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Superparamagnetic iron oxide nanoparticles (SPIONs) have emerged as
transformative theranostic platforms in urological oncology. This review
systematically synthesizes literature from PubMed, Web of Science, and
Scopus (2010-2024) to evaluate SPION-based strategies for bladder cancer
(BCa) and prostate cancer (PCa). We highlight their role in enhancing
diagnostic precision (e.g., PSMA-targeted MRI, sentinel lymph node navigation)
and enabling innovative therapies (e.g., magneto-photothermal synergy,
ferroptosis immunomodulation). Key advantages include superior targeting,
multimodal imaging capability, and the ability to overcome physiological
barriers such as the blood-prostate and blood-urine barriers. While preclinical
results are promising, clinical translation requires addressing biosafety, scalable
production, and regulatory hurdles. SPIONs represent a robust alternative to
conventional therapeutics, particularly in settings requiring precision and
combinatory approaches.
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Introduction

Bladder cancer (BCa) and prostate cancer (PCa), prevalent malignancies among men
globally, pose significant threats to male health, necessitating innovative diagnostic and
therapeutic solutions (Siegel et al., 2022; Sanli et al., 2017). BCa is characterized by high
recurrence and progression rates, subjecting patients to repeated invasive surveillance post-
surgery, while advanced cases often face therapeutic resistance and plummeting survival
rates. Although widespread PSA screening has reduced overall PCa mortality, advanced
metastatic disease, particularly castration-resistant prostate cancer (CRPC), remains a
leading cause of death. Current diagnostic methods lack sufficient specificity,
contributing to overtreatment, while therapeutic options for advanced stages are
limited. Common challenges across both cancers include invasive diagnostics, inefficient
treatments, drug resistance, and diminished quality of life. Consequently, there is an urgent
need for novel platforms integrating precise diagnosis and effective therapy.

The advent of nanomedicine offers a revolutionary perspective to overcome these
hurdles (Song et al., 2019; He et al., 2018; Jain et al., 2021). Nanomaterials, leveraging their
unique size effects and high degree of tunability, represent promising platforms for
theranostics (Song et al, 2019; He et al, 2018; Jain et al, 2021). Through surface
engineering, they can achieve active or passive tumor targeting, enhancing
accumulation at disease sites. Their superior drug-loading capacity allows for co-
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delivery of multiple therapeutic agents. They facilitate the
integration of diagnostic, therapeutic, and monitoring functions
entity. they
pharmacokinetics, overcoming physiological barriers such as the
blood-urine barrier (BUB) and blood-prostate barrier (BPB),
utilizing the enhanced permeability and retention (EPR) effect or

within a  single Furthermore, optimize

enabling specific transmembrane transport, thus paving new paths
for precision medicine (Song et al., 2019; He et al., 2018; Jain et al.,
2021; Alvarez et al., 2017; Gianchandani and Meng, 2012). Recent
advances in nanomedicine have also highlighted the potential of
other nanoparticle systems, such as silver nanoparticles for
anticancer therapy (Dogan et al., 2025) and activated carbon-
coated iron oxide nanocomposites for drug delivery (Dogan
et al, 2024), which share common design principles with
SPIONSs. Similarly, chitosan-based formulations (Evcil et al,
2025) and adrenergic receptor targeting in gliomas (Gareev et al.,
2025) illustrate the broader potential of nanomaterial-based

theranostics.
Among nanomaterials, superparamagnetic iron oxide
nanoparticles (SPIONs) stand out due to their unique

physicochemical properties and extensive biomedical research
foundation (Connell et al.,, 2015; Ferreira-Filho et al., 2024; Paw
et al.,, 2025; Bakhtiary et al., 2016; Akhtar et al.,, 2022). SPIONs
consist of a magnetite (Fe;0,) or maghemite (y-Fe,05) core coated
with biocompatible materials (e.g., dextran, polyethylene glycol
(PEG), silica) (Akhtar et al., 2022; Samrot et al, 2021). Their
exceptional magnetic responsiveness underpins efficient imaging
(e.g» MRI, magnetic particle imaging - MPI) and active
interventions (e.g., magnetic targeting, magnetothermal therapy)
(Samrot et al., 2021; Muthiah et al., 2013; Ali et al., 2021; Yan et al.,
2024; Kara and Ozpolat, 2024; Zhi et al., 2020; Yoffe et al., 2013;
Solar et al., 2015). Crucially, SPIONs can overcome physiological
barriers like the BUB and BPB, enabling targeted accumulation at
lesion sites. Their highly tunable physicochemical properties allow
precise control over size, shape, surface charge, and chemistry via
synthesis and surface modification, directly influencing in vivo
stability, pharmacokinetics, and targeting efficiency (Samrot et al.,
2021; Muthiah et al., 2013; Ali et al., 2021; Yan et al., 2024; Kara and
Ozpolat, 2024; Zhi et al., 2020; Yoffe et al., 2013; Solar et al., 2015).
Relatively good biocompatibility and potential biodegradability stem
from the stability of the iron oxide core in physiological
environments and the metabolic clearance of iron ions (Samrot
etal, 2021; Muthiah et al., 2013; Ali et al., 2021; Yan et al., 2024; Kara
and Ozpolat, 2024; Zhi et al., 2020; Yoffe et al., 2013; Solar et al.,
2015). Significant potential for multifunctionalization enables facile
surface conjugation of targeting ligands (antibodies, peptides),
loading of fluorescent dyes, therapeutic drugs, nucleic acids, or
photosensitizers, creating a highly modular “nanoplatform”
(Samrot et al., 2021; Muthiah et al., 2013; Ali et al., 2021; Yan
et al,, 2024; Kara and Ozpolat, 2024; Zhi et al., 2020; Yoffe et al.,
2013; Solar et al, 2015). Collectively, these properties confer
substantial theranostic value to SPIONs, opening novel avenues
for precision medicine in urological oncology. While the primary
focus of this review is on iron oxide-based SPIONs, we also include
representative hybrid magnetic nanoplatforms (e.g., J591-DSPE-
SIPPs) where their design or function provides critical insights
relevant to SPION development, and these are clearly labeled
as such. The versatile journey and core mechanisms of SPIONs
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in tumor diagnosis and treatment are graphically summarized in
Figure 1.

This review focuses on SPIONs as an advanced nanoplatform,
systematically elucidating their recent research progress, application
potential, and translational prospects in the integrated diagnosis and
therapy of PCa and BCa. We will delve into the core mechanisms and
representative case studies demonstrating how SPIONs enhance
diagnostic precision (e.g., detection of micrometastases, sentinel
lymph node navigation, non-invasive biomarker detection) and
revolutionize therapeutic strategies (e.g., targeted delivery for
efficacy enhancement, magneto-photothermal synergy, ferroptosis-
immunomodulation). Concurrently, we will objectively examine key
challenges regarding scalable manufacturing uniformity, long-term
biosafety, targeting efficiency optimization, and clinical translation
pathways. Based on this analysis, we will provide a prospective
discussion on future directions, such as stimuli-responsive designs,
multimodal technology integration, and personalized theranostics
integration, aiming to propel the substantive transition of SPIONs
from the laboratory to the clinic, ultimately benefiting patients.

Methods: literature search strategy

A systematic literature search was conducted using the PubMed,
Web of Science, and Scopus databases for articles published between
January 2010 and June 2024. Search keywords included:
“SPIONS,”

» o«

“superparamagnetic iron oxide nanoparticles,”

» o«

“prostate cancer,” “bladder cancer,” “theranostics,” “magnetic
nanoparticle,” “targeted drug delivery,” “MRI,” “MPI,” “sentinel
lymph node,” “PSMA,” and combinations thereof. The inclusion
criteria encompassed original research articles and authoritative
reviews focusing on the application of SPIONs in the diagnosis,
therapy, or theranostics of prostate or bladder cancer. Articles were
excluded if they were not available in English, did not primarily
involve iron oxide-based nanoparticles (unless providing direct
comparative insights), or were focused on non-urological cancers
without relevant mechanistic parallels. The selected evidence was
synthesized to highlight key mechanistic insights, preclinical and
clinical outcomes, and identified translational challenges, with an
emphasis on providing a balanced and critical appraisal of the field’s

current state.

Integrated applications and challenges
of SPIONs in prostate cancer diagnosis
and therapy

PCa poses a severe threat to male health globally, ranking as the
second most common male malignancy. Its burden is particularly
heavy in developed nations and shows a persistent upward trend
with population aging (Siegel et al., 2022). Despite the reduction in
overall mortality attributable to prostate-specific antigen (PSA)-
based especially
castration-resistant prostate cancer (CRPC) resistant to androgen

screening, advanced metastatic disease,
deprivation therapy (ADT), remains the primary cause of death,
underscoring the urgent need for more precise diagnostics and
effective therapeutics (Sekhoacha et al., 2022; Parker et al., 2020;

Tilki et al., 2024; Wasim et al., 2022). Current clinical practice faces
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FIGURE 1

The journey and mechanisms of SPIONs in tumor diagnosis and treatment.
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significant bottlenecks: widely used PSA screening lacks specificity,
leading to numerous unnecessary and invasive biopsies (associated
with bleeding and infection risks) (Andriole et al., 2009; Schroder
et al,, 2012; Negoita et al., 2018); emerging multiparametric MRI
(mpMRI) improves lesion detection but faces limitations in
accessibility,  interpretive  subjectivity, = and  insufficient
discriminatory power for small or atypical lesions (Ahmed et al.,
2017). Therapeutically, more sensitive monitoring tools are needed
for biochemical recurrence after local treatments (surgery or
radiotherapy); effective options for advanced stages, particularly
CRPC, are scarce and offer limited survival benefit; and managing
bone-related events (SREs) due to metastases is challenging,
significantly impairing patient quality of life (Teo et al, 2019
Evans, 2018; Gamat and McNeel, 2017). SPIONs, with their
unique superparamagnetism, highly tunable physicochemical
properties, good biocompatibility, and strong
multifunctionalization potential, offer innovative perspectives to

address these challenges.

Molecular imaging diagnostics

The application of SPIONSs in molecular imaging entered a new
phase with breakthroughs in prostate-specific membrane antigen
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(PSMA) targeting. The iron-platinum immunomicelle platform
J591-DSPE-SIPPs, developed by Taylor et al. (anti-PSMA
antibody J591 conjugated to iron platinum nanomicelles),
demonstrated an exceptionally high transverse relaxivity (r,) of
300.6 s'mM ' (measured at 4.7 T), a 13-fold higher than
commercial SPIONs attributed to its unique hybrid composition
and targeting capability. This exceptional relaxivity, combined with
fluorescent labeling, enabled highly sensitive and specific dual-
modal (fluorescence/MRI) imaging of prostate cancer cells,
significantly improving the detection of micrometastases and
early metastatic deposits, thereby providing a powerful tool for
accurate staging (Taylor et al, 2011). Peptide-based targeting
strategies also show great promise. Examples include
CQKHHNYLC peptide-SPIONs and SPIONs based on the Glu-
Urea-Lys scaffold, which achieved significant tumor-specific
accumulation in xenograft models due to high PSMA binding
affinity, offering important directions for novel targeted probe
development (Zhu et al., 2015). Innovation extends beyond probe
design. The [Fe]MRI technique developed by Sillerud et al. enables
precise, non-invasive quantification of SPION concentration with a
remarkably low detection limit of 2 pM. Using gradient-echo
sequences in xenograft models, this technique effectively
discriminated between PSMA-positive and PSMA-negative tumor
cells (a >15-fold difference in uptake), providing a robust
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quantitative tool for real-time, dynamic assessment of treatment
response (e.g., efficacy of targeted drugs or radiotherapy), potentially
guiding personalized treatment adjustments (Sillerud, 2018). In
summary, PSMA-targeted SPIONs offer powerful tools for
preclinical research and are entering early-phase clinical trials for
precise staging. However, their routine integration into clinical
practice awaits larger-scale validation and regulatory approval.

Clinical translation

SPION-guided sentinel lymph node dissection (SLND) is
demonstrating transformative value, potentially optimizing lymph
node staging strategies. Large-scale clinical studies by Winter and
Geiflen et al. (n = 104-218 patients) confirmed that sSLND achieves
consistently high sensitivity (88%-100%) and negative predictive
value (>95%) in intermediate- and high-risk PCa patients. Its key
advantage lies in successfully detecting micrometastases outside the
range of conventional extended pelvic lymph node dissection
(ePLND), thereby enabling a more accurate assessment of true
nodal involvement (Winter et al., 2017; Geilen et al., 2019).
Clinical trials using the SentiMag Pro II system further validated
the reliability of this technology, achieving a remarkable 100% in
vivo SLN detection rate in initial cohorts (Winter et al., 2017; Geiflen
et al., 2019). It is important to note that while SLND demonstrated
high sensitivity in these studies, a single missed detection in the
SentiMag Pro II trial resulted in an overall sensitivity of 94.4%,
underscoring that the technique is highly effective but not infallible
and may benefit from complementary imaging strategies (Winter
etal., 2019). In addition, diagnostic applications are expanding into
non-invasive liquid biopsy. Uhlirova et al. developed SOX-chitosan-
SPIONS, ingeniously utilizing their pseudo-peroxidase activity to
achieve highly sensitive colorimetric detection of sarcosine, a
potential PCa biomarker (LOD = 5 uM). This nanozyme-based
detection platform offers new hope for non-invasive early diagnosis
and convenient therapeutic monitoring of PCa (Uhlirova et al,
2018). The sLND technique, particularly when standardized,
represents a clinically ready tool that can refine surgical staging
and potentially reduce the extent of unnecessary lymph node
dissections. Its implementation in multicenter studies is a key
near-term goal.

Therapeutic applications

Research focuses on leveraging SPIONs’ targeted delivery
capabilities combined with synergistic physical energy strategies
to overcome resistance, enhance efficacy, and reduce toxicity.
PSMA-directed  multifunctional
particularly

theranostic  platforms are
Dox@Apt-hybr-TCL-SPIONSs
system, based on a PSMA aptamer, successfully integrated

noteworthy.  The

doxorubicin chemotherapy with MR imaging-guided targeted
delivery, exemplifying visualized precision therapy (Yu et al,
2011).
(diagnostic PET) and Scandium-47 (therapeutic beta-emitter)
with the PSMA-targeting ligand PSMA-617 and SPIONs forms a
complex that innovatively combines the high sensitivity of PET

Integrating  therapeutic ~radionuclides Scandium-44

diagnostics with the precise cytotoxic power of targeted radionuclide
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therapy, representing the forefront of theranostics and
demonstrating significant tumor growth suppression (>70%) in
(Unak et al, 2023). Other

multifunctional carriers also demonstrate significant advantages,

preclinical models types of
for example, Anti-prostate stem cell antigen (PSCA) antibody-
modified PLGA-SPIONs significantly prolonged the release of
docetaxel (up to 764 h) and effectively suppressed xenograft
tumor growth in animal models (Gao et al, 2012). Liposome-
SPION complexes constructed using the highly efficient targeting
peptide SP204, identified via phage display, markedly enhanced the
cytotoxic efficacy of co-loaded doxorubicin and vinorelbine against
tumor cells, offering a novel approach to combat multidrug
resistance (Yeh et al,, 2016). Physical energy-assisted therapy has
opened up new avenues for enhancing efficacy and reducing toxicity,
Strategies combining physical energy with SPIONs open new paths
for efficacy enhancement and toxicity reduction. The etoposide-
loaded bovine serum albumin nanoparticle-coated SPIONs system
(Eto-BSA@PAA@SPIONs) designed by Onbasli et al., combined
with 808 nm NIR laser irradiation, synergistically enhanced
cytotoxicity through laser-triggered precise drug release and
photothermal effect-generated reactive oxygen species (ROS),
reducing the ICs, of etoposide against LNCaP cells to a
remarkable 0.08 pg/mL (Onbasli et al, 2022). The ingenious

combination of electromagnetic hyperthermia  (magnetic
induction heating) with electrochemotherapy significantly
increased cell membrane permeability to bleomycin via

electroporation, dramatically enhancing the drug’s sensitivity
against DU-145 resistant cells, providing an innovative physico-
chemical solution to overcome common clinical chemoresistance
(Vizcarra-Ramos et al, 2024). The application of biomimetic
strategies  further targeting
biocompatibility. The exosome-based

enhances efficiency  and

theranostic  platform
SPIONs@EXO-Dye leveraged homologous targeting (targeting
efficiency: 66.48%, significantly superior to 34.57% for the free
group), enabling highly sensitive magnetic particle imaging (MPI)
guidance and successful implementation of photothermal-
magnetothermal synergistic therapy, highlighting the immense
potential of multimodal theranostic platforms (Liu et al., 2024).
These therapeutic platforms showcase the potential of SPIONs to
enhance drug efficacy and overcome resistance, yet their translation
requires careful assessment of long-term safety and scalable

manufacturing.

Integrated applications of SPIONSs in
bladder cancer diagnosis and therapy

BCa ranks among the top 10 most common cancers globally,
exhibiting significant geographical and gender disparities (higher
incidence in males) and characterized by high recurrence rates
(Siegel et al., 2022; Sanli et al., 2017). Patients with non-muscle-
invasive bladder cancer (NMIBC) face high recurrence risks post-
surgery, enduring long-term, frequent invasive monitoring
(cystoscopy) (Grimm et al, 2020; Sylvester et al, 2006; Ritch
et al, 2020). Radical cystectomy for muscle-invasive bladder
cancer (MIBC) is highly traumatic, severely impacting urinary
and sexual function and quality of life. Furthermore, the high
risk of post-operative lymph node and distant organ metastasis
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contributes to mortality rates reaching 50% (Galsky et al., 2016;
Catto et al., 2022; Mitra et al., 2022). While targeted therapies and
immunotherapies show significant potential for BCa based on
improved biological understanding, advanced patients often
develop resistance to systemic chemotherapy and immunotherapy
or cannot tolerate their side effects, leading to 5-year survival rates
below 40% (von der Maase et al., 2005; Antoni et al., 2017; Alifrangis
et al, 2019; Lou et al.,, 2022). Major diagnostic bottlenecks persist:
the gold standard cystoscopy is invasive, causing patient discomfort
and urinary tract infection risk, while non-invasive urine cytology
suffers from insufficient sensitivity, particularly for low-grade
tumors, leading to missed diagnoses (Gopala et al., 2016; Yafi
et al., 2015; Gandhi et al, 2018). Therefore, developing novel,
efficient, low-toxicity, minimally
diagnostic and therapeutic strategies is an urgent need in BCa.

invasive, or non-invasive
The unique local anatomy of the bladder (a cavity) and the primary

local treatment modality (e.g., intravesical chemotherapy/
immunotherapy) provide a highly promising and relatively direct
application scenario for SPIONs. SPIONSs can be delivered directly
to the lesion site via instillation, leveraging their magnetic
responsiveness for local concentration and retention while

overcoming the blood-urine barrier.

Targeted intravesical delivery

The cisplatin-coordinated nanoparticles Pt-Fe-PNs, developed
by Huang et al., exhibited excellent sustained release properties in
artificial urine at 37 °C (approx. 30% release at 4 h, sustained release
up to 4 days). Crucially, this nanosystem displayed intelligent
temperature responsiveness, with significantly accelerated drug
release at hyperthermia temperatures (42 °C-45 °C). This
property provides a critical foundation for the precise synergistic
implementation of intravesical chemotherapy and local
hyperthermia, potentially enabling controlled burst release at the
tumor site via external heating (e.g., radiofrequency or microwave),
thereby improving efficacy (Huang et al., 2012). Bai et al.’s coaxial
closely-arranged magnetic field system represents an advanced
attempt at actively manipulating intravesical SPIONs. This
system achieved precise and rapid (within 12 s) aggregation and
positioning control of SPIONs instilled into rabbit bladders.
Combined with the team’s self-developed magnetic particle
imaging (MPI) device, this study achieved, for the first time, real-
time visualization of SPION delivery and aggregation within the
bladder in vivo. This prototype technology offers a highly promising
solution for achieving precise, controllable targeted intravesical drug
delivery in the clinic, although its efficacy in the larger, more
complex human bladder with dynamic urine cycling requires
validation in large-animal models (Bai et al, 2024). These
delivery strategies highlight the potential for localized efficacy,

but must be optimized for human anatomy and physiology.

Innovative therapeutic mechanisms

rPAE@SPIONS,
constructed by Cai et al,, achieved triple synergistic anti-tumor
effects via NIR light triggering: (1) Mild photothermal effects

The  pomegranate-like  nanoparticles
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promoting spatiotemporally controlled doxorubicin release at the
tumor site; (2) Induction of ferroptosis, an iron-dependent form of
regulated cell death, in tumor cells; (3) Simultaneous polarization of
tumor-associated macrophages (TAMs) towards the anti-tumor
M1 phenotype, enhancing local anti-tumor immune responses.
This unique multi-mechanism synergistic strategy combining
photothermal therapy, chemodynamic therapy, ferroptosis
induction, and immunomodulation opens a novel pathway to
BCa’s high
demonstrating significant tumor growth inhibition in preclinical
models (Cai et al,, 2024). Research exploring SPIONs combined with

other intravesical agents (e.g., immune checkpoint inhibitors,

overcome inherent recurrence  challenge,

oncolytic viruses, gene therapy drugs) is ongoing. Their magnetic
targeting potential could significantly increase drug concentration
and dwell time at the bladder mucosa, particularly tumor sites, while
reducing systemic exposure and toxicity. In summary, this multi-
mechanism approach represents a promising investigational
strategy to address BCa recurrence in preclinical models. Its
clinical translation will require rigorous safety assessment and
confirmation of efficacy in human trials.

Cross-cancer challenges and insights

Despite the immense potential demonstrated by SPION
technology in urologic oncology, its clinical translation faces a
series of common and cancer-specific challenges. While sLND
has revolutionized nodal staging, Geifen’s study revealed that the
magnetic activity of a sentinel lymph node (SLN) does not
necessarily correlate with the presence of metastasis (Geiflen
et al,, 2019). Furthermore, even in high-detectability trials like
SentiMag Pro II, a single instance of in vivo missed detection
occurred (sensitivity reduced to 94.4%), indicating the technique
is not infallible (Winter et al, 2019). Future optimization may
involve combining preoperative localization with more specific
molecular imaging probes (e.g., PSMA PET/CT) or conjugating
probes targeting biomarkers of nodal micrometastasis (e.g.,
cytokeratin) onto SPIONs for more precise “magnetic-biological”
dual-targeting detection. Although PSMA-targeting probes are
efficient, inherent tumor spatiotemporal heterogeneity (e.g.,
absent or low PSMA expression in some lesions) and tumor
microenvironment (TME) barriers (e.g., interstitial hypertension,
abnormal vasculature) remain key underlying risks for targeting
failure and insufficient drug delivery (Taylor et al., 2011; Zhu et al.,
2015; Sillerud, 2018; Yu et al., 2011; Unak et al., 2023; Sillerud, 2016;
Abdolahi et al., 2013; Zhou et al., 2022). This necessitates the
development of smarter responsive nanocarriers (e.g., SPIONs
sensitive to TME pH, enzymes, or redox state) or combinatorial
targeting strategies (e.g., targeting both PSMA and cancer-associated
fibroblasts - CAFs).

For BCa, nanomedicines like Pt-Fe-PNs must effectively
overcome the bladder glycosaminoglycan (GAG) layer, a natural
physiological barrier, to achieve uniform distribution and efficient
penetration into the bladder wall (Huang et al., 2012). While Bai’s
coaxial magnetic field system showed efficacy in small animal
models, its effective penetration depth, manipulation uniformity,
and targeting efficiency for deep-seated tumors in large organs like
the human bladder require rigorous validation and optimization in
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larger animal models (e.g., pigs) (Bai et al., 2024). Additionally, the
periodic filling and emptying of the bladder challenge drug residence
time, necessitating nanocarriers with stronger mucosal adhesion or
intelligent retention properties responsive to bladder filling status.

Common challenges are broader and more profound. First,
despite employing encapsulation strategies like casein coating to
enhance biocompatibility, the long-term stability of the SPIONs core
in physiological environments, its degradation kinetics, as well as the
metabolism and potential accumulation of iron ions, still require
systematic evaluation. Dose-dependent studies in large animals are
needed to define safety thresholds, as iron accumulation in organs
like the liver and spleen can induce oxidative stress via Fenton
reactions, posing risks of lipid peroxidation and fibrosis (Esmaili
et al, 2021). Regulatory frameworks (e.g., FDA, EMA) for novel
SPION-based theranostics are evolving, and no such platform has
yet gained full approval for urological cancers. Known adverse
events for earlier, simpler injectable iron oxide formulations (e.g.,
ferumoxides) included back pain, hypotension, and anaphylactoid
reactions, underscoring the need for rigorous safety profiling of new,
more complex SPION designs.

Second, the spatiotemporal specificity of magnetic actuation
exists; cellular responses to external mechanical stimuli constitute a
complex process. This response depends not only on the magnitude
of the force, but also on the loading rate and the frequency of the
applied force. Simultaneously, the temporal scale of the externally
applied force needs to match the intrinsic timescale of the targeted
intracellular signaling processes to achieve the desired mechanical
control over biological phenomena. In fact, it is speculated that
cellular responses to physical stimuli may be as complex as their
biochemical and genetic signaling pathways.

Furthermore, excessive accumulation of iron ions may induce
oxidative stress via the Fenton reaction, leading to risks such as lipid
peroxidation damage or fibrosis in organs like the liver and spleen
(Esmaili et al., 2021). Longer-term animal toxicological studies and
more sensitive methods for tracking biodistribution and metabolism
(e.g., isotopic labeling) are required. Thirdly, the synthesis of
structurally complex nano-systems such as J591-DSPE-SIPPs,
PLGA-SPIONs, and biomimetic exosome composites often
involves multiple steps, demanding extremely high purity of raw
materials, stringent reaction conditions, and rigorous purification
methods (Gao et al,, 2012; Abdolahi et al.,, 2013). Achieving high
batch-to-batch uniformity (in size, shape, drug loading, and surface
modification density) is a prerequisite for ensuring their safety and
efficacy. This uniformity is also the current key bottleneck limiting
large-scale production, cost reduction, and ultimately, widespread
clinical adoption.

Establishing stringent, standardized quality control criteria and
regulatory frameworks is crucial. Additionally, the efficacy of passive
targeting (e.g., the EPR effect) in human tumors is controversial and
exhibits significant inter-individual variability. Counter-examples
and neutral findings are important to consider; for instance, the EPR
effect is often less pronounced in human tumors than in rodent
models, and the formation of a protein corona in vivo can mask
targeting ligands, reducing binding efficiency by up to 60% in some
reported cases, highlighting a significant barrier between preclinical
design and clinical performance. Active targeting is limited by target
expression heterogeneity, receptor saturation effects, and the
formation of a complex protein corona in vivo. This corona can
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mask the targeting ligands, significantly reducing their binding
efficiency. Moreover, navigating physiological and pathological
barriers such as the blood-prostate barrier, blood-tumor barrier,
and the aforementioned bladder mucus layer imposes higher design
requirements on SPIONs. Furthermore, effectively integrating and
quantifying the multi-modal imaging information (e.g., MRI, MPI)
provided by SPIONs, and mining deep radiomics features closely
related to tumor biology and treatment response for precise
diagnosis and prognosis prediction, is a critical direction
requiring future strengthening. Finally, transitioning from
successful preclinical studies (in cell and animal models) to
human clinical trials (Phase I-III) involves substantial financial
investment, complex regulatory approvals (e.g, FDA, EMA),
strict Good Manufacturing Practice (GMP) compliance, and
meticulously designed clinical trial protocols. Demonstrating
significant advantages relative to existing standard therapies
(either enhanced efficacy or reduced toxicity) is the core
requirement for successful translation. A comparative overview of
key SPION applications for prostate and bladder cancers is provided
in Table 1.

Future directions and
translation pathways

Based on current research progress and existing challenges,
future development of SPIONs in theranostic applications for
urological tumors should focus on accelerating the clinical
translation of mature technologies demonstrating significant
advantages, prioritizing their advancement into larger-scale,
rigorously designed clinical trials. This includes standardizing
techniques like sLND, potentially drawing on staging and
procedural optimization strategies proposed by the Geiflen team
(Geiflen et al, 2019), and validating their value in multicenter
studies for reducing unnecessary surgical extent (e.g., avoiding
ePLND)
Simultaneously, clinical translation studies for PSMA-targeted
SPION probes (e.g, J591-DSPE-SIPPs, PSMA-617-SPIONs
radionuclide complexes) should be expedited to evaluate their

while  improving  micro-metastasis  detection.

human safety, pharmacokinetics, targeting specificity, diagnostic
sensitivity, and therapeutic efficacy (Taylor et al,, 2011; Yu et al,
2011; Unak et al., 2023).

Development of intelligent stimuli-responsive nanoplatforms is
crucial, inspired by designs like temperature-responsive Pt-Fe-PNs
(Huang et al., 2012). Efforts should focus on creating SPION carriers
responsive to specific bladder microenvironment signals such as
urine pH ranges, overexpressed enzymes (e.g., MMPs) in the tumor
microenvironment (TME), or reductive glutathione (GSH).
Examples include designing dual pH/temperature-responsive
SPIONSs stable in the neutral bladder at body temperature yet
rapidly releasing drugs in the acidic TME or upon localized
hyperthermia for precise intravesical therapy. For systemic
challenges, “smart” SPIONs sensitive to systemic TME signals
(e.g., low pH, high ROS, specific enzymes) should be developed
to achieve in situ drug activation or targeted release.

Deepening mechanistic research and exploring combination
therapies is essential, particularly investigating unique advantages
like the ferroptosis-immunity synergy induced by rPAE@SPIONs
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TABLE 1 Comparison of SPION applications in prostate cancer and bladder cancer diagnosis and treatment.

Prostate cancer
representative
technology

Application

direction

Bladder cancer
representative
technology

Core mechanism

10.3389/fnano.2025.1660979

Key data

J591-DSPE-SIPPs (PSMA-MRI)
(Taylor et al., 2011)

Molecular imaging
diagnosis

Minimally invasive
navigation

sLND (SentiMag Pro II System)
(Winter et al., 2017; Geiflen et al.,
2019; Winter et al., 2019)

SOX-chitosan-SPIONSs (sarcosine
detection) (Uhlirova et al., 2018)

Coaxial magnetic field system (MPI-
guided) (Bai et al., 2024)

Targeted relaxivity
enhancement/nanozyme
colorimetry

Magnetic signal lymph node
mapping/endoluminal SPION
manipulation

r, =300.6 s'mM"' @ 4.7 T (in
targeted probe); LOD =5 uM (in
buffer)

Sensitivity 88%-100% (clinical,
PCa); Aggregation Time <12 s
(rabbit model)

48¢/*Sc-PSMA-617-SPIONs
(radionuclide therapy) (Unak et al.,
2023)

Targeted therapy

Eto-BSA@PAA@SPIONs (NIR
Chemotherapy) (Onbasli et al., 2022)

Physical energy synergy

2024)

Pt-Fe-PNs (thermosensitive
chemotherapy) (Huang et al., 2012)

rPAE@SPIONSs (Ferroptosis-
immunomodulation) (Cai et al.,

Internal radiotherapy/
temperature-triggered drug
release

Photothermal-chemodynamic
synergy/ferroptosis-macrophage
polarization

Tumor growth inhibition >70%
(preclinical)/~30% release at 4 h,
sustained to 4 days (in artificial
urine)

ICs0 = 0.08 pug/mL (LNCaP cells
with NIR); Significant tumor
growth inhibition (preclinical)

Cross-barrier delivery | Crossing blood-prostate barrier

(GAG Layer)

Overcoming bladder mucous layer

LOD, limit of detection; Key data are primarily derived from preclinical studies unless specified as ‘clinical.’

TABLE 2 Challenges and strategies for clinical translation of SPION technology.

Surface charge optimization/
mucus-penetrating peptide
modification

Enhanced tumor accumulation
(preclinical)/intratumoral drug
concentration increased 3-5-
Fold (preclinical)

Challenge Specific Solution approach Representative case/technology Clinical
category problems translation
priority
Targeting efficiency ~ Tumor heterogeneity, Dual-targeting ligands (PSMA + PSMA-617-SPIONs + FAP inhibitor (Unak et al,, 2023;  High
protein corona shielding | CAF); biomimetic coating Gao et al,, 2012); SPIONs@EXO (Liu et al., 2024);
(exosome/casein) Casein-Coated SPIONs (Esmaili et al., 2021).
Biosafety Iron ion accumulation, Biocompatible coatings (e.g., Casein-Coated SPIONs (Esmaili et al., 2021); SPIONs@ = High
oxidative stress casein, exosome); iron chelation EXO (Liu et al., 2024).
therapy
Production Batch-to-batch size/drug | Microfluidic synthesis process Microreactor continuous production Medium
homogeneity loading variation

Short residence time due

Medium (bladder

Endoluminal delivery

Mucoadhesive hydrogel carrier

Chitosan/alginate hydrogel composite SPIONs

barrier to bladder emptying cancer specific)
Standardized efficacy = Difficulty quantifying Multimodal imaging fusion FeMRI + MPI dynamic monitoring (Sillerud, 2018; Bai = High
assessment radiomics features (MRI-MPI) et al., 2024)
Large-scale clinical Insufficient central trial = Prioritize SLND/PSMA probes SentiMag Pro IT multicenter trial (n = 218) (Geiflen etal., = Very high

validation resources

2019)

Abbreviations: SPIONSs, superparamagnetic iron oxide nanoparticles; PCa, prostate cancer; BCa, bladder cancer; PSMA, prostate-specific membrane antigen; sLND, sentinel lymph node
dissection; MPI, magnetic particle imaging; MRI, magnetic resonance imaging; [Fe]MRI, Iron-quantitative MRI; EPR, enhanced permeability and retention; TME, tumor microenvironment;
NIR, Near-Infrared; IC50, Half Maximal Inhibitory Concentration; LOD, limit of detection; PEG, polyethylene glycol; PLGA, Poly(lactic-co-glycolic acid); CAF, cancer-associated fibroblast;

FAP, fibroblast activation protein.

(Cai et al,, 2024). This requires elucidating how SPIONs regulate
iron metabolism genes (e.g, GPX4, ACSL4), influence lipid
peroxidation levels, and trigger specific molecular pathways for
immunogenic cell death (ICD) and M1 macrophage polarization.
Such mechanistic understanding will guide effective combination

strategies with existing immunotherapies (e.g, PD-1/PD-
L1 inhibitors) or novel immunomodulators to maximize
synergistic antitumor effects and overcome the

immunosuppressive TME.
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Pushing the integration of multimodal technologies to build
closed-loop diagnostic-treatment-monitoring systems is vital.
Combining techniques like the coaxial magnetic field precise
manipulation and MPI visualization developed by Bai’s team (Bai
et al, 2024) with the MPI-MRI multimodal imaging guidance
represented by SPIONs@EXO-Dye (Liu et al., 2024) could enable
real-time monitoring of intravesical drug delivery, temperature
imaging and dose control during therapies (e.g., magnetic/photo-
hyperthermia), and post-treatment efficacy assessment using the
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same probe (e.g., monitoring tumor regression/recurrence via MRI/
MPI signal changes or released reporter genes/probes). This
“treating what is visualized and evaluating what is treated”
closed-loop model epitomizes precision medicine.

Continuous material innovation and optimization of in vivo fate
are needed, involving the development of novel functional coatings
with better biocompatibility, clearer degradability, and lower
immunogenicity (e.g., biomimetic membranes, specific peptides,
SPION
parameters like size, shape, surface charge, and hydrophilicity/
hydrophobicity  is their
biodistribution, blood circulation time, barrier-crossing ability,

natural  polysaccharide  derivatives).  Optimizing

critical to  precisely  control
and ultimate metabolic clearance pathways, thereby minimizing
long-term toxicity risks. Research into the impact of surface PEG
density and conformation on “stealth” effects and avoiding MPS
capture is also important.

Establishing standardization and regulatory frameworks
demands close collaboration between academia, industry, and
regulatory agencies to jointly develop characterization standards
stability),
toxicity,

properties, evaluation

(acute/chronic

(physicochemical
protocols
reproductive toxicity, carcinogenicity), and clinical evaluation

safety
immunotoxicity,

guidelines for SPIONs and their composite nanomedicines.
Creating reliable reference materials and testing methods is
fundamental to ensuring product quality and facilitating
industrialization.

Finally, exploring the integration of personalized diagnosis and
treatment should leverage SPIONs’ multifunctional platform nature.
By combining patient-specific genomic, proteomic, and radiomic
information, truly individualized nanotheranostic strategies can be
developed. This could involve selecting targeting ligands for SPION
modification based on the patient’s tumor-specific target expression
profile, choosing co-loaded drug combinations according to
resistance mechanisms, or adjusting parameters for physical
therapies (e.g., magnetic hyperthermia dose) based on predicted
treatment response. The major challenges and strategic solutions for
the clinical translation of SPION technology are systematically
compared in Table 2.

Conclusion

Superparamagnetic iron oxide nanoparticles (SPIONs), as a
distinctive class of multifunctional nanoplatforms, demonstrate
revolutionary potential in the integrated precision diagnosis and
therapy of prostate and bladder cancer. Significant research progress
has been made in molecular imaging diagnostics (e.g., high-
sensitivity MRI/MPI, targeted imaging), minimally invasive
surgical navigation (SLND), targeted drug delivery (overcoming
resistance, reducing systemic toxicity), synergistic physical energy

therapies (magneto-/photothermal therapy), and innovative
therapeutic mechanisms (ferroptosis induction,
immunomodulation). These advances provide innovative

concepts and effective tools to address key bottlenecks in current
urologic oncology practice. However, transitioning from laboratory

successes to widespread clinical application necessitates
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systematically ~ overcoming  core  challenges: scalable
manufacturing uniformity, in-depth assessment of long-term
biosafety, optimization of in vivo targeting efficiency, penetration
of complex physiological/pathological barriers, and stringent clinical
translation hurdles. Future research should focus on developing
intelligent stimuli-responsive designs for spatiotemporal control,
deepening understanding of nano-bio interactions and therapeutic
mechanisms, promoting multimodal technology integration for
closed-loop theranostics, and actively establishing standardization
while exploring personalized integration strategies. Through
multidisciplinary collaboration and sustained innovation, SPION
technology holds the promise to reshape urologic oncology
paradigms, ultimately achieving the overarching goals of
improving patient survival, enhancing quality of life, and

alleviating societal healthcare burdens.
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