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Abstract

The growing complexity of modern pathology demands integrated approaches that unify diagnosis, targeted treatment, and real-time monitoring, driving the
urgent need for a comprehensive understanding of theragnostic nanoplatforms. This review consolidates current advancements to clarify their pivotal role in advancing
precision medicine and overcoming limitations of conventional, disjointed therapeutic strategies. We systematically examine the design and synthesis strategies of
multifunctional nanoplatforms, detailing core targeting mechanisms and the enabling of key imaging modalities such as magnetic resonance imaging (MRI), positron
emission tomography (PET), fluorescence, and photoacoustics. The review further explores the diverse therapeutic payloads—including small molecules, nucleic
acids, radionuclides, and photosensitizers—that these platforms deliver, alongside the innovative stimuli-responsive systems for controlled release. Critical analysis
is provided on their integration with digital pathology for quantitative monitoring and an overview of promising clinical studies. The significant challenges hindering
clinical translation, encompassing regulatory, technical, and economic barriers, are also discussed. Future progress hinges on translating multifunctional laboratory
designs into robust, scalable, and clinically viable constructs, while simultaneously establishing standardized frameworks for safety, efficacy, and seamless integration
into diagnostic and therapeutic workflows.
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Introduction

Theragnostics holds a pivotal role in modern medicine by bridging the gap between diagnosis and therapy, thereby enabling more precise,
effective, and individualized patient management [1-10]. Its importance is underscored by the ability to select appropriate therapeutic agents
based on specific molecular and biological markers, monitor treatment response in real-time, and adjust interventions accordingly. This approach
enhances treatment efficacy while minimizing adverse effects, which is particularly critical in oncology, neuroendocrine tumors, and other
complex diseases. The evolution of theragnostics has also facilitated the development of novel radiopharmaceuticals and imaging modalities,
expanding the scope of personalized medicine. As a result, theragnostics is increasingly recognized as an essential component of modern clinical
practice, offering the potential to improve patient outcomes, reduce healthcare costs, and advance the understanding of disease mechanisms [10].

Theragnostics fundamentally bridges the gap between diagnosis and therapy by utilizing personalized biologic characteristics to inform
targeted treatment strategies. Historically rooted in the use of radioiodine for thyroid pathologies in the 1940s, theragnostics has evolved into a
sophisticated approach that combines diagnostic imaging with therapeutic interventions using radiopharmaceuticals [10]. Modern techniques
employ radiolabeled compounds such as somatostatin receptor analogs (e.g., In-octreotide, DOTATATE) and prostate-specific membrane antigen
(PSMA) ligands, which serve dual roles in staging, monitoring, and treating neuroendocrine tumors and prostate cancer respectively [10]. The
integration extends further with advanced molecular imaging modalities like PET/computed tomography (CT), which not only detect primary
and metastatic lesions with high sensitivity but also predict tumor biology and response to therapy, exemplified by fluorodeoxyglucose-PET's role
in renal cell carcinoma evaluation [11]. Additionally, nanotechnology-based diagnostic and therapeutic systems, such as folate receptor-targeted
nanocarriers, exemplify the convergence of molecular targeting with personalized treatment, enhancing drug delivery while enabling precise
diagnostics [12]. The synergy of these technologies underscores the importance of combining diagnostic accuracy with therapeutic precision,
ultimately fostering a more individualized approach to patient care.
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Numerous case studies highlight the practical application of theragnostics across various pathological conditions. For instance, in
neuroendocrine neoplasia, radiolabeled somatostatin analogs facilitate disease staging, therapy planning, and monitoring, demonstrating the
seamless integration of diagnosis and treatment [10]. Similarly, in prostate carcinoma, radiolabeled PSMA compounds enable personalized
diagnosis and systemic therapy, exemplifying theragnostic principles [10]. In lung cancer, the detection of pre-invasive adenocarcinoma
spectrum lesions through advanced imaging techniques allows for early intervention before invasive disease develops, emphasizing the role of
molecular and radiological diagnostics in guiding treatment decisions [13]. The use of PET/CT in renal cell carcinoma further exemplifies how
hybrid imaging enhances staging accuracy and response assessment, even when not yet standard in guidelines [11]. These case studies exemplify
the versatility of theragnostics in identifying disease at early stages, tailoring interventions, and improving overall management outcomes.

The integration of theragnostics into clinical practice has demonstrated significant benefits in patient outcomes. By enabling early detection
of lesions, predicting tumor behavior, and monitoring therapeutic response, theragnostics facilitates more precise and timely interventions.
For example, in neuroendocrine tumors, peptide receptor radionuclide therapy has transformed management paradigms, leading to improved
disease control and survival rates [10]. In prostate cancer, PSM A-targeted diagnostics and therapeutics have enhanced treatment personalization,
reducing unnecessary interventions and side effects [10]. Moreover, the ability to visualize and quantify disease activity through advanced
imaging techniques like PET/CT and MRI allows clinicians to adapt treatment plans dynamically, potentially leading to better prognoses. The
development of molecular markers and artificial intelligence-assisted diagnostics further refines this impact by increasing diagnostic accuracy
and reducing interpretative discordance [14]. Overall, the adoption of theragnostics fosters a more individualized, effective, and patient-centered
approach, ultimately improving survival, quality of life, and treatment satisfaction.

Design and Synthesis Strategies for Multifunctional Nanoplatforms

The development of multifunctional nanoplatforms has garnered significant attention in various fields, particularly in biomedicine, due
to their potential for targeted therapy and diagnostics [15-25]. These platforms integrate multiple functionalities into a single nanostructure,
enabling synergistic effects and improved performance compared to single-function materials. Design and synthesis strategies of multifunctional
nanoplatforms are crucial in determining their efficacy and applicability.

Design strategies
Targeting and delivery

Efficient delivery of therapeutic agents to target cells is a primary goal in nanomedicine. Various strategies have been employed to achieve
targeted delivery, including the use of aptamers [26, 27], peptides [26], and antibodies. For example, Tang et al. [26] designed a nanoplatform
using trans-activator of transcription (TAT) peptide and aptamer for targeted gene editing and tumor therapy. The integration of an active cell
targeting group (aptamer) and nuclear targeting peptide (TAT), the multifunctional nanoplatform can elicit the targeted cellular internalization
and eflicient nuclear targeting transportation to realize endogenous RNase H activated gene editing of the tumor-associated gene polo-like
kinase 1 [26]. Similarly, Hao et al. [28] utilized AS1411 aptamers to functionalize ruthenium-doped carbon quantum dot nanozymes (Ru-CQDs),
enhancing active tumor-targeting capability. Furthermore, Kang et al. [29] camouflaged nanoparticles with macrophage cell membrane for
tumor-targeting.

Multimodal functionality

Multifunctional nanoplatforms often combine multiple therapeutic modalities to achieve synergistic effects. Common combinations include
chemotherapy, photothermal therapy (PTT), photodynamic therapy (PDT), chemodynamic therapy (CDT), and immunotherapy [27, 30].
For instance, Qiu et al. [30] developed polyamino acid calcified nanoparticles for chemotherapy, CDT, and PDT. Wu et al. [31] constructed a
nanoplatform to alleviate tumor hypoxia and increase the efficacy of PDT using rationally designed peptide fibrils to encapsulate chlorin e6
inside and to mineralize manganese(II) oxide (MnO) nanoparticles on the surface. Chen et al. [32] designed a single near-infrared (NIR) light-
regulated nanoplatform for combined PTT/PDT and chemotherapy.

Stimuli-responsiveness

Nanoplatforms can be designed to respond to specific stimuli, such as pH, light, or enzymes, to trigger drug release or activate therapeutic
functions [27, 30]. Qiu et al. [30] utilized pH-responsive nanocarriers to release chemotherapeutic drugs in the acidic tumor microenvironment.
Yan et al. [27] designed a nanoplatform that releases resveratrol upon NIR illumination for chemo-photothermal treatment. Tian et al. [33]
fabricated a novel acid-responsive oxidized dextran-based nanoplatform for photodynamic antibacterial therapy. Zhang et al. [34] prepared
nanomotors responsive to NIR light and acidic tumor conditions for multimodal therapy. Liu et al. [35] reported a folic acid (FA)-targeted
photothermal multifunctional nanoplatform by encapsulating CQDs and the anticancer drug doxorubicin (DOX) in the liposomes for synergistic
chemo-photothermal tumor therapy. Kang et al. [29] reported a self-accelerated nanoplatform combining an aggregation-induced emission
luminogen (AIEgen) and a hypoxia-responsive paclitaxel prodrug for multifunctional image-guided combination immunotherapy.

Imaging capabilities

Integrating imaging modalities into nanoplatforms allows for real-time monitoring of drug delivery, therapeutic response, and disease
progression [36, 37]. Zhang et al. [36] synthesized europium-doped iron oxide nanoparticle clusters (EulO NCs) for multimodal in vivo imaging.
Zhao et al. [37] developed a lanthanide europium metal-organic frameworks (MOF) nanocomposite for fluorescence imaging and microwave
thermo-chemotherapy. Yan et al. [27] demonstrated the ability of CeONP-Res-PCM@zeolite imidazole framework (ZIF)-8/PDA/Apt as the
fluorescent sensing platform for ABO detection and intracellular imaging. Hao et al. [28] engineered Ru-CQDs for photoacoustic imaging-
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guided cancer therapy. Kang et al. [29] integration of fluorescence and PA imaging helps to delineate tumor site sensitively, providing accurate
guidance for tumor treatment. Hu et al. [38] constructed an indocyanine green (ICG) modified platinum nanoclusters (Pt NCs) decorated
gold nanobipyramids (Au NBPs) to form the multifunctional nanocomposites (Au NBPs@Pt NCs-ICG) for multimodal imaging mediated
phototherapy and chemodynamic cancer therapy.

Synthesis strategies

One-pot synthesis

One-pot synthesis methods offer simplicity and efficiency in producing multifunctional nanoplatforms. Zhang et al. [36] directly synthesized
water-soluble biocompatible and superparamagnetic EulO NCs by a simple one-pot method.

Self-assembly

Self-assembly processes allow for the spontaneous formation of complex nanostructures with precise control over their architecture [31, 32,
39]. Wu et al. [31] constructed a multifunctional composite nanoplatform using rationally designed peptide fibrils. Wu et al. [39] constructed a
multifunctional DNA nanoplatform as a versatile carrier for bacteria-specific delivery of clinical antibiotic ciprofloxacin and classic nanoantibiotic
silver nanoparticles. Chen et al. [32] designed a signal NIR light-regulated nanoplatform via the self-assembly process of reactive oxygen species
(ROS)-sensitive prodrug, human serum albumin, and IR780 for combined PTT/PDT and chemotherapy.

In situ encapsulation

In situ encapsulation involves the incorporation of therapeutic agents or imaging probes within a pre-formed nanostructure [27, 37]. Yan et
al. [27] synthesized a core-shell nanocomposite by encapsulating resveratrol, ceria nanoparticles, and PCM into a ZIF-8/PDA matrix. Zhao et al.
[37] assembled the ZIF structure on the surface of EuMOF to realize the protection and drug loading.

Layer-by-layer assembly

Layer-by-layer assembly involves the sequential deposition of different materials onto a core nanoparticle to create a complex, multifunctional
structure [40]. Wang et al. [40] reported a multifunctional MnO-NCs-decorated Cu-doped mussel-inspired mesoporous polydopamine (CM)
nanoplatform, which is further engineered by co-loading sorafenib and ICG with the help of a cargo-loading and targeting-capable hyaluronic
acid (HA) shell.

Specific materials used
Gold nanoparticles

Gold nanoparticles are widely used in nanoplatforms due to their unique optical properties, biocompatibility, and ease of surface modification
[26, 38]. Tang et al. [26] utilized gold nanorods for targeted gene editing and combined tumor therapy. Hu et al. [38] constructed an ICG
modified Pt NCs decorated Au NBPs to form the multifunctional nanocomposites (Au NBPs@Pt NCs-ICG) for multimodal imaging mediated
phototherapy and chemodynamic cancer therapy.

MOFs

MOFs are crystalline materials with high surface areas and tunable pore sizes, making them suitable for drug delivery and imaging [27, 37, 41].
Yan et al. [27] used ZIF-8 as a matrix for encapsulating therapeutic agents. Zhao et al. [37] designed a lanthanide europium MOF nanocomposite
for theragnostics. Lv et al. [41] designed a multifunctional nanoplatform (called BSArGO@ZIF-8 NSs) by growth of MOF nanoparticles (ZIF-8
NPs) onto the graphene oxide surface, subsequently reduced by ascorbic acid and modified by bovine serum albumin.

Carbon-based nanomaterials

Carbon-based nanomaterials, such as CQDs and graphene oxide, offer excellent biocompatibility, photostability, and tunable properties
(27, 28, 35]. Liu et al. [35] used CQDs, was initially synthesized and then rationally constructed a FA-targeted photothermal multifunctional
nanoplatform. Hao et al. [28] engineered Ru-CQDs for photoacoustic imaging-guided cancer therapy. Lv et al. [41] designed a multifunctional
nanoplatform (called BSArGO@ZIF-8 NSs) by growth of MOF nanoparticles (ZIF-8 NPs) onto the graphene oxide surface.

Polymers

Polymers, including polysaccharides and polyamino acids, are frequently employed for their biocompatibility, biodegradability, and ease
of modification [30, 33]. Qiu et al. [30] exploited tumor-specific activated polyamino acid calcified nanoparticles as new-type oxidative stress
amplification of anticancer drugs building a safe and biodegradable multifunctional nanoplatform. Tian et al. [33] fabricated a novel acid-
responsive oxidized dextran-based nanoplatform for photodynamic antibacterial therapy.

In summary, multifunctional nanoplatforms represent a promising avenue for advancing targeted therapy and diagnostics. The rational
design and synthesis of these platforms, incorporating targeting ligands, multiple therapeutic modalities, stimuli-responsive elements, and
imaging capabilities, are crucial for maximizing their efficacy. As research progresses, these nanoplatforms hold the potential to revolutionize
disease treatment and improve patient outcomes.
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Mechanisms of Targeted Delivery: Passive vs Active Targeting in Diseased Tissues

Targeted delivery mechanisms in nanomedicine are broadly categorized into passive and active strategies, each leveraging different biological
and physicochemical principles to enhance therapeutic specificity within diseased tissues (Table 1) [42-53]. Passive targeting primarily exploits
the unique physiological features of pathological tissues, such as the enhanced permeability and retention (EPR) effect observed in tumors,
which allows nanocarriers to accumulate preferentially at the disease site without specific ligand-receptor interactions [53]. This process relies
on the natural leakiness of abnormal vasculature and impaired lymphatic drainage, facilitating the extravasation and retention of nanoparticles
within the diseased tissue. Conversely, active targeting involves the functionalization of nanocarriers with specific ligands—such as peptides,
antibodies, or aptamers—that recognize and bind to molecular markers or receptors overexpressed on diseased cells or tissues, thereby promoting
receptor-mediated endocytosis or adhesion [54]. This ligand-receptor interaction enhances the precision of delivery, reducing off-target effects
and increasing therapeutic efficacy.

Passive targeting leverages the inherent physiological and pathological features of diseased tissues to facilitate drug accumulation without
the need for specific ligands or external guidance. One of its primary advantages is simplicity in design and implementation, as it relies on
natural phenomena such as the EPR effect observed in tumor tissues [55]. This effect allows nanoparticles of appropriate size and surface
properties to extravasate through leaky vasculature and accumulate preferentially in the diseased tissue interstitium, thereby increasing local
drug concentration. Additionally, passive targeting does not require complex surface modifications or ligand conjugation, which simplifies
manufacturing and reduces production costs [56]. Its broad applicability across various disease models, including tumors and inflamed tissues,
makes passive targeting a versatile approach. For instance, nanoparticles designed with optimal size, charge, and shape can exploit tissue-specific
vascular abnormalities, as demonstrated in kidney-targeted nanocarriers where physicochemical properties influence renal accumulation [57].
Moreover, passive targeting strategies have been successfully integrated into theragnostic platforms, enabling simultaneous diagnosis and
therapy with minimal off-target effects [58].

Active targeting enhances delivery specificity by functionalizing nanocarriers with ligands such as antibodies, peptides, or aptamers that
recognize and bind to specific receptors overexpressed on diseased cells or tissues [55]. This approach offers several advantages over passive
targeting, including increased binding affinity and cellular uptake, leading to higher therapeutic payload delivery at the target site [54]. Active
targeting can overcome biological barriers and heterogeneity within diseased tissues, ensuring more uniform and efficient drug distribution [59].
For example, ligand-modified nanoparticles can selectively bind to integrins expressed on tumor cells or to receptors on inflamed endothelium,
thereby improving therapeutic efficacy while reducing systemic toxicity [55]. Additionally, active targeting strategies facilitate stimuli-responsive
drug release, as seen in DNA tetrahedron nanostructures designed for on-site cargo release upon environmental triggers [54]. This precision
reduces off-target effects and enhances the therapeutic index, making active targeting particularly valuable in complex pathologies such as
cancer and inflammatory diseases [60].

Despite their advantages, both passive and active targeting approaches face inherent limitations. Passive targeting’s reliance on the EPR
effect can be inconsistent due to tumor heterogeneity, abnormal vasculature, and variations in microenvironmental factors, which may lead to
suboptimal accumulation and distribution of nanocarriers [54]. Moreover, passive targeting lacks specificity at the molecular level, increasing
the risk of off-target effects in non-diseased tissues with similar vascular features. Additionally, the size and surface properties optimized for
passive targeting may inadvertently promote clearance by the mononuclear phagocyte system, reducing bioavailability [56].

Active targeting, while offering higher specificity, introduces complexity in nanocarrier design and manufacturing. The conjugation of
targeting ligands can increase production costs, affect nanoparticle stability, and potentially induce immunogenic responses [54]. Furthermore,
receptor expression levels can vary among patients and disease stages, leading to inconsistent targeting efficiency. The presence of the protein

Table 1: Comparison of passive and active targeting mechanisms in nanomedicine.

Feature Passive targeting Active targeting

Core principle Exploits the unique physiological and pathological features of diseased Utilizes ligand-receptor interactions by functionalizing nanocarriers with

tissues, primarily the EPR effect. targeting moieties (e.g., antibodies, and peptides, aptamers).

Relies on leaky vasculature and impaired lymphatic drainage in Ligands on the nanocarrier surface specifically bind to molecular markers
Key mechanism pathological tissues (e.g., tumors and inflammation) to allow nanocarrier |(e.g., integrins and receptors) overexpressed on target cells, promoting

extravasation and accumulation. receptor-mediated endocytosis.

®  Simpler design without complex ligand conjugation. .

®  Broad applicability across various disease models with vascular .
abnormalities.

®  Lower production costs.

Higher specificity and binding affinity for target cells.
Enhanced cellular uptake and therapeutic payload delivery.
¢ Can overcome biological barriers and tissue heterogeneity.

Primary advantages

Common targeting ligands/ Antibodies, peptides (e.g., TAT and RGD), aptamers (e.g., AS1411), small

Relies on physicochemical properties like size, charge, and shape.

strategies molecules (e.g., FA).
®  Inconsistent due to tumor heterogeneity and variable EPR effect. ® Increased complexity, cost, and potential immunogenicity from ligand
®  Lacks molecular specificity, leading to potential off-target conjugation.
Inherent limitations accumulation. ®  Variable receptor expression among patients and disease stages.
®  Optimized physicochemical properties may promote clearance by the |®  Protein corona formation can mask ligands, reducing targeting
mononuclear phagocyte system. efficiency.

®  TAT peptide and aptamer for nuclear-targeted gene editing.
AS1411 aptamer for tumor targeting of Ru-CQDs.
Macrophage cell membrane camouflage for tumor homing.

®  Exploitation of leaky tumor vasculature via the EPR effect.

Representative examples . . . s .
P P ®  Kidney-targeted nanocarriers using optimized size and charge.

Increased local drug concentration in diseased tissue interstitium, but with |Precise delivery to specific cell types, enhancing therapeutic index and

Therapeutic outcome e L . . L.
P limited cellular precision. reducing systemic toxicity.
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corona formed in biological fluids can also mask targeting ligands, diminishing their binding capacity and overall effectiveness [56]. Additionally,
active targeting strategies often require stimuli-responsive release mechanisms to ensure payload delivery, which can complicate nanocarrier
design and pose challenges in clinical translation [54].

In summary, while passive targeting provides a straightforward and broadly applicable method exploiting tissue microenvironment features,
its efficacy can be limited by biological variability and off-target accumulation. Conversely, active targeting offers enhanced specificity and
cellular uptake but faces challenges related to complexity, stability, and biological barriers. Combining both strategies or developing innovative
approaches may help overcome these limitations and optimize targeted delivery in diseased tissues [1].

Imaging Modalities Enabled by Nanoplatforms: MRI, PET, Fluorescence, and Photoacoustics

Nanoplatforms have emerged as pivotal tools in advancing medical imaging by overcoming limitations of conventional contrast agents and
enabling multimodal, targeted, and theragnostic applications [61-72]. Their nanoscale size allows for enhanced tissue penetration, prolonged
circulation, and functionalization with targeting ligands, which improves specificity and reduces off-target effects [73]. Nanomaterials such as
MOF, protein-based constructs, and inorganic nanoparticles can be engineered to carry multiple imaging agents, enabling simultaneous use
of MRI, PET, fluorescence, and photoacoustic modalities within a single platform [61, 73, 74]. This multimodal capability not only provides
comprehensive diagnostic information but also facilitates image-guided therapy, known as theragnostics, where diagnosis and treatment are
integrated [75, 76]. Furthermore, nanoplatforms can be designed to respond to specific biological stimuli, releasing therapeutic agents or enhancing
imaging signals in diseased tissues, thus enabling precision medicine approaches [77-79]. The versatility, tunability, and multifunctionality of
nanoplatforms are driving innovations that promise to improve diagnostic accuracy, enable real-time monitoring of therapeutic responses, and
ultimately transform pathology management (Table 2).

MRI

Nanoplatforms have significantly advanced MRI by serving as contrast agents that improve signal specificity and sensitivity.
Superparamagnetic iron oxide nanoparticles (SPIONs) and other magnetic nanomaterials are commonly employed to induce local magnetic field
inhomogeneities, resulting in T2-weighted signal darkening that enhances lesion detectability [80]. The high surface area of nanomaterials allows
for functionalization with targeting ligands, enabling selective accumulation in diseased tissues. Additionally, the integration of multimodal
functionalities into nanoplatforms, such as combining MRI with optical or photoacoustic imaging, further enhances diagnostic accuracy [73].

Table 2: Comparative analysis of imaging modalities enabled by theragnostic nanoplatforms.
Feature MRI PET Fluorescence imaging PAI
Detects ultrasound waves generated

Detects relaxation of hydrogen Detects gamma rays from positron- Detects emitted light from fluorescent X . .
. L . o . . by tissue expansion after absorption
Core principle nuclei in a strong magnetic field to  |emitting radiotracers to map metabolic | probes (e.g., quantum dots, dyes) . .
° . . . of pulsed laser light (photoacoustic
produce anatomical images. and molecular activity. excited by external light. effect)
Serve as high-performance contrast |Act as versatile carriers for Function as carriers (o improve probe Engineered as contrast agents
agents (e.g., SPIONs for T2- radionuclides (e.g., in NMOFs, e . prove p with strong NIR absorption
Key role of . . . o stability, brightness, and targeting. °
weighting). Enable multimodal liposomes). Enhance stability, enable ; . . (e.g., specialized NMOFs, gold
nanoplatforms . . . . . . o Enable multimodal imaging (e.g., o
integration and targeted delivery via |multi-agent loading, and facilitate . P nanostructures) to amplify signals and
. A ” quantum dots with tunable emission). .
surface functionalization. targeted theragnostics. enable targeted accumulation.

®  Combines optical contrast with
ultrasound resolution.

®  Good depth penetration with
high spatial resolution.

®  Provides functional and
molecular information.

Very high sensitivity for molecular
processes. ®  High sensitivity and specificity.
Quantitative capabilities. ®  Real-time imaging capability.
®  Excellent for detecting metastases |®  High temporal resolution.
and metabolic activity.

®  Excellent soft tissue contrast
and high spatial resolution.

®  Deep tissue penetration.

® No ionizing radiation.

Primary advantages

®  Relatively low sensitivity . ®  Limited tissue penetration depth Limited by optical penetration

compared to nuclear/optical Exposure t‘? lonizing adiation. (especially in visible spectrum). depth (though better than
. N methods. Lower spatial resolution than MRI Tissue autofluorescence can create ﬂuore‘scence).. .
Primary limitations |, Long acquisition times or CT. background noise ®  Requires specialized laser/
*  High cost and complex‘ ° Requir'es cyplotron/proximity for |, Primarily for supé icial or ultrasound equipmer'lt. )
cquipment. short-lived isotopes. intraoperative use. ® Canbe 'affected by tissue optical
properties.

Superparamagnetic iron oxide Gold nanostructures (nanorods,

Quantum Dots, Carbon Dots, Dye-

Common nanomaterial | nanoparticles (SPIONs), NMOFs, Radiolabeled liposomes, . bipyramids), ICG nanocomposites,
. . . loaded liposomes/polymers, NIR-II .
examples Gadolinium-based complexes, Polymeric nanoparticles. fuorescent probes Carbon-based nanomaterials,
Manganese oxides. p : Absorbing NMOFs.
®  Detailed tumor characterization| ®  Cancer diagnosis, staging, and ® Intraoperative guidance and tumor | ®  Brain tumor detection and
and margin delineation. treatment response monitoring. margin delineation. surgical guidance.
Key applicationsin ~ |®  Neuroinflammatory and ®  Neurodegenerative disease ®  Real-time cellular/molecular event |®  Visualization of atherosclerotic
pathology neurodegenerative disease biomarker visualization (e.g., visualization. plaques and vasculature.
monitoring. amyloid). ®  Lymph node mapping and immune |®  Monitoring of therapeutic
®  Imaging-guided therapy. ®  Cardiovascular plaque assessment. cell tracking. responses in deep tissues.
Often combined with PET i .
. . (PET/MRI) for complementary Integrated with MRI or CT (PET/MRI | Integrated with MRI or PAI to add real- Combined with MRI fgr deep
Synergy in multimodal . . X e . . - structural context or with fluorescence
anatomical and metabolic data, or  and PET/CT) to merge high sensitivity | time, high-sensitivity molecular data to . .
platforms . : s . . . for comprehensive multi-scale
with fluorescence/PAI for surgical | with high-resolution anatomy. structural imaging. . .
guidance. 1magimng.
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These engineered nanostructures can be tailored for optimal biocompatibility, stability, and targeted delivery, thereby overcoming limitations of
traditional contrast agents and enabling more precise imaging in pathological contexts [80].

In pathology, nanoplatform-enhanced MRI has been instrumental in detecting and characterizing various disease states. For instance,
in neuroinflammatory diseases and neurodegenerative disorders, MRI with nanoparticle contrast agents facilitates the visualization of
immune responses and tissue degeneration [77]. In oncology, nanomaterials enable detailed tumor imaging, delineation of tumor margins, and
monitoring of therapeutic responses. The development of omniparticle contrast agents capable of multimodal imaging—combining MRI with
PET, fluorescence, photoacoustic, and CT—has opened new avenues for comprehensive disease assessment [80]. Such platforms allow for real-
time tracking of disease progression, evaluation of therapeutic efficacy, and precise localization of pathological features, thereby significantly
advancing diagnostic capabilities in clinical and research pathology [73, 80].

PET

Recent advances in nanotechnology have significantly expanded the capabilities of PET imaging through the development of nanoplatforms
for radiotracer design. Nanomaterials such as nanoscale MOF (NMOFs,) liposomes, polymeric nanoparticles, and other hybrid systems
serve as versatile carriers for positron-emitting isotopes [73]. These nanoplatforms offer several advantages, including high surface area for
functionalization, improved stability of radiotracers, and the ability to incorporate multiple imaging agents or therapeutic payloads within a
single construct [73]. For instance, NMOFs can be engineered to load and deliver radiometal ions, enabling multimodal imaging and theranostic
applications [73]. Surface modification of nanoplatforms allows for targeted delivery to specific tissues or cellular markers, enhancing imaging
specificity and reducing off-target effects [73]. Moreover, the porosity and tunable chemistry of nanomaterials facilitate the co-loading of
diagnostic and therapeutic agents, paving the way for integrated theranostic systems [73].

Nanoplatform-enabled PET radiotracers have demonstrated significant potential in clinical settings, particularly in cancer diagnosis,
staging, and treatment monitoring. For example, multifunctional nanoconstructs have been used to target tumor-specific biomarkers, improving
the sensitivity and specificity of PET imaging in detecting primary and metastatic lesions [73]. In neurodegenerative diseases, nanoplatforms
facilitate the delivery of radiotracers across the blood-brain barrier, enabling better visualization of pathological hallmarks such as amyloid
plaques or neuroinflammation [73]. Additionally, in cardiovascular diseases, nanomaterials loaded with PET isotopes assist in the assessment of
atherosclerotic plaques and vascular inflammation, aiding in risk stratification and therapeutic planning [73]. The integration of nanotechnology
with PET imaging not only enhances diagnostic accuracy but also supports personalized medicine approaches by enabling real-time monitoring
of therapeutic efficacy and disease progression [73]. As nanoplatforms continue to evolve, their translation into clinical practice promises to
improve disease detection, facilitate targeted therapy, and ultimately enhance patient outcomes across a broad spectrum of pathologies.

Fluorescence imaging

Nanoplatforms have revolutionized fluorescence imaging by serving as carriers for fluorescent agents, enhancing their stability, brightness,
and targeting capabilities. These nanocarriers include liposomes, polymeric nanoparticles, quantum dots, and biomimetic systems, which can
be engineered to carry multiple imaging labels and therapeutic agents simultaneously [73]. For instance, quantum dots exhibit exceptional
photostability and tunable emission spectra, making them ideal for long-term imaging applications [73]. Surface functionalization of
nanoplatforms with targeting ligands such as peptides, antibodies, or aptamers allows for specific accumulation in diseased tissues, improving
contrast and reducing off-target effects [61]. Moreover, the integration of fluorescent probes into multifunctional nanoplatforms enables
multimodal imaging, combining fluorescence with modalities like MRI or photoacoustic imaging, thus providing comprehensive diagnostic
information [75]. The porosity and surface chemistry of nanomaterials also facilitate loading of therapeutic agents, paving the way for theranostic
applications that combine diagnosis and treatment [73].

Fluorescenceimaging, enabled by nanoplatforms, has found extensiveapplicationsin pathology, including cancer detection, neurodegenerative
disease monitoring, and immune response assessment. Its high sensitivity allows for early detection of pathological changes at the molecular
level, often before morphological alterations become apparent [77]. In cancer, fluorescence-guided surgery improves tumor margin delineation,
leading to more complete resections and better patient outcomes [81]. The ability to visualize specific biomarkers with targeted fluorescent probes
enhances diagnostic accuracy and enables real-time intraoperative decision-making [82]. Additionally, fluorescence imaging’s non-ionizing
nature and high spatial resolution make it suitable for longitudinal studies and dynamic monitoring of disease progression or therapeutic
response [83]. The development of NIR-II fluorescent probes has further extended the depth and clarity of in vivo imaging, facilitating the
detection of deep-seated lesions with minimal tissue damage [84]. Overall, the advantages of fluorescence imaging include its high sensitivity,
specificity, real-time capability, and compatibility with multimodal approaches, making it an indispensable tool in modern pathology and
personalized medicine.

Photoacoustic imaging

The effectiveness of photoacoustic imaging heavily depends on the development of suitable contrast agents that can efficiently absorb light
and generate acoustic signals. Recent advances have focused on engineering nanoplatforms to amplify photoacoustic signals and improve
imaging specificity. As highlighted by Duman and Forgan [73], NMOFs and other nanomaterials can be tailored to possess strong NIR
absorption, biocompatibility, and targeted delivery capabilities. These nanoplatforms can be loaded with functional molecules or designed with
intrinsic optical properties to enhance contrast. Zhang et al. [81] further demonstrate the use of multifunctional nanotheragnostics that combine
photoacoustic agents with therapeutic functionalities, enabling simultaneous imaging and treatment of diseases such as brain tumors. The
integration of nanomaterials not only boosts signal strength but also allows for targeted accumulation in pathological tissues, thereby increasing
the sensitivity and specificity of photoacoustic detection.

J Clin Anat Pathol, 2026 Volume 11(1): 6-16


https://doi.org/10.47275/2332-4864-133

Citation: Dontiboyena S, Sundararajan S, Pujitha KS (2026) Theragnostic Nanoplatforms in Pathology: Simultaneous Imaging, Drug Delivery, and Treatment
Monitoring. J Clin Anat Pathol, 11(1): 133. DOI: https://doi.org/10.47275/2332-4864-133

Photoacoustic imaging, augmented by nanoplatforms, has shown significant potential in diagnosing and monitoring a variety of diseases. Its
high spatial resolution and deep tissue penetration make it particularly suitable for oncological applications, such as brain tumor detection and
cancer margin delineation. Zhang et al. [81] highlight the use of NIR contrast agents for brain tumors, where PAI provides real-time guidance
during surgical procedures and therapy monitoring. Similarly, in cardiovascular diseases, ICG-based nanotheragnostics enable visualization
of atherosclerotic plaques and vascular inflammation with high contrast and specificity [85]. The ability to combine PAI with other modalities,
such as MRI and fluorescence imaging, facilitates comprehensive disease assessment, tracking molecular changes, and evaluating therapeutic
responses over time. As research progresses, the development of targeted nanoplatforms promises to further enhance the diagnostic accuracy
and therapeutic efficacy of photoacoustic imaging in clinical pathology.

Comparative analysis of imaging modalities

Each imaging modality enabled by nanoplatforms offers distinct advantages that make them suitable for specific pathological applications,
yet they also possess inherent limitations. MRI provides excellent soft tissue contrast, high spatial resolution, and deep tissue penetration without
ionizing radiation, making it highly valuable for detailed anatomical imaging and functional studies, such as tumor characterization and
immune response monitoring (73, 77]. However, MRI often suffers from relatively lower sensitivity compared to optical methods and can require
long acquisition times and high-cost equipment. PET offers high sensitivity and quantitative capabilities, enabling detection of molecular and
metabolic processes at very low concentrations, which is particularly useful in cancer and neurodegenerative disease diagnostics [73, 86]. Its main
limitations include exposure to ionizing radiation and relatively lower spatial resolution. Fluorescence imaging, especially in the NIR-II window,
provides high sensitivity, real-time imaging, and the ability to visualize cellular and molecular events with excellent temporal resolution [82, 84].
Nonetheless, its limited tissue penetration depth and potential for tissue autofluorescence restrict its use to superficial tissues or intraoperative
settings. Photoacoustic imaging combines optical contrast with ultrasound resolution, allowing for high-contrast, deep tissue imaging with
functional and molecular information [81, 84, 87]. Despite its advantages, photoacoustic imaging can be limited by optical penetration depth
and the need for specialized equipment. Multimodal approaches, integrating these techniques, aim to leverage their respective strengths while
compensating for individual limitations, thus providing comprehensive insights into pathological processes [80-82].

The integration of multiple imaging modalities using nanoplatforms has emerged as a powerful strategy to achieve comprehensive and precise
pathological assessment. Multifunctional nanoplatforms can be engineered to carry contrast agents suitable for MRI, PET, fluorescence, and
photoacoustic imaging, enabling simultaneous or sequential multimodal imaging [61, 80, 81]. Such integration allows clinicians and researchers
to combine the high spatial resolution of MRI, the molecular sensitivity of PET, the real-time visualization of fluorescence, and the deep tissue
contrast of photoacoustics, thereby overcoming the limitations inherent to individual modalities [61, 80, 82]. For example, the development of
omniparticle contrast agents demonstrates the feasibility of a single nanoparticle platform capable of producing signals across multiple imaging
techniques, facilitating comprehensive disease diagnosis, monitoring, and therapy guidance [80]. Moreover, multimodal imaging enhances the
accuracy of disease detection, enables better delineation of pathological features, and supports real-time assessment of therapeutic responses,
especially in complex conditions such as brain tumors, neurodegenerative diseases, and cardiovascular disorders [76, 81, 88]. The synergistic
use of these modalities not only improves diagnostic confidence but also paves the way for integrated theranostic applications, where diagnosis
and treatment are combined within a single nanoplatform, advancing personalized medicine [61, 75, 76]. As research progresses, the focus
remains on optimizing biocompatibility, targeting specificity, and clinical translatability of these multimodal nanoplatforms to fully realize their
potential in pathology.

Therapeutic Payloads: Small Molecules, Nucleic Acids, Radionuclides, and Photosensitizers

Therapeutic payloads incorporated into theragnostic nanoplatforms encompass a diverse array of agents, each with unique mechanisms
and applications. Small molecules are widely used for their ability to modulate specific molecular targets, such as ion channels or enzymes, and
are central to many cancer therapies [89, 90]. Nucleic acids, including siRNAs, antisense oligonucleotides, and microRNAs, offer gene-specific
regulation and gene therapy potential, although their delivery remains challenging [91-93]. Radionuclides serve dual roles in imaging and
radiotherapy, enabling precise tumor localization and destruction through radiation emission [94, 95]. Photosensitizers are employed in PDT
to generate reactive oxygen species upon light activation, inducing tumor cell death and immune responses [92, 94, 96]. The integration of these
payloads into nanoplatforms aims to harness their individual strengths while overcoming delivery barriers, ultimately advancing theranostic
strategies in pathology [97, 98].

Small molecules have been extensively explored in cancer therapy due to their capacity to target key molecular pathways involved in tumor
growth and immune evasion. For example, the development of Mn-based hollow nanoplatforms encapsulating small-molecule chemotherapeutics
enables MRI-guided combination therapies, including chemotherapy, PDT, and CDT [95]. These nanoplatforms facilitate targeted delivery
and controlled release of small-molecule drugs within tumor microenvironments, enhancing therapeutic efficacy while minimizing systemic
toxicity. Moreover, small molecules such as photosensitizers (e.g., pheophorbide A) can be combined with nucleic acids like siRNA within
nanogels to achieve synergistic tumor cell killing and immune activation [92]. Small-molecule inhibitors targeting immune checkpoints or
signaling pathways are also under investigation, with some progressing into clinical trials for various cancers [99]. The ability to conjugate small
molecules with targeting ligands or incorporate them into nanocarriers further broadens their application scope, enabling precise and effective
cancer treatments.

Effective delivery of nucleic acids remains a critical challenge due to their large size, negative charge, and susceptibility to degradation. To
overcome these barriers, various nanocarrier systems have been developed, including lipid nanoparticles, polymeric nanoparticles, exosomes, and
DNA nanostructures [91, 97, 100]. Lipid nanoparticles and ligand conjugation approaches have shown promise in improving cellular uptake and
stability of nucleic acid therapeutics [91]. For example, lipid-based nanoparticles can encapsulate nucleic acids, protecting them from enzymatic
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degradation and facilitating endosomal escape [97]. Exosomes, naturally occurring vesicles, are being explored as delivery vehicles owing to
their biocompatibility and ability to cross biological barriers, including the blood-brain barrier [91]. Additionally, DNA origami nanostructures
can be engineered for targeted delivery, enabling rapid cytosolic uptake and deep tissue penetration [100]. Cell-based delivery systems, such as
erythrocytes and stem cells, also offer innovative platforms for transporting nucleic acids with prolonged circulation times and tissue-homing
capabilities [101].

Radionuclides play a pivotal role in enabling precise imaging and effective treatment within theragnostic nanoplatforms. Diagnostic imaging
benefits from radionuclides like technetium-99m and fluorine-18, which facilitate non-invasive visualization of tumor localization, metastasis,
and treatment response with high sensitivity and spatial resolution [94]. These imaging capabilities allow clinicians to accurately delineate
disease extent and monitor therapeutic outcomes in real-time. On the therapeutic front, radionuclides such as lutetium-177 and actinium-225
deliver cytotoxic radiation directly to cancer cells, minimizing damage to surrounding healthy tissue [94]. The integration of radionuclides into
nanocarriers enhances targeted delivery, improves retention within tumor sites, and enables combination therapies that synergize radiotherapy
with other modalities like chemotherapy or immunotherapy [94]. Moreover, the development of hollow manganese-based nanoplatforms
exemplifies how radionuclides can be incorporated into multifunctional systems for MR imaging-guided cancer therapies, where the radionuclide
serves both as a contrast agent and a therapeutic payload [95].

Photosensitizers have been extensively explored in clinical settings for the treatment of various cancers, including skin, lung, and
esophageal cancers, owing to their ability to induce localized cell death upon light activation [94]. Their application extends beyond oncology
to antimicrobial therapies, where PDT can effectively eradicate resistant bacterial infections [92]. Recent advances involve the development of
multifunctional nanoplatforms that co-deliver photosensitizers with immunomodulatory agents, such as PD-L1 siRNA, to enhance therapeutic
efficacy and immune activation [9]. Moreover, photosensitizers are integrated into theranostic nanoplatforms for real-time imaging-guided
therapy, leveraging their inherent fluorescence or photoacoustic properties [95]. The ability to visualize tumor margins and monitor treatment
response in vivo has significantly improved the precision and outcomes of PDT [102]. These clinical applications demonstrate the versatility of
photosensitizers in targeted, minimally invasive therapies with potential for synergistic effects when combined with other therapeutic payloads.

Combining multiple therapeutic agents within a single nanoplatform can produce synergistic effects that surpass the efficacy of individual
treatments. For example, the co-delivery of photosensitizers and immune checkpoint siRNA, such as PD-L1 siRNA, within a nanogel framework
enables simultaneous PDT and immune modulation, resulting in enhanced antitumor immune responses [92]. Similarly, hollow manganese-
based nanostructures can encapsulate chemotherapeutic drugs, photosensitizers, and photothermal agents, facilitating multimodal therapy that
integrates chemotherapy, PDT, and CD) [95]. The synergistic interaction between these modalities can induce immunogenic cell death, amplify
immune activation, and improve overall therapeutic outcomes [102]. Moreover, the co-delivery of nucleic acids and small molecules, such as
antisense oligonucleotides with small-molecule inhibitors, can target multiple pathways simultaneously, reducing the likelihood of resistance
and increasing treatment potency [103]. The design of nanoplatforms that enable controlled, sequential, or stimuli-triggered release of combined
payloads is critical to harnessing these synergistic effects effectively [104].

Recent advances exemplify the potential of integrating diverse therapeutic payloads into nanoplatforms for enhanced pathology treatment.
Mollé et al. demonstrated nanoparticles capable of delivering nucleic acids and photosensitizers for vaccine and gene therapy applications,
overcoming delivery barriers and achieving targeted gene silencing and tumor ablation [97]. Guo et al. developed a nucleic acid nanogel co-
packaging photosensitizers and PD-L1 siRNA, which synergistically induced tumor cell death and immune activation, showcasing the potential
for combined photodynamic and immunotherapeutic strategies [92]. Manganese-based hollow nanoplatforms exemplify multifunctional
systems capable of encapsulating small molecules for chemotherapy, PDT, and PTT, while simultaneously serving as imaging contrast agents and
mediators of CDT [95]. Additionally, innovative approaches such as the CytoDirect DNA nanodevice enable rapid cytosolic delivery of nucleic
acids and small molecules, bypassing endosomal entrapment and enhancing intracellular therapeutic effects [100]. These case studies highlight
ongoing research efforts aimed at optimizing nanoplatform design for multimodal, synergistic therapy, emphasizing the importance of tailored
physicochemical properties, stimuli-responsiveness, and multifunctionality to address complex pathological conditions effectively.

Theragnostic Nanoplatforms: Clinical Studies

The fabricated GPRD NPs [105] demonstrated excellent MR and fluorescence dual-modality imaging capabilities for vulnerable atherosclerotic
plaques in vivo (Figure 1). GPRD NPs effectively utilized the nano-enzyme activity of Gd-doped Prussian blue to scavenge ROS. This ROS
scavenging led to a reduction in inflammation, apoptosis, and foam cell formation, thereby inhibiting the progression of atherosclerosis. The
study concluded that these multimodal imaging nanoparticles, with their ROS-scavenging ability, offer a new approach for both the diagnosis
and treatment of vulnerable AS plaques. In summary, the research successfully developed GPRD nanoparticles that serve a dual purpose:
enabling precise imaging of vulnerable plaques and actively treating atherosclerosis by mitigating oxidative stress and its downstream effects.

A study by Pan et al. [106] successfully developed and evaluated a macrophage-targeted, in situ stimuli-triggered T1-T2 switchable MRI
nanoprobe for the non-invasive diagnosis of vulnerable atherosclerotic plaques (Figure 2). The nanoprobe, consisting of single-dispersed IONPs
modified with HA and denoted as IONP-HP, demonstrated macrophage targetability and exhibited T1 MRI enhancement. In this state, its
r2/rl ratio was measured at 3.415. When exposed to the low pH environment characteristic of macrophage lysosomes, the single-dispersed
IONP-HP transformed into a cluster analogue. This transformation led to a switch in its MRI enhancement mode. The clustered form of the
nanoprobe displayed T2 MRI enhancement, with a significantly higher r2/rl ratio of 13.326. After intravenous administration of the nanoprobe,
vulnerable plaques showed strong T1 enhancement initially. This enhancement subsequently switched to T2 enhancement after 9 hours. This
dynamic switch is crucial for distinguishing plaque types. In contrast, stable plaques exhibited only slight T1 enhancement and did not show
any T2 enhancement. This lack of T2 enhancement in stable plaques provides a clear differentiation from vulnerable ones. The intelligent and
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Figure 1: Targeted therapy of atherosclerosis vulnerable plaque by ROS-scavenging nanoparticles and MR/fluorescence dual-modality imaging tracing [105].
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Figure 2: An intelligent T1-T2 switchable MRI contrast agent for the non-invasive identification of vulnerable atherosclerotic plaques [106].

novel nanoplatform presented in this study achieved a substantial non-invasive diagnosis of vulnerable plaques. This was accomplished through
a facile but effective T1-T2 switchable process, which is expected to significantly contribute to applying materials science to clinical problems.

A study by Fujiwara et al. [107] successfully developed a smart and versatile theranostic nanoplatform, named DOX/ Gd3+-based carbon
quantum dots (GCDs)- hollow mesoporous Prussian blue nanoparticles, by encapsulating GCDs and DOX within hollow mesoporous Prussian
blue nanoparticles (Figure 3). At physiological pH, both GCDs and DOX molecules are contained within the nanoparticles’ mesoporous
hollow network. The metal-ligand coordination bonding between Gd species and DOX molecules restricts water access to the Gd3+ center,
thereby minimizing proton relaxivity. In the acidic tumor microenvironment, GCDs and DOX drug molecules are simultaneously released
from the nanoparticles. This release leads to an enhancement in both MR contrast and fluorescence, which in turn increases chemotherapeutic
activities. The innovative platform facilitates targeted drug release and simultaneous MR/fluorescence imaging specifically at the tumor site. The
system demonstrated strong pH-switching theranostic performance for 4T1 cells, exhibiting high-efficiency chemotherapy and considerable
photothermal conversion. This indicates its practical application for synergistic chemo-photothermal treatment of tumors. This study introduces
a promising strategy for developing a theranostic platform for cancer treatment and diagnosis, integrating multiple modalities into a single entity
for effective cancer treatment

A study by Huang et al. [108] on FeOOH-loaded mesoporous silica nanoparticles (Fe@MSNs) revealed several significant findings regarding
their potential as a theranostic platform. The synthesized Fe@MSNs demonstrated activatable T1 MRI performance. This means their MRI
signal can be 'turned on' in response to specific environmental cues. This activation is specifically triggered by the acidic microenvironment
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Figure 3: Hollow Mesoporous Prussian blue nanoparticles for in vivo synergistic chemo-photothermal cancer therapy and dual-mode magnetic resonance/fluorescence imaging [107].

characteristic of solid tumors. In such conditions, the Fe@MSNs release paramagnetic Fe** ions, which are responsible for enhancing the T1
MRI signals. The Fe @M SNs were found to be biocompatible, indicating they are well-tolerated by biological systems. Crucially, they exhibited
no appreciable cytotoxicity, meaning they do not cause significant harm or death to cells. The unique mesoporous structure of the Fe@MSNs
provides a significant advantage for effective drug delivery. This structure allows them to carry and effectively deliver chemotherapeutic drugs,
which can inhibit the growth of solid tumors.

A phase I trial by Chargari et al. [109] investigating AGuIX nanoparticles in combination with chemoradiation and brachytherapy for
locally advanced cervical cancer yielded several significant results. The AGuIX nanoparticles, when combined with chemoradiation, appeared
well tolerated among the 12 treated patients. No dose-limiting toxicity was observed during the trial. AGuIX nanoparticles, administered
intravenously, accumulated appropriately within tumors in a dose-dependent manner. This accumulation was assessed using T1-weighted MRI.
Uncaught nanoparticles demonstrated a rapid urinary clearance. The observed tumor accumulation of the compounds supports the precise
delineation of functional target volumes at the time of brachytherapy. This delineation is based on gadolinium enhancement, leveraging the
paramagnetic properties of gadolinium. The nanoparticles also enhance the radiotherapeutic activity of conventional X-rays, a ‘theragnostic’
action explained by the generation of high densities of secondary radiation following interaction with high-Z atoms, leading to enhanced
radiation dose deposits within tumors. The treatment resulted in excellent local control, with all patients achieving complete remission of the
primary tumor. One patient experienced a distant tumor recurrence. These results collectively demonstrate the clinical feasibility of using
theranostic nanoparticles like AGulX to enhance the accuracy of MRI-based treatments and focally augment radiation activity in tumors,
particularly for cervical cancer patients.

Integration with Digital Pathology and Computational Analysis for Quantitative Monitoring

The integration of digital pathology with computational analysis offers numerous synergistic benefits that significantly advance diagnostic
precision, research capabilities, and personalized treatment strategies. Digital pathology, characterized by high-resolution whole-slide imaging
(WSI), provides a comprehensive and standardized platform for capturing tissue morphology, which, when combined with sophisticated
computational algorithms, enables objective, reproducible, and high-throughput analysis [110-112]. This synergy facilitates the automation of
routine and complex tasks such as tissue segmentation, biomarker quantification, and spatial analysis, thereby reducing inter- and intra-observer
variability and increasing diagnostic accuracy [113-115]. Moreover, machine learning and AI-driven tools can extract hidden image patterns
and quantify features that are often imperceptible to the human eye, leading to improved disease grading, prognosis, and biomarker discovery
[116]. The seamless flow of digital data into computational pipelines supports large-scale biobanking, enabling translational research and the
development of digital biobanks that underpin precision medicine initiatives [110]. Additionally, the integration enhances workflow efficiency,
allowing rapid analysis of vast datasets, which is crucial for timely clinical decision-making and monitoring therapeutic responses [111, 117].
Overall, this combined approach fosters a more objective, scalable, and insightful understanding of tissue pathology, ultimately improving
patient outcomes and advancing theragnostic nanoplatforms' monitoring capabilities.

Several case studies exemplify the impactful applications of integrating digital pathology with computational analysis. Griem et al.
developed a clinical-grade AI tool for multiclass tissue segmentation in colorectal specimens, demonstrating high accuracy in tumor detection
and tissue classification, with the ability to analyze most biopsy cases in under a minute—highlighting its potential for routine clinical use [114].
Similarly, Cazzaniga et al. [118] utilized fluorescence-enhanced Congo Red imaging combined with AT algorithms to improve the diagnosis of
cardiac amyloidosis, achieving high diagnostic agreement and demonstrating the feasibility of applying Al to specialized staining techniques
in digital slides [118]. In the realm of neurodegenerative diseases, Ramaswamy et al. created an automated pipeline employing Mask R-CNN for
amyloid detection in Alzheimer’s disease, enabling rapid, unbiased, and scalable neuropathological assessments that correlated well with clinical
severity measures. Quantitative analysis tools have also been successfully applied in systemic sclerosis, where digital image analysis of skin
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biopsies provided objective metrics of fibrosis correlating with histopathological scores, thus supporting personalized fibrosis evaluation [119].
Furthermore, in low- and middle-income countries, digital pathology combined with AI has been leveraged to extend molecular diagnostics
remotely, overcoming infrastructural barriers and enabling scalable, objective assessments [120]. These case studies underscore the versatility
and transformative potential of integrated digital and computational approaches across various disease contexts, facilitating more accurate,
efficient, and scalable pathology workflows.

The methods of quantitative analysis in digital pathology encompass a range of computational techniques designed to extract meaningful
data from histopathological images. Image analysis algorithms, including machine learning and deep learning models, are employed to perform
tissue segmentation, cell counting, and feature extraction with high precision [121]. For instance, convolutional neural networks (CNNs) and
mask R-CNN architectures have been successfully trained to detect, classify, and quantify specific tissue components, such as amyloid deposits
in Alzheimer’s disease or collagen density in systemic sclerosis [119]. Stain normalization techniques improve consistency across large datasets,
facilitating more accurate quantitative comparisons [122]. Additionally, specialized software like QuPath and CurveAlign enable objective
measurement of histological features, such as collagen alignment and cellularity, which correlate with disease severity [119]. Advanced methods
also include spatial omics data integration, allowing for the analysis of molecular and cellular spatial patterns within tissue architecture [123].
These approaches collectively enable high-throughput, reproducible, and detailed quantitative assessments that are essential for theragnostic
nanoplatforms and biomarker discovery [113].

The integration of quantitative monitoring through digital and computational pathology significantly impacts patient outcomes by enabling
more accurate diagnoses, risk stratification, and personalized therapies. Quantitative biomarkers derived from tissue analysis can predict
disease progression, treatment response, and prognosis with greater confidence than traditional qualitative assessments. For example, AI-driven
tools for tumor detection and tissue segmentation have demonstrated high sensitivity and specificity, facilitating early diagnosis and tailored
treatment plans [114]. Quantitative immune profiling, such as the immunoscore, has shown to outperform conventional staging systems in
predicting patient prognosis, thereby guiding more effective therapeutic interventions [112]. Furthermore, automated and unbiased analysis
pipelines reduce diagnostic variability and turnaround times, leading to faster clinical decision-making. In resource-limited settings, digital
pathology combined with AI can extend expert diagnostic capabilities, improving access to high-quality care and reducing disparities [120].
Overall, these advancements foster a more precise, efficient, and personalized approach to patient management, ultimately improving survival
rates and quality of life [124].

Despite the promising benefits, the integration of digital pathology and computational analysis faces several challenges and limitations.
One major obstacle is the variability in data quality and standardization across different laboratories and imaging systems, which can affect the
robustness and generalizability of Al models [116]. The need for large, well-annotated datasets for training and validation remains a significant
bottleneck, often requiring extensive expert input and consensus annotation, as exemplified by neuropathology and cancer studies [119].
Additionally, the interpretability and transparency of complex AI models, such as deep neural networks, pose concerns for clinical adoption, as
clinicians require explainable results to trust and act upon computational outputs [116, 124]. Regulatory and ethical considerations, including
data privacy, validation standards, and integration into existing clinical workflows, further complicate implementation [111, 117]. Technical
challenges also include domain shifts across institutions, differences in staining protocols, and scanner variability, which can impair model
performance outside training environments [121]. Moreover, the human-in-the-loop paradigm emphasizes the continued importance of
pathologist oversight to ensure accuracy, contextual understanding, and responsible use of Al-generated insights [117, 125]. Addressing these
limitations requires ongoing research into model robustness, standardization protocols, explainability techniques, and collaborative efforts to
develop universally applicable frameworks for digital pathology and computational analysis integration.

Challenges in Clinical Translation

Regulatory and ethical considerations

The development and implementation of theragnostic techniques face significant regulatory and ethical challenges that can hinder their
widespread adoption. As Frangos et al. [10] highlight, the integration of personalized biologic characteristics into diagnostic and therapeutic
protocols necessitates rigorous regulatory oversight to ensure safety, efficacy, and standardization. The novelty of many radiopharmaceuticals
and nanotechnologies used in theragnostics raises concerns regarding their approval processes, long-term safety profiles, and potential
environmental impacts. Ethical considerations also emerge around patient consent, especially given the complex nature of personalized
treatments that may involve genetic profiling and novel agents with limited long-term data. Ensuring informed consent and addressing privacy
issues related to genetic and molecular data are paramount to maintaining patient trust and adherence to ethical standards. Moreover, the
disparity in regulatory frameworks across different regions can lead to inconsistencies in the approval and clinical application of theragnostic
agents, potentially delaying access to innovative therapies [10].

Technical and operational challenges

Despite the promising advancements, technical and operational hurdles remain a barrier to the seamless integration of theragnostics into
routine clinical practice. The complexity of developing and standardizing sophisticated imaging modalities, such as molecular imaging techniques
and Al-assisted diagnostic tools, requires substantial technical expertise and infrastructure. Morrison et al. [126] emphasize that the digitization
of pathology workflows and the application of deep learning models demand high-quality digital data, robust computational resources, and
specialized training for personnel. Additionally, the variability in image quality, data interpretation, and the need for validation across different
platforms pose challenges to achieving consistent and reliable results. Operational issues such as workflow integration, data management, and
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interdepartmental coordination further complicate the deployment of theragnostic technologies. The lack of universally accepted protocols and
the need for multidisciplinary collaboration can slow down clinical translation and limit the scalability of these approaches [126].

Cost and accessibility issues

Cost considerations and accessibility remain critical limitations in the broader implementation of theragnostics. The high costs associated
with advanced imaging systems, radiopharmaceutical production, and nanotechnology-based diagnostics can restrict availability primarily to
well-funded centers, creating disparities in patient access. Jena et al. [11] note that although PET/CT and emerging tracers like 68Ga-PSMA are
effective, their routine use is limited by economic factors and infrastructure requirements, especially in low-resource settings. Furthermore, the
expenses related to personalized molecular profiling, such as liquid biopsies and genetic testing, can be prohibitive for many healthcare systems
and patients. This economic barrier hampers the equitable distribution of theragnostic benefits and may lead to inequalities in cancer care and
diagnosis. Ensuring affordability and developing cost-effective, scalable solutions are essential to making theragnostics a viable option for a
broader patient population [11].

Conclusion

Theragnostic nanoplatforms represent a transformative convergence of diagnostic precision and targeted therapeutic intervention, poised
to redefine the landscape of modern pathology. By engineering a single nanostructure to integrate imaging capabilities, targeted drug delivery,
and stimuli-responsive release mechanisms, these systems offer a powerful paradigm for personalized medicine—enabling simultaneous
disease localization, treatment, and real-time monitoring of therapeutic efficacy. The successful application of such platforms in preclinical and
emerging clinical studies, from cancer to cardiovascular disease, underscores their potential to improve diagnostic accuracy, enhance treatment
specificity, and minimize systemic toxicity. However, the full realization of these potential hinges on overcoming persistent challenges in clinical
translation, including biocompatibility, scalable manufacturing, regulatory harmonization, and cost-effective accessibility. As interdisciplinary
research continues to advance the design, functionality, and integration of these multifunctional systems, theragnostic nanoplatforms are set
to become indispensable tools in the pathologist’s arsenal, driving a future where diagnosis and therapy are seamlessly unified for optimized
patient outcomes.
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