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A B S T R A C T

Chimeric antigen receptor (CAR)-T cell therapy has achieved remarkable success in the treatment of hemato
logical malignancies, but its efficacy in solid tumors remains limited. Major barriers include heterogenous an
tigen expression, poor tumor infiltration, and a strongly immunosuppressive tumor microenvironment. In 
addition, systemic administration of potent CAR-T cells frequently causes severe toxicities such as cytokine 
release syndrome (CRS) and neurotoxicity.

Superparamagnetic iron oxide nanoparticles (SPIONs) have emerged as multifunctional tools to address these 
challenges. They enable magnetic field-guided accumulation of CAR-T cells at tumor sites, potentially over
coming infiltration barriers and reducing systemic exposure. Simultaneously, their magnetic properties allow 
non-invasive tracking by magnetic resonance imaging (MRI).

This review summarizes recent advances in SPION-functionalized CAR-T cells, highlighting their potential to 
enhance solid tumor therapy by improving targeting, reducing systemic toxicity, and enabling real-time imaging.

1. Introduction

Traditional cancer treatments, including surgery, chemotherapy, and 
radiotherapy, have improved patient outcomes but remain limited by 
tumor heterogeneity, metastasis, therapy resistance, and severe side 
effects. These limitations underscore the need for more precise and 
targeted approaches. Immunotherapies, particularly adoptive T cell 
transfer, have emerged as a promising strategy, with chimeric antigen 
receptor (CAR)-T cells at the forefront.

CARs are synthetic receptors consisting of an extracellular antigen- 
binding domain, a hinge region, a transmembrane domain, and intra
cellular signaling domains [1,2]. The antigen binding domain typically 
consists of a single chain variable fragment (scFv) derived from an 
antibody, enabling recognition of surface antigens on tumor cells inde
pendently from presentation by the major histocompatibility complex 
(MHC). The hinge region confers structural flexibility, while the trans
membrane domain anchors the receptor to the T cell membrane. The 
intracellular region includes the CD3ζ signaling chain, often combined 
with one or more co-stimulatory domains (e.g., CD28 or 4-1BB), to 
enhance T cell activation and cytotoxic function. Unlike conventional T 
cell activation, which requires both antigen presentation via MHC and 

co-stimulation, CAR-T cells bypass the MHC restriction and incorporate 
co-stimulatory signals directly into the receptor structure. This design 
enables strong activation upon antigen binding [2].

CAR-T cell therapy involves autologous T cell collection, genetic 
modification to express the CAR, ex vivo expansion, and reinfusion. As 
of June 2025, seven CAR-T cell products have been approved by the U.S. 
Food and Drug Administration (FDA) and six by the European Medicines 
Agency (EMA), primarily targeting CD19 on B cells or BCMA on plasma 
cells, for indications such as relapsed/refractory B cell lymphomas, B 
cell acute lymphoblastic leukemia, and multiple myeloma [3,66].

Despite success in hematologic cancers, solid tumor treatment re
mains challenging due to poor T cell infiltration, antigen heterogeneity, 
immunosuppressive microenvironments, and systemic toxicities [2]. 
Superparamagnetic iron oxide nanoparticles (SPIONs) offer potential 
solutions by enabling magnetic guidance of CAR-T cells to tumor sites, 
thereby enhancing tumor-specific accumulation and reducing off-target 
effects. Additionally, SPIONs act as a contrast agent, allowing real-time, 
non-invasive tracking of CAR-T cell biodistribution.
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2. Challenges of CAR-T cell therapy in solid tumors

In 2019, approximately 10.3 million total cancer diagnoses were 
reported with an estimated 1.34 million new cases of hematologic ma
lignancies, indicating that solid tumors accounted for around 9 million 
cases [4]. Due to the clear antigen targets CD19 and BCMA and the 
accessibility of blood cancer cells in circulation, CAR-T cell therapy has 
achieved notable success in the treatment of blood cancers. However, 
the therapeutic success of CAR-T cells towards solid tumors has been 
limited so far due to several challenges (Fig. 1).

2.1. Poor trafficking and infiltration

Efficient trafficking and infiltration of CAR-T cells into solid tumors 
remain major obstacles to therapeutic success. Unlike hematological 
malignancies, where malignant cells are readily accessible in the cir
culation and lymphoid organs, solid tumors present complex physical 
and biochemical barriers that prevent sufficient CAR-T cell 
accumulation.

Abnormal tumor vasculature is a major contributor. Neoangiogenic 
vessels are often disorganized, leaky and lack proper perfusion, leading 
to heterogenous blood flow and reduced delivery of circulating lym
phocytes [5]. Even when CAR-T cells reach the tumor vasculature, 
extravasation is inefficient due to low expression of adhesion molecules 
such as ICAM-1 and VCAM-1 on endothelial cells. Moreover, 
chemokine-chemokine receptor mismatches further impair homing: 
many tumors secrete chemokines (e.g. CXCL1, CXCL8, CCL2) that do not 
correspond to receptors naturally occurring on CAR-T cells, essential 
receptors such as CXCR2 or CCR2 are absent or expressed at low levels 
[6,67,68].

Once inside the tumor, the dense extracellular matrix and stromal 
components impose an additional physical barrier. Cancer-associated 

fibroblasts and excessive deposition of collagen and hyaluronan form 
a rigid matrix that restricts T cell motility. High interstitial fluid pres
sure, a consequence of leaky vasculature and impaired lymphatic 
drainage, further impedes deep penetration of effector cells [7].

2.2. Immunosuppression and antigen heterogeneity

The tumor microenvironment (TME) in solid tumors imposes sig
nificant barriers to CAR-T cell efficacy. Immunosuppressive factors, 
including inhibitory cytokines (e.g., TGF-β, IL-10), immune checkpoint 
ligands (PD-L1, CTLA-4), regulatory T cells, and myeloid-derived sup
pressor cells, collectively dampen CAR-T cell activation, proliferation, 
and cytotoxicity. Metabolic competition, hypoxia, and nutrient depri
vation further impair T cell function and promote exhaustion [8].

In parallel, antigen heterogeneity limits the effectiveness of single- 
target CAR-T cell therapies. Solid tumors often consist of subclones 
with variable or low expression of the target antigen, allowing antigen- 
negative populations to evade immune killing. This heterogeneity con
tributes to incomplete tumor eradication and recurrence [9].

2.3. Systemic toxicities

Unlike hematological cancers, solid tumors can present antigens that 
are expressed not only on tumor cells but also on non-tumor tissue. This 
results in ’off-tumor’ toxicity, where the CAR-T cells attack normal cells 
that share the same target antigen as the tumor, causing unintended 
damage to healthy tissue [10]. For example, CAR-T cell therapies tar
geting B cells can cause B cell aplasia and hypogammaglobulinemia, 
which are usually manageable but highlight the need for precise antigen 
targeting [3]. In solid tumors, shared antigens often lead to similar 
toxicities, ranging from mild to severe, as seen in clinical trials.

Other side effects in the treatment of hematological cancers include 

Fig. 1. CAR-T cells face substantial challenges in the treatment of solid tumors, namely: 1) Decreased CAR-T cell trafficking and tumor infiltration. 2) Hostile, 
immunosuppressive and nutrient-restricted tumor microenvironment. 3) Tumor heterogeneity and antigen escape of tumor cells.
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cytokine release syndrome (CRS) and immune effector cell-associated 
neurotoxicity syndrome (ICANS), both of which are caused by an 
excessive inflammatory immune response with cytokine release and can 
be life-threatening [11]. CRS, the most common acute toxicity, involves 
high levels of inflammatory cytokines (IL-6, TNFα, IFNγ) and symptoms 
such as fever, low blood pressure, and organ failure [12]. Despite 
treatments like IL-6 blockade and steroids, CRS can be fatal [13]. It 
arises when CAR-T cells trigger tumor cell pyroptosis, releasing in
flammatory signals that activate macrophages and amplify inflamma
tion [14].

ICANS affects up to 70 % of patients, and is characterized by 
neurological manifestations resulting from elevated cytokine levels and 
blood-brain barrier disruption, leading to symptoms such as aphasia, 
confusion, tremors, and more [15]. It often occurs alongside CRS and 
responds to similar treatments.

Together, these obstacles to CAR-T cell therapy in solid tumors ne
cessitates strategies that increase their tumor-specific concentration, 
enhance effector function, overcome immunosuppressive barriers, 
reduce systemic toxicity and improve targeting of heterogeneous tumor 
cell populations.

3. SPIONs as multifunctional tools in CAR-T cell therapy

Nanotechnology offers innovative strategies to overcome the limi
tations of CAR-T cell therapy in solid tumors. SPIONs can serve as 
multifunctional tools for targeted delivery, imaging, and functional 
modulation of CAR-T cells [16–24]. SPIONs typically consist of a 
magnetite (Fe3O4) or maghemite (γ-Fe2O3) core, coated with biocom
patible materials such as citrate, dextran, or albumin, which stabilize the 
particles in biological media, prevent aggregation, and regulate in
teractions with immune cells. Their small size and magnetic properties 
confer superparamagnetism, allowing strong magnetization in an 
external magnetic field while leaving no residual magnetization after 
removal of the field [16].

3.1. Functionalization strategies

Magnetic nanoparticles can be used to label cells, allowing them to 
be imaged or guided magnetically for targeted accumulation at tumor 
sites. Magnetization can be achieved either by adsorption of SPIONs 
onto the plasma membrane or by intracellular uptake. Electrostatic in
teractions facilitate surface binding of positively charged particles to the 
negatively charged cell membrane, whereas internalization depends 
largely on particle size and surface chemistry. Small, positively charged 
SPIONs may enter cells passively, while larger particles generally 
require endocytosis, an inefficient process in T lymphocytes compared 
to phagocytes such as macrophages and dendritic cells [25,26].

A critical requirement is to maintain T cell viability and function 
after SPION loading. Magnetic responsiveness scales with intracellular 
iron content, but excessive uptake can cause toxicity.

Most studies achieve an optimal balance by loading only a few 
picogram (pg) iron per cell via simple methods such as co-incubation, 
electroporation, or mechanoporation [27–29]. At these levels, CAR-T 
cells typically preserve viability, antigen-induced proliferation, and 
cytolytic activity. Also, calcium flux, migration, and upregulation of 
activation markers remain largely unaffected [27,30].

The surface chemistry of SPIONs strongly influences uptake and 
biocompatibility. Mühlberger et al. reported that lauric acid–based 
coatings permitted magnetic guidance but caused either toxicity or 
insufficient uptake [31]. Replacement of lauric acid with citrate 
improved colloidal stability and compatibility in both murine EL4 
lymphoma cells without impairing receptor expression or cytokine 
release [32]. Similar results were seen in primary human T cells, where 
citrate-coated SPIONs did not impair proliferation, receptor expression, 
or cytokine production after polyclonal stimulation [33]. Sanz-Ortega 
et al. compared dimercaptosuccinic acid, dextran, and 

3-aminopropyl-triethoxysilane coatings of SPIONs, incubated with 
Jurkat- and primary murine T cells. All showed low toxicity, the posi
tively charged latter coating enabled higher particle binding to the cell 
surface, however, with the risk of particle detachment and cross-binding 
to other cells [34]. In our own studies, primary human T cells 
co-incubated with citrate-coated SPIONs (50 nm, − 40 mV) efficiently 
incorporated around 1 pg iron per cell [30], comparable to the uptake 
reported by Chen et al. using citrate-coated SPIONs of smaller hydro
dynamic diameter (26 nm) [27]. Alternative approaches include cova
lent coupling of immunomagnetic beads to CAR-T cells via click 
chemistry [35].

Enhancing nanoparticle uptake is another important consideration. 
Electroporation transiently permeabilizes membranes and can more 
than double internalization of SPIONs or other nanoparticles [30,36]. 
Mechanoporation, a microfluidic technique that mechanically disrupts 
the plasma membrane, also enhances uptake of FDA-approved fer
umoxytol [28]. Moreover, T cell activation or polyclonal stimulation 
increases endocytic activity, thereby improving SPION loading [34,37].

3.2. Imaging and tracking

In clinical practice, post-infusion monitoring of CAR-T cell behavior 
remains limited, and real-time insight into the immune system’s 
response is largely lacking. Magnetic nanoparticles, particularly SPIONs, 
enable non-invasive tracking of labeled immune cells in vivo through 
imaging methods like magnetic resonance imaging (MRI), magnetic 
particle imaging (MPI), or photoacoustic imaging (PAT), each imaging 
modality offering unique advantages and clinical relevance [27,28,38]. 
Functionalizing immune cells with SPIONs allows capturing dynamic 
patterns in real-time, like monitoring of migration, activation, and 
clearance, offering insights into therapeutic responses. Rivera-Rodrigues 
et al. were able to utilize MPI to not only quantify ferucarbotran-uptake 
by T cells but also to track and specify their localization and accumu
lation in tumor-bearing mice over time, following adoptive T cell ther
apy [38]. Kiru et al. noninvasively observed the homing of CAR-T cells 
loaded with the FDA-approved iron supplement ferumoxytol to meta
static osteosarcoma and off-target sites in mice by multimodal imaging 
using MRI, PAT and MPI [28]. Beside only monitoring of T cell migration 
to the tumor by SPION loading, Chen et al. observed therapy response in 
the form of changes in the MRI signal: After recognizing the tumor cells, 
CAR-T cells proliferated, which resulted in a weaker, but larger signal in 
terms of area [27]. In a gastric cancer model, SPION-labeled 
CLDN18.2-targeted CAR-T cells were successfully tracked in vivo 
using MPI and fluorescence molecular imaging, enabling early assess
ment of tumor localization and contributing to the refinement of CAR-T 
cell therapy strategies [39]. Initial results from the Advanced Myeloma 
with Extramedullary disease (CARAMEL) study demonstrated that 
Cu-64 SPION labeling enabled real-time, non-invasive tracking of 
BCMA-directed CAR-T cells in myeloma patients with extramedullary 
disease using PET-CT and PET-MRI, revealing early biodistribution 
patterns without impairing cell function. Ongoing imaging and correl
ative analyses aim to clarify resistance mechanisms in extramedullary 
myeloma and guide future therapeutic strategies [40].

3.3. Magnetic targeting to improve tumor infiltration

CAR-T cells face multiple obstacles in solid tumors, including irreg
ular vasculature and dense stromal barriers. Current strategies to 
address poor trafficking include genetic engineering of CAR-T cells to 
express tumor-matched chemokine-receptors, co-administration with 
agents that normalize vasculature, or enzymatic degradation of extra
cellular matrix components [41]. Also, locoregional CAR-T cell admin
istration has shown promise in glioblastoma, where intracranial delivery 
induced rapid radiographic regression within days [42,43]. Other ap
proaches, including intraperitoneal, intrathoracic, or catheter-based 
injections, enhanced infiltration and reduced exhaustion by limiting 
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prolonged circulation [44]. However, physical barriers such as high 
interstitial pressure, leaky vasculature, and dense extracellular matrix 
can still restrict distribution, while intratumoral injection carries the 
risks of tumor seeding or cell damage under pressure [45,46].

Magnetic targeting with SPIONs provides an alternative strategy to 
overcome poor tumor infiltration. SPION loading enables CAR-T cells to 
be directed to tumor sites using external magnetic fields or implantable 
magnetic devices. This approach bypasses inefficient homing, promotes 
tumor-specific accumulation, and supports deeper tissue penetration, 
particularly into hypoxic or necrotic regions. Magnetic gradients can 
facilitate transendothelial migration, while sustained retention at the 
tumor site increases local effector cell density, accelerating tumor cell 
clearance before the onset of immunosuppressive signaling. Magnetic 
targeting can also complement local delivery methods, including intra- 
arterial or intratumoral administration, by minimizing washout and 
promoting more uniform intratumoral distribution.

In vitro flow systems mimicking blood circulation have been 
employed to investigate magnetic accumulation under dynamic condi
tions. In such models, SPION-mediated magnetic guidance enhanced 
cytotoxicity against tumor spheroids and reduced off-target distribution 
of effector cells [47]. Computational simulations have further supported 
optimization of magnetic field parameters and cell dynamics, addressing 
variables difficult to assess experimentally [48,49].

Magnetic targeting of SPION-labeled T cells and CAR-T cells has been 
demonstrated in several in vivo models. Jang et al. first reported mag
netic enrichment of adoptively transferred cells at tumor sites over a 
decade ago [50]. In a syngeneic model, Sanz-Ortega et al. observed 
retention of SPION-loaded CD8+ T cells in tumor-draining lymph nodes 
following magnetic field application [34]. More recently, Tang et al. 
achieved long-range targeting of intravenously delivered magnetically 
engineered CAR-T cells using electromagnetic coils [35]. Chen et al. 
applied SPION-loaded EGFR-specific CAR-T cells in mice equipped with 
magnetic jackets, demonstrating enhanced tumor infiltration and 
improved antitumor efficacy [27]. However, due to the rapid decay of 
static magnetic field strength with distance, this approach is limited to 
tumors near the body surface.

To overcome this constraint, several strategies have been developed 
to extend magnetic field reach and precision. Multimodal placement of 
permanent magnets can increase the effective range of the static field 
[51]. More advanced configurations, such as Halbach arrays, allow for 
contactless radial manipulation of magnetic nanoparticles and have 
been used both in vitro [52] and in vivo for guiding immune cells toward 
tumor sites [53]. Alternatively, ferromagnetic stents implanted near 
deep-seated tumors can create localized magnetic gradients, enabling 
focused cell accumulation in otherwise inaccessible regions [54].

Dynamically programmable magnetic fields offer additional control 
by generating movable focal points that can guide magnetized cells 

along specific trajectories [55]. Recently, a two-step approach of mag
netic targeting has been suggested: first intravenously injected CAR-T 
cells were accumulated at peritumoral margins by an external 
gradient magnetic field. Then, these CAR-Ts were propelled by acoustic 
force from tumor-fixed acoustic tweezers to migrate deeply into the deep 
tumor [35].

Furthermore, clinical MRI systems have been repurposed not only for 
imaging but also for magnetically steering labeled immune cells, 
including macrophages, to both primary and metastatic tumor sites 
[56]. These approaches highlight the potential of integrating magnetic 
targeting with non-invasive imaging modalities to achieve precise cell 
delivery and real-time treatment monitoring.

Our future strategy under development involves the magnetic 
accumulation of SPION-loaded T cells at peritumoral sites using an 
external electromagnet system following intra-arterial administration 
into tumor-supplying vessels (Fig. 2A and B). This approach builds on a 
previously established platform in our laboratory for magnetic drug 
targeting of SPIONs loaded with mitoxantrone, which demonstrated 
improved therapeutic efficacy and reduced systemic toxicity in chemo
therapy models [23,57].

3.4. Magnetic targeting to address immunosuppression and antigen 
heterogeneity

The tumor microenvironment suppresses CAR-T cell activity through 
inhibitory cytokines, immune checkpoints, and metabolic competition. 
In parallel, heterogeneous antigen expression allows tumor escape from 
single-targeted CAR-T cell therapies. Mathematical modeling of CAR-T 
cell infiltration in solid tumors suggests that higher local immune cell 
density and deeper penetration into tumors are strongly correlated with 
improved control of heterogeneous and antigen-low tumor regions [58].

Magnetic guidance can concentrate CAR-T cells within the tumor, 
thereby raising the local effector-to-target ratio and enhancing the 
probability of antigen encounter before suppressive signals dominate. 
For example, Chen et al. reported that EGFR-specific CAR-T cells labeled 
with SPIONs exhibited significantly improved tumor infiltration when a 
magnet was applied [27]. In general, rapid tumor cell killing reduces 
antigen load. Tumor cells killed by CAR-T cells release 
danger-associated molecular patterns (DAMPs), cytokines, and chemo
kines that recruit further immune cells to induce immune responses and 
drive the conversion of the tumor microenvironment from immuno
logically “cold” to “hot” [59,60]. In addition, reduced trafficking time, 
enabled by magnetic guidance, through blood, spleen, and lymph nodes 
lowers chronic antigen stimulation, thereby limiting premature 
exhaustion and preserving CAR-T cell functionality [61].

Magnetic targeting also helps address antigen heterogeneity. While 
solid tumors often contain antigen-negative or antigen-low subclones, 

Fig. 2. Local accumulation of cells by magnetic targeting. A) Application scenario for magnetic CAR-T cells. SPION-loaded CAR-T cells are intraarterially applied into 
a tumor supplying artery followed by magnetic enrichment at the tumor site. B) Magnetic robot to optimize placement of the magnetic field.
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local enrichment of CAR-T cells enables strong killing of antigen-positive 
cells, triggering bystander effects through recruitment of endogenous 
immune cells and cross-priming by dendritic cells. This can induce 
epitope spreading, leading to endogenous T cell responses against an
tigens not directly recognized by CARs. Yu et al. showed that FAP- 
specific CAR-T cells were able to kill antigen-negative glioblastoma 
cells in the presence of antigen-positive ones, indicating effective 
bystander killing even in heterogeneous tumors [62].

Magnetic retention supports serial killing, allowing CAR-T cells to 
eliminate low-density antigen subclones that might otherwise escape 
during transient encounters. A study utilizing microraft arrays showed 
that individual CAR-T cells were able to kill up to three target cells in a 
serial manner [63]. Furthermore, accumulation near tumor vasculature 
and subsequent local expansion increase the probability of CAR-T 
penetration into heterogeneous niches such as hypoxic cores, necrotic 
areas, or stroma-dense margins.

3.5. Magnetic targeting to reduce systemic exposure and toxicity

Systemic toxicities such as cytokine release syndrome (CRS), 
neurotoxicity, and off-tumor cytotoxicity remain critical barriers to the 
broader application of CAR-T cell therapies, particularly in solid tumors. 
These effects are often driven by widespread biodistribution and 
antigen-independent activation during circulation.

SPION-functionalized CAR-T cells can be directed and retained at 
tumor sites using external magnetic fields. Preclinical studies have 
demonstrated that magnetic enrichment enhances CAR-T cell infiltra
tion at the tumor [27]. Accordingly, the amount of CAR-T cells in 
non-target organs such as the spleen and lungs will be reduced. This 
localized activation limits the release of systemic inflammatory cyto
kines and reduces the likelihood of CRS and related toxicities.

Magnetic targeting also holds promise in mitigating off-target effects 
in cases where the target antigen is expressed at low levels in healthy 
tissues. By restricting CAR-T cell engagement to the tumor microenvi
ronment, this approach enhances tumor specificity without requiring 
antigen exclusivity.

Finally, advanced strategies such as dual- or tandem-CAR constructs 
and pooled CAR-T products can increase efficacy in tumors [64]. 
Restricting their high cytotoxicity with magnetic guidance to the tumor 
might reduce systemic exposure and similarly lower the risk of severe 
off-target toxicities while maintaining enhanced efficacy against het
erogeneous antigen landscapes.

3.6. Modification of CAR-T cell effector functions by SPIONs

The functional integrity of CAR-T cells following magnetic nano
particle loading is a key consideration for clinical translation of 
magnetically guided therapies. Multiple studies have reported that 
SPION labeling does not impair the core functions of CAR-T cells. For 
instance, CAR-T cells targeting chondroitin sulfate proteoglycan 4 
(CSPG4), produced via mRNA electroporation, retained their cytotoxic 
activity after SPION loading and showed no delay in tumor cell killing 
kinetics in vitro [29]. Similarly, EGFR-specific CAR-T cells generated by 
lentiviral transduction remained viable, proliferative, and responsive to 
antigen following SPION uptake [27]. Ferumoxytol-loaded anti-B7-H3 
CAR-T cells produced by retroviral transduction also demonstrated 
effective tumor suppression in vivo in an osteosarcoma mouse model, 
further supporting functional compatibility of SPIONs with CAR-T cell 
platforms [28]. Upon contact with the respective target antigen, in both 
cases the nanoparticle-loaded CAR-T cells released IFNγ and Granzyme 
B [27,28].

However, functional modulation following SPION loading has also 
been observed. Concerning cytokine release, CSPG4-specific SPION- 
loaded CAR-T cells produced by mRNA electroporation displayed a 
notable reduction in the secretion of TNFα, IFNγ, IL-2, and granzymes 
[29]. These soluble mediators normally contribute to the upregulation 

and cleavage of gasdermin D in tumor cells, a key protein responsible for 
the execution of pyroptosis, an inflammatory form of cell death. As a 
result of the reduced cytokine release by the CAR-T cells, the type of cell 
death in the tumor cells changed from pyroptosis to apoptosis, a 
non-inflammatory type of cell death [29]. These findings raise the 
possibility that SPION loading could reduce the risk of 
cytokine-mediated toxicities such as CRS, although the role of other 
cells, particularly macrophages, in CRS pathogenesis must be considered 
[65].

The mechanisms underlying these differences remain further inves
tigation. One proposed explanation involves SPION-induced membrane 
invagination, which could reduce surface CAR density and lower cyto
kine activation thresholds, particularly in systems that use transient 
mRNA-based CAR expression. Whether this reduced cytokine produc
tion translates into improved therapeutic safety without compromising 
efficacy need further preclinical and clinical evaluation.

4. Conclusions and future outlook

CAR-T cell therapy has transformed the treatment landscape for 
hematologic malignancies; however, its efficacy in solid tumors remains 
limited by poor tumor infiltration, antigen heterogeneity, and systemic 
toxicities. Magnetic targeting using SPIONs offers a promising strategy 
to improve tumor-specific delivery and reduce off-target effects with the 
possibility of parallel non-invasive monitoring. Importantly, studies 
have shown that SPION functionalization does not impair CAR-T cell 
viability or cytotoxic activity and may modulate cytokine release pro
files, potentially reducing inflammatory toxicities.

Despite these advantages, several challenges must be addressed for 
clinical translation. Variability in SPION uptake can limit targeting ac
curacy, and excessive nanoparticle loading or suboptimal surface coat
ings may compromise T cell function. In vivo, nonspecific accumulation 
in clearance organs and signal loss during T cell expansion can reduce 
therapeutic and imaging efficacy. Furthermore, the limited depth of 
external magnetic fields and potential SPION-associated immunoge
nicity or toxicity present additional barriers.

Material properties such as particle size, crystallinity, magnetic 
responsiveness, and surface chemistry critically influence guidance ef
ficiency, cellular uptake, and biodegradability of SPIONs. Although 
clinically used coatings like dextran and PEG improve biocompatibility, 
they may lead to rapid clearance or reduced uptake. Advanced hybrid 
materials (e.g., polymer-, silica-, or gold-based) offer potential for 
multifunctionality and improved imaging, but their clinical scalability 
and regulatory compliance remain unclear.

Emerging strategies such as intra-arterial administration combined 
with programmable magnetic navigation could enhance targeting pre
cision and broaden therapeutic applicability. Overall, despite existing 
technical and translational hurdles, SPION-mediated magnetic targeting 
represents a promising platform for improving the efficacy and safety of 
CAR-T cell therapy in solid tumors, with strong potential for clinical 
advancement.
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