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Molecular imaging using (nano)probes: cutting-
edge developments and clinical challenges in
diagnostics

Meisam Samadzadeh,? Arezoo Khosravi,* Atefeh Zarepour,®® Ghazaleh Jamalipour
Soufi,*" Ali Hekmatnia,” Ali Zarrabi® *9 and Siavash Iravani ® *

Molecular imaging has emerged as a transformative approach in the field of medical diagnostics, enabling
the visualization of biological processes at the molecular and cellular levels. Additionally, the integration of
molecular imaging with other imaging modalities such as positron emission tomography (PET), magnetic
resonance imaging (MRI), computed tomography (CT), photoacoustic imaging (PAI), and fluorescence
imaging (FI) has further broadened the scope of diagnostics. Despite significant advances in probe
design, including multifunctional and targeted nanomaterials, their clinical translation remains limited by
critical challenges. Key obstacles include nanoprobe stability in physiological environments, nonspecific
accumulation in the reticuloendothelial system, potential toxicity, and difficulties in achieving optimal
biocompatibility and controlled biodistribution. Moreover, the complexity of nanoprobe synthesis and
batch-to-batch variability hinder scalable manufacturing and regulatory approval. The primary goal of
this review is to critically analyze the current challenges hindering the clinical translation of molecular
imaging nanoprobes in biomedicine. While existing literature extensively covers imaging techniques, this
review uniquely emphasizes the persistent obstacles—such as nanoprobe stability, biocompatibility, off-
target effects, and limited sensitivity—that impede their effective application. Unlike previous reviews,
which tend to focus broadly on advancements, we offer a nuanced perspective by identifying specific
barriers and proposing promising strategies to overcome them. We explore how surface modification,
novel targeting ligands, and smart responsive systems can enhance nanoprobe performance.
Furthermore, the review discusses how addressing these challenges is crucial for accelerating the
development of multifunctional nanoprobes capable of simultaneous diagnosis and therapy, ultimately
advancing personalized medicine. By highlighting these hurdles and potential solutions, this review aims
to provide a comprehensive roadmap for researchers striving to optimize molecular imaging
nanoprobes, thereby bridging the gap between laboratory innovation and clinical reality.

1 Introduction

Molecular imaging is an advanced medical imaging technique
which enables monitoring biological processes at both cellular
and subcellular levels, facilitating early and noninvasive diag-
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nosis, especially in the case of tumor visualization (Fig. 1).?
Chemosynthetic probes, commonly used in molecular imaging,
typically comprise two functional modules: an imaging module
that generates detectable signals and a targeting module that
specifically binds to lesion sites or interacts with molecules.
Although these probes enhance imaging resolution at the
molecular level, they raise biosafety concerns, including
potential chemical toxicity.® Building on this foundation,
molecular imaging probes have evolved through the integration
of multidisciplinary advancements to meet the demands of
clinical applications. Molecular imaging has become a vital tool
in clinical diagnosis, leveraging advanced modalities such as
positron emission tomography (PET), magnetic resonance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of multifunctional roles of molecular imaging probes in cancer diagnosis and therapy. Nano(probes) are shown
crossing the vascular barrier to target tumor tissue, enabling tumor visualization, theranostics, surgical guidance, disease mechanism study,

treatment response monitoring, and targeted drug delivery.

imaging (MRI), computed tomography (CT), photoacoustic
imaging (PAI), and fluorescence imaging (FI). These techniques
rely on molecular (nano)probes to generate imaging signals. For
clinical applications, an ideal molecular imaging probe must
exhibit high affinity, selectivity, stability, and cost-effective
production. The development of imaging probes requires
a multidisciplinary approach, integrating expertise from
chemistry, biology, pharmaceuticals, radiochemistry, and clin-
ical sciences.*

MRI molecular (nano)probes have developed medical diag-
nostics by enabling targeted, high-resolution imaging of bio-
logical processes at the molecular level.® Recent advancements
include the development of nanoparticle (NP)-based probes that
enhance contrast and facilitate theranostics, allowing for
simultaneous imaging and targeted therapy. However, chal-
lenges such as the need for highly specific and biocompatible
probes, as well as complex regulatory pathways for approval,
remain significant hurdles. Additional explorations are ex-
pected to focus on creating sophisticated probes with advanced
targeting strategies, leveraging machine learning and artificial
intelligence (AI) for better data interpretation, and enhancing
the diagnostic capabilities of MRI while improving patient
outcomes and personalizing medical care.>® Additionally, PET
molecular probes have significantly advanced medical imaging
by enabling the visualization of metabolic processes and
enhancing diagnostic accuracy, particularly in cancer detec-
tion.” Recent developments focus on creating more specific
probes that target disease-related receptors and novel radio-
tracers for diverse biological processes, as well as integrating
PET with other imaging modalities like MRI and CT for
comprehensive assessments. However, challenges such as the
need for specialized facilities to produce radiolabeled
compounds, the short half-life of radionuclides, and high costs

© 2025 The Author(s). Published by the Royal Society of Chemistry

can limit accessibility and widespread clinical implementation.
Looking forward, innovations in radiochemistry, the possibility
of new radionuclides, and the incorporation of Al for improved
image analysis hold promise for refining PET molecular
probes.”® On the other hand, CT molecular probes have
enhanced the diagnostic capabilities of CT imaging by enabling
targeted visualization of specific biological processes and
disease markers, primarily through the use of advanced
contrast agents, including nanoparticles (NPs) and biodegrad-
able polymers.” Recent advancements emphasize the develop-
ment of targeted probes (Table 1) that improve tumor detection
and the integration of CT with other imaging modalities like
PET and MRI for comprehensive assessments. However, chal-
lenges remain, including potential adverse reactions to contrast
agents, concerns over radiation exposure, and the need for safer
imaging protocols. However, the future of CT molecular probes
appears promising, with research focused on creating next-
generation contrast agents that enhance safety and efficacy, as
well as leveraging Al to improve image analysis.>*
Photoacoustic molecular imaging (nano)probes are
advancing medical imaging by combining the high spatial
resolution of optical imaging with the deep tissue penetration
of ultrasound, allowing for real-time visualization of molecular
and cellular processes.”” Recent developments include the
development of novel nanomaterials, such as gold (Au) NPs and
organic dyes, which enhance signal intensity and targeting
capabilities, as well as the ability to perform multiplexed
imaging to visualize multiple targets simultaneously. However,
challenges remain in the clinical translation of these probes,
including the need for standardized protocols, limited pene-
tration depth compared to traditional imaging modalities, and
concerns about reproducibility and long-term stability. The
future of photoacoustic imaging is promising, with ongoing
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Table 1 Different types of targeting ligands used for molecular imaging and theranostics

Ligand type Specificity Stability Immunogenicity Cost Size Ease of modification Ref.

Antibodies  Very high Moderate (can Moderate to high (especially High ~150 kDa (IgG) Moderate (requires genetic 11 and
degrade in vivo) full-length antibodies) or chemical conjugation) 12

Peptides High Moderate to Low Moderate 1-5 kDa High (amenable to chemical 13 and
high synthesis) 14

Aptamers High High (especially Very low Low to ~5-25 kDa Very high (via SELEX and 15-17
DNA aptamers) moderate chemical synthesis)

Small Moderate High Very low Low <1 kDa Very high 18 and

molecules  to high 19

research focused on creating more sophisticated, multifunc-
tional probes and integrating advanced imaging systems and Al
for improved image analysis.”>** Additionally, fluorescence
molecular imaging probes have emerged as a powerful tool for
visualizing biological processes at the molecular and cellular
levels, providing high sensitivity and specificity in applications
such as cancer diagnostics and surgical guidance (Fig. 1).>*
Current explorations include the development of activatable
probes that enhance contrast by emitting fluorescence only in
the presence of specific biomarkers, as well as the use of NPs
and quantum dots for improved brightness and stability.
However, challenges such as tissue auto-fluorescence, limited
tissue penetration of visible light, and regulatory hurdles can
complicate implementation in clinical settings. It appears that
fluorescence molecular imaging holds promise with ongoing
research focused on creating next-generation probes with
multifunctional capabilities and the integration of AI for
enhanced image analysis, ultimately aiming to facilitate better
disease diagnosis and personalized medicine.*>**

Recent advancements in the design of these molecular
imaging probes have focused on improving their biocompati-
bility, stability, and targeting efficiency. For instance, the
incorporation of functionalized NPs—such as Au, silica, and
liposomes—has demonstrated enhanced imaging contrast and
longer circulation times in biological systems.*** Additionally,
the use of multifunctional (nano)probes that combine imaging
and therapeutic capabilities, known as theranostic agents, is
gaining traction. These probes not only facilitate visualization
of disease states but also enable targeted drug delivery (Fig. 1),
thus improving treatment efficacy while minimizing side
effects. Moreover, the development of novel imaging tech-
niques, such as photoacoustic imaging and hybrid imaging
systems, has further expanded the potential applications of
molecular (nano)probes. By leveraging the unique properties of
NPs, researchers are uncovering new methods to visualize
cellular and molecular interactions in vivo, providing insights
into disease mechanisms and treatment responses (Fig. 1).
These innovations are particularly crucial in personalized
medicine, where tailored diagnostic approaches can lead to
more effective and precise therapies. Despite the promising
advancements, challenges remain in the clinical translation of
molecular imaging (nano)probes. Issues related to off-target
effects, potential toxicity, and regulatory hurdles must be

24698 | RSC Adv, 2025, 15, 24696-24725

carefully addressed to ensure safety and efficacy in human
applications.>?7*%

The purpose of this review is to provide a comprehensive
overview of the latest developments in the field of molecular
imaging, highlighting the transformative role of nanotech-
nology in enhancing diagnostic accuracy and specificity. By
evaluating various types of molecular imaging (nano)probes,
including fluorescence, photoacoustic, PET, MRI, and CT
agents, we aim to elucidate the innovative strategies employed
to target specific biological markers and processes, thereby
improving disease detection, monitoring, and treatment
response evaluation. Furthermore, the review seeks to address
the challenges associated with the clinical implementation of
these advanced molecular imaging techniques, such as
biocompatibility/biosafety concerns, clinical translation
studies, regulatory hurdles, and technical limitations, while
also exploring future perspectives and potential directions for
research and development.

2 Molecular imaging (nano)probes in
medicine

Recent advancements in medical research and innovative
chemical techniques have significantly accelerated the evolu-
tion and development of novel imaging (nano)probes,* which
are described with more details in the following sections:

2.1. Magnetic resonance imaging (MRI) molecular probes

MRI is a fundamental tool in modern medical diagnostics and
biomedical research due to its ability to provide high-
resolution, non-invasive imaging of tissues and organs. Unlike
other imaging techniques, MRI leverages the resonance of water
protons or other nuclei to produce detailed anatomical and
functional images. Its versatility in capturing signals from
various nuclei with nuclear magnetic resonance (NMR) prop-
erties enables the study of a wide range of biological processes
at molecular and cellular levels. This makes MRI one of the
most significant tools for molecular imaging, particularly in
tracking physiological and pathological changes in real-time.*

A critical advancement in MRI lies in the development of
molecular imaging probes, which enhance the specificity and
sensitivity of imaging. These probes are engineered to respond
to specific biological or environmental stimuli, offering

© 2025 The Author(s). Published by the Royal Society of Chemistry
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valuable insights into functional and structural changes within
tissues.”>*® Recent years have witnessed a surge in the devel-
opment of bio-responsive MRI probes capable of adapting their
properties in response to fluctuations in local conditions, such
as ion concentrations, pH, redox states, or enzyme activity.
These probes are indispensable in functional imaging, bridging
the gap between anatomical visualization and molecular
diagnostics.**** The functionality of MRI molecular probes is
closely tied to advances in MRI methodologies, including the
use of high magnetic fields and innovative techniques like
chemical exchange saturation transfer (CEST) and hyper-
polarized MRI. These approaches have expanded the capabil-
ities of MRI in both clinical and research settings, allowing for
a broader scope of applications.** For instance, bioresponsive
MRI probes can detect dynamic changes in pH levels, metal ion
concentrations, or enzymatic activity, contributing significantly
to the understanding of physiological and pathological
processes.*® So far, several types of MRI probes have been
introduced which are described in the follows.

2.1.1 Gadolinium-based MRI agent. Gadolinium-based
MRI agents are widely used as contrast enhancers to improve
the visibility of internal body structures during magnetic reso-
nance imaging. Due to their paramagnetic properties, gadoli-
nium compounds shorten the relaxation times of nearby water
protons, resulting in clearer and more detailed MRI images.*
To detect fibrin deposits in neuroinflammatory disorders
a novel molecular imaging probe, EP2104-R (a short cyclic
peptide stabilized by a disulfide bridge and conjugated to four
Gd-DOTA chelates), was developed and its effectiveness was
compared with a non-targeted gadolinium-based MRI agent,
gadobutrol. Results of this study demonstrated that EP2104-R
provided significantly higher contrast enhancement in T1-
weighted MRI scans, allowing for clearer visualization of
fibrin deposits, which are indicative of inflammation and
blood-brain barrier disruption in MS. The enhanced contrast
was most prominent in areas such as the meninges and peri-
vascular spaces, key sites of fibrin accumulation during neu-
roinflammation. In comparison to the non-targeted gadolinium
agent, EP2104-R showed markedly higher relaxivity (r;), which
refers to the efficiency of a contrast agent in enhancing signal
intensity per unit concentration, with units of mM~" s~ *. This
contributed to the superior MRI signal in T1-weighted images.
This enhancement provided more detailed and precise imaging
of fibrin-rich regions, confirming the superior performance of
the probe in neuroinflammatory imaging. In vitro studies
further validated the specificity of EP2104-R by showing its
strong and selective binding to fibrin, as opposed to fibrinogen,
the precursor protein. Competitive binding experiments using
EP2104-La, a non-paramagnetic analogue, inhibited the
binding of EP2104-R to fibrin, reinforcing the probe's targeted
action. EP2104-R was applied to a mouse model of experimental
autoimmune encephalomyelitis (EAE), a model of MS, which
led to high-resolution T1-weighted MRI of fibrin deposits in
inflamed tissue. The intensity of the MRI signal strongly
correlated with the severity of inflammation, as assessed
through histological analysis, which revealed immune cell
infiltration and demyelination in the affected regions. This
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association between fibrin deposition and disease severity
underscores the potential of EP2104-R to monitor disease
progression and treatment responses in real-time (Fig. 2).*°
Utilizing the T1-weighted imaging not only enabled accurate
visualization of fibrin deposits, but also helped in tracking the
progression of inflammation. The mentioned approach could
have broad applications in early diagnosis, monitoring treat-
ment efficacy, and understanding disease mechanisms in MS,
as well as other neuroinflammatory conditions, such as Alz-
heimer's disease and traumatic brain injury.

Endothelial tight junctions maintained the structural integ-
rity of blood vessels by controlling permeability between
endothelial cells and regulating the movement of substances
between the bloodstream and the inner layers of the aorta.
Dysfunction of these junctions significantly contributed to the
development of thoracic aortic aneurysm and dissection
(TAAD). Their breakdown increased vascular permeability,
allowing inflammatory cells such as neutrophils and macro-
phages to infiltrate the aortic wall. This infiltration triggered
further inflammation and matrix degradation, resulting in
aortic dilation and an elevated risk of dissection. The loss of
tight junction integrity initiated a cascade of pathological
events that accelerated aneurysm progression. To monitor these
pathological changes, MRI was used due to its non-invasive
nature and high-resolution capabilities. To improve the detec-
tion of endothelial dysfunction and vascular permeability, two
gadolinium-based contrast agents, FITC-dextran-DOTA-Gd
(fluorescein isothiocyanate-dextran conjugated with Gd-DOTA)
and rhodamine B-dextran-DOTA-Gd, were synthesized using
Gd-DOTA as the chelating unit. These agents were engineered to
accumulate in aortic regions where endothelial tight junctions
were compromised. The Gd-DOTA chelate enabled strong MRI
signal enhancement, while the dextran component increased
molecular size, promoting retention at sites of increased
vascular permeability. MRI results showed that both FITC-
dextran-DOTA-Gd and rhodamine B-dextran-DOTA-Gd accu-
mulated in the thoracic aortas of BAPN-fed mice, a model for
TAAD. This accumulation directly reflected endothelial barrier
dysfunction, as the larger probes could permeate areas where
tight junctions were disrupted. Enhanced contrast uptake was
especially evident in regions with pronounced aortic dilation
and dissection, corresponding to sites of severe tight junction
impairment. These findings demonstrated that Gd-DOTA-based
MRI contrast agents provided an effective and non-invasive
method for visualizing endothelial dysfunction and tracking
the progression of TAAD in real time.*”

Peptide-functionalized liposomes were explored for their
potential in targeted tumor imaging and therapy, with a specific
focus on human carbonic anhydrase IX (hCAIX), a tumor-
associated antigen commonly overexpressed in
cancers, including renal carcinoma. The approach aimed to
enhance MR imaging and drug delivery using peptides with
high affinity for hCAIX. Liposomes were functionalized with
hCAIX-targeting peptides to enable selective binding to tumor
cells. In vitro experiments using hCAIX-expressing cells
confirmed strong and specific binding of the functionalized
liposomes, demonstrated by increased fluorescence and MRI

several
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signal intensities compared to non-functionalized controls.
Peptide modification significantly enhanced liposome-tumor
interaction, promoting greater accumulation at the tumor site,
which is essential for efficient targeted delivery. In vivo MRI
results indicated that hCAIX-targeted liposomes yielded notably
enhanced imaging contrast, attributed to the incorporation of
the paramagnetic Gd-HPDO3A (gadolinium(ur) 1,4,7-
tris(carboxymethyl)-10-(2-hydroxypropyl)-1,4,7,10-

tetraazacyclododecane) complex within the liposomal structure.

24700 | RSC Adv, 2025, 15, 24696-24725

This contrast agent increased MRI signal intensity at tumor
regions, enabling high-resolution imaging, while, non-targeted
liposomes showed reduced tumor accumulation and weaker
MRI contrast. Beyond imaging applications, the peptide-
functionalized liposomes also served as effective drug carriers.
By targeting hCAIX-expressing tumors, they enabled site-
specific delivery of chemotherapeutic agents, thereby reducing
systemic toxicity and enhancing treatment precision. When
loaded with anticancer drugs, the targeted liposomes achieved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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greater drug accumulation in tumors and improved therapeutic
efficacy. In vivo results demonstrated significantly greater tumor
regression following treatment with targeted liposomes
compared to non-targeted counterparts, confirming the value of
this strategy in advancing cancer therapy.*®

A comprehensive study introduced a novel imaging
approach for detecting fibrosis in chronic kidney disease (CKD)
using a targeted gadolinium-based MRI probe, Gd-OA. This
probe was synthesized by functionalizing a gadolinium contrast
agent with an oxoamide (OA) moiety, which selectively binds to
allysine residues formed during collagen crosslinking, an early
marker of fibrosis. By targeting collagen deposits, Gd-OA aimed
to enhance MRI sensitivity for detecting kidney fibrosis, espe-
cially at early stages. The probe was tested in two fibrotic animal
models: nephrotoxic nephritis (NTN) and Alport syndrome.
Upon administration, Gd-OA significantly increased MRI signal
intensity in fibrotic kidney regions, particularly in the cortex of
NTN mice. This enhancement was attributed to the probe's
specific binding to collagen fibers. A strong correlation (r* =
0.83) was observed between MRI signal changes (AR1) and
hydroxyproline levels, a biochemical marker of fibrosis, con-
firming the probe's reliability. Comparative analysis with a non-
targeted agent (Eu-DOTA) demonstrated that Gd-OA produced
a much stronger signal, indicating its specificity for fibrotic
tissue rather than nonspecific accumulation. Importantly, Gd-
OA enabled the detection of early-stage fibrosis before notice-
able kidney damage or functional decline, as serum creatinine
and BUN levels remained stable—highlighting its potential for
early diagnosis and therapeutic monitoring.** This study pres-
ents a promising advancement in the non-invasive imaging of
fibrosis. The Gd-OA probe offered a high level of specificity and
sensitivity for detecting kidney fibrosis at early stages, which
could greatly enhance the ability to diagnose CKD sooner and
track the effectiveness of anti-fibrotic treatments. This
approach demonstrates strong potential for clinical applica-
tion, particularly in scenarios requiring timely intervention to
prevent irreversible renal damage.

2,2,6,6-Tetramethylpiperidinyloxy (TEMPO) radical den-
drimers of generation 2 (G2) and a modified version with a 1,8-
naphthalimide core (G2Naft) were synthesized to explore their
potential as bimodal imaging agents for MRI and FI. The
primary distinction between the two structures was the inte-
gration of the naphthalimide fluorophore in G2Naft, which
imparted fluorescent capabilities in addition to the magnetic
properties shared by both dendrimers. To ensure aqueous
solubility both dendrimers were functionalized with amino acid
salts. T1-weighted MRI scans performed in water showed that
increasing the concentrations of TEMPO radicals led to brighter
images, indicating enhanced contrast. Relaxivity measurements
(r1) revealed that G2 exhibited slightly higher relaxivity (1.5
mM ' s7") compared to G2Naft (1.3 mM ™" s~ '), suggesting that
the inclusion of the naphthalimide core could moderately
reduce MRI contrast. Nevertheless, both dendrimers demon-
strated 7, values within the effective range of Gd*'-based
contrast agents. Moreover, the relaxivity values of G2 (0.18
mM ' s) and G2Naft (0.16 mM " s~ ) were comparable to that
of free TEMPO, supporting their suitability as MRI contrast

© 2025 The Author(s). Published by the Royal Society of Chemistry
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agents. Molecular dynamics (MD) simulations revealed struc-
tural differences between the dendrimers, G2 adopted a more
compact, spherical conformation, whereas G2Naft initially
formed a more extended structure before transitioning to
a compact shape. G2 displayed stronger radical-radical inter-
actions, with shorter inter-TEMPO distances, contributing to
a slower rotational correlation time relative to G2Naft. These
structural differences were consistent with the observed varia-
tion in MRI relaxivity. Simulations also suggested that the
proximity of TEMPO units to the hydrophobic naphthalimide
core in G2Naft could promote fluorescence quenching via
photoinduced electron transfer (PET), which was supported by
experimental fluorescence data. Despite partial quenching,
G2Naft retained notable fluorescence properties in live mesen-
chymal stem cells (MSCs). The dendrimer efficiently internal-
ized into cells, selectively staining the cytoplasm without
affecting nuclei, indicating its potential for live-cell imaging.
Furthermore, dual imaging functionality was achieved without
compromising cellular viability or structural integrity.*’

2.1.2 SPION-based MRI agent. A dual-modality imaging
probe based on ultrasmall iron oxide NPs (Fe;0,-Cy) was
developed to enable MRI-based monitoring of atherosclerotic
plaque progression. This strategy was used to enhance the
visualization of vascular morphology and plaque dynamics in
a mouse model of atherosclerosis. T1-weighted MR imaging was
performed following intravenous administration of Fe;0,~Cy at
a dose of 0.1 mmol kg '. A notable increase in MRI signal
intensity at plaque sites was observed over time, with significant
enhancement detected as early as 0.5 hours post-injection. The
signal continued to intensify, peaking at 72 h, indicating sus-
tained NP accumulation within the plaques and providing
a dynamic assessment of plaque development. The contrast-to-
noise ratio (CNR) at the plaque regions significantly improved
after nanoprobe injection, demonstrating the ability of probe to
specifically localize to areas of plaque formation and enhance
imaging clarity. Histological analysis confirmed the presence of
iron oxide NPs within the plaque regions, validating the tar-
geted accumulation of the probe. These findings highlighted
the effectiveness of Fe;0,—Cy in delivering high-resolution,
dynamic imaging of atherosclerotic plaques, making it suit-
able for long-term disease monitoring and early detection of
cardiovascular abnormalities. The results also emphasized the
potential of iron oxide NPs as efficient MRI contrast agents with
excellent biocompatibility. Their sustained imaging perfor-
mance and noninvasive functionality supported their clinical
relevance, offering detailed insights into plaque structure and
progression. This work provided a strong foundation for clinical
translation by demonstrating both safety and efficacy, estab-
lishing Fe;0,-Cy as a promising tool for diagnostic imaging in
atherosclerosis and related vascular conditions.** In this study,
the use of ultrasmall Fe;O,~Cy NPs presents an exciting
opportunity for advancing non-invasive imaging of atheroscle-
rotic plaques. These dual-modality probes, with their ability to
enhance T1-weighted MRI signals and specifically targeting
plaque sites, offered significant potential for dynamic moni-
toring of plaque progression and morphology. Their biocom-
patibility and sustained imaging capabilities make them

RSC Adv, 2025, 15, 24696-24725 | 24701
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a strong candidate for early detection and long-term manage-
ment of cardiovascular diseases in clinical practice.

A dual-modality imaging probe was developed for the
detection of atherosclerotic plaques, specifically targeting
CDA40, a cell surface receptor that belongs to the tumor necrosis
factor receptor superfamily. The probe consisted of super-
paramagnetic iron oxide NPs (SPIONs) conjugated with Cy5.5,
a near-infrared fluorescence dye. The primary aim of this work
was to create a multimodal imaging agent capable of both MRI
and optical imaging, offering enhanced sensitivity and speci-
ficity for detecting vulnerable plaques that are prone to rupture
and can lead to acute coronary syndrome. The resulting probe,
CD40-Cy5.5-SPIONs, was constructed by attaching a CD40
monoclonal antibody to the surface of SPIONs, followed by
conjugation with Cy5.5 for FIL. In vitro experiments demon-
strated that CD40-Cy5.5-SPIONs specifically bound to tumor
necrosis factor (TNF)-a-treated RAW 264.7 macrophages and
MOVAS smooth muscle cells, confirming the probe's targeting
ability. Confocal fluorescence microscopy and Prussian blue
staining validated the successful binding of the NPs to these
cells, indicating their potential for targeted imaging in athero-
sclerosis. In vivo studies were conducted in ApoE—/— mice fed
a high-fat diet to induce atherosclerosis. Following intravenous
injection of the probe, both FI and MRI were performed after
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24 h. The FI results showed significantly stronger fluorescence
signals in the atherosclerotic mice injected with CD40-Cy5.5-
SPIONs compared to control groups. Additionally, T2-
weighted MRI revealed marked contrast enhancement in the
carotid arteries, supporting the potential of this probe for non-
invasive detection of vulnerable plaques. This study suggested
that CD40-Cy5.5-SPIONs offer a promising approach for multi-
modal imaging of atherosclerosis, with the ability to specifically
target vulnerable plaques in both pre-clinical models and
potentially in clinical settings (Fig. 3). Therefore, it could
contribute in the growing field of molecular imaging, where the
combination of MRI and optical imaging can provide enhanced
diagnostic capabilities for cardiovascular diseases.*

MRI molecular probes enhance the specificity and sensitivity
of imaging, enabling functional and anatomical insights into
diseases. Advances like bio-responsive probes that detect
changes in pH, enzymatic activity, or ion concentrations
provide valuable data for understanding disease mechanisms.
For example, fibrin-targeted MRI probes, such as EP2104-R,
offer superior contrast for imaging neuroinflammation, out-
performing traditional gadolinium-based agents in tracking
blood-brain barrier disruptions. These developments under-
score the importance of MRI probes in bridging the gap
between molecular diagnostics and real-time monitoring.
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Fig. 3

(A) Scheme of synthesizing of CD40-Cy5.5-PIONs (B) in vivo T2-weighted MRI images of HFD-fed mice were taken both before and 24

hours after the injection of CD40-Cy5.5-SPIONs and BSA-Cy5.5-SPIONSs, respectively. (C) In vitro fluorescence images. Reproduced from ref. 42

with permission from Elsevier B.V, copyright 2023.
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2.2. Positron emission tomography (PET) molecular probes

PET is a non-invasive imaging technique that provides detailed,
real-time insights into the molecular and cellular processes
within the body by detecting the radiation emitted from
positron-emitting radionuclides, which are typically attached to
biologically active molecules, such as peptides, antibodies, or
small molecules. These radionuclides decay and release posi-
trons, which interact with electrons in the surrounding tissue,
leading to the emission of gamma rays. The PET scanner detects
these gamma rays and creates three-dimensional images that
reveal the distribution and concentration of the radioactive
tracer within the body.** This ability to visualize biochemical
and metabolic activities makes PET an invaluable tool in the
early diagnosis, staging, and monitoring of various diseases,
particularly cancer, where it helps to identify tumors, assess
their size, and monitor treatment response.** Moreover, the
capacity of PET to provide both anatomical and functional
information enhances its clinical applicability, offering
a comprehensive approach to disease diagnosis and manage-
ment. As the field continues to evolve, advancements in radio-
tracer development, including peptide-based probes, are
pushing the boundaries of PET's diagnostic capabilities.****

In recent advancements in PET imaging, molecular probes,
particularly those based on peptide ligands, have emerged as
a highly promising class of agents due to their high target
specificity, rapid clearance, and small molecular size, which
allow for precise localization and minimal background inter-
ference. Peptidic PET probes offer several key advantages over
traditional antibody-based agents, particularly in targeting
small receptor sites or enzyme pockets, making them ideal for
a wide range of targets such as cell surface receptors, trans-
porters, and enzymes. These probes are often derived from
natural products, such as peptides from proteins or intrinsic
fragments; however, recent innovations have expanded this
pool to include synthetic peptides, as well.*® High-throughput
peptide screening technologies, including mRNA and phage
display methods, have played a pivotal role in identifying novel
peptide sequences with enhanced binding affinity and speci-
ficity. These technologies allow for the rapid selection of
peptides that bind tightly to their targets, while also minimizing
non-specific interactions, which are crucial for improving the
accuracy of PET imaging.*” Moreover, the incorporation of
macrocyclic structures and non-natural amino acids into
peptide sequences has greatly improved the metabolic stability,
pharmacokinetics, and target affinity of these probes, which is
essential for maintaining their effectiveness in vivo.'® These
modifications ensure that the peptides remain intact long
enough in the bloodstream to reach their intended target, while
also enhancing their ability to cross biological barriers and bind
to tumor sites or other diseased tissues with high specificity. As
a result, peptide-based PET probes have gained substantial
traction in clinical settings, particularly in oncology, where they
are used to image various types of tumors such as neuroendo-
crine tumors, breast cancer, and gliomas.*®

Labeling of peptides with radionuclides such as gallium-68
(®*Ga), fluorine-18 (*°F), and copper-64 (**Cu) is a critical
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aspect of their effectiveness in PET imaging. The chelation of
these radionuclides to the peptide is typically accomplished
using well-established chelators like DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid), NOTA (1,4,7-
triazacyclononane-1,4-diacetic acid), or other bio-orthogonal
conjugation methods like click chemistry. Among the most
widely used, ®®Ga-labeled peptides have demonstrated excellent
clinical success, particularly in the imaging of neuroendocrine
tumors. Examples include [**Ga]Ga-DOTA-TOC (octreotide),
[*®Ga]Ga-DOTA-TATE (octreotate), and [*®Ga]Ga-DOTA-NOC, all
of which target somatostatin receptors and have shown
substantial diagnostic potential in PET imaging of neuroendo-
crine tumors. These agents provide high contrast and resolu-
tion images, enabling early detection and better assessment of
tumor progression.*®

In addition to ®®*Ga-labeled peptides, more recent advance-
ments have focused on improving the resolution and pharma-
cokinetics of peptide-based PET imaging agents through '°F
labeling. ['*F]AIF (aluminum-fluoride) chelation methods was
developed to provide high-affinity, stable radiolabeling with
favorable imaging properties. The development of these new
fluorine-18-based methods aimed to improve the spatial reso-
lution of PET imaging and shorten imaging acquisition times,
making these agents more efficient for clinical applications.
Additionally, fluorine-18-based radiotracers offer advantages in
terms of longer half-life, which enables a greater reach in clin-
ical applications across various patient populations.*

These advancements in peptide-based PET imaging agents
are expanding their utility in various diagnostic fields, particu-
larly in oncology, but also in the imaging of other diseases such
as Alzheimer's and cardiovascular diseases.>® The ability to use
these probes to precisely map tumor locations and monitor
therapeutic response in real-time has made peptide-based PET
imaging a crucial tool in personalized medicine. With ongoing
innovations in peptide design, labeling techniques, and tar-
geted delivery strategies, the future of peptide-based PET
imaging looks increasingly promising, offering more sensitive,
specific, and clinically useful diagnostic agents for a wide range
of diseases.”"*

2.2.1 Monomodal probes. Granzyme B (GZMB) was evalu-
ated as a novel biomarker for inflammatory bowel disease (IBD)
through the development of a radiolabeled imaging probe,
%8Ga-NOTA-GZP, designed for non-invasive detection of GZMB
expression. The probe was synthesized by conjugating a GZMB-
binding peptide (GZP) to the NOTA chelator and labeling the
construct with gallium-68. Radiolabeling achieved an efficiency
of 67% =+ 11%, with radiochemical purity exceeding 95%. The
probe maintained its radiochemical integrity under physiolog-
ical conditions, demonstrating stability essential for in vivo
imaging applications. Transcriptomic analysis across multiple
datasets revealed consistent upregulation of GZMB in ulcerative
colitis (UC) and Crohn's disease (CD), which was corroborated
by immunofluorescence staining. GZMB was predominantly
localized to the lamina propria of active IBD tissue, while its
expression remained low in quiescent and healthy intestinal
samples, confirming its role as a biomarker for active inflam-
mation. The imaging performance of °®Ga-NOTA-GZP was
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assessed through biodistribution studies in mouse models,
which showed rapid renal clearance and minimal non-specific
tissue uptake, allowing for high-contrast PET imaging. The
probe successfully visualized GZMB expression in inflamed
intestinal regions. In vivo analysis using a dextran sulfate
sodium (DSS)-induced colitis model in IL-10~'~ mice showed
significantly elevated probe uptake in inflamed intestines
compared to healthy controls. Blocking experiments with
unlabeled NOTA-GZP significantly reduced tracer uptake, con-
firming the probe's specificity for GZMB. Additionally, treat-
ment with anti-TNF agents led to reduced PET signal, consistent
with decreased inflammation as verified by histological and
cytokine analyses. PET scans done over four weeks showed that
the probe was taken up the most one week after colitis started,
which matched the time when inflammation was at its highest.
The signal slowly decreased as the inflammation reduce, and
tests on colon tissues confirmed this by showing that the
immune system was returning to normal after treatment. The
probe displayed favorable biocompatibility, with minimal off-
target effects and a distribution profile suitable for clinical
translation. Overall, this PET imaging strategy enabled real-
time, non-invasive monitoring of disease activity and thera-
peutic response in IBD, offering a valuable tool for patient
management and evaluation of emerging treatments.>
CLDN18.2, a tight junction protein, was recognized as
a critical biomarker due to its overexpression in several
gastrointestinal cancers, making it highly suitable for targeted
imaging and precision therapy. A PET imaging probe, [*°Zr]zr-
DFO-TST001, was developed to specifically detect and visu-
alize the expression of CLDN18.2 in tumor tissues. The probe
was constructed by radiolabeling the monoclonal antibody
TST001, which possesses high affinity for CLDN18.2, with
zirconium-89, using desferrioxamine (DFO) as the chelating
agent to ensure stable and efficient radiolabeling. The synthesis
began with conjugation of TST001 to DFO, a step validated to
maintain the binding specificity of antibody toward CLDN18.2.
The resulting radiolabeled probe exhibited excellent in vitro
stability, retaining over 85% radiochemical purity under phys-
iological conditions for up to 96 h, confirming its reliability as
a PET imaging agent. In vitro studies demonstrated strong and
selective binding to CLDN18.2, as significantly higher uptake
was observed in CLDN18.2-positive BGC823CLDN18.2 cells
compared to CLDN18.2-negative BGC823 cells. Blocking exper-
iments using an excess of unlabeled TST001 antibody signifi-
cantly reduced uptake in positive cells, further confirming the
targeting specificity of probe. This selective binding was crucial
for differentiating CLDN18.2-positive tumors from adjacent
healthy tissues and achieving high imaging accuracy. A key
strength of [*°Zr]Zr-DFO-TST001 was its compatibility with PET
imaging, enabling high-resolution, non-invasive visualization
of tumor sites. The probe effectively mapped CLDN18.2
expression, supporting its potential use in patient stratification
and real-time monitoring of therapeutic response in gastroin-
testinal cancers. The use of biocompatible TST001 reduced the
risk of immune-related side effects. Furthermore, application of
zirconium-89 allowed for extended imaging timeframes,
enhancing its suitability for in vivo applications. These features
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collectively underscored the clinical promise of [**Zr]Zr-DFO-
TST001 as a molecular imaging agent in targeted cancer diag-
nostics and treatment evaluation.>

Cluster determinant 30 (CD30) is a 120 kDa transmembrane
glycoprotein and the eighth member of the tumor necrosis
factor receptor superfamily (TNFRSF8). Due to its pivotal role in
malignant lymphomas and elevated expression in some lung
cancers, CD30 has been recognized as a promising diagnostic
and therapeutic target. In a study, **Zr-labeled brentuximab
vedotin (BV) was developed to enable in vivo tracking and PET
imaging of CD30 expression in lung cancer zirconium-89.
western blot analysis confirmed CD30 expression in three
lung cancer cell lines (H460, H358, and A549), with H460
exhibiting the highest levels. Flow cytometry and saturation
binding assays demonstrated strong binding affinity of both Df-
BV and *°Zr-Df-BV to CD30-expressing H460 cells. PET imaging
and quantitative analysis revealed that **Zr-Df-BV showed the
highest tumor uptake in H460 xenografts (9.93 & 2.70% ID per g
at 24 h post-injection), followed by H358 and A549 tumors. In
contrast, **Zr-labeled nonspecific IgG exhibited low uptake in
H460 models (5.2 &+ 1.0% ID per g), confirming target speci-
ficity. Ex vivo biodistribution and immunohistochemistry sup-
ported the in vivo PET findings, and dosimetric extrapolation
indicated a favorable safety profile. These results suggested that
897r-Df-BV could serve as a valuable tool for noninvasive
assessment of CD30 expression and biodistribution of bren-
tuximab vedotin in lung cancer.”®

A novel PET imaging probe was developed by radiolabeling
IMMU-132, an FDA-approved antibody-drug conjugate (ADC)
targeting Trop-2, with '>'I. Using a simplified N-chlor-
osuccinimide (NBS)-based one-step labeling method, they ach-
ieved over 99% radiochemical purity within one minute at room
temperature, demonstrating a significant improvement over
traditional labeling technique like 8Zr. This efficient approach
facilitated clinical translation and underscored the potential of
241 for PET imaging applications. The PET imaging results
demonstrated that '**I-labeled IMMU-132 successfully targeted
Trop-2-expressing tumors, providing precise, non-invasive
visualization of Trop-2 expression and distribution in vivo.
The probe allowed for real-time imaging of Trop-2-positive
tumors, enabling early diagnosis and a deeper understanding
of tumor biology. The high specificity and sensitivity of the
radiolabeled IMMU-132 ensured that PET scans provided clear
and detailed images, making it an effective tool for clinical use
in identifying patients who could benefit from Trop-2-targeted
therapies. Moreover, the study demonstrated the versatility of
the "**I-labeling approach for PET imaging. This method can be
directly adapted to therapeutic radionuclides like **'1and ""Lu,
allowing for a seamless transition from PET-based diagnosis to
targeted radionuclide therapy. This theranostic potential posi-
tions "**I-labeled IMMU-132 as a dual-functional probe capable
of integrating imaging with treatment, significantly enhancing
personalized cancer care. Compared to other Trop-2-targeted
probes, such as nanobody-based agents, the IMMU-132-based
PET probe exhibited superior binding affinity and therapeutic
relevance. This dual-purpose design not only ensures effective
PET imaging but also incorporates the cytotoxic drug SN-38,
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enhancing its therapeutic value. These attributes positioned
%1 labeled IMMU-132 as a first-in-class PET imaging agent for
Trop-2-positive tumors, with applications in diagnosis, treat-
ment planning, and efficacy monitoring.**

Multiple myeloma (MM) is a hematologic cancer marked by
the proliferation of abnormal clonal plasma cells in the bone
marrow and is the second most common blood malignancy. B-
cell maturation antigen (BCMA), a member of the tumor
necrosis factor receptor superfamily, is highly and selectively
expressed on malignant plasma cells, playing a crucial role in
MM progression. Due to its consistent and elevated expression,
BCMA has emerged as an important biomarker for disease
monitoring and a key target for immunotherapeutic
approaches. Several BCMA-targeted therapies have been devel-
oped, including chimeric antigen receptor (CAR)-T cell therapy,
bispecific T-cell engagers (BiTEs), and antibody-drug conju-
gates (ADCs) such as belantamab mafodotin. While these
strategies have shown clinical efficacy, their long-term success
depends on the stable and uniform presence of BCMA on tumor
cells. Therefore, noninvasive methods for whole-body imaging
of BCMA expression are valuable for guiding diagnosis, patient
selection, and real-time evaluation of treatment response. In
this context, a novel immunoPET probe, [*°Zr]Zr-DFO-
PFBHOLO, was developed using a humanized anti-BCMA
monoclonal antibody conjugated to deferoxamine (DFO) and
labeled with zirconium-89. The resulting probe showed high in
vitro stability and retained strong binding affinity toward
BCMA-positive MM cells. In vivo PET imaging and bio-
distribution studies in mice models bearing H929 xenografts
demonstrated selective and high tumor uptake (10.04 £+ 1.04%
ID per g), with a tumor-to-blood ratio exceeding 88, surpassing
all control groups. Importantly, this study also reported the first
BCMA-targeted PET/CT imaging in nonhuman primates (rhesus
macaques), showing favorable pharmacokinetics, bio-
distribution, and metabolic stability, indicating strong trans-
lational potential. These findings established [**Zr]Zr-DFO-
PFBHOLO as a promising immunoPET agent for the noninva-
sive, whole-body evaluation of BCMA expression in MM and
related malignancies.*”

2.2.2 Multimodal probes. A novel series of °*Ga-labeled
radiotracers was developed in a study for PET imaging target-
ing poly(ADP-ribose) polymerase-1 (PARP-1), an enzyme over-
expressed in many tumor cells and involved in DNA repair. In
here, Olaparib was structurally modified via replacing its
cyclopropyl ring with DOTA for °®Ga labeling and introducing
alternative linkers to optimize pharmacokinetics. Three
precursors—DOTA-Olaparib, DOTA-GABA-Olaparib, and DOTA-
(Gly)3-Olaparib—were synthesized, characterized, and radio-
labeled. These compounds showed high radiochemical purity
(>97%), excellent stability in plasma, and high binding affinity
to PARP-1 in vitro. Among the radiotracers, ®*Ga-DOTA-Olaparib
demonstrated superior hydrophilicity, rapid clearance, and
favorable biodistribution. PET/CT imaging in ovarian cancer-
bearing mouse models revealed specific and high tumor accu-
mulation of ®®Ga-DOTA-Olaparib, with tumor-to-muscle (T/M)
ratios increasing over time. Biodistribution studies confirmed
its selective tumor uptake and efficient renal excretion,

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

reducing background signals in non-target abdominal tissues.
Blocking experiments validated its specificity for PARP-1, while
histological and immunohistochemical analyses corroborated
these findings (Fig. 4).® We propose that **Ga-DOTA-Olaparib
holds promise as a clinically translatable radiotracer for
imaging PARP expression in ovarian cancer and detecting
abdominal tumor metastases. In our opinion, optimizing tumor
retention time and enhancing uptake, as compared to "°F-
labeled agents, could significantly improve its diagnostic
performance.

A novel hybrid PET/MRI contrast agent, [**F][Gd(FL")], was
fabricated via combining gadolinium (Gd) and fluorine-18 (*°F)
through a direct isotopic exchange. This agent was designed to
retain the favorable properties of clinical gadolinium-based
contrast agents (GBCAs), such as high relaxivity, excellent
kinetic inertness, and rapid renal excretion, while also enabling
reliable quantification through PET imaging. In terms of
imaging, the dual-modality approaches provided significant
insights into renal function. Biodistribution studies revealed
that the fabricated agent was primarily concentrated in the
urine and bladder, with substantial accumulation in the
kidneys. The combination of PET and MRI proved to be highly
effective in detecting abnormal renal filtration patterns. In vivo
studies on healthy mice identified cases of unilateral retention
of the agent, suggesting impaired renal function. MRI alone was
less conclusive, particularly due to negative contrast effects, but
PET imaging was able to quantitatively track the abnormal
excretion of the agent, offering a precise method for detecting
renal dysfunction. Moreover, the study demonstrated the
advantage of combining PET and MRI. PET provided the ability
to quantify renal excretion and distinguish abnormal filtration
dynamics, while MRI offered anatomical details of kidney
structures, providing critical spatial context. This dual-modality
approach was especially valuable for assessing subtle renal
dysfunctions, which might otherwise be missed with traditional
imaging methods. The hybrid imaging system identified renal
abnormalities that were not detectable with MRI alone, show-
casing the synergistic potential of combining the two modali-
ties.* Based on the findings from this study, the fabricated [**F]
[Gd(FL")] hybrid contrast agent is an effective tool for detecting
early-stage kidney disease, a condition that is challenging to
diagnose with conventional imaging techniques. This
approach, by offering both anatomical and functional insights,
opens the way for further exploration into its application for
other renal pathologies, setting the stage for future research
into more precise diagnostic tools for renal diseases.

Gallium-68-labeled fibroblast activation protein inhibitor
PET/CT (°®Ga-FAPI PET/CT) imaging was employed to assess the
impact of combining transforming growth factor-beta receptor
(TGF-BR) inhibition with immune checkpoint blockade (ICB)
therapy in a mouse model of metastatic colorectal cancer (CRC).
The primary goal of this study was to improve immunotherapy
efficacy by targeting the tumor microenvironment (TME),
particularly cancer-associated fibroblasts (CAFs), which
contribute to immune evasion and therapeutic resistance. **Ga-
FAPI PET/CT enabled non-invasive monitoring of CAF levels

and provided dynamic, real-time visualization of TME
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Fig. 4 (A) Design of ®®Ga-DOTA-Olaparib for PARP-1 binding, illustrating the structures of Olaparib and DOTA-Olaparib, their binding inter-
actions with the PARP-1 catalytic domain, and molecular docking results. (B) (I) Confocal images of cells stained with FL-Olaparib (green) and
DAPI (blue). () Confocal images of FL-Olaparib-stained cells with a 100-fold excess of Olaparib and DAPI. (Ill) Confocal images of FL-Olaparib-
stained cells with a 1000-fold excess of DOTA-Olaparib and DAPI. (C) PET imaging of ®8Ga-DOTA-Olaparib in SK-OV-3 models at 0.5, 1, and 2 h
post-administration using MicroPET/CT. Reproduced from ref. 58 under the terms of the Creative Commons CC BY license. Springer Nature,

copyright 2023.

alterations. The imaging revealed a significant reduction in CAF
density in tumors treated with the combination therapy,
demonstrating the ability of TGF-BR inhibition to remodel the
TME and enhance ICB response. The probe also facilitated
tracking of tumor regression and metastatic spread. Treated
mice exhibited significant reduction in tumor volume and liver
metastases compared to controls, findings supported by histo-
logical analysis confirming reduced myofibroblastic and
inflammatory CAF populations. Beyond CAF targeting, ®*Ga-
FAPI PET/CT also allowed assessment of immune cell activity
within tumors. The combination therapy promoted increased
infiltration of CD®*" and CD*" T cells, contributing to a more
robust antitumor immune response. This immune activation
was corroborated by PET/CT imaging, which provided spatial
and quantitative insights into treatment efficacy. Overall, ®*Ga-
FAPI PET/CT served as a valuable imaging platform for evalu-
ating therapeutic response, TME remodeling, and immune
activation in real-time, highlighting its potential in guiding and
optimizing combination cancer therapies (Fig. 5).*°

24706 | RSC Adv, 2025, 15, 24696-24725

In a first-in-human phase 1 clinical trial study, the innovative
PET radiotracer zirconium-89-desferrioxamine  (*°Zr-Df-
1AB22M2C) was developed to visualize CD®*" T-cell infiltration
in solid tumors. This radiotracer provided a non-invasive means
to evaluate immune activity within the tumor microenviron-
ment. The trial involved patients with solid tumors, divided into
dose-escalation and dose-expansion phases. The imaging
protocol utilized PET/CT, which is a highly sensitive modality
capable of detecting minute amounts of radiotracers and
providing detailed spatial and functional data. PET imaging
with ®°Zr-Df-IAB22M2C allowed the visualization of CD®** T-cell
distribution across normal tissues, immune organs, and tumor
sites. The radiotracer showed favorable pharmacokinetics, with
a biexponential clearance pattern, meaning the minibody
cleared rapidly from the bloodstream at lower doses and dis-
played slower clearance at higher doses. Notably, at doses of
1.5 mg or lower, the minibody was undetectable in serum after
48 h, which minimized background signal and optimized image
quality. Biodistribution analysis revealed the highest
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Fig. 5 (A) Schematic image related to the application of ®8Ga-FAPI-04 prob for PET/CT imaging of colorectal cancer. (B) Effect of different
treatments (CTRL: control, SB525334: transforming growth factor- receptor type 1 (TGF-BR) inhibitor, KNO46: bispecific antibody used for
blocking programmed death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and combination of SB525334 and
KNO046) on liver weights (1), CD®* T cells (I1), CD®*IFN-y* T cells (Ill), and CD3*GZMB™ T cells (IV) of mice had MC38 liver metastasis. °8Ga-FAPI
PET/CT (V) and 8F-FDG PET/CT (VI) images of cancerous mice exposed with different treatments (T: tumor, B: bladder). (VIl) Percentage of *®Ga-
FAPI tumor uptake in cancerous mice exposed with different treatments. Reproduced from ref. 60 under the terms of the Creative Commons
Attribution 4.0 International License. American Society for Clinical Investigation (ASCI), copyright 2024.

radiotracer uptake in tissues rich in CD®" T cells, such as the
spleen, bone marrow, and liver. This aligns with the role of
these organs in immune regulation and CD®*" T-cell activity. In
contrast, minimal uptake was observed in CD*'-poor tissues
like muscle and lung, highlighting the specificity of *Zr-Df-
IAB22M2C for CD®" T-cell-rich environments. Tumor uptake
of the radiotracer was evident in 67% of the lesions, with higher
uptake observed in patients undergoing immunotherapy (88%).
PET imaging successfully differentiated immune-active tumors
from inactive ones, providing critical insights into the immune
status of the tumor microenvironment. The results also
emphasized the utility of **Zr-Df-IAB22M2C PET/CT in assess-
ing immunotherapy responses. For instance, in one case,
a melanoma patient with high CD®*" uptake on PET/CT showed
a complete response to pembrolizumab, sustaining remission
for over two years. Another patient with metastatic melanoma
demonstrated tumor uptake consistent with stable disease,
while a third case of hepatocellular carcinoma revealed
increased CD®" infiltration post-nivolumab treatment, corre-
sponding to tumor progression on follow-up imaging. These

© 2025 The Author(s). Published by the Royal Society of Chemistry

case studies underscored the potential of 3°Zr-Df-IAB22M2C
PET/CT as a powerful biomarker for immune activity and
treatment monitoring.®*

Immunotherapy has emerged as an effective cancer treatment,
particularly through the use of immune checkpoint inhibitors
(ICIs) targeting programmed cell death protein 1 (PD-1), pro-
grammed cell death ligand 1 (PD-L1), and cytotoxic T lymphocyte
antigen 4 (CTLA-4). In clinical settings, PD-L1 expression is
commonly assessed by immunohistochemistry (IHC) to guide
treatment decisions. However, IHC results often vary due to
differences in detection platforms, scoring criteria, and tumor
heterogeneity. Since IHC provides only localized information
from limited tissue samples, it fails to represent the full extent of
PD-L1 expression. This heterogeneity contributes to inconsistent
responses to ICIs, underscoring the need for sensitive and
noninvasive imaging approaches. To address this, a dual-
modality positron emission tomography/near-infrared fluores-
cence (PET/NIRF) imaging probe targeting PD-L1 was developed
using an aptamer-based platform. The probe precursor, NOTA-
Cy5-R1, was synthesized via automated solid-phase
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oligonucleotide synthesis and subsequently radiolabeled with
gallium-68 to yield [**Ga]Ga-NOTA-Cy5-R1. In vitro assessments
using flow cytometry, fluorescence imaging, and cellular uptake
studies demonstrated that the probe bound specifically to PD-L1-
expressing A375-hPD-L1 cells, exhibiting good stability and fluo-
rescence properties. In vivo imaging confirmed that [**Ga]Ga-
NOTA-Cy5-R1 probe selectively accumulated in PD-L1-positive
tumors while rapidly clearing from non-target tissues, resulting
in high signal-to-noise ratios. In A375-hPD-L1 xenografts, strong
fluorescence signals were detected over time, with a tumor-to-
muscle (T/M) ratio over 2.5 at 2 hours post-injection. A375
tumors showed negligible signal, reinforcing the probe's PD-L1
specificity. Strong fluorescence in the kidneys indicated renal
clearance of the probe. In NCI-H1299 xenografts, PET imaging
with [*®Ga]Ga-NOTA-Cy5-R1 showed low uptake without treat-
ment. Following cisplatin therapy, tumor uptake significantly
increased after the second and third treatment rounds, indicating
upregulated PD-L1 expression. Ex vivo autoradiography and
western blot confirmed these findings, showing about a twofold
increase in tracer accumulation and PD-L1 levels. These results
demonstrated that the probe could sensitively monitor therapy-
induced changes in PD-L1 expression. These imaging results
were consistent with ex vivo autoradiography and western blot
analyses. Overall, [**Ga]Ga-NOTA-Cy5-R1 demonstrated strong
potential as a dual-modality imaging agent for visualizing PD-L1
expression and tracking its dynamic changes, offering a prom-
ising tool for guiding and optimizing immune checkpoint
inhibitor therapy in clinical practice.®

PET molecular probes provide unparalleled precision in
visualizing molecular and cellular activities. Peptide-based
probes like [**Ga]Ga-DOTA-TATE for neuroendocrine tumors
exemplify how PET imaging enables early diagnosis and thera-
peutic monitoring. Recent innovations, such as [**Ga]-labeled
FAPI tracers, have expanded PET applications to monitoring
tumor microenvironments and fibroblast-associated diseases.
By integrating advanced radiotracer designs, PET probes offer
highly specific, non-invasive imaging solutions critical for
personalized medicine and targeted therapies.

2.3. Computed tomography (CT) molecular probes

CT is widely used for non-invasive imaging due to its high
resolution, speed, and broad clinical applications. Normally,
iodinated contrast agents are used as contrast agents for CT
imaging; however, they often require large concentrations and
have rapid clearance from the body, limiting their use for
molecular imaging. To overcome these limitations, researchers
have turned to NPs as enhanced CT contrast agents. These NPs,
such as those incorporating iodine, Au, and bismuth, exhibit
high electron density, long circulation times, and preferential
accumulation in tumors due to the enhanced permeability and
retention (EPR) effect.®

2.3.1 Iodine labeled probes. One promising approach for
enhancing CT molecular imaging is the development of iodin-
ated nanoscale activity-based probes (IN-ABPs), which target
specific biological markers to improve contrast sensitivity. IN-
ABPs are designed to covalently bind to target proteases, such
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as cysteine cathepsins, that are overexpressed in cancers. These
probes consist of a targeting peptide, an electrophilic
“warhead” that facilitates covalent binding, and an iodine-
based contrast agent. In a study exploring this concept, IN-
ABPs with varying iodine contents (up to 48 iodine atoms)
were developed to target cathepsins B, L, and S. These probes
demonstrated increased tumor accumulation and enhanced CT
contrast, with the 48-iodine-tagged version producing over 2.1
times higher signals compared to its nontargeted counterparts.
The successful development of such probes highlights their
potential for molecular imaging of cancers, providing both
improved detection and targeted therapeutic opportunities.®
This strategy of using high-density iodinated NPs linked to
molecular targets represents a significant advancement in CT
imaging, offering a way to overcome the sensitivity limitations
of traditional CT contrast agents while enabling precise,
molecular-level imaging of cancer.

A novel strategy was employed to improve the pharmacoki-
netics and imaging capabilities of FAPI-based tracers by incor-
porating a maleimide group into the FAPI-04 molecule,
resulting in the formulation of DOTA-FAPI-maleimide. This
structural modification enhanced the affinity of the probe for
endogenous albumin, significantly prolonging its circulation
time in the bloodstream. As a result, the tracer exhibited
delayed clearance and increased tumor accumulation, leading
to more efficient tumor targeting and improved retention
within tumor tissues. The maleimide-functionalized probe
demonstrated superior tumor-specific uptake, particularly in
HT-1080-FAP xenografts, where accumulation was markedly
higher than that of the conventional FAPI-04 tracer. When
combined with CT imaging, the modified probe enabled high-
contrast visualization of tumors, producing significantly
improved tumor-to-background ratios. Contrast-enhanced CT
scans revealed that the probe provided clearer and more
detailed tumor imaging, with enhanced delineation of tumor
margins due to its prolonged intratumoral retention. This
advantage was especially evident in an ovarian cancer PDX
model, where CT imaging showed increased tracer uptake and
reduced background signal, resulting in sharper contrast and
improved image clarity. The extended retention time further
enhanced the effectiveness of late-phase imaging, offering
deeper insight into internal tumor architecture. These
enhancements proved critical for visualizing smaller or deep-
seated tumors that may not be easily detected using conven-
tional imaging techniques. CT imaging with the DOTA-FAPI-
maleimide probe offered greater specificity and sensitivity
compared to standard FAPI-based agents, facilitating more
accurate tumor localization. The maleimide group contributed
to prolonged tumor site retention, which benefited both early-
and late-phase imaging, enabling high-resolution visualization
of tumor boundaries. This capability is vital for precise diag-
nosis and may support targeted therapeutic interventions.
Additionally, the in vivo stability and sustained performance of
the modified probe suggested strong potential for clinical
translation, particularly in applications requiring prolonged
imaging for treatment monitoring and planning.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A type of radiolabeled human serum albumin (HSA) was
produced as a platform to enhance the detection of athero-
sclerosis (AS) plaques, particularly by targeting the folate
receptor beta (FR-B). Multiple tracers were synthesized using
both covalent and non-covalent radioiodination techniques,
and folate molecules were successfully conjugated to HSA.
Among the formulations, [**'IJHF exhibited notable stability in
mouse serum, which was essential for preserving tracer integ-
rity during imaging. In vitro assays demonstrated strong
binding affinity of the radiotracers to folate-conjugated HSA
(HSA-FA), with ["*'I]IBA showing particularly high affinity. This
interaction was further validated in macrophage cell models,
which exhibited substantial uptake of the radiolabeled tracers.
Initial biodistribution data indicated tracer accumulation in the
blood and liver, followed by clearance from non-target tissues
over time, which significantly reduced background signals and
enhanced imaging clarity of AS plaques. Histological evaluation
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of aortic tissue from atherosclerotic mice confirmed elevated
FR-B expression in plaque-associated activated macrophages,
supporting its relevance as a biomarker for AS. Micro SPECT-CT
imaging successfully visualized atherosclerotic lesions with
high contrast and minimal signal interference from
surrounding tissues. The approach provided a clear and sensi-
tive imaging modality, making it a promising non-invasive
strategy for detecting and assessing atherosclerotic plaque
development (Fig. 6).°

2.3.2 Other types of labeled probes. Besides iodine, other
types of labeling compounds were also used for producing
probes used for enhancing CT imaging. For instance, in a study,
the diagnostic utility of ®®*Ga-FAPI PET/CT was assessed in
patients with head and neck cancer of unknown primary
(HNCUP) and compared to conventional **F-FDG PET/CT. The
study focused on evaluating the effectiveness of **Ga-FAPI PET/
CT in identifying primary tumors that remained undetectable

["*'1)IBAHF

AS group (3 M) = —
[PIHF = [*'NIByHF

AS group (6 M)

Fig.6 (A) Preparation of [“H]IBAbHF, [BU]IBNHF, and [F*H]HF. (B) SPECT images (Ax and Sag) of [FHIIBAbHF (1), [PYIIBNHF (1), and [XHIHF (111) in
ApoE—/— AS groups (6 M) at 0.5, 4, and 10 h p.i. The lesions and nontarget regions were indicated by the yellow arrows and circles, respectively.
(C) (Iand 11) Colocalization of FR-B (green) vs. CD68 (red) and a.-SMA (green) vs. CD31 (red) within aortic sections of the WT and AS (3 and 6 M)
mice. Reproduced from ref. 66 with permission from American Chemical Society, copyright 2023.
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through standard diagnostic methods. Key performance
metrics such as sensitivity, specificity, and diagnostic accuracy
were analyzed to determine the comparative advantage of this
imaging modality. Results demonstrated that **Ga-FAPI PET/CT
showed better performance than '*F-FDG PET/CT, particularly
in detecting primary tumors located in the oropharyngeal
region. The tracer showed higher sensitivity and a greater
positive predictive value, enabling more precise identification
of small oropharyngeal tumors that were often missed using
E-FDG PET/CT. Additionally, ®*Ga-FAPI PET/CT proved more
effective in detecting metastatic lymph nodes, which is critical
for accurate staging and treatment planning in HNCUP cases.
The CT component further enhanced diagnostic accuracy by
providing high-resolution anatomical detail, which allowed for
precise localization of tumor sites and identification of struc-
tural abnormalities such as enlarged lymph nodes or tissue
changes related to tumor growth. The integration of metabolic
imaging via PET with anatomical data from CT offered
a comprehensive view of tumor burden, spread, and proximity
to adjacent tissues. Notably, ®*Ga-FAPI PET/CT revealed previ-
ously undetected primary tumors in several patients, leading to
revised clinical staging and changes in treatment plans. This
improved localization reduced the need for invasive procedures
like diagnostic tonsillectomy, often employed when the tumor
origin is unknown. By enhancing tumor detection and staging
accuracy, ®®Ga-FAPI PET/CT contributed to more informed
clinical decisions and showed potential for improving treat-
ment outcomes and patient prognosis in HNCUP.®”

A fibrin-targeting nuclear imaging probe, A16, based on a2-
antiplasmin («2-AP), was developed for the detection of
thrombi, a critical issue in thrombotic disease diagnosis and
treatment. The probe was conjugated with diethylenetriamine
pentaacetic acid (DTPA) for labeling with indium-111 (**'In)
and rhodamine B that enabled a comprehensive and highly
sensitive method for thrombus detection. Results demonstrated
that A16 exhibited significantly higher incorporation into
human thrombi compared to previously developed fibrin-
targeting probes, suggesting a more robust affinity for fibrin,
a central component in thrombus formation. In vitro analysis
showed that A16 exhibited strong binding to fibrinogen and
fibrin, which was confirmed by using various thrombus models,
including human thrombi and fibrin-embedded gels. The probe
displayed an excellent ability to localize and accumulate in
thrombotic regions, demonstrating superior performance to
conventional thrombus imaging agents. Moreover, in vivo
imaging using single-photon emission computed tomography/
computed tomography (SPECT/CT) in mouse models allowed
for precise and detailed visualization of thrombus formation.
The high sensitivity of this probe enabled the detection of
thrombi in both arterial and venous systems, even in smaller
thrombus models, making it a promising candidate for early
detection of thrombotic events. The SPECT/CT imaging
revealed a clear contrast between thrombotic tissue and
surrounding areas, indicating high specificity in targeting
fibrin. Further evaluation of the probe's potential in clinical
scenarios showed that A16 could be effectively used to assess
the effectiveness of thrombolytic therapies. In treatment studies
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with a thrombolytic agent, a significant reduction in thrombus
size was observed, which corresponded to a decrease in probe
accumulation in the affected tissue. This demonstrated the
ability of A16 to not only detected thrombus formation but also
tracked the dynamic changes during treatment, making it
a useful tool for monitoring the success of therapeutic inter-
ventions. Additionally, the probe showed minimal accumula-
tion in non-target tissues, confirming its high specificity and
low off-target effects.®®

A comprehensive study was done to investigate the potential
of molecular imaging for detecting thromboembolic diseases,
specifically targeting factor XIIa (FXIIa), a critical enzyme in the
coagulation pathway involved in thrombus formation. In here,
a novel imaging probe was developed via conjugating a human
monoclonal antibody, 3F7, which specifically binds to FXIIa,
with a near-infrared (NIR) dye for use in molecular imaging.
This probe was designed to selectively target thrombi, enabling
the detection of thromboembolic diseases through fluorescence
and CT imaging techniques. In vitro studies demonstrated that
3F7-NIR exhibited high binding affinity to thrombi, with
significantly higher fluorescence intensity observed when
compared to a control antibody. These results indicated that the
probe selectively targeted thrombotic tissues, allowing for
potential detection of thrombus presence with high specificity.
Furthermore, the study expanded its focus to in vivo imaging,
using a FeClz-induced carotid thrombosis model in mice. The
results from this model were particularly compelling, as the
3F7-NIR probe successfully identified thrombus formations
through both fluorescence and CT imaging. The fluorescence
signals were localized to the thrombus, confirming the speci-
ficity and efficacy of the probe in detecting acute thrombi. The
CT scans provided detailed imaging, revealing the precise
location of thrombi in the carotid artery, with enhanced
contrast between the thrombus and surrounding tissue,
demonstrating the potential of combining molecular imaging
with CT for accurate thrombus detection. The 3F7-NIR probe
could bind to thrombi that suggest its potential for monitoring
thrombus formation over time. This capability is crucial for the
diagnosis and management of thromboembolic diseases, as it
can help in assessing the age of thrombi and providing more
accurate clinical information. In addition to the carotid
thrombosis model, they tested the probe in a pulmonary
embolism (PE) model in mice. The 3F7-NIR probe demon-
strated effective targeting and imaging of thrombi in the lungs,
where it showed strong fluorescence signals, confirming the
versatility of this probe in detecting thromboembolic diseases
beyond arterial thrombi. Moreover, CT imaging provided
excellent contrast, enabling clear visualization of thrombus
locations in the pulmonary vasculature. Overall, these results
demonstrated the probe's ability to non-invasively detect
thromboembolic diseases in both arterial and venous systems
with high specificity and imaging clarity.*

A comprehensive study utilized [''CJOMAR, a PET imaging
probe targeting cannabinoid receptor type 1 (CB1R), to evaluate
CB1R expression in bone and brain tissues of cynomolgus
monkeys. The study included nine monkeys, four post-
menopausal osteoporotic and five young healthy females,
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whose bone density was assessed by Quantitative Computed
Tomography (QCT) alongside serological tests. PET/CT imaging
focused on CB1R expression in the lumbar spine and brain.
QCT results showed a significant reduction in lumbar spine
bone mineral density (BMD) in osteoporotic monkeys compared
to healthy controls. PET/CT revealed markedly increased CB1R
expression in the lumbar spine of osteoporotic animals, with
elevated Standard Uptake Values (SUVs) indicating heightened
receptor activity. Brain scans showed higher CB1R uptake in
regions such as the thalamus and prefrontal cortex in osteo-
porotic monkeys, and this increase negatively correlated with
lumbar BMD, suggesting a link between brain CB1R expression
and bone density. Additionally, CT imaging demonstrated
elevated CB1R uptake in the cervical spine of osteoporotic
monkeys, reinforcing CB1R's potential involvement in osteo-
porotic bone disease.”

A targeted imaging probe was developed for liver cancer via
employing PET/CT to enhance diagnostic precision. The focus
of their study was glypican-3 (GPC3), a cell surface proteoglycan
overexpressed in hepatocellular carcinoma (HCC). Two variants
of a radiolabeled single-domain antibody specific to GPC3, *Zr-
sSHN3 (site-specific conjugation) and **Zr-nHN3 (non-specific
lysine-directed conjugation), was produced via utilizing a des-
ferrioxamine (DFO) chelator for zirconium-89 labeling. The
imaging results obtained from PET/CT revealed significant
differences between two probes in terms of tumor specificity,
biodistribution, and imaging clarity. *°Zr-ssHN3 exhibited
a marked improvement in tumor uptake, with nearly three-fold
higher tumor-to-liver signal ratios compared to **Zr-nHN3. This
was particularly important in the context of CT imaging, where
anatomical contrast between tumor tissue and surrounding
liver tissue is often challenging to discern. The high tumor-to-
liver contrast provided by **Zr-ssHN3 allowed for more precise
localization of GPC3-expressing tumors on PET/CT images,
addressing a critical limitation in conventional imaging for liver
cancer. Additionally, *Zr-ssHN3 showed superior pharmacoki-
netics with reduced off-target accumulation in non-tumor liver
tissue and blood. This feature was crucial in the CT component
of the PET/CT scans, as it minimized the background noise and
enhanced the structural resolution of the liver and tumor
margins. When compared to the widely used '*F-FDG tracer,
897r-ssHN3 offered enhanced tumor detection and significantly
lower uptake in non-cancerous liver regions, making it a more
effective imaging tool for HCC.™

CT molecular probes address the limitations of traditional
iodinated agents by utilizing NP-based designs for improved
contrast and longer retention at target sites. For example,
iodinated nanoscale probes targeting cysteine cathepsins offer
superior contrast sensitivity in tumor imaging. Maleimide-
modified FAPI tracers further enhance tumor visualization by
increasing retention in diseased tissues. These innovations
exemplify how CT molecular probes improve diagnostic preci-
sion, making them indispensable for real-time monitoring and
disease progression assessment.
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2.4. Photoacoustic molecular imaging probes

PAI is a cutting-edge hybrid imaging modality that combines
the high spatial resolution of ultrasound with the molecular
sensitivity of optical imaging. This technique has emerged as
a promising tool for in vivo molecular imaging due to its ability
to provide both high-resolution images and deep tissue pene-
tration. PAI relies on the photoacoustic effect, where tissue
absorbs laser light (usually in the NIR spectrum) and then emits
ultrasound waves that can be captured to generate detailed
images of the tissue.”” Molecular probes used in PAI are
designed to absorb 