have 
shown limited efficacy as monotherapy but may offer benefit when 
combined with chemotherapy or anti-angiogenic agents. Cancer 
vaccines based on whole tumor lysates or neoantigens are under 
investigation,9 although few have advanced to late-phase trials. 
Tumor-infiltrating lymphocyte (TIL) therapy has shown promise in 
small clinical studies but remains logistically complex. For CAR-T 
therapy specifically, clinical data in ovarian cancer remain limited. 
A Phase I clinical trial (NCT02498912) evaluating MUC16-target-
ed CAR-T cells demonstrated safety and partial responses in pa-
tients with recurrent ovarian cancer. Integrating these approaches 
with mRNA-based CAR-T cell therapies holds substantial prom-
ise for enhancing antitumor efficacy. Checkpoint inhibitors can 
alleviate immunosuppressive signals that limit CAR-T cell func-
tion, while TIL therapies broaden the immune response repertoire, 
complementing CAR-T activity. This combinatorial strategy may 
overcome limitations such as T cell exhaustion and tumor hetero-

geneity, thereby promoting a more robust and durable immune at-
tack on ovarian cancer cells. Furthermore, mRNA nano-delivery 
systems enable co-expression of immunomodulatory molecules 
(e.g., bispecific antibodies or cytokines), which can synergize with 
checkpoint blockade and TIL therapies to favorably modulate the 
tumor microenvironment.

This review is organized into several key sections: we first in-
troduce the principles and advantages of mRNA-based CAR-T 
engineering; then explore structural optimization of mRNA and 
LNP carriers; followed by discussions on hydrogel-based delivery, 
photothermal, and acoustogenetic control strategies; and finally, 
we highlight preclinical applications in ovarian cancer and address 
translational challenges.

mRNA-based CAR-T technologies

Principles of mRNA therapy
mRNA is a single-stranded ribonucleic acid transcribed from DNA 
that carries the genetic information required for protein synthesis. 
Upon delivery into cells, mRNA is translated into functional pro-
teins. The therapeutic potential of mRNA was first demonstrated 
in 1990, when Wolff and colleagues successfully achieved expres-
sion of in vitro-transcribed mRNA in mouse skeletal muscle cells, 
thereby establishing a foundation for mRNA-based therapies.10 
In vivo, mRNAs are synthesized through transcription mediated 
by RNA polymerases, generating precursor mRNAs that contain 
non-coding introns. These precursors undergo post-transcriptional 

Fig. 1. Advantages and challenges of LNP–mRNA delivery systems for engineered cell therapy. Created with Figdraw. LNP-based mRNA delivery enables 
safe, transient, and controllable protein expression with rapid kinetics and scalable production. However, challenges include immunogenicity, manufacturing 
complexity, and limited clinical validation. Promising applications include CAR-T cell engineering and ligand-directed targeting within the tumor microenvi-
ronment (TME). CAR, chimeric antigen receptor; LNP, Lipid Nanoparticles; mRNA, messenger RNA.
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modifications, including 5′ capping, splicing, polyadenylation, and 
A-to-I editing, to form mature mRNAs suitable for translation into 
proteins (Fig. 2).11

Advantages of mRNA nano-delivery systems
Recent advances in mRNA synthesis, chemical modification, and 
delivery technologies have significantly accelerated the devel-
opment of mRNA therapeutics.12 The success of mRNA-based 
COVID-19 vaccines not only validated this platform clinically but 
also catalyzed interest in applying mRNA technologies to cancer 
immunotherapy, including CAR-T cell engineering.13 Nano-de-
livery systems have emerged as promising non-viral vectors for 
delivering CAR-encoding mRNA into T cells or other immune 
cells, enabling efficient generation of functional CAR-T cells.14 
Compared with traditional viral vectors, mRNA nano-delivery 
platforms offer several distinct advantages that enhance their clini-
cal potential.15 These systems exhibit superior biosafety, as mRNA 
functions transiently in the cytoplasm without integrating into the 
host genome, thereby avoiding the risk of insertional mutagenesis. 
They also allow precise control over gene expression, with tunable 
dosing and administration frequency enabling fine temporal regu-
lation.16 Nanocarriers can be decorated with targeting molecules, 
such as antibodies, to deliver mRNA specifically to certain cell 
types, improving delivery precision and therapeutic selectivity.17 
Because mRNA does not require nuclear entry, translation in the 
cytoplasm is rapid and efficient, a process further enhanced by op-
timized sequences and chemical modifications.18 In terms of pro-
duction, mRNA and its carriers can be synthesized quickly and 

scaled efficiently in cell-free systems, in contrast to the limitations 
of cell-based viral vector manufacturing.19 Additionally, mRNA 
nanocarriers can act as intrinsic immune adjuvants by stimulating 
innate immune responses, a property that can be tuned to synergize 
with adaptive immunity for antitumor effects.20 Importantly, their 
modular and flexible design enables the incorporation of complex 
constructs such as bispecific antibodies,21 cytokines,22 and co-
stimulatory molecules that are often difficult to deliver via viral 
vectors.23 Collectively, these features position mRNA nano-deliv-
ery systems as a powerful platform for advancing next-generation 
CAR-T cell therapies.

Structural design and synthesis of mRNA nano-delivery systems
mRNA nano-delivery systems typically consist of two key compo-
nents: a core mRNA payload and an external nanocarrier shell.24 
Rational design of the mRNA sequence based on the target pro-
tein allows for enhanced expression of tumor-associated antigens 
in antigen-presenting cells or T cells, thereby boosting antitumor 
immune responses. Encapsulation of mRNA within carriers, such 
as LNPs, protects it from enzymatic degradation by RNases and 
facilitates targeted delivery to specific tissues or immune cell 
populations.25 Both the engineering of the mRNA payload and the 
design of the nanocarrier vehicle are therefore crucial determinants 
of therapeutic efficacy.26

Structural optimization of mRNA
Therapeutic mRNAs are typically synthesized by in vitro tran-
scription from a linearized DNA template.27 A complete mRNA 

Fig. 2. Post-transcriptional processing of pre-mRNA. Created with Figdraw. This schematic shows, in sequence, the four key processing steps required to 
transform a eukaryotic pre-mRNA into mature mRNA. These steps ensure mRNA stability, efficient transport from the nucleus to the cytoplasm, and correct 
translation. ADAR, adenosine deaminase acting on RNA; mRNA, messenger RNA.
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transcript consists of five components: the 5′ cap, the 5′ untrans-
lated region, the open reading frame, the 3′ untranslated region, 
and the 3′ poly(A) tail. The coding sequence (CDS) within the 
open reading frame encodes the antigen, antibody, or functional 
protein of interest.28 Enhancing expression of exogenous proteins 
often involves optimizing the CDS region to improve translation 
efficiency and protein yield.29

Codon optimization is a widely used strategy that replaces rare 
codons with synonymous, frequently used codons to align with 
the host’s tRNA abundance.30 This improves mRNA stability and 
translation efficiency, particularly near the start codon, where op-
timal codon usage enhances ribosomal elongation and reduces the 
likelihood of translational stalling.31 Higher guanine-cytosine con-
tent is associated with improved secondary structure stability and 
prolonged transcript half-life. For example, rare codons can hinder 
translation and even trigger mRNA degradation by slowing ribo-
some progression.32

The secondary structure of mRNA, defined by its folding free 
energy, plays a critical role in transcript stability and expression. 
mRNAs with more stable secondary structures (i.e., lower free 
energy) typically exhibit longer intracellular half-lives and higher 
protein output.33

Selection and engineering of nanocarriers
The efficiency of mRNA delivery is closely dependent on the prop-
erties of the nanocarrier system.34 Lipid-based and polymer-based 
nanoparticles have emerged as the most promising platforms for 
delivering negatively charged, easily degradable mRNAs into the 
cytoplasm of immune cells.35 These nanocarriers enhance mRNA 
stability, reduce cytotoxicity, and facilitate intracellular trafficking 
at relatively low manufacturing costs.36

Among these, LNPs are the most extensively studied and clin-
ically validated.37 They typically comprise four components: ion-
izable lipids, cholesterol, helper phospholipids, and polyethylene 
glycol (PEG)-lipids.38 Ionizable lipids enable the particles to re-
lease their mRNA cargo once inside the cell by becoming posi-
tively charged in the acidic environment of endosomes. Choles-
terol adds stability to the nanoparticle structure and assists with 
membrane fusion. Helper phospholipids support the particle’s 
shape and facilitate interactions with cell surfaces. PEG-lipids 
form a protective outer layer that prevents rapid clearance by the 
immune system, allowing prolonged circulation. Ionizable lipids, 
positively charged at low pH, form electrostatic complexes with 
negatively charged mRNA molecules during formulation and 
facilitate endosomal escape following cellular uptake.39 Choles-
terol improves particle stability, promotes membrane fusion, and 
enhances cytoplasmic delivery.40 Helper phospholipids stabilize 
the lipid bilayer and modulate phase behavior, while PEG-lipids 
enhance colloidal stability, reduce opsonization, and prolong cir-

culation time.41

LNPs offer several advantages over viral vectors, including re-
duced immunogenicity, larger cargo capacity, and a lower risk of 
insertional mutagenesis.42 Furthermore, their formulation can be 
tailored for organ-specific delivery.43 For instance, increasing the 
proportion of cationic lipid (2,3-Dioleoyloxy-propyl)-trimethylam-
monium chloride (DOTAP) can shift LNP biodistribution toward 
pulmonary tissues,44 while modifications to cholesterol structure 
can bias delivery toward hepatic T cells. Notably, a study iden-
tified heterocyclic lipopolyamines that not only improve mRNA 
transfection but also enhance innate immune activation via STING 
pathway signaling, further potentiating antitumor immunity.45

Surface modifications of LNPs with targeting ligands or by 
modulating PEG characteristics (e.g., PEG length, shedding kinet-
ics, and protein corona composition) allow fine-tuned control of 
biodistribution and cellular uptake.46 However, a balance must be 
struck: while longer PEG chains extend circulation time and re-
duce nonspecific serum interactions, they may hinder membrane 
fusion and impair endosomal escape.47 Thus, careful optimization 
of both core and carrier components is essential to achieve robust, 
safe, and tissue-specific mRNA delivery (Table 1).

Progress in clinical application of mRNA-LNP for CAR-T cell 
therapy
The application of LNP-mediated mRNA delivery in CAR-T cell 
therapy has advanced rapidly in recent years, demonstrating both 
feasibility and therapeutic potential.48 In 2020, a study demonstrat-
ed the use of LNPs to deliver CAR-encoding mRNA into primary 
human T cells in vitro, achieving efficient functional protein ex-
pression.49 Ongoing clinical studies are typically conducted in ear-
ly-phase (Phase I/II) formats, assessing the safety, persistence, and 
antitumor efficacy of mRNA-engineered CAR-T cells delivered 
via LNPs. These trials often employ short-lived mRNA constructs 
to minimize long-term risk, with repeated dosing strategies tested 
for sustained response. The strengths of mRNA-LNP systems in-
clude their non-integrating nature, rapid production, flexible de-
sign, and lower immunogenicity compared to viral vectors. More-
over, mRNA allows temporal control of CAR expression, which is 
beneficial for managing toxicity. However, limitations include the 
transient duration of expression, potential innate immune activa-
tion from RNA sensors, and the need for repeated administrations. 
The efficient delivery of mRNA to T cells in vivo remains an ongo-
ing challenge (Table 2). This seminal work established LNPs as a 
viable non-viral platform for transient CAR expression, laying the 
foundation for mRNA-based CAR-T cell engineering. However, 
viral vectors, particularly lentiviral vectors, enable long-term, sta-
ble CAR expression, which is critical in many clinical protocols 
requiring durable antitumor activity, making them a well-estab-
lished choice for hematologic malignancies.

Table 1.  Comparison of mRNA nanocarriers and viral vectors for CAR expression (mRNA nanocarriers offer safer, non-integrating, and more controllable 
expression but face limitations in duration and in vivo persistence)

Feature mRNA nanocarriers Viral vectors Feature

Genome integration risk No integration Possible insertional mutagenesis Genome integration risk

Expression duration Short (transient) Long-lasting Expression duration

Immunogenicity Tunable Higher risk Immunogenicity

Manufacturing speed Rapid, cell-free Slower, cell-based Manufacturing speed

Scalability High (in vitro synthesis) Limited by viral production systems Scalability

CAR, chimeric antigen receptor; mRNA, messenger RNA.
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As interest in mRNA-LNP therapeutics surged, researchers 
focused on optimizing the delivery system to address key chal-
lenges such as formulation complexity, manufacturing scalability, 
and transfection efficiency.50 Formulation modifications have been 
shown to dramatically influence T-cell transfection efficiency. 
Among various formulations tested, the B10 LNP emerged as a 
promising candidate for CAR-mRNA delivery, offering enhanced 
efficiency and potential for clinical translation.51

In 2024, a team achieved a milestone in targeted delivery by en-
abling simultaneous organ- and cell-type-specific mRNA delivery. 
Utilizing advanced targeting moieties, they demonstrated precise 
mRNA delivery across multiple tissues, expanding the therapeutic 
versatility of LNP-based platforms.52

Concurrently, another group developed an acid-sensitive linker, 
“azido-acetal,” to design rapidly degradable LNPs.53 These carriers 
consisted of PEGylated lipids conjugated to azido-acetal moieties, 
enabling hydrolysis within the acidic environment of endosomes. 
In both in vitro and in vivo models, rapidly degradable-LNPs sig-
nificantly outperformed conventional LNPs, delivering mRNA to 
the liver, lung, spleen, and brain, as well as to hematopoietic stem/
progenitor cells. This work highlights the potential of modulating 
degradation rates as a strategy to tune intracellular delivery kinet-
ics and enhance therapeutic efficacy.

mRNA delivery offers unique advantages in the CAR-T context 
by enabling transient, non-integrating expression of chimeric re-
ceptors. This allows more controlled dosing, reduced toxicity, and 
iterative design adjustments without permanent genomic modi-
fication. Such flexibility is particularly important in solid tumor 
contexts where antigen specificity and safety are major concerns. 
The ability to rapidly reprogram T cells via mRNA also accelerates 
preclinical testing and patient-specific customization. Looking 
ahead, next-generation mRNA platforms may incorporate multi-
plexed antigen targeting, RNA switches for conditional activation, 
or self-amplifying RNA systems for prolonged expression. Emerg-
ing technologies, such as in vivo CAR-T generation, where LNPs 
directly deliver CAR-encoding mRNA into circulating T cells, 
and AI-guided optimization of codon usage and RNA secondary 
structures, may dramatically enhance the precision and efficacy 
of CAR-T therapy. These advances could fundamentally shift the 
paradigm from ex vivo cell engineering to rapid, on-demand im-
munotherapy.

Optimization strategies for next-generation mRNA nanocarriers
One emerging strategy for LNP optimization involves the incor-
poration of silicone-based materials. In October 2024, a group in-
troduced a new class of silicone-modified lipid nanoparticles (SiL-

NPs) by integrating siloxane amines with alkylated tail groups, 
including epoxides, esters, and amides.54 Systematic structure–
activity relationship studies revealed that parameters such as the 
number of cyclic siloxane units, tail length, substitution pattern, 
and lipid morphology significantly influence cellular uptake and 
endosomal escape (Fig. 3).

These modified SiLNPs demonstrated enhanced organ-specific 
delivery, achieving selective mRNA transfection in tissues such 
as the lung, liver, and spleen. The study confirmed that rational 
design of siloxane-modified lipids can modulate the biodistribu-
tion and target specificity of LNPs, paving the way for precision-
targeted mRNA therapeutics.

Developmental maturity of mRNA-based CAR-T technologies
While significant progress has been made in the engineering and 
delivery of mRNA-based CAR-T therapies, it is important to de-
lineate the maturity levels of different approaches to inform clini-
cal translation efforts. Most nanocarrier platforms, including LNPs 
optimized for CAR mRNA delivery, have demonstrated robust ef-
ficacy in preclinical animal models but remain in early develop-
ment stages, focusing on optimization of stability, targeting, and 
safety profiles. For example, hydrogel-based delivery systems and 
acoustogenetic or photothermal control strategies are largely ex-
perimental and currently confined to preclinical validation.

Conversely, certain mRNA CAR-T modalities leveraging clini-
cally validated LNP platforms have progressed into early-phase 
clinical trials, particularly for hematologic malignancies and select 
solid tumors, marking critical milestones toward clinical adoption. 
Moreover, the recent successful application of mRNA technology 
in COVID-19 vaccines provides a translational framework and 
regulatory precedent that supports expedited clinical evaluation of 
mRNA CAR-T products. However, combination immunotherapy 
strategies integrating checkpoint inhibitors or TILs with mRNA 
CAR-Ts are still predominantly under investigation in preclinical 
settings.

Hydrogel platforms for localized CAR-T cell delivery
Hydrogels have emerged as a promising biomaterial-based plat-
form for the localized and sustained delivery of CAR-T cells, offer-
ing an innovative alternative to systemic administration.55 Among 
these, polymeric nanoparticle hydrogels are particularly attractive 
due to their self-assembling and injectable properties.56 These hy-
drogels can be formulated under mild, cell-compatible conditions 
without requiring modification of the therapeutic cargo, enabling 

Table 2.  Summarizes the key strengths and limitations of using mRNA nanocarriers for CAR-T cell engineering

Aspect Pros Cons

Safety No risk of genomic integration; 
reduced long-term adverse effects

Requires repeated administration due to transient expression

Manufacturing Scalable, cell-free, rapid production Sensitive to RNase degradation; cold-chain dependent

Design flexibility Easily programmable, allows for rapid 
modification of CAR sequences

Sequence needs optimization to avoid innate immune activation

Regulatory potential Lower regulatory complex-
ity compared to viral vectors

Novel delivery systems face approval uncertainties

Control over expression Temporal control allows bet-
ter toxicity management

Short expression window may limit persistence and efficacy

CAR, chimeric antigen receptor; mRNA, messenger RNA.
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the direct encapsulation of CAR-T cells and immunomodulatory 
agents such as cytokines.57 Upon administration, they form a tran-
sient inflammatory niche that promotes the expansion, activation, 
and persistence of CAR-T cells at the tumor site, significantly en-
hancing antitumor efficacy.58 This niche is characterized by the 
local release of cytokines such as interleukin (IL)-2, IL-15, and 
granulocyte-macrophage colony-stimulating factor, which activate 
JAK/STAT and PI3K/AKT pathways to enhance CAR-T cell pro-
liferation and survival. The temporary pro-inflammatory environ-
ment mimics natural immune activation without causing systemic 
toxicity.

In a notable example, one group developed an injectable Gela-
tin Methacryloyl-based hydrogel system termed i-GMD for local 
CAR-T cell delivery.59 This photo-crosslinkable hydrogel retains 
excellent solubility prior to injection and rapidly forms a three-
dimensional scaffold upon UV irradiation. The resulting matrix 
provides a supportive microenvironment that preserves CAR-T 
cell viability and proliferation within the immunosuppressive tu-
mor microenvironment. Notably, this system allows for non-inva-
sive, localized delivery of CAR-T cells, enabling their prolonged 
retention and gradual release at the tumor site without the need for 
surgical intervention.

Moreover, the hydrogel matrix can be co-loaded with various 
therapeutic agents, including cytokines, monoclonal antibodies, 
immune checkpoint inhibitors, and small-molecule drugs, to fur-
ther modulate the immune response and synergistically enhance 
antitumor activity. This multifunctional capability positions hy-

drogel-based platforms as a highly versatile strategy for the next 
generation of localized, programmable CAR-T cell therapies.

Photothermal therapy (PTT) synergy with CAR-T cells
The integration of PTT with CAR-T cell therapy presents a power-
ful strategy to overcome the limitations of immunotherapy against 
solid tumors.60 PTT leverages exogenous energy sources, such as 
near-infrared (NIR) light, to generate localized hyperthermia via 
photothermal agents, enhancing both direct tumor ablation and im-
mune activation.

One team developed a biodegradable polydopamine-coated 
chromium-based nanosystem with strong photothermal conver-
sion capacity.61 Upon targeted NIR laser irradiation, the system 
induces localized hyperthermia, effectively ablating solid tumor 
cells through the PTT mechanism. In a preclinical mouse model, 
NIR irradiation raised tumor temperature by approximately 10°C 
within 5 m, leading to 70% tumor cell death and a significant re-
duction in tumor volume after treatment. Beyond direct cytotox-
icity, this approach also triggers systemic immune activation, as 
evidenced by elevated serum levels of key cytokines, including 
IL-2, interferon-gamma, and tumor necrosis factor-alpha, which 
collectively enhance CAR-T therapy antitumor immunity. Further-
more, localized hyperthermia induced by NIR irradiation upregu-
lates the expression of chemokines such as CXCL9 and CXCL10, 
and adhesion molecules like ICAM-1 and VCAM-1 within the tu-
mor microenvironment. These factors facilitate T cell trafficking 

Fig. 3. Schematic representation of a silicon-based lipid nanoparticle (SiLNP)-Based mRNA-targeted delivery System. Created with Figdraw. This schematic 
compares the mechanism and effect of mRNA delivery between conventional lipid nanoparticles (LNP, left) and silicone-modified lipid nanoparticles (SiLNP, 
middle and lower panels). mRNA, messenger RNA.
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and infiltration, increasing CAR-T cell accumulation at the tumor 
site and improving therapeutic outcomes.

Complementing this thermal strategy, one team pioneered an 
acoustogenetic approach that utilizes magnetic resonance imag-
ing-guided focused ultrasound to spatially control engineered 
CAR-T cell activation in vivo.62 By allowing gene expression to 
be turned “on” only within the targeted tumor region, this tech-
nique minimizes off-target toxicity and reduces immune-related 
adverse effects in healthy tissues. By transducing acoustic signals 
into genetic responses, this method enables precise, non-invasive 
activation of T cells within defined anatomical regions, thereby 
minimizing off-target effects and enabling the targeting of antigens 
that may otherwise be expressed in healthy tissues.

Further advancing this field, one group engineered tempera-
ture-responsive gene switches that enable photothermal control of 
CAR-T cell activity in situ.63 In this system, synthetic switches 
activate transgene expression under mild hyperthermic conditions 
(40–42°C), induced by gold nanorod-mediated photothermal heat-
ing. In vitro, transient heating (15–30 m) resulted in up to a 60-fold 
increase in transgene expression without impairing T cell viability, 
migration, or cytotoxic function. In murine models, this approach 
enabled localized expression of IL-15 superagonists or bispecific 
T cell engagers targeting NKG2D ligands, enhancing antitumor 
efficacy while mitigating systemic adverse effects. Notably, this 
photothermal control strategy also showed potential in overcoming 
antigen escape in metastatic tumor settings.

Together, these advances underscore the potential of integrating 
photothermal or acoustic modulation with genetic engineering to 
spatially and temporally regulate CAR-T cell functions, offering a 
new dimension of precision in cancer immunotherapy.

Application of CAR-T and nanoparticle technologies in ovar-
ian cancer
Ovarian cancer remains one of the most lethal gynecologic ma-
lignancies, largely due to its asymptomatic progression and high 
recurrence rate after standard therapy.64 Emerging strategies based 
on CAR-T cell therapy and nanomedicine are being actively ex-
plored to address these challenges.65

One promising CAR-T target is non-functional P2X7 (nf-
P2X7),66 an aberrantly expressed variant of the P2X7 receptor 
found on the surface of various malignant cells, including ovarian 
cancer cells. Owing to its restricted expression in normal tissues, 
nfP2X7 has attracted attention as a selective target for adoptive 
immunotherapy. Researchers successfully constructed nfP2X7-
specific CAR-T cells and demonstrated potent cytotoxic activity 
against ovarian cancer cells across multiple platforms, including 
monolayer cell culture, 3D spheroid models, and in vivo mouse 
models. These findings highlight the therapeutic potential of nf-
P2X7-directed CAR-T cells in overcoming the immunosuppres-
sive ovarian tumor microenvironment.

In addition to cellular therapies, nanoparticle-based drug de-
livery systems are making significant advances in ovarian cancer 
treatment.67 A study developed a tumor-penetrating nanoparticle 
platform for the co-delivery of adavosertib (a Wee1 G2 checkpoint 
kinase) and olaparib (a poly ADP-ribose polymerase inhibitor).68 
The tumor-penetrating nanoparticle-adavosertib-olaparib formula-
tion effectively targets ovarian tumor tissue, enhances intratumoral 
drug accumulation, and improves therapeutic efficacy while mini-
mizing systemic toxicity. This co-delivery strategy exemplifies the 
power of nanomedicine to achieve synergistic combination thera-
py within a single platform.

Further expanding the diagnostic and therapeutic integration of 
nanotechnology, one group engineered a multifunctional nanocar-
rier by coordinating cotton phenol and a cisplatin derivative with 
Fe3+ ions, followed by hyaluronic acid coating to target CD44-
overexpressing ovarian cancer cells.69 The resulting HA@PFG 
nanoparticles exhibited high tumor specificity, deep tissue penetra-
tion, redox-sensitive drug release, and excellent imaging contrast 
both in vitro and in vivo. Mechanistically, the therapeutic efficacy 
is driven by the synergistic effects of cisplatin-mediated DNA 
damage, Fe3+-induced ferroptosis, and oxidative stress. These na-
noparticles exemplify the therapeutic potential of nanocarriers that 
simultaneously diagnose and treat ovarian cancer.

Together, these preclinical advances underscore the promise of 
both CAR-T and nanoparticle-based strategies in ovarian cancer 
therapy. Their ability to selectively target tumor cells, modulate 
the tumor microenvironment, and reduce systemic toxicity offers a 
compelling path forward for personalized and precision treatment 
in this challenging malignancy.

While the clinical experience with CAR-T therapy in ovar-
ian cancer is still maturing compared to hematologic malignan-
cies, early-phase trials have provided critical insights into target 
feasibility, safety, and prevailing challenges, such as the immu-
nosuppressive tumor microenvironment. As summarized in Table 
3.66 Key Clinical Trials of CAR-T and mRNA-CAR-T Platforms 
in Ovarian Cancer: Targets, Outcomes, and Translational Poten-
tialkey trials targeting antigens like MUC16 (NCT02498912) 
and mesothelin (NCT01583686) have demonstrated preliminary 
evidence of anti-tumor activity and manageable safety profiles. 
However, the limited persistence and potency of CAR-T cells in 
solid tumors highlight the need for innovative approaches. This is 
where the mRNA-CAR-T platform holds significant translational 
promise. Its transient nature allows for safer targeting of antigens 
with potential on-target/off-tumor concerns (e.g., MUC16, meso-
thelin), enabling rapid dose-finding and toxicity management. Fur-
thermore, the flexibility of mRNA-LNP systems facilitates the co-
delivery of immunomodulatory cargoes, positioning this platform 
as a powerful tool to overcome the immunosuppressive barriers 
identified in earlier trials, such as those targeting folate receptor 
alpha (NCT03615313). The promising preclinical data targeting 
nfP2X7 using mRNA-LNPs further underscore the platform’s po-
tential for rapid clinical translation in ovarian cancer.

Despite the promising potential, this review has several limita-
tions. Most of the evidence presented is derived from preclinical 
models, and limited clinical data are currently available to validate 
these strategies in human subjects. Additionally, the scalability and 
reproducibility of complex nanomaterial systems, such as SiLNPs 
or hydrogel-CAR-T formulations, remain to be fully resolved. 
Regulatory approval pathways for combination nanomedicine and 
cellular therapies are also underdeveloped, introducing uncertainty 
for clinical translation. From an ethical and regulatory perspective, 
the clinical translation of mRNA nanotechnology-based CAR-T 
therapies must navigate complex frameworks. The U.S. Food and 
Drug Administration (FDA) classifies products combining drugs, 
biologics, and devices, such as mRNA nano-delivery systems with 
CAR-T cells, as combination products, requiring coordinated re-
view under specific regulations (21 CFR Part 3). Developers must 
comply with FDA guidance on manufacturing controls, nanopar-
ticle characterization, and safety monitoring to address potential 
risks unique to nanomaterials, including biodistribution and long-
term toxicity. Additionally, the FDA increasingly emphasizes na-
noparticle tracking technologies (e.g., radiolabeling, fluorescence 
tagging) to monitor in vivo fate and ensure patient safety in clinical 
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trials. Ethical considerations include informed consent detailing 
novel delivery platforms and post-treatment surveillance to man-
age unforeseen adverse effects. Such regulatory specificity pro-
vides practical pathways but demands rigorous documentation and 
collaboration with regulatory bodies to facilitate safe and effective 
clinical deployment. Finally, while this review focuses on ovarian 
cancer, broader tumor-specific factors and interpatient variability 
may impact generalizability. Future clinical studies are essential to 
confirm the translational potential of these nanotechnology-assist-
ed CAR-T therapies.

Challenges and limitations
Despite promising preclinical outcomes, several critical challenges 
remain for translating nanotechnology-integrated CAR-T therapies 
into clinical practice. First, the large-scale, reproducible manufac-
turing of LNP formulations is technically complex, requiring tight 
control over particle size, charge, and encapsulation efficiency. Sec-
ond, immune responses to nanoparticle components, particularly 
PEGylated lipids, can lead to accelerated blood clearance or aller-
gic reactions, complicating repeated dosing strategies. Third, the 
regulatory landscape for combination products involving both ad-
vanced biologics and nanomedicine is still evolving, posing uncer-
tainties in approval timelines and pathways. Finally, the high cost of 
CAR-T manufacturing and nanoparticle synthesis raises questions 
about scalability and access, especially in resource-limited settings. 
Addressing these issues will be critical for ensuring the safe, effec-
tive, and equitable application of these cutting-edge therapies.

Conclusions
The convergence of nanotechnology and CAR-T therapy offers 
unprecedented opportunities to overcome the intrinsic limitations 
of solid tumor immunotherapy, particularly in gynecologic malig-
nancies such as ovarian cancer. Advances in mRNA-based non-
viral delivery systems have demonstrated substantial improve-
ments in safety, controllability, and scalability, while innovations 
in nanocarrier composition and surface functionalization allow for 

cell-specific, organ-targeted delivery. Biomaterial platforms such 
as hydrogels enable localized and sustained CAR-T cell release, 
and external activation strategies, including photothermal and 
acoustogenetic modulation, provide precise spatiotemporal control 
over T cell function. Despite encouraging preclinical evidence, key 
challenges remain, including optimizing in vivo delivery efficien-
cy, minimizing immunogenicity, and navigating complex regula-
tory pathways for clinical translation. Continued interdisciplinary 
collaboration among immunologists, materials scientists, and cli-
nicians will be essential to transform these technologies into safe, 
effective, and accessible treatments. Collectively, these emerging 
strategies represent a promising blueprint for the next generation 
of precision-engineered immunotherapies in ovarian cancer.
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Table 3.  Key clinical trials of CAR-T and mRNA-CAR-T platforms in ovarian cancer: targets, outcomes, and translational potential

Trial identifier Target antigen Platform 
/ Vector Phase Key clinical outcomes Safety profile mRNA-CAR-T platform 

potential assessment

NCT02498912 MUC16 
(CA-125)

Viral vector I Partial responses ob-
served in patients with 
recurrent ovarian cancer

Manageable 
cytokine release 
syndrome (CRS)

↑High Potential: Transient 
expression is ideal for 
managing potential on-
target/off-tumor toxicity

NCT01583686 Mesothelin Viral vector I/II Disease stabilization; 
CAR-T cell persistence 
observed in some patients

Acceptable safety, 
with one case 
of severe CRS

↑High Potential: Allows 
for safer “dose-titration” 
exploration of targets 
expressed in normal tissues.

NCT03615313 Folate recep-
tor alpha (FRα)

Viral vector I Limited antitumor activity; 
highlighted immuno-
suppressive icroenvi-
ronmentas a barrier.

Well-tolerated. ↑High Potential: Suitable 
for combinatorial designs 
with immunomodulators 
to overcome suppression.

Preclinical 
(Bandara et 
al., 202366)

nfP2X7 mRNA-LNP 
(Preclinical)

N/A Potent cytotoxic activ-
ity in vitro and in vivo.

Good specific-
ity in preclini-
cal models

↑Very High Potential:Ideal 
for rapid clinical transla-
tion of this promising 
target with minimized risk

↑ denotes an advantage or high potential. CAR, chimeric antigen receptor; LNP, lipid nanoparticle; mRNA, messenger RNA.

https://doi.org/10.14218/OnA.2025.00013


DOI: 10.14218/OnA.2025.00013  |  Volume 3 Issue 4, December 2025 9

Zheng Z. et al: Nano-CAR-T therapy for OC Oncol Adv

Author contributions
Study conception (ZZ, HA), data curation (ZZ), writing and edit-
ing (HX, DY, JY, KS), editing of the manuscript, study supervi-
sion (HA), writing of the manuscript, subject investigation, and 
literature review (YL). All authors have read and approved the 
manuscript.

References
[1]	 Zhang J, Ouyang D, Liu M, Xiang Y, Li Z. Research progress on fer-

roptosis and PARP inhibitors in ovarian cancer: action mechanisms 
and resistance mechanisms. Front Pharmacol 2025;16:1598279. 
doi:10.3389/fphar.2025.1598279, PMID:40342999.

[2]	 Green MR. Multimodal therapy for solid tumors. N Engl J Med 1994; 
330(3):206–207. doi:10.1056/NEJM199401203300311, PMID:8264 
745.

[3]	 Gao Y, He J, Wang J, Xu H, Ma L. Chimeric antigen receptor T cell im-
munotherapy for gynecological malignancies. Crit Rev Oncol Hema-
tol 2025;209:104680. doi:10.1016/j.critrevonc.2025.104680, PMID: 
40024355.

[4]	 Strijker JGM, Pascual-Pasto G, Grothusen GP, Kalmeijer YJ, Kalait-
sidou E, Zhao C, et al. Blocking MIF secretion enhances CAR T-cell 
efficacy against neuroblastoma. Eur J Cancer 2025;218:115263. 
doi:10.1016/j.ejca.2025.115263, PMID:39908652.

[5]	 Zhang W, Zeng M, Ma X, Chen J, Qiao J, He Z, et al. CLDN18.2-tar-
geting STAR-T cell therapy for pancreatic cancer: a strategy to mini-
mize gastric off-tumor toxicity compared to CLDN18.2 CAR-T. On-
cogene 2025;44(28):2440–2452. doi:10.1038/s41388-025-03414-z, 
PMID:40301544.

[6]	 Lam PY, Omer N, Wong JKM, Tu C, Alim L, Rossi GR, et al. Enhance-
ment of anti-sarcoma immunity by NK cells engineered with 
mRNA for expression of a EphA2-targeted CAR. Clin Transl Med 
2025;15(1):e70140. doi:10.1002/ctm2.70140, PMID:39763064.

[7]	 Goulart Guimaraes PP, Nunes da Silva W, Rodrigues Alves MT, Dias 
Moura Prazeres PH, Costa da Silva GH, Azevedo GV, et al. Abstract 
1811: Use of lipid nanoparticles to generate CAR T cells target-
ing colon cancer. Cancer Res 2025;85(8_Suppl_1):1811–1811. 
doi:10.1158/1538-7445.am2025-1811.

[8]	 Castellote-Borrell M, Domingo M, Merlina F, Lu H, Colell S, Bachil-
ler M, et al. Lymph-Node Inspired Hydrogels Enhance CAR Expres-
sion and Proliferation of CAR T Cells. ACS Appl Mater Interfaces 
2025;17(11):16548–16560. doi:10.1021/acsami.4c19942, PMID:400 
42178.

[9]	 Pollard C, Rejman J, De Haes W, Verrier B, Van Gulck E, Naessens T, 
et al. Type I IFN counteracts the induction of antigen-specific im-
mune responses by lipid-based delivery of mRNA vaccines. Mol Ther 
2013;21(1):251–259. doi:10.1038/mt.2012.202, PMID:23011030.

[10]	 Parhiz H, Atochina-Vasserman EN, Weissman D. mRNA-based 
therapeutics: looking beyond COVID-19 vaccines. Lancet 
2024;403(10432):1192–1204. doi:10.1016/S0140-6736(23)02444-3, 
PMID:38461842.

[11]	 Besse F, Ephrussi A. Translational control of localized mRNAs: re-
stricting protein synthesis in space and time. Nat Rev Mol Cell Biol 
2008;9(12):971–980. doi:10.1038/nrm2548, PMID:19023284.

[12]	 Choe JA, Burger J, Jones J, Panjla A, Murphy WL. Opportunities 
in Therapeutic mRNA Stabilization: Sequence, Structure, Adju-
vants and Vectors. Adv Therap 2025;8(6):2400537. doi:10.1002/
adtp.202400537.

[13]	 Wu J, Wu W, Zhou B, Li B. Chimeric antigen receptor therapy 
meets mRNA technology. Trends Biotechnol 2024;42(2):228–240. 
doi:10.1016/j.tibtech.2023.08.005, PMID:37741706.

[14]	 Kavanagh H, Dunne S, Martin DS, McFadden E, Gallagher L, Schwaber 
J, et al. A novel non-viral delivery method that enables efficient engi-
neering of primary human T cells for ex vivo cell therapy applications. 
Cytotherapy 2021;23(9):852–860. doi:10.1016/j.jcyt.2021.03.002, 
PMID:33941482.

[15]	 Hsiung KC, Chiang HJ, Reinig S, Shih SR. Vaccine Strategies Against RNA 
Viruses: Current Advances and Future Directions. Vaccines (Basel) 
2024;12(12):1345. doi:10.3390/vaccines12121345, PMID:39772007.

[16]	 Das S, Vera M, Gandin V, Singer RH, Tutucci E. Intracellular mRNA trans-
port and localized translation. Nat Rev Mol Cell Biol 2021;22(7):483–
504. doi:10.1038/s41580-021-00356-8, PMID:33837370.

[17]	 Anwar DM, Hedeya HY, Ghozlan SH, Ewas BM, Khattab SN. Surface-
modified lipid-based nanocarriers as a pivotal delivery approach 
for cancer therapy: application and recent advances in targeted 
cancer treatment. Beni-Suef Univ J Basic Appl Sci 2024;13(1):106. 
doi:10.1186/s43088-024-00566-x.

[18]	 Hou X, Shi J, Xiao Y. mRNA medicine: Recent progresses in chemical 
modification, design, and engineering. Nano Res 2024;17(10):9015–
9030. doi:10.1007/s12274-024-6978-6, PMID:40756674.

[19]	 Honrath S, Burger M, Leroux JC. Hurdles to healing: Overcoming 
cellular barriers for viral and nonviral gene therapy. Int J Pharm 
2025;674:125470. doi:10.1016/j.ijpharm.2025.125470, PMID:401 
12901.

[20]	 Qin H, Li H, Zhu J, Qin Y, Li N, Shi J, et al. Biogenetic Vesicle-Based 
Cancer Vaccines with Tunable Surface Potential and Immune Po-
tency. Small 2023;19(42):e2303225. doi:10.1002/smll.202303225, 
PMID:37330651.

[21]	 Dietmair B, Humphries J, Mercer TR, Thurecht KJ, Howard CB, Cheetham 
SW. Targeted mRNA delivery with bispecific antibodies that tether LNPs 
to cell surface markers. Mol Ther Nucleic Acids 2025;36(2):102520. 
doi:10.1016/j.omtn.2025.102520, PMID:40235853.

[22]	 Leoni C, Bataclan M, Ito-Kureha T, Heissmeyer V, Monticelli S. The 
mRNA methyltransferase Mettl3 modulates cytokine mRNA sta-
bility and limits functional responses in mast cells. Nat Commun 
2023;14(1):3862. doi:10.1038/s41467-023-39614-y, PMID:37386028.

[23]	 Mai Z, Chen X, Lu Y, Zheng J, Lin Y, Lin P, et al. Orchestration of im-
munoregulatory signaling ligand and receptor dynamics by mRNA 
modifications: Implications for therapeutic potential. Int J Biol Mac-
romol 2025;310(Pt 1):142987. doi:10.1016/j.ijbiomac.2025.142987, 
PMID:40210040.

[24]	 Sabra SA, Elzoghby AO, Sheweita SA, Haroun M, Helmy MW, Elde-
mellawy MA, et al. Self-assembled amphiphilic zein-lactoferrin mi-
celles for tumor targeted co-delivery of rapamycin and wogonin 
to breast cancer. Eur J Pharm Biopharm 2018;128:156–169. 
doi:10.1016/j.ejpb.2018.04.023.

[25]	 Malburet C, Leclercq L, Cotte JF, Thiebaud J, Bazin E, Garinot M, et al. 
Taylor Dispersion Analysis to support lipid-nanoparticle formulations 
for mRNA vaccines. Gene Ther 2023;30(5):421–428. doi:10.1038/
s41434-022-00370-1, PMID:36316446.

[26]	 Zhang H, Liu J, Chen Q, Mi P. Ligand-installed anti-VEGF genomic 
nanocarriers for effective gene therapy of primary and metastatic 
tumors. J Control Release 2020;320:314–327. doi:10.1016/j.jcon-
rel.2020.01.026, PMID:31954731.

[27]	 Vodopivec Seravalli T, Skok J, Marušič T, Sekirnik R. Optimiza-
tion of In vitro Transcription Reaction for mRNA Production Using 
Chromatographic At-Line Monitoring. J Vis Exp 2025;218:e67503. 
doi:10.3791/67503, PMID:40257924.

[28]	 Liu WJ, Yang YT, Huang YM, Zhou DR, Xu DN, Cao N, et al. Iden-
tification of Goose PKR Gene: Structure, Expression Profiling, and 
Antiviral Activity Against Newcastle Disease Virus. J Interferon 
Cytokine Res 2018;38(8):333–340. doi:10.1089/jir.2018.0025, 
PMID:30052119.

[29]	 Li T, Liu G, Bu G, Xu Y, He C, Zhao G. Optimizing mRNA translation 
efficiency through rational 5′UTR and 3′UTR combinatorial de-
sign. Gene 2025;942:149254. doi:10.1016/j.gene.2025.149254, 
PMID:39824328.

[30]	 Gurjar P, Karuvantevida N, Rzhepakovsky IV, Khan AA, Khandia R. 
A Synthetic Biology Approach for Vaccine Candidate Design against 
Delta Strain of SARS-CoV-2 Revealed Disruption of Favored Codon 
Pair as a Better Strategy over Using Rare Codons. Vaccines (Basel) 
2023;11(2):487. doi:10.3390/vaccines11020487, PMID:36851364.

[31]	 Buschauer R, Matsuo Y, Sugiyama T, Chen YH, Alhusaini N, Sweet T, 
et al. The Ccr4-Not complex monitors the translating ribosome for 
codon optimality. Science 2020;368(6488):eaay6912. doi:10.1126/
science.aay6912, PMID:32299921.

[32]	 Valenzuela C, Saucedo S, Llano M. Schlafen14 Impairs HIV-1 Expres-
sion in a Codon Usage-Dependent Manner. Viruses 2024;16(4):502. 
doi:10.3390/v16040502, PMID:38675845.

https://doi.org/10.14218/OnA.2025.00013
https://doi.org/10.3389/fphar.2025.1598279
http://www.ncbi.nlm.nih.gov/pubmed/40342999
https://doi.org/10.1056/NEJM199401203300311
http://www.ncbi.nlm.nih.gov/pubmed/8264745
http://www.ncbi.nlm.nih.gov/pubmed/8264745
https://doi.org/10.1016/j.critrevonc.2025.104680
http://www.ncbi.nlm.nih.gov/pubmed/40024355
https://doi.org/10.1016/j.ejca.2025.115263
http://www.ncbi.nlm.nih.gov/pubmed/39908652
https://doi.org/10.1038/s41388-025-03414-z
http://www.ncbi.nlm.nih.gov/pubmed/40301544
https://doi.org/10.1002/ctm2.70140
http://www.ncbi.nlm.nih.gov/pubmed/39763064
https://doi.org/10.1158/1538-7445.am2025-1811
https://doi.org/10.1021/acsami.4c19942
http://www.ncbi.nlm.nih.gov/pubmed/40042178
http://www.ncbi.nlm.nih.gov/pubmed/40042178
https://doi.org/10.1038/mt.2012.202
http://www.ncbi.nlm.nih.gov/pubmed/23011030
https://doi.org/10.1016/S0140-6736(23)02444-3
http://www.ncbi.nlm.nih.gov/pubmed/38461842
https://doi.org/10.1038/nrm2548
http://www.ncbi.nlm.nih.gov/pubmed/19023284
https://doi.org/10.1002/adtp.202400537
https://doi.org/10.1002/adtp.202400537
https://doi.org/10.1016/j.tibtech.2023.08.005
http://www.ncbi.nlm.nih.gov/pubmed/37741706
https://doi.org/10.1016/j.jcyt.2021.03.002
http://www.ncbi.nlm.nih.gov/pubmed/33941482
https://doi.org/10.3390/vaccines12121345
http://www.ncbi.nlm.nih.gov/pubmed/39772007
https://doi.org/10.1038/s41580-021-00356-8
http://www.ncbi.nlm.nih.gov/pubmed/33837370
https://doi.org/10.1186/s43088-024-00566-x
https://doi.org/10.1007/s12274-024-6978-6
http://www.ncbi.nlm.nih.gov/pubmed/40756674
https://doi.org/10.1016/j.ijpharm.2025.125470
http://www.ncbi.nlm.nih.gov/pubmed/40112901
http://www.ncbi.nlm.nih.gov/pubmed/40112901
https://doi.org/10.1002/smll.202303225
http://www.ncbi.nlm.nih.gov/pubmed/37330651
https://doi.org/10.1016/j.omtn.2025.102520
http://www.ncbi.nlm.nih.gov/pubmed/40235853
https://doi.org/10.1038/s41467-023-39614-y
http://www.ncbi.nlm.nih.gov/pubmed/37386028
https://doi.org/10.1016/j.ijbiomac.2025.142987
http://www.ncbi.nlm.nih.gov/pubmed/40210040
https://doi.org/10.1016/j.ejpb.2018.04.023
https://doi.org/10.1038/s41434-022-00370-1
https://doi.org/10.1038/s41434-022-00370-1
http://www.ncbi.nlm.nih.gov/pubmed/36316446
https://doi.org/10.1016/j.jconrel.2020.01.026
https://doi.org/10.1016/j.jconrel.2020.01.026
http://www.ncbi.nlm.nih.gov/pubmed/31954731
https://doi.org/10.3791/67503
http://www.ncbi.nlm.nih.gov/pubmed/40257924
https://doi.org/10.1089/jir.2018.0025
http://www.ncbi.nlm.nih.gov/pubmed/30052119
https://doi.org/10.1016/j.gene.2025.149254
http://www.ncbi.nlm.nih.gov/pubmed/39824328
https://doi.org/10.3390/vaccines11020487
http://www.ncbi.nlm.nih.gov/pubmed/36851364
https://doi.org/10.1126/science.aay6912
https://doi.org/10.1126/science.aay6912
http://www.ncbi.nlm.nih.gov/pubmed/32299921
https://doi.org/10.3390/v16040502
http://www.ncbi.nlm.nih.gov/pubmed/38675845


DOI: 10.14218/OnA.2025.00013  |  Volume 3 Issue 4, December 202510

Zheng Z. et al: Nano-CAR-T therapy for OCOncol Adv

[33]	 Ma X, Liao Z, Cai R, Yin Z, Chen Q, Yan Y, et al. A novel lncRNA PDG1 
targets NADP-ME to modulate TCA cycle and JH in Aspongopus chin-
ensis diapause. Int J Biol Macromol 2025;297:139848. doi:10.1016/j.
ijbiomac.2025.139848, PMID:39814299.

[34]	 Wu J, Zuo J, Dou W, Wang K, Long J, Yu C, et al. Rapidly separable bub-
ble microneedle-patch system present superior transdermal mRNA 
delivery efficiency. Int J Pharm 2025;674:125427. doi:10.1016/j.ijp-
harm.2025.125427, PMID:40074159.

[35]	 Wang Y, Zhang R, Tang L, Yang L. Nonviral Delivery Systems of mRNA 
Vaccines for Cancer Gene Therapy. Pharmaceutics 2022;14(3):512. 
doi:10.3390/pharmaceutics14030512, PMID:35335891.

[36]	 Garcia BBM, Douka S, Mertins O, Mastrobattista E, Han SW. Efficacy 
of Chitosan-N-Arginine Chitosomes in mRNA Delivery and Cell Vi-
ability Enhancement. ACS Appl Bio Mater 2024;7(12):8261–8271. 
doi:10.1021/acsabm.4c00983, PMID:39558637.

[37]	 Khawar MB, Afzal A, Si Y, Sun H. Steering the course of CAR T cell ther-
apy with lipid nanoparticles. J Nanobiotechnology 2024;22(1):380. 
doi:10.1186/s12951-024-02630-1, PMID:38943167.

[38]	 Higuchi A, Tzu-Cheng S, Ting W, Qing-Dong L, Suresh KS, Shih-Tien 
H, et al. Material Design for Next-Generation mRNA Vaccines Using 
Lipid Nanoparticles. Poly Rev 2023;63(2):394–436. doi:10.1080/155
83724.2022.2106490.

[39]	 Al-Shihabi AM, Al-Mohaya M, Haider M, Demiralp B. Exploring the 
promise of lipoplexes: From concept to clinical applications. Int 
J Pharm 2025;674:125424. doi:10.1016/j.ijpharm.2025.125424, 
PMID:40043964.

[40]	 Lee J, Kreutzberger AJB, Odongo L, Nelson EA, Nyenhuis DA, Kiessling 
V, et al. Ebola virus glycoprotein interacts with cholesterol to enhance 
membrane fusion and cell entry. Nat Struct Mol Biol 2021;28(2):181–
189. doi:10.1038/s41594-020-00548-4, PMID:33462517.

[41]	 Cheng X, Lee RJ. The role of helper lipids in lipid nanoparticles (LNPs) 
designed for oligonucleotide delivery. Adv Drug Deliv Rev 2016;99(Pt 
A):129–137. doi:10.1016/j.addr.2016.01.022, PMID:26900977.

[42]	 Montier T, Benvegnu T, Jaffrès PA, Yaouanc JJ, Lehn P. Progress 
in cationic lipid-mediated gene transfection: a series of bio-in-
spired lipids as an example. Curr Gene Ther 2008;8(5):296–312. 
doi:10.2174/156652308786070989, PMID:18855628.

[43]	 Alshehry YA, Aldaqqa RR, Fernandez ME, Al-Terawi AM, Sweet DH, 
da Rocha SRP. Abstract 479: Engineering LNP formulations for mRNA 
delivery to macrophages. Cancer Res 2025;85(8_Suppl_1):479–479. 
doi:10.1158/1538-7445.am2025-479.

[44]	 Peng S, Zhang Y, Zhao X, Wang Y, Zhang Z, Zhang X, et al. Pathologic 
Tissue Injury and Inflammation in Mice Immunized with Plasmid 
DNA-Encapsulated DOTAP-Based Lipid Nanoparticles. Bioconjug 
Chem 2024;35(12):2015–2026. doi:10.1021/acs.bioconjchem.4c00 
536, PMID:39656061.

[45]	 Tian XL, Chen P, Hu Y, Zhang L, Yu XQ, Zhang J. Enhanced gene trans-
fection ability of sulfonylated low-molecular-weight PEI and its appli-
cation in anti-tumor treatment. J Mater Chem B 2024;12(46):12111–
12123. doi:10.1039/d4tb01760a, PMID:39469904.

[46]	 Parak WJ, Weil T, Weiss PS. A Virtual Issue on Nanomedicine. ACS 
Nano 2021;15(10):15397–15401. doi:10.1021/acsnano.1c09106.

[47]	 Nelson CE, Kintzing JR, Hanna A, Shannon JM, Gupta MK, Duvall 
CL. Balancing cationic and hydrophobic content of PEGylated siRNA 
polyplexes enhances endosome escape, stability, blood circula-
tion time, and bioactivity in vivo. ACS Nano 2013;7(10):8870–8880. 
doi:10.1021/nn403325f, PMID:24041122.

[48]	 Moosavi SG, Rahiman N, Jaafari MR, Arabi L. Lipid nanoparticle (LNP) 
mediated mRNA delivery in neurodegenerative diseases. J Con-
trol Release 2025;381:113641. doi:10.1016/j.jconrel.2025.113641, 
PMID:40120689.

[49]	 Billingsley MM, Singh N, Ravikumar P, Zhang R, June CH, Mitchell 
MJ. Ionizable Lipid Nanoparticle-Mediated mRNA Delivery for Hu-
man CAR T Cell Engineering. Nano Lett 2020;20(3):1578–1589. 
doi:10.1021/acs.nanolett.9b04246, PMID:31951421.

[50]	 Jiao X, He X, Qin S, Yin X, Song T, Duan X, et al. Insights into the 
formulation of lipid nanoparticles for the optimization of mRNA 
therapeutics. Wiley Interdiscip Rev Nanomed Nanobiotechnol 
2024;16(5):e1992. doi:10.1002/wnan.1992, PMID:39358893.

[51]	 Billingsley MM, Hamilton AG, Mai D, Patel SK, Swingle KL, Shep-
pard NC, et al. Orthogonal Design of Experiments for Optimiza-

tion of Lipid Nanoparticles for mRNA Engineering of CAR T Cells. 
Nano Lett 2022;22(1):533–542. doi:10.1021/acs.nanolett.1c02503, 
PMID:34669421.

[52]	 Fei Y, Yu X, Liu P, Ren H, Wei T, Cheng Q. Simplified Lipid Nanopar-
ticles for Tissue- And Cell-Targeted mRNA Delivery Facilitate Pre-
cision Tumor Therapy in a Lung Metastasis Mouse Model. Adv 
Mater 2024;36(48):e2409812. doi:10.1002/adma.202409812, 
PMID:39390844.

[53]	 Zhao S, Gao K, Han H, Stenzel M, Yin B, Song H, et al. Acid-degra-
dable lipid nanoparticles enhance the delivery of mRNA. Nat Nano-
technol 2024;19(11):1702–1711. doi:10.1038/s41565-024-01765-4, 
PMID:39179796.

[54]	 Xue L, Zhao G, Gong N, Han X, Shepherd SJ, Xiong X, et al. Combinato-
rial design of siloxane-incorporated lipid nanoparticles augments in-
tracellular processing for tissue-specific mRNA therapeutic delivery. 
Nat Nanotechnol 2025;20(1):132–143. doi:10.1038/s41565-024-
01747-6, PMID:39354147.

[55]	 Yang P, Yao X, Tian X, Wang Y, Gong L, Yang Y, et al. Supramolecu-
lar peptide hydrogel epitope vaccine functionalized with CAR-T cells 
for the treatment of solid tumors. Mater Today Bio 2025;31:101517. 
doi:10.1016/j.mtbio.2025.101517, PMID:39925713.

[56]	 Bovone G, Guzzi EA, Bernhard S, Weber T, Dranseikiene D, Tibbitt 
MW. Supramolecular Reinforcement of Polymer-Nanoparticle Hydro-
gels for Modular Materials Design. Adv Mater 2022;34(9):e2106941. 
doi:10.1002/adma.202106941, PMID:34954875.

[57]	 Xie C, Li Y, Guo X, Ding Y, Lu X, Rao S. Mussel-inspired adhesive hydro-
gels for local immunomodulation. Mater Chem Front 2023;7(5):846–
872. doi:10.1039/D2QM01232D.

[58]	 Niu Q, Zhang H, Wang F, Xu X, Luo Y, He B, et al. GSNOR overex-
pression enhances CAR-T cell stemness and anti-tumor function by 
enforcing mitochondrial fitness. Mol Ther 2024;32(6):1875–1894. 
doi:10.1016/j.ymthe.2024.03.033, PMID:38549378.

[59]	 Zhou W, Lei S, Liu M, Li D, Huang Y, Hu X, et al. Injectable and photo-
curable CAR-T cell formulation enhances the anti-tumor activity to 
melanoma in mice. Biomaterials 2022;291:121872. doi:10.1016/j.
biomaterials.2022.121872, PMID:36323072.

[60]	 Shi B, Li D, Yao W, Wang W, Jiang J, Wang R, et al. Multifunctional 
theranostic nanoparticles for multi-modal imaging-guided CAR-T 
immunotherapy and chemo-photothermal combinational therapy 
of non-Hodgkin’s lymphoma. Biomater Sci 2022;10(10):2577–2589. 
doi:10.1039/d1bm01982a, PMID:35393988.

[61]	 Zou Q, Liao K, Li G, Huang X, Zheng Y, Yang G, et al. Photo-metallo-
immunotherapy: Fabricating Chromium-Based Nanocomposites to 
Enhance CAR-T Cell Infiltration and Cytotoxicity against Solid Tumors. 
Adv Mater 2025;37(2):e2407425. doi:10.1002/adma.202407425, 
PMID:38899741.

[62]	 Kim C, Zamat A, Zha Z, Sridhar S, Kwong G, Arvanitis C. EXTH-63. 
Focused Ultrasound Hyperthermia Mediated Control of Thermal 
Responsive Car T Cell Activity in Breast Cancer Brain Metastasis. 
Neuro-Oncology 2024;26(Suppl_8):viii251. doi:10.1093/neuonc/noa 
e165.0993.

[63]	 Miller IC, Zamat A, Sun LK, Phuengkham H, Harris AM, Gamboa L, 
et al. Enhanced intratumoural activity of CAR T cells engineered to 
produce immunomodulators under photothermal control. Nat Bi-
omed Eng 2021;5(11):1348–1359. doi:10.1038/s41551-021-00781-
2, PMID:34385695.

[64]	 Wacharachawana S, Phaliwong P, Prommas S, Smanchat B, 
Bhamarapravatana K, Suwannarurk K. Recurrence Rate and Risk 
Factors for the Recurrence of Ovarian Endometriosis after Laparo-
scopic Ovarian Cystectomy. Biomed Res Int 2021;2021:6679641. 
doi:10.1155/2021/6679641, PMID:33575338.

[65]	 Wang X, Fan R, Mu M, Zhou L, Zou B, Tong A, et al. Harnessing na-
noengineered CAR-T cell strategies to advance solid tumor im-
munotherapy. Trends Cell Biol 2025;35(9):782–798. doi:10.1016/j.
tcb.2024.11.010, PMID:39721923.

[66]	 Bandara V, Foeng J, Gundsambuu B, Norton TS, Napoli S, McPeake DJ, 
et al. Pre-clinical validation of a pan-cancer CAR-T cell immunother-
apy targeting nfP2X7. Nat Commun 2023;14(1):5546. doi:10.1038/
s41467-023-41338-y, PMID:37684239.

[67]	 Wu Y, Yang Y, Lv X, Gao M, Gong X, Yao Q, et al. Nanoparticle-Based 
Combination Therapy for Ovarian Cancer. Int J Nanomedicine 

https://doi.org/10.14218/OnA.2025.00013
https://doi.org/10.1016/j.ijbiomac.2025.139848
https://doi.org/10.1016/j.ijbiomac.2025.139848
http://www.ncbi.nlm.nih.gov/pubmed/39814299
https://doi.org/10.1016/j.ijpharm.2025.125427
https://doi.org/10.1016/j.ijpharm.2025.125427
http://www.ncbi.nlm.nih.gov/pubmed/40074159
https://doi.org/10.3390/pharmaceutics14030512
http://www.ncbi.nlm.nih.gov/pubmed/35335891
https://doi.org/10.1021/acsabm.4c00983
http://www.ncbi.nlm.nih.gov/pubmed/39558637
https://doi.org/10.1186/s12951-024-02630-1
http://www.ncbi.nlm.nih.gov/pubmed/38943167
https://doi.org/10.1080/15583724.2022.2106490
https://doi.org/10.1080/15583724.2022.2106490
https://doi.org/10.1016/j.ijpharm.2025.125424
http://www.ncbi.nlm.nih.gov/pubmed/40043964
https://doi.org/10.1038/s41594-020-00548-4
http://www.ncbi.nlm.nih.gov/pubmed/33462517
https://doi.org/10.1016/j.addr.2016.01.022
http://www.ncbi.nlm.nih.gov/pubmed/26900977
https://doi.org/10.2174/156652308786070989
http://www.ncbi.nlm.nih.gov/pubmed/18855628
https://doi.org/10.1158/1538-7445.am2025-479
https://doi.org/10.1021/acs.bioconjchem.4c00536
https://doi.org/10.1021/acs.bioconjchem.4c00536
http://www.ncbi.nlm.nih.gov/pubmed/39656061
https://doi.org/10.1039/d4tb01760a
http://www.ncbi.nlm.nih.gov/pubmed/39469904
https://doi.org/10.1021/acsnano.1c09106
https://doi.org/10.1021/nn403325f
http://www.ncbi.nlm.nih.gov/pubmed/24041122
https://doi.org/10.1016/j.jconrel.2025.113641
http://www.ncbi.nlm.nih.gov/pubmed/40120689
https://doi.org/10.1021/acs.nanolett.9b04246
http://www.ncbi.nlm.nih.gov/pubmed/31951421
https://doi.org/10.1002/wnan.1992
http://www.ncbi.nlm.nih.gov/pubmed/39358893
https://doi.org/10.1021/acs.nanolett.1c02503
http://www.ncbi.nlm.nih.gov/pubmed/34669421
https://doi.org/10.1002/adma.202409812
http://www.ncbi.nlm.nih.gov/pubmed/39390844
https://doi.org/10.1038/s41565-024-01765-4
http://www.ncbi.nlm.nih.gov/pubmed/39179796
https://doi.org/10.1038/s41565-024-01747-6
https://doi.org/10.1038/s41565-024-01747-6
http://www.ncbi.nlm.nih.gov/pubmed/39354147
https://doi.org/10.1016/j.mtbio.2025.101517
http://www.ncbi.nlm.nih.gov/pubmed/39925713
https://doi.org/10.1002/adma.202106941
http://www.ncbi.nlm.nih.gov/pubmed/34954875
https://doi.org/10.1039/D2QM01232D
https://doi.org/10.1016/j.ymthe.2024.03.033
http://www.ncbi.nlm.nih.gov/pubmed/38549378
https://doi.org/10.1016/j.biomaterials.2022.121872
https://doi.org/10.1016/j.biomaterials.2022.121872
http://www.ncbi.nlm.nih.gov/pubmed/36323072
https://doi.org/10.1039/d1bm01982a
http://www.ncbi.nlm.nih.gov/pubmed/35393988
https://doi.org/10.1002/adma.202407425
http://www.ncbi.nlm.nih.gov/pubmed/38899741
https://doi.org/10.1093/neuonc/noae165.0993
https://doi.org/10.1093/neuonc/noae165.0993
https://doi.org/10.1038/s41551-021-00781-2
https://doi.org/10.1038/s41551-021-00781-2
http://www.ncbi.nlm.nih.gov/pubmed/34385695
https://doi.org/10.1155/2021/6679641
http://www.ncbi.nlm.nih.gov/pubmed/33575338
https://doi.org/10.1016/j.tcb.2024.11.010
https://doi.org/10.1016/j.tcb.2024.11.010
http://www.ncbi.nlm.nih.gov/pubmed/39721923
https://doi.org/10.1038/s41467-023-41338-y
https://doi.org/10.1038/s41467-023-41338-y
http://www.ncbi.nlm.nih.gov/pubmed/37684239


DOI: 10.14218/OnA.2025.00013  |  Volume 3 Issue 4, December 2025 11

Zheng Z. et al: Nano-CAR-T therapy for OC Oncol Adv

2023;18:1965–1987. doi:10.2147/IJN.S394383, PMID:37077941.
[68]	 Wang W, Xiong Y, Hu X, Lu F, Qin T, Zhang L, et al. Codelivery of ada-

vosertib and olaparib by tumor-targeting nanoparticles for augment-
ed efficacy and reduced toxicity. Acta Biomater 2023;157:428–441. 
doi:10.1016/j.actbio.2022.12.021, PMID:36549633.

[69]	 Li G, Shi S, Tan J, He L, Liu Q, Fang F, et al. Highly Efficient Syner-
gistic Chemotherapy and Magnetic Resonance Imaging for Targeted 
Ovarian Cancer Therapy Using Hyaluronic Acid-Coated Coordination 
Polymer Nanoparticles. Adv Sci (Weinh) 2024;11(41):e2309464. 
doi:10.1002/advs.202309464, PMID:39287149.

https://doi.org/10.14218/OnA.2025.00013
https://doi.org/10.2147/IJN.S394383
http://www.ncbi.nlm.nih.gov/pubmed/37077941
https://doi.org/10.1016/j.actbio.2022.12.021
http://www.ncbi.nlm.nih.gov/pubmed/36549633
https://doi.org/10.1002/advs.202309464
http://www.ncbi.nlm.nih.gov/pubmed/39287149

	﻿﻿Abstract﻿

	﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿mRNA-based CAR-T technologies﻿

	﻿﻿Principles of mRNA therapy﻿

	﻿﻿﻿﻿Advantages of mRNA nano-delivery systems﻿

	﻿﻿﻿Structural design and synthesis of mRNA nano-delivery systems﻿

	﻿﻿﻿Structural optimization of mRNA﻿

	﻿﻿﻿Selection and engineering of nanocarriers﻿

	﻿﻿﻿﻿Progress in clinical application of mRNA-LNP for CAR-T cell therapy﻿

	﻿﻿﻿Optimization strategies for next-generation mRNA nanocarriers﻿

	﻿﻿﻿Developmental maturity of mRNA-based CAR-T technologies﻿


	﻿﻿﻿﻿Hydrogel platforms for localized CAR-T cell delivery﻿

	﻿﻿﻿Photothermal therapy (PTT) synergy with CAR-T cells﻿

	﻿﻿﻿Application of CAR-T and nanoparticle technologies in ovarian cancer﻿

	﻿﻿﻿Challenges and limitations﻿

	﻿﻿﻿Conclusions﻿

	﻿﻿﻿﻿﻿Acknowledgments﻿

	﻿﻿﻿Funding﻿

	﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿Author contributions﻿

	﻿﻿﻿References﻿


