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Pancreatic ductal adenocarcinoma (PDAC) is a highly malignant tumor characterized by poor overall patient
survival and prognosis, largely due to challenges in early diagnosis, limited surgical options, and a high
propensity for therapy resistance. The integration of various imaging modalities through molecular
imaging techniques, particularly multimodal molecular imaging, offers the potential to provide more
precise and comprehensive information about the lesion. With advances in nanomedicine, new imaging
and drug delivery approaches that allow the development of multifunctional theranostic agents offer
opportunities for improving pancreatic cancer treatment using precision oncology. Herein, we review
the diagnostic and therapeutic applications of molecular imaging for PDAC and discuss the adoption of
multimodal imaging approaches that combine the strengths of different imaging techniques to enhance

diagnostic accuracy and therapeutic efficacy. We emphasize the significant role of nanomedicine
Received 30th December 2024

Accepted 3rd April 2025 technology in advancing multimodal molecular imaging and theranostics, and their potential impact on

PDAC management. This comprehensive review aims to serve as a valuable reference for researchers
DOI: 10.1039/d4na01080a and clinicians, offering insights into the current state of molecular imaging in PDAC and outlining future

rsc.li/nanoscale-advances directions for improving early diagnosis, combination therapies, and prognostic evaluations.
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Pancreatic ductal adenocarcinoma (PDAC) is one of the diseases
with the poorest prognoses, which causes nearly 5% of global
cancer deaths and has an overall 5-year survival rate of less than
5%." Conventional serological and imaging approaches are not
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to its insidious characteristics, and the lack of specific symp-
toms and effective biomarkers in the early stage. Over 85% of
patients with PDAC are at a distant metastasis or locally
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advanced stage at the time of diagnosis, missing the chance for
surgery.” Chemotherapy is the first-line treatment option for
inoperable patients recommended by pancreatic cancer treat-
ment guidelines, with the FOLFIRINOX multiplex regimen and
the doublet regimen of gemcitabine(GEM) and albumin-bound
paclitaxel as the primordial choice.® Additionally, the survival
prognosis of individuals with pancreatic cancer has not been
dramatically and considerably improved by particular anti-
bodies, Immune Checkpoint Therapy (ICT), or Adoptive Cell
Transfer Therapy (ACT). The overall survival rate of patients
with PDAC increased from just 2% in 2012 to 11% in 2022,
despite pharmaceuticals licensed by the U.S. Food and Drug
Administration (FDA).* The diagnosis and treatment of
pancreatic cancer remain mired in the embarrassing “difficult
to diagnose early, few interventions, resistant to drugs, and poor
prognosis” state. Accurate treatment response assessment and
early diagnosis are critical for prompt clinical decision-making.

Clinical imaging of PDAC relies on standardized procedures.
Diagnostic efficacy depends on the doctor's expertise, instru-
ment availability and clinical symptoms. Computed tomog-
raphy (CT), magnetic resonance imaging (MRI), positron
emission tomography (PET), single photon emission computed
tomography (SPECT), ultrasound (US) and rndoscopic retro-
grade cholangiopancreatography (ERCP) are clinical diagnostic
imaging modalities that are frequently employed for pancreatic
tumors. Every imaging modality has specific benefits and
drawbacks (Table 1). For example, MRI can capture physiolog-
ical and anatomical details without ionizing radiation, but it
also has long imaging times, contraindications, and nephro-
toxicity.>® Similarly, PET/SPECT can image biochemical
processes but has low resolution and carries a radiation expo-
sure risk. Although existing imaging techniques can provide
morphological information about pancreatic tissue, unimodal
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imaging has low sensitivity and specificity for the diagnosis of
pancreatic cancer. There are numerous obstacles still facing
early clinical monitoring of PDAC. Pancreatic cancer is not
sensitive to conventional chemoradiotherapy. Therefore, it is
urgent to find early diagnostic means and effective treatment
for pancreatic cancer.

Traditional structural imaging methods are evolving into
functional and molecular imaging as medical imaging tech-
nology develops. These approaches can reveal to us the bio-
logical characteristics of tumors and cell changes that occur
during treatment. Molecular imaging, which emerged at the
end of the 20th century, is a multidisciplinary technique that
has proliferated because of the development of animal models
of human diseases and ongoing advancements in imaging
equipment technology. It can non-invasively monitor
biochemical processes and target localization that are not
detectable by anatomical imaging methods,” increasing the
sensitivity and accuracy of tumorigenesis detection and
providing the opportunity for early tumor identification.
Molecular imaging methods can be separated into two main
groups:, imaging hardware with excellent spatial and temporal
resolution and highly selective and sensitive contrast agents
like certain targeted probes.®® Nanoparticles are widely used in
tumor diagnosis and treatment because of their unique physical
and chemical properties such as the size effect, good biocom-
patibility and easy surface modification. The characteristic
coupling of a variety of specific contrast agents, therapeutic
drugs, targeted molecules, etc. with nanoparticles can not only
prolong the half-life of contrast agents, improve the single
imaging mode, and improve biocompatibility, but also reduce
the toxic side effects of therapeutic drugs, and realize the inte-
gration of diagnosis and treatment of pancreatic cancer. This
article concentrates on novel developments and clinical

Table 1 Clinical selected modalities in PDAC and relative advantages and disadvantages

Modality Advantage

Disadvantage

Uses in PDAC

Us (M®Non-radiation and non-invasive
@Flexible and low cost
@Multi-view real-time imaging
@®Guided intervention

CT (®High spatial resolution
@Low radiation
®Enhanced scanning

@Low resolution
@Dependent on operator skills
®Influenced by gases and patients

®Qualitative skills
(@Tissue non-specific

Screening

Pancreas imaging preferred

MRI (®Non-radiation and non-invasive (DHigh cost and time
(@Excellent soft tissue imaging @Artifact interference
®Multi-parameter, multi-view (®Many contraindications
imaging
@Visualisation of the pancreas and @Nephrotoxicity
bile ducts

PET/SPECT (®Early monitoring of efficacy (DRadioactive radiation
@Providing metabolic information ®@Low resolution

®High cost
EUS Identifies thw tumour stage ®Invasive

(@Dependent on operator skills
ERCP (DEffective in those with Unable to display tumours directly

obstructions or abnormal changes
in the lower biliary tract and
pancreatic ducts

@Acquisition of tissue specimens
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Complementary imaging for CT

Excellent imaging of lymph nodes
and distant metastatic lesions

Acquisition of tissue specimens

Patients with inoperable obstructive
jaundice

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



Review

applications of specific probes, particularly nanoparticle
probes, in the early diagnosis and combination treatment of
PDAC.

2. Classical molecular imaging probes
2.1 Magnetic resonance imaging

Because of its superior soft tissue contrast and radiation-free
characteristics, MRI has emerged as a crucial tool for the early
detection and treatment monitoring of PDAC. The principle is
to create a specific magnetic field around the human body, and
then detect the transverse and longitudinal relaxation signals
produced by the hydrogen nuclei in the body when electric
radiofrequency pulses activate them. The process by which the

Nanoscale Advances

transverse relaxation, or T, relaxation. The process by which the
longitudinal magnetization is gradually restored is called
longitudinal relaxation or T, relaxation.' While nanoscale
superparamagnetic iron oxide nanoparticles (SPIO) can be
employed to shorten T, relaxation time (negative contrast
agents), gadolinium-chelated contrast agents, such as Gd-
DTPA, are frequently used in medical imaging, primarily to
enhance T, signal intensity. Advances in molecular imaging
techniques drive MRI to enable imaging of the tumor micro-
structure and biomarkers. Significant advances have been made
in MRI for the targeted imaging of PDAC, depending on the
identification of specific biomarkers (Table 2). Liu et al™
designed an anti-mesothelin antibody-modified nanoprobe
(Fe;0,@8Si0,) that enables specific targeting of pancreatic

transverse

magnetization gradually decreases is

called

Table 2 Molecular probe targets for PDAC imaging diagnostics

cancer cells. This nanoprobe showed a high degree of stability

Target Imaging modalities Type (Family) Probe Reference
MSLN MRI Membrane-anchored forms (mesothelin) Fe;0,@8Si0, 11
MUC1 MRI Glycoprotein (epithelial barrier MUC1-SPIONs 12, 50 and 54
MRI/OI and cell signaling protein) MN-EPPT
MRI/OI/MPS/PAI RA-96 liposomes
MUC4 MRI/OI Glycoprotein (epithelial barrier MnMEIO-silane-NH2- 49 and 60
and cell signaling protein) (MUC4)-mPEG
ENO-1 MRI Glycolytic enzyme (enolase) ENO1-Dex-g-PCL/SPIO 13
Type I collagen MRI Group I collagen (collagen superfamily) CM-101 20
EDB-FN MRI Fibronectins (extracellular matrix MT218 21-23 and 51
MRI/OI regulatory proteins) ZD2-Gd-DOTA-Cy7
IGF-1R SPECT/CT Receptor tyrosine kinases 897r-Df-1A2G11 27
(insulin like growth factor)
Integrin avp6 PAI/O1 Transmembrane receptor A740-R01 39
SPECT/CT (integrin family of cell adhesion receptors) *’mTec-isoDGR 30
TROP2 SPECT/CT Glycoprotein (TACSTD family) 8Ga-NOTA-RTDO1 31
VEGF MRI Tyrosine kinase receptor (VEGFR family) Bi50 61
EGFR MRI Tyrosine kinase receptor (ErbB family)
SPECT/CT 89Zr-MEHD7945A 28
CEA MRI Glycoprotein (immunoglobulin superfamily) IONPs-PEG-MCC 38 and 60
triple scAbs
NbCEA5-ZW800-1
CD44v6 MRI Cell-surface receptor (CD44 antigen) IONPs-PEG-MCC 60
triple scAbs
GPC-1 MRI/OI Proteoglycan (Glypican) Gd-Au-NC-GPC-1 42 and 62
NIRF/MRI GPC1-GEM-NPs
uPAR MRI/OI GPI-anchored receptor ATF-10 43 and 44
(plasminogen activation system) DGL-U11
Survivin gene MRI/OI Component of a chromosome passage protein Sur-MNPs 47
complex (Baculoviral IAP repeat-containing)
Plectin-1 MRI/OI Structural component of muscle (Plakin) Plectin-SPION-Cy7 45, 46 and 53
Gd-Cy7-PTP/RGD
MRI/MPI/OI PTP-Fe;0,-TRDye800CW
CD326 MRI/OI Glycoprotein (transmembrane UCNP@Gd@PEG-CD326 48
glycoprotein EPCAM/Trop-2)
LDLR PAI/O1 Receptor (low-density lipoprotein receptor) Peptide-22-Cy7 56
ICAM-1 PET/OI/CLI Ligands for the leukocyte adhesion protein LFA-1 [*°Zr] Zr-DFO-ICAM- 57
(integrin alpha-L/beta-2) (Intercellular adhesion 1-IR800
molecule/vascular cell adhesion molecule)
CA19.9 PET/OI Carbohydrate antigen **dual-5B1 58
Galectin-1 MRI/SPECT-CT/ Lectin (Galectin-like) %’Ga-DOTA-t-PApep. 59
Handheld gamma 1pAc-2000-MNP
camera
HER2 MRI/OI Tyrosine kinase receptor (ErbB family) HER-PGFIO 63

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and biocompatibility in in vitro experiments. Utilizing Siemens
3.0 T MRI equipment, after injection of the probe, the tumor
signal was reduced in the experimental group, while that in the
control group remained almost unchanged. The mucin (MUC)
family, a group of highly glycosylated macromolecules, are
considered promising therapeutic targets. Zou et al.*> developed
MUC1-SPIONs that specifically target mucin 1. MUC1-SPIONs
also demonstrated the capacity to target pancreatic cancer
cells in MRI imaging specifically. Wang et al.™® synthesized
enolase 1-targeted SPIO(ENO-1) nanoparticles and confirmed
their efficacy in the specific detection of PDAC. These results
suggest that specific targeting probes can enhance the sensi-
tivity of PDAC detection.

The effectiveness and prognosis of cancer treatment can be
predicted by tracking the urokinase-type fibrinogen activator
system (uPA) activity. GR-4Am-SA,"* a novel non-metallic
chemical exchange saturation transfer (CEST) MRI contrast
agent, can potentially measure uPA activity in vivo. With
a reduced CEST signal at 5.0 ppm and a salicylic acid moiety
that generates a CEST signal at 9.5 ppm, the contrast agent
contains peptides that can be cleaved by uPA. The two CEST
signals can be used to characterize the amount of cleavage
catalyzed by the enzyme in a single reaction coordinate.

PDAC has evolved into a unique tumor microenvironment
(TME) that includes cancer-associated fibroblasts (CAFs),
pancreatic stellate cells (PSCs), regulatory T-cells, tumor-
associated macrophages (TAMs), and a large amount of extra-
cellular matrix (ECM) rich in hyaluronic acid, fibronectin, che-
mokines, cytokines, and extracellular proteases.”® On the one
hand, PDAC is genetically diverse, with a low mutational load
and few neoantigens, resulting in low PDAC antigenicity. On the
other hand, extracellular matrix aggregation, such as hyaluronic
acid and collagen, increases solid stress and tissue interstitial
hydraulics and compresses the tumor vascular system, leading
to a low perfusion posture. Meanwhile, CAFs in PDAC's
mesenchymal component modify the extracellular matrix and
immunological microenvironment by secreting stroma and
cytokines that promote tumor growth, invasion, and metas-
tasis.’® Based on this, some studies’™ have focused on tar-
geting the pancreatic tumor stroma to disturb its dense
structure or on modifying the immune microenvironment to
improve treatment effects. An MRI probe (CM-101),> which
targets collagen-rich collagen in pancreatic cancer stroma, was
able to selectively bind collagen and monitor fibrotic changes
following treatment. Compared to the usual contrast agent Gd-
DOTA, CM-101 showed a significantly improved signal in
fibrotic tumor regions and an increased signal in tumors
following chemotherapy. Extradomain-B fibronectin (EDB-FN),
another tumor-associated protein in the stroma, predicts
pancreatic cancer metastasis. MRI imaging with an EDB-FN-
specific gadolinium-based contrast agent (MT218)*"** success-
fully detected metastases and their surrounding tissue. There is
also a dextran-peptide conjugate® targeting EDB-FN, consisting
of an antimagnetic and biocompatible dextran and a targeting
peptide, and the dextran can be directly detected by CEST.CM-
101 and MT218 are contrast compounds that target specific
tumor stromal components and can provide comprehensive

2890 | Nanoscale Adv, 2025, 7, 2887-2903
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imaging of tumor tissues and metastases as well as monitor
biological changes following treatment. The stability and
specificity of these molecular markers provides fresh prospects
and methodologies for molecular imaging of PDAC.

Molecular targeted probes, in conjunction with MRI, present
a promising method for PDAC detection. Compared to
conventional imaging techniques, this technology can yield
more precise information, which is essential for early pancre-
atic cancer detection, evaluating the effectiveness of treatment,
and tracking the development of the disease. MRI will be more
beneficial for targeted imaging of PDAC if more specific
biomarkers are found and new probes are consistently devel-
oped. Future research is required to confirm the safety and
effectiveness of these probes in clinical settings and to deter-
mine whether or not they could be helpful in treating PDAC.

2.2 Nuclear medicine imaging

Nuclear medicine imaging techniques, such as SPECT and PET,
have shown significant potential in molecular imaging research
and clinical applications for pancreatic cancer* (Fig. 1).
Common SPECT probes include labeled antibodies, peptides,
and small molecules. For example, **™Tc-labeled antibodies
and peptide probes have been used in imaging studies of
pancreatic cancer.” SPECT probes are relatively stable, and the
imaging equipment is more widespread and cost-effective.
However, the drawbacks are lower spatial resolution and
sensitivity compared to PET. PET offers high sensitivity and
high spatial resolution, enabling early detection of small
lesions. "*F-FDG is the most commonly used PET probe, but it
also accumulates in inflammation and other benign conditions,
leading to lower specificity in pancreatic cancer.”® The insulin-
like growth factor-1 receptor (IGF-1R) is overexpressed in
pancreatic cancer, and ®°Zr -labeled IGF-1R probes have shown
potential for imaging pancreatic cancer.”” The epidermal
growth factor receptor(EGFR) is highly expressed in pancreatic
cancer cells, and 89Zr-labeled anti-EGFR monoclonal anti-
bodies have been used in PET imaging studies.”® Currently,
various novel nuclear medicine probes are undergoing clinical
trials to evaluate their effectiveness and safety in diagnosing
pancreatic cancer. For example, ®®Ga-RGD is currently under
clinical investigation.?*?*® Despite some challenges, with the
development of new probes and the application of multimodal
imaging technologies, nuclear medicine imaging will play an
increasingly important role in the early diagnosis, treatment
monitoring, and prognosis evaluation of pancreatic cancer.
With PET/MRI or PET/CT and other multimodal imaging tech-
nologies, more comprehensive tumor information can be
provided, improving diagnostic accuracy. Recently, trophoblast
cell surface antigen 2 (Trop2)-based targeted molecular probes
%8Ga-NOTA-RTD01 show promising diagnostic potential in
preclinical pancreatic cancer models.**

2.3 Optical imaging
In vivo optical imaging exhibits non-radioactivity, non-
invasiveness, high sensitivity and specificity, and real-time

dynamic imaging advantages. Bioluminescence imaging (BLI)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Nuclear medicine imaging based on diagnosis of PDAC. (A) Schematic structure of *°mTc-isoDGR; (B) representative small-animal
nanoScan SPECT/CT images of BxPC-3 pancreatic cancer tumor-bearing mice; (C) SPECT/CT imaging of °®mTc-3PisoDGR2 in a 50-year-old
man with moderately to poorly differentiated pancreatic adenocarcinoma; (D) chemical structure of DOTA-cycratide; (E) representative small-
animal SPECT/CT images in BxPC-3 pancreatic cancer tumor-bearing mice; (F) PET/CT images of a female patient with suspected pancreatic
cancer and her immunohistochemical (IHC) staining for integrin avf6.

and fluorescence imaging (FI) are its two primary subtypes.* FI in preclinical studies, these techniques hold promise for
uses a fluorescent reporter group for labeling, whereas BLI uses  intraoperative imaging, guiding surgeons during tumor resec-
a luciferase gene to label cells or DNA. Although primarily used tion Sensitive optical instruments are used to monitor living

© 2025 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2025, 7, 2887-2903 | 2891
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organisms' cellular activities and gene behaviors, to watch the
development of diseases, tumor growth and metastasis, gene
expression and response, and other biological processes in
living animals. Optical imaging has limited tissue penetration,
so research directions are geared towards combining different
modalities. Recently, near-infrared (NIR) Il fluorophores have
deeper tissue penetration and can be coupled with ligands
targeting PDAC-specific antigens (Fig. 2). Molecular imaging
can significantly enhance surgical outcomes by providing real-
time visualization of tumor margins and metastatic sites.
Fluorescence-guided surgery (FGS) using tumor-specific probes
can help achieve more precise resections, reducing the likeli-
hood of residual tumor cells and improving survival rates.***°

Molecular imaging also includes US, PAI and Raman optical
imaging,** which will not be covered in this paper as we focus on
MRI as the core imaging modality.

3. Multimodality imaging

Tumor development is a dynamic, systemic, and complex
process. This process involves the interaction of numerous
molecular pathways and processes. A single imaging approach
or scaling technique can't adequately resolve the intricacy of
tumors. To gather complete and precise information on the
lesion, a combination of imaging techniques with numerous

2892 | Nanoscale Adv, 2025, 7, 2887-2903

modalities and characteristics is required. Multimodal molec-
ular imaging is the use of two or more detection techniques to
obtain additional information in diagnosis, therapy, and
monitoring. Currently, multimodal molecular imaging is widely
employed to improve medical research and practices.**

3.1 MRI/in vivo optical imaging

Optical Imaging (OI) offers excellent detection sensitivity but
poor spatial resolution. MRI is noted for its superior tissue
penetration and good anatomical resolution. However, it is
significantly less sensitive. To compensate for each other's
deficiencies, dual-modality fluorescence/magnetic resonance
imaging (OI/MRI) technology combines OI's high sensitivity
with MRI's high resolution to produce imaging reagents with
optimal resolution, sensitivity, and depth penetration. This
dual-modality imaging reagent is useful in clinical applications
for detecting cancers and acquiring comprehensive informa-
tion, offering a new approach for accurate tumor detection and
treatment.

Glypican-1(GPC-1) is a cell surface glycan that is highly
expressed in PDAC, based on which a bimodal imaging probe
(Gd-Au-NC-GPC-1 (ref. 42)) was designed for the targeted
detection of PDAC; the particles were able to efficiently target
pancreatic cancer cells with a high expression of GPC-1, and an
intense red fluorescence and a T, image were detected 30

© 2025 The Author(s). Published by the Royal Society of Chemistry
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minutes after the injection into the mice. The UPAR-targeted
MR/near-infrared fluorescent (NIRF) dual-modal probe (ATF-
10,* DGL-U11 (ref. 44)) has good biocompatibility and imaging
diagnostic capability. Researcher showed that 93% of pancre-
atic ductal adenocarcinoma cases are plectin-1 positive, and the
specificity and sensitivity of plectin-1 in distinguishing malig-
nant from benign lesions are 83% and 84%.A study reported
a two-mode nanoparticle targeting plectin-1 (Plectin-SPION-
Cy7).* Both in vitro and in vivo data showed that nanoparticles
targeting plectin-1 were highly accumulated in cancer cells/
tissues but not in non-cancer cells/tissues. In a previous
study, our team reported a plectin/integrin-targeted bispecific
molecular probe (Gd-Cy7-PTP/RGD)*® (Fig. 3A and B) applied to
e PDAC diagnosis, which guided surgical resection by MRI/NIRF

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

dual-modality imaging. These results suggest that targeted
plectin-1 fluorescence and magnetic resonance bifunctional
nanoparticles can be used for pancreatic cancer diagnosis.In
addition, photomagnetic probes targeting Survivin®’ have also
shown enhanced targeting. They provide a promising strategy
for the diagnosis of pancreatic precancerous lesions. Upcon-
version nanoparticles (UCNPs) are a type of nanomaterial
capable of converting low-energy light into high-energy light.
Researchers*® created upconversion nanoparticle micelles
(UPGS) targeting CD326 and imaged them in a human pancre-
atic cancer xenograft mouse model, demonstrating CD326's
excellent active targeting ability.

The advancement of molecular and functional imaging
technologies enhances the identification of cancer lesions. It

Nanoscale Adv., 2025, 7, 2887-2903 | 2893
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offers a potent instrument for real-time monitoring of treat-
ment efficacy and adjustment of personalized therapeutic
regimens. Bimodal contrast agents targeting MUC4 demon-
strated promising imaging results.* To monitor the chemo-
therapy response, Wang created a bimodal molecular imaging
probe (MN-EPPT*°) that targets the underglycosylated mucin 1
(uMUC1). The group receiving gemcitabine treatment had less
MN-EPPT accumulation in their tumors, which suggests
a significant decrease in the expression of the uMUC1 antigen.
This finding supported the hypothesis that the uMUC1 antigen
was down-regulated during chemotherapy and suggested that
this imaging technique might help predict how well PDAC
treatments would work. Zhang et al.>* also developed a bimodal
imaging platform using an imaging probe (ZD2-Gd-DOTA-Cy7)
to non-invasively, dynamically and quantitatively assess PDAC
chemotherapy-induced fibrosis by NIR fluorescence molecular
imaging and MRI (Fig. 3C-E).

3.2 MRI/MPl/in vivo optical imaging

Magnetic Particle Imaging (MPI) is a new in vivo bioimaging
technology that has emerged in recent years. Unlike standard
anatomical imaging, it offers ultra-high sensitivity, no back-
ground interference, and is independent of scanned tissue
depth. It is also devoid of ionizing radiation, allowing for high-
definition thermographic imaging.*> However, its spatial reso-
lution is limited, and it lacks anatomical information. As
a result, in clinical practice, we have to keep trying to integrate
the advantages of different imaging techniques to collect more
exact anatomical features and provide more comprehensive and
in-depth information for PDAC diagnosis and therapy.

Zhang et al>® combined a targeted plectin-1 peptide and
a near-infrared dye IRDye800CW, with superparamagnetic iron
oxide nanoparticles (PTP-Fe;0,-IRDye800CW) for tri-modal
imaging of PDAC targeting. Subcutaneous and in situ PDAC
mice models were created to allow for dynamic and quantitative
surveillance of PDAC tumors using FI, MPI, and MRI. The
findings showed that the particles performed admirably in
terms of trimodal imaging and targeted targeting. The particles
showed higher specificity, homogeneous distribution, and
retention in tumors for up to 7 days compared to controls.
Another study encapsulated iron nanoparticles and the optical
dye indocyanine green (ICG) into liposomes made of cationic
sphingomyelin.®* The particles were also assessed by MRI,
optical imaging, magnetic particle spectroscopy (MPS), and
photoacoustic imaging (PAI).

3.3 Others

Emphasis is being placed on different combinations of different
forms of multimodal imaging techniques. For instance,
a multimodal imaging agent (AuNR-SiO,-Gd NPs**) combining
MRI, CT, and PAI has demonstrated good imaging results,
combining the advantages of high soft tissue contrast of MRI,
the spatial resolution of CT, and the high sensitivity and
molecular specificity of PAI Peptide-22-Cy7,%® a probe targeting
the LDLR receptor, uses the high spatial resolution and contrast
of photoacoustic imaging to detect tumor lesions of
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approximately 4 mm pre-operation. Experiments®”** showed
that PET/NIRF/CLI was also useful for identifying PDAC lesions
and guiding surgical procedures. Additionally, SPECT-CT,
a handheld gamma camera, and MRI were combined to
provide combined imaging modalities.>

To summarize, multimodal molecular medical imaging
technology allows for precise tumor imaging by combining
molecular probes with various signal emissions with tumor-
specific ligands. Multiple sophisticated probes catch and inte-
grate the released signals, allowing for high-resolution tumor
imaging. This multimodal imaging strategy not only provides
information on the tumor's anatomical structure, but also on its
functional and metabolic state, providing an important foun-
dation for early diagnosis, grading and staging, efficacy
assessment, and prognosis determination. It allows us to
comprehend the biological properties of tumors better, offering
accurate advice for tailored diagnosis and treatment, which is
the future of medical imaging advancement.

4. Advances in nanomedicine for
pancreatic cancer theranostics

The application of nanotechnology in molecular imaging agents
is quickly evolving, resulting in significant achievements in
preclinical research and clinical translation. The utilization of
nanoparticles as carriers, as well as the precise alteration of
small molecules, peptides, antibodies, and other biomolecules,
results in excellent targeting and biocompatibility, significantly
increasing the sensitivity and specificity of molecular imaging
technology. With the advancement of molecular imaging tech-
nologies, several significant study findings have been obtained.
These accomplishments include not only the creation of new
imaging agents, but also the optimization of imaging proce-
dures, the investigation of clinical applications, and a thorough
understanding of disease causes.

4.1 Therapeutic nanoparticles

Nanomedicines, as sub-micron scale carrier materials, have
become an essential component of drug delivery systems.®* The
continual advancement of nanotechnology has transformed the
diagnosis and treatment of PDAC. New nanoformulations have
been shown to improve the activity of conventional chemo-
therapeutic agents, such as gemcitabine, and new antitumor
drugs, protecting them from degradation, improving their
selectivity, solubility and bioavailability, and reducing their side
effects. Liposomes, polymers, micelles, solid (lipid) nano-
particles, and antibodies are some of the most frequent nano-
materials employed in medicine.®® Several important issues
must be considered while designing nanoscale drug delivery
systems to ensure their safety, efficacy, and practicality.***
Nanoscale drug delivery systems can be designed carefully to be
safe and efficient, providing new tactics and instruments for
disease treatment.®®

Because undifferentiated tumor tissue frequently features
malfunctioning lymphatic arteries and a “leaky” vascular
system, nanoparticles can “passively” collect within the tumor
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tissue, allowing the active ingredient to be preferentially
deposited at the target site. The mechanism referred to as the
“enhanced permeability and retention effect (EPR)*®” enables
therapeutic drugs to be delivered to tumor cells via nano-
particles with minimal negative effects on normal tissue.
However, the highly heterogeneous and complicated biology of
the tumor microenvironment in PDAC decreases drug delivery
efficiency, requiring the development of more effective active
targeting techniques to identify and accumulate nanocarriers in
tumor tissues specifically. In recent years, with a better under-
standing of PDAC's pathophysiology and the progressive reveal
of its microenvironment, researchers have conceived and
produced many “active targeting” drug delivery systems. These
include targeting the transferrin receptor,” EGFR,”*” integrin
receptor,”* and uPAR”>’® on tumor cell surfaces. There are also
ways to target pancreatic stellate cells,”” tumor stem cells,”®”®
and other tumor-related cell types. These strategies aim to
enhance medication concentrations in tumor tissues and
overcome biological barriers in the tumor microenvironment,
improving the efficacy of treatment. These unique targeted
delivery systems are intended to provide patients with more
effective and tailored therapy alternatives.

The exact release of nanomedicines in the tumor microen-
vironment is difficult. Acidic pH, higher glutathione (GSH), and
hypoxia are PDAC microenvironmental factors that contribute
to therapeutic resistance by influencing cancer metabolic
processes and generating an environment that promotes tumor
cell survival.®® Researchers have used physiological and physical
properties (e.g. pH,** GHS,* ROS,* and hypoxia®) to optimize

Pancreatic cancer cell Cell membrane

TPC CNPs
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drug carrier design, regulate drug release mechanisms, and
create a variety of smart-responsive nanomedicines. It is
possible to attack cancer cells precisely while avoiding damage
to normal tissues. The distribution, metabolism, and clearance
pathways for nanocarriers can have an impact on their efficacy
and safety. To reduce potential toxicity, nanocarriers must
remain at the tumor site for an extended period of time and be
successfully eliminated once the therapeutic impact has been
achieved. To assure the efficiency and durability of nano-
particles, researchers used several targeting strategies,® such as
local injectable therapy,®**® magneto-thermal/photo-guided
therapy,®*° and alteration of the “don't eat me” signal.”*
Wang et al. introduced a groundbreaking NIR-II-emissive
organic nanomedicine TPC, enhanced through biomimetic
engineering, designed for high-contrast targeted bioimaging
and multifaceted phototherapies of pancreatic tumors (Fig. 4).
This innovative nanomedicine showcased remarkable tumor-
targeting abilities, facilitating high-resolution NIR-II bioimag-
ing and exceptional phototheranostic performance. Their work
offers a promising pathway for the advancement of targeted and
high-efficiency theranostic strategies.”> Furthermore, biocom-
patible materials and designs are required for nanocarriers in
order to prevent undesired immunological reactions or
inflammation. Additional significant factors that require careful
consideration are the possible toxicity and long-term safety of
nanocarriers. Researchers have successfully addressed the
technological benefits of endogenous membranous carriers,
such as longer circulation time, immunological evasion, adhe-
sion, and homologous targeting, by employing bionic carriers
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such as cell membranes and homologous exosomes from tumor
cells.®%*

4.2 Multimodal theranostic nanoparticles

Surgery, chemotherapy, radiotherapy, immunotherapy, anti-
stromal therapy, photo/acoustic-dynamic therapy, gene
therapy and multimodal combination therapy for PDAC have all
seen significant advancements thanks to nanomedicine. Previ-
ously, much research has focused on using conventional
molecular biology testing techniques to measure variations in
the levels of protein expression as well as the transcriptional
and translational activities of oncogenes both before and after
medication therapy. However, due to the frequent fragmenta-
tion, these data are unable to accurately depict the “dynamic”
features of the drug delivery system, including its temporal and
spatial dispersion during in vivo metabolism. In addition, the
crucial timing of drug delivery systems' metabolism, thera-
peutic effects, and related cellular and molecular processes
throughout treatment cannot be revealed by these methods.
Thus, with the use of cutting-edge visual imaging tools, it is
imperative to carry out thorough investigations on the mecha-
nisms of drug delivery system enrichment, drug release,
distribution, and efficacy assessment in tumors to provide more
thorough information to optimize therapeutic options. Tar-
geted imaging techniques like two-photon imaging, FI, MRI,
SPECT, PET, CT, PAI, and US have been made possible by the
present use of multifunctional nanoparticles.”® According to
nanotechnology, many therapeutic particles can be fused and
delivered precisely where they should be used in nanotargeted
therapies. In similar terms, we may consider packing thera-
peutic and diagnostic particle packages into a single carrier to
fulfill the complementary objectives of monitoring and
treating.®®

Qiu et al.®* designed a GPC1-targeted, multifunctional gold
nanocarrier loaded with gemcitabine for NIRF/MRI imaging
and treatment against PDAC. Experiments conducted in vivo
and in vitro displayed that the nanocarrier's ability to produce
significant amounts of reactive oxygen species in response to
light might inhibit the growth of tumors. A fluorescent iron
oxide and gemcitabine-encapsulated nanosphere targeting
human epidermal growth factor receptor 2 (HER-PGFIO),*
combining chemotherapy, thermotherapy, and MRI imaging
for PDAC treatment and imaging, dynamically reflected its
accumulation at the tumor site and therapeutic changes. Qu
et al.”” developed a nanomaterial that enhances the effective-
ness of photodynamic therapy and immunotherapy. It not only
makes multimodal imaging of PDAC possible, but enhances
immunotherapy's effectiveness by remodeling the TME and
immunogenic cell death(ICD); Moreover, pancreatic cancer
cells' antigenic appearance, structure, and associated functions
are inherited by CNP@folfirinox,” a unique nanoparticle drug
delivery platform that displays exceptional homologous homing
to tumor tissues and deep penetration capacity as well as fewer
negative consequences. Using BLI and MRI, the significant
therapeutic efficacy and biodistribution of the nanoparticles
were evaluated in mouse models.
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Multimodal imaging plays a crucial role in the development
of nanotherapeutic drugs. This advanced imaging technology
allows researchers to gain an in-depth comprehension of the
dynamic distribution, mechanism of action, and therapeutic
effects of nanomedicines in tumor tissues from a variety of
angles. This strong support for precision medicine and tailored
treatment plans is anticipated to greatly enhance both the
quality of life for patients and the efficacy of tumor treatment.
The role of multimodal imaging technology in tumor therapy
will grow as it continues to be developed and optimized.

4.3 Nanoparticle-based immunotherapy of pancreatic
cancer

Nanoparticle-based immunotherapy such as cancer vaccines,
chimeric antigen receptor T cell therapy and immune checkpoint
inhibitors hold significant promise for the treatment of pancre-
atic cancer by enabling precise delivery and enhanced efficacy of
immunotherapeutic agents. By addressing the unique challenges
posed by the tumor microenvironment and advancing combi-
nation therapies, this approach has the potential to improve
outcomes for patients with pancreatic cancer.

Chimeric antigen receptor T (CAR-T) cell therapy is regarded
as a highly effective treatment for relapsed or resistant tumors,
particularly hematological malignancies.”® The severe cytokine
release syndrome, as well as other toxicities, limits clinical use
and therapeutic efficacy.® There is a need for tools that can
dynamically and quantitatively evaluate the effective timing,
therapeutic efficacy and safety of their treatments, and track key
processes such as the characteristics of in vivo distribution and
the timing of onset of action after the transfusion of the overall
T cells in the body. The researchers'® used iron oxide nano-
labelling to label CAR-T cells, and they achieved multimodal in
vivo monitoring of T cells using MRI, (photoacoustic tomog-
raphy) PAT, and MPI at the same time. Another researcher'*
labelled T cells with NIRF silica nanoparticles and **Zr nuclides,
leading in a bimodal PET/NIRF nanolabelling that was subse-
quently employed in a rat ovarian peritoneal carcinomatosis
model to track the in vivo distribution of CAR-T cells. The
scientists point out that the imaging technique can also be used
on different cancer models. Due to limited therapeutic efficacy
in solid tumors, CAR-T multimodal molecular tracer technology
has not been successfully applied to PDAC. Efficient imaging
and adaptation of therapeutic strategies will expand the use of
CAR-T cell therapies in solid tumors, and the development of
dynamic imaging platforms is critical for monitoring the effi-
cacy and toxicity of novel CAR-T cell therapies. Moreover, a MR-
CA nanoprobe-based MRI could monitor hypoxia reduction by
tumor normalization treatments, which permits visualizing
pancreatic tumors that will respond to immune checkpoint
blockade therapy, enhancing the response rate.'*>

4.4 Potential applications of nanoparticles

The development of appropriate in vivo stem cell tracers to track
the survival, migration, proliferation, and differentiation of
stem cells after transplantation in vivo is critical for the clinical
translation of stem cell therapy.'® Huang et al.'® designed
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a nanoparticle for dual-modal tracing of stem cells by CT/NIRF
(AA@ICG@PLL), which achieved 21-day tracing of stem cells in
vivo; Lim et al'® synthesized nanoparticles encapsulating
Fe;0,/Cy5.5, which were used to label stem cells using the click
reaction of azide groups with alkyne groups, and were used for
tracing stem cells in MRI/NIRF bimodal imaging of stroke in
rats; likewise, MPI's high sensitivity, minimal signal attenua-
tion, and capacity to measure the cell count are important
benefits for stem cell tracers;'**"*® Gene therapy has progressed
from the laboratory to a range of clinical applications, and it is
essential to non-invasively monitor endogenous gene expres-
sion and efficacy in real-time in vivo, which is one of the current
hotspots of molecular imaging research. Currently, the most
common imaging techniques are FI and nuclear reporter gene
imaging.'**'° Moreover, multimodal imaging is an effective
method for tracing tumor exosomes, improving understanding
and monitoring of exosome biological behavior by combining
the benefits of different imaging modalities.******

In biomedical applications of nanomaterials, biocompatibility
remains a central concern, particularly for heavy metal-containing
nanomaterials. Enhancing their biosafety requires systematic
optimization across the following key aspects: (1) selection of
inherently biocompatible base materials to minimize intrinsic
toxicity."*>**® (2) Precise surface chemistry modulation, such as
biomolecule functionalization (e.g., proteins, polysaccharides, or
nucleic acids), to improve stealth and targeting.’” (3) Optimiza-
tion of size and morphology to reduce cellular uptake barriers and
enhance biodistribution. (4) Controlled degradation properties to
prevent long-term accumulation and associated toxicity. (5)
Development of multidimensional physiochemical-biological
characterization systems for comprehensive safety evaluation.
Notably, nanomaterials may still pose risks such as oxidative
stress, mitochondrial dysfunction, immunogenicity, organ-
specific accumulation, and genotoxicity."® To address these
challenges, researchers have engineered environmentally
responsive “smart” carriers (e.g:, tumor microenvironment-
triggered drug release systems), which significantly improve tar-
geting efficiency while reducing systemic toxicity."*®

Nanoprobe technology is rapidly transitioning from a single
functional modality into a multifunctional, multimodal, and
intelligent imaging multiplex. Despite considerable advances in
this field, concerns such as biocompatibility, target selectivity,
and therapeutic coordination remain to be addressed. Overall,
the use of nanotechnology in the field of molecular imaging
agents is propelling the advancement of molecular imaging
technology to a new level. Some of the technologies are still in
their early stages of use in PDAC, and there are ongoing
research challenges as well as potential research hotspots. In
particular, multifunctional nanomaterials are gaining impor-
tance in precision medicine.

5. Challenges and prospects for
clinical translation

In summary, nanomedicine offers a versatile and powerful
toolkit for the theranostics of pancreatic cancer, with the
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potential to significantly improve diagnosis, treatment, and
patient outcomes. Clinical translational research on molecular
imaging probes and targeted tracers for PDAC remains in its
early stages, with limited published clinical trial data and most
candidate molecules still in preclinical development. Notably,
significant progress has been made in nuclear medicine, where
radionuclide probes targeting fibroblast activation protein
(FAP) and prostate-specific membrane antigen (PSMA) have
shown promising clinical potential. Clinical trial data demon-
strate that diagnostic and therapeutic agents such as **F-PSMA
PET/CT,**® *®Ga-FAPI-46,'** and °°Y-FAPI-46 (ref. 122) exhibit
excellent targeting specificity and clinical efficacy in PDAC
management. Building on these encouraging results, future
efforts should focus on accelerating the translation of addi-
tional candidate molecules from bench to bedside and con-
ducting larger-scale clinical trials to validate their safety and
therapeutic value.

However, translating these advances from the laboratory to
the clinic requires addressing several biological and regulatory
challenges. Dense stromal tissue and poor vascularization in
pancreatic tumors pose significant challenges for nanoparticle
delivery. This stroma, composed of fibroblasts, an extracellular
matrix, and immune cells, creates a physical barrier that
impedes the penetration and distribution of nanoprobes within
the tumor. Consequently, achieving effective delivery of thera-
peutic and diagnostic agents to the tumor cells becomes diffi-
cult. One approach involves using stromal-depleting agents,
such as hyaluronidase, which can degrade components of the
extracellular matrix and reduce stromal density, thereby
improving nanoprobe access to tumor cells. Additionally,
nanoparticles can be engineered with surface modifications,
such as polyethylene glycol (PEG) coatings, to improve their
circulation time and enhance their ability to penetrate the
tumor stroma. Targeting specific receptors overexpressed in the
stroma, such as integrins, can also facilitate more effective
delivery of nanoprobes. Preclinical research on nanoscale
therapeutic diagnostic particles is currently underway, focusing
on evaluating the efficacy of novel particles through various
animal models such as subcutaneous and in situ pancreatic
cancer models which use pancreatic cancer cell lines, patient-
derived xenografts (PDX), and genetically-engineered mice.
Numerous studies have been conducted using different
modelling methods; however, a standardized criterion for vali-
dating the efficacy of these models has not yet been established.
It is evident that existing animal models do not fully replicate
the in vivo state of PDAC. Therefore, the development of animal
models that better reflect the heterogeneity and histological
anatomy of PDAC is imperative for successful translation of
these nanoscale particles to clinical settings.

The time point at which a meaningful signal difference or
a therapeutic effect occurs in MRI images after particle injection
in an animal model ranges from within an hour to a few days, as
indicated by the studies discussed previously. Given the
importance of these findings for future clinical applications, it
is imperative to establish a more standardized approach to the
timing of imaging. Additionally, ensuring a uniform standard
in imaging practices is essential for controlling variability
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across studies. Research progress can be significantly impeded
by low spatial resolution and sensitivity. Molecular imaging
equipment is expensive, and the disparity in equipment levels
across research institutions, such as MRI ranging from 1.5T to
11.7T or higher, can lead to inconsistent study outcomes.
Therefore, fostering collaboration between the medical and
industrial sectors is critical for promoting standardized
imaging practices in the future.

MRI provides detailed anatomical and functional informa-
tion, but its application in molecular imaging remains limited
due to inherently low sensitivity, significantly inferior to that of
PET (picomolar level).'* To overcome this “low sensitivity vs.

Review

high resolution” trade-off, molecular MRI should advance in
the following key areas: the development of nanoprobes (e.g.,
ultra-small iron oxide particles’*!) with high relaxation rates,
low toxicity, and long cycle times, combining physical means
such as hyperpolarization and quantum sensing'*'*® to
increase the detection limit, and achieving responsive imaging
of the tumor microenvironment (e.g., pH and hypoxia) to guide
targeted therapies."

The integration of artificial intelligence (AI) in the diagnosis
of pancreatic cancer represents a significant leap forward in
medical imaging and diagnostic accuracy.'” AI algorithms,
particularly those employing machine learning and deep
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learning techniques, have shown promise in enhancing the
early detection and precise characterization of pancreatic
tumors.' By analyzing vast amounts of imaging data from
modalities such as CT, MRI, and PET scans, Al systems can
identify subtle patterns and anomalies that may be indicative of
early-stage pancreatic cancer, often overlooked by human
radiologists.”®® Preoperative deep learning models can also
analyze lymph node metastasis®' and predict postoperative
survival based on clinical and imaging data.'®” Integrating Al
with traditional diagnostic tools not only enhances the preci-
sion of pancreatic cancer diagnosis but also opens up new
possibilities for personalized treatment planning, ultimately
improving patient outcomes. In addition, AI technology has
demonstrated significant advantages in the field of medical
image analysis, which not only enables automated and accurate
segmentation of lesions, but also effectively improves the image
signal-to-noise ratio and resolution through advanced deep
learning algorithms, thus significantly improving image
qualit},.1337135

6. Conclusion and prospects

As a malignant tumor with high therapeutic difficulty and
a poor prognosis, the medical field has always faced significant
challenges in detecting and treating PDAC. Despite remarkable
advances in medical research in recent years, there has been no
significant improvement in patient survival and prognosis due
to the complexity of the PDAC microenvironment, congenital
and acquired drug resistance, and the desert-type immune
microenvironment. Currently, alternatives to standard therapy
are limited and confront numerous clinical hurdles. In this
paper, we summarized the developments in PDAC molecular
imaging research and highlighted the potential for improving
PDAC diagnostic and treatment outcomes through the use of
multimodal and multimodal therapeutic combinations. It is
also significant to point out how nanotechnology is helping to
integrate multimodal molecular imaging with diagnosis and
treatment. We have good reason to anticipate that multimodal
molecular imaging technology, with its ongoing development
and optimization, will become even more important in clinical
diagnosis and treatment in the future. It will offer novel
approaches for early diagnosis, targeted therapy, and efficacy
evaluation of PDAC.

However, both particular molecular imaging probes and
multifunctional nanoparticle medications confront enormous
challenges when it comes to industrialization, standardization,
and clinical translational approval. Future studies should focus
on specific clinical difficulties, validate the safety and useful-
ness of these probes in clinical applications, and investigate
their creative usage in the treatment of PDAC. It is also critical
to create novel preclinical models that better reflect medication
distribution, PDAC heterogeneity, and therapy response. In the
future, advancements in basic research, biomarker discovery,
design modification of NPs, upgrading of imaging equipment
and Al technology, and enhancement of clinical translation
efforts are expected to bring more effective and precise treat-
ment options to patients with PDAC (Fig. 5). Research on
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personalized treatment for PDAC is ongoing, and the incorpo-
ration of advances in nanomedicine and nanotechnology into
PDAC diagnosis through a combination of novel therapies is
anticipated to significantly enhance the survival rate and quality
of life of PDAC patients.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part of
this review.

Author contributions

Xun Hu, Zihua Wang and Yuting Zhu wrote the manuscript.
Hao Yan, Xinming Zhao and Qian Wang conceived the study
and also revised the paper. All authors approved the final
version.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (No. 92159305), the National Key Research
and Development Program of China (No. 2022YFB3203800), the
CAMS Innovation Fund for Medical Sciences (No.2021-I12M-
C&T- B-067), the Joint Funds for the Innovation of Science and
Technology Fujian Province (Grant No. 2023Y9009), and the
Fujian Medical University Foundation for the Introduction of
Talents (Grant No. XRCZX2019018).

References

1 F. Bray, M. Laversanne, H. Sung, J. Ferlay, R. L. Siegel,
I. Soerjomataram and A. Jemal, Ca-Cancer J. Clin., 2024,
DOI: 10.3322/caac.21834.

2 W. Park, A. Chawla and E. M. O'Reilly, jama, 2021, 326, 851-
862.

3 E. S. Christenson, E. Jaffee and N. S. Azad, Lancet Oncol.,
2020, 21, e135-e145.

4 L. D. Wood, M. 1. Canto, E. M. Jaffee and D. M. Simeone,
Gastroenterology, 2022, 163, 386-402.e381.

5 H. S. Thomsen, S. K. Morcos and P. Dawson, Clin. Radiol.,
2006, 61, 905-906.

6 L. P. Panych and B. Madore, J. Magn. Reson. Imaging, 2018,
47, 28-43.

7 S. P. Rowe and M. G. Pomper, Ca-Cancer J. Clin., 2022, 72,
333-352.

8 B.]J. Pichler, H. F. Wehrl and M. S. Judenhofer, J. Nucl. Med.,
2008, 49(Suppl 2), 55-23s.

9 Z.Zhou and Z. R. Lu, Adv. Drug Delivery Rev., 2017, 113, 24—
48.

Nanoscale Adv., 2025, 7, 2887-2903 | 2899


https://doi.org/10.3322/caac.21834

Nanoscale Advances

10 V. P. Grover, J. M. Tognarelli, M. M. Crossey, I. J. Cox,
S. D. Taylor-Robinson and M. ]J. McPhail, J. Clin. Exp.
Hepatol., 2015, 5, 246-255.

11 F. Liu, W. Le, T. Mei, T. Wang, L. Chen, Y. Lei, S. Cui,
B. Chen, Z. Cui and C. Shao, Int. J. Nanomed., 2016, 11,
2195-2207.

12 Q. Zou, C. J. Zhang, Y. Z. Yan, Z. J. Min and C. S. Li, J. Cell.
Biochem., 2019, 120, 18650-18658.

13 L. Wang, H. Yin, R. Bi, G. Gao, K. Li and H. L. Liu, J. Cell.
Mol. Med., 2020, 24, 5751-5757.

14 S. Sinharay, C. M. Howison, A. F. Baker and M. D. Pagel,
NMR Biomed., 2017, 30, 3721.

15 M. Ligorio, S. Sil, J. Malagon-Lopez, L. T. Nieman, S. Misale,
M. Di Pilato, R. Y. Ebright, M. N. Karabacak, A. S. Kulkarni,
A. Liu, N. Vincent Jordan, ]J. W. Franses, ]. Philipp,
J. Kreuzer, N. Desai, K. S. Arora, M. Rajurkar, E. Horwitz,
A. Neyaz, E. Tai, N. K. C. Magnus, K. D. Vo,
C. N. Yashaswini, F. Marangoni, M. Boukhali,
J. P. Fatherree, L. J. Damon, K. Xega, R. Desai, M. Choz,
F. Bersani, A. Langenbucher, V. Thapar, R. Morris,
U. F. Wellner, O. Schilling, M. S. Lawrence, A. S. Liss,
M. N. Rivera, V. Deshpande, C. H. Benes, S. Maheswaran,
D. A. Haber, C. Fernandez-Del-Castillo, C. R. Ferrone,
W. Haas, M. ]J. Aryee and D. T. Ting, Cell, 2019, 178, 160-
175.e127.

16 C. J. Halbrook, C. A. Lyssiotis, M. Pasca di Magliano and
A. Maitra, Cell, 2023, 186, 1729-1754.

17 J. B. Mitchem, D. ]J. Brennan, B. L. Knolhoff, B. A. Belt,
Y. Zhu, D. E. Sanford, L. Belaygorod, D. Carpenter,
L. Collins, D. Piwnica-Worms, S. Hewitt, G. M. Udupi,
W. M. Gallagher, C. Wegner, B. L. West, A. Wang-Gillam,
P. Goedegebuure, D. C. Linehan and D. G. DeNardo,
Cancer Res., 2013, 73, 1128-1141.

18 T. M. Nywening, A. Wang-Gillam, D. E. Sanford, B. A. Belt,

R. Z. Panni, B. M. Cusworth, A. T. Toriola, R. K. Nieman,

L. A. Worley, M. Yano, K. J. Fowler, A. C. Lockhart,

R. Suresh, B. R. Tan, K. H. Lim, R. C. Fields,

S. M. Strasberg, W. G. Hawkins, D. G. DeNardo,

S. P. Goedegebuure and D. C. Linehan, Lancet Oncol.,

2016, 17, 651-662.

19 B. Buckway, Y. Wang, A. Ray and H. Ghandehari, Int. J.
Pharm., 2013, 456, 202-211.

20 D. ]J. Erstad, M. Sojoodi, M. S. Taylor, V. C. Jordan,

C. T. Farrar, A. L. Axtell, N. J. Rotile, C. Jones,

K. A. Graham-O'Regan, D. S. Ferreira, T. Michelakos,

F. Kontos, A. Chawla, S. Li, S. Ghoshal, Y. I. Chen,

G. Arora, V. Humblet, V. Deshpande, M. Qadan,

N. Bardeesy, C. R. Ferrone, M. Lanuti, K. K. Tanabe,

P. Caravan and B. C. Fuchs, Clin. Cancer Res., 2020, 26,

5007-5018.

21 P. Qiao, N. R. Ayat, A. Vaidya, S. Gao, W. Sun, S. Chou,
Z. Han, H. Gilmore, J. M. Winter and Z. R. Lu, Front.
Oncol., 2020, 10, 586727.

22 P. L. Qiao, M. Gargesha, Y. Liu, V. E. A. Laney, R. C. Hall,
A. M. Vaidya, H. Gilmore, K. Gawelek, B. B. Scott, D. Roy,
D. L. Wilson and Z. R. Lu, Magn. Reson. Imaging, 2022, 86,
37-45.

2900 | Nanoscale Adv, 2025, 7, 2887-2903

Review

23 Z. Han, S. Zhang, K. Fujiwara, J. Zhang, Y. Li, J. Liu,
P. C. M. van Zijl, Z. R. Lu, L. Zheng and G. Liu,
Bioconjugate Chem., 2019, 30, 1425-1433.

24 J. Schwenck, D. Sonanini, J. M. Cotton, H.-G. Rammensee,
C. la Fougere, L. Zender and B. J. Pichler, Nat. Rev.
Cancer, 2023, 23, 474-490.

25 Y. Tu, Z. Han, R. Pan, K. Zhou, ]J. Tao, P. Liu, R. P. S. Han,
S. Gong and Y. Gu, Anal. Chem., 2023, 95, 11429-11439.

26 L. A. Kadhim, A. S. Dholakia, J. M. Herman, R. L. Wahl and
M. A. Chaudhry, J. Radiat. Oncol., 2013, 2, 341-352.

27 C. G. England, A. Kamkaew, H. J. Im, H. F. Valdovinos,
H. Sun, R. Hernandez, S. Y. Cho, E. J. Dunphy, D. S. Lee,
T. E. Barnhart and W. Cai, Mol. Pharm., 2016, 13, 1958-
1966.

28 B. N. McKnight, A. N. W. Kuda-Wedagedara, K. K. Sevak,
D. Abdel-Atti, W. N. Wiesend, A. Ku, D. Selvakumar,
S. D. Carlin, J. S. Lewis and N. T. Viola-Villegas, Sci. Rep.,
2018, 8, 9043.

29 X.Feng, Y. Wang, D. Lu, X. Xu, X. Zhou, H. Zhang, T. Zhang,
H. Zhu, Z. Yang, F. Wang, N. Li and Z. Liu, J. Nucl. Med.,
2020, 61, 1461-1467.

30 H. Zhao, H. Gao, C. Luo, G. Yang, X. Zhao, S. Gao, Q. Ma,
B. Jia, J. Shi and F. Wang, Bioconjugate Chem., 2021, 32,
1298-1305.

31 W. Huang, C. Liang, Y. Zhang, D. Zhang, S. An, Q. Wu, J. Li,
H. Zhao, C. Wang, J. Cui, Z. Bao, G. Huang, W. Wei and
J. Liu, Eur. J. Nucl. Med. Mol. Imaging, 2024, 51, 380-394.

32 G. Choy, P. Choyke and S. K. Libutti, Mol. Imaging, 2003, 2,
303-312.

33 X. Luo, D. Hu, D. Gao, Y. Wang, X. Chen, X. Liu, H. Zheng,
M. Sun and Z. Sheng, ACS Nano, 2021, 15, 10010-10024.

34 X. Shi, C. Cao, Z. Zhang, ]J. Tian and Z. Hu, J.
Nanobiotechnol., 2021, 19, 212.

35 Y. Tao, C. Yan, D. Li, J. Dai, Y. Cheng, H. Li, W.-H. Zhu and
Z. Guo, JACS Au, 2022, 2, 246-257.

36 Y. Y. Wang, L. Li, X.J. Liu, Q. F. Miao, Y. Li, M. R. Zhang and
Y. S. Zhen, J. Pharm. Anal., 2022, 12, 232-242.

37 T. Samuel, S. Rapic, C. O'Brien, M. Edson, Y. Zhong and
R. S. DaCosta, Sci. Adv., 2023, 9, eade8672.

38 L. van Manen, L. D. A. N. de Muynck, V. M. Baart,
S. Bhairosingh, P. Debie, A. L. Vahrmeijer, S. Hernot and
J. S. D. Mieog, Biomolecules, 2023, 13, 618.

39 C. Zhang, R. Kimura, L. Abou-Elkacem, J. Levi, L. Xu and
S. S. Gambhir, J. Nucl. Med., 2016, 57, 1629-1634.

40 W. S. Tummers, J. K. Willmann, B. A. Bonsing,
A. L. Vahrmeijer, S. S. Gambhir and R. J. Swijnenburg,
Pancreas, 2018, 47, 675-689.

41 M. Wu and ]J. Shu, Contrast Media Mol. Imaging, 2018, 2018,
1382183.

42 X. Huang, C. Fan, H. Zhu, W. Le, S. Cui, X. Chen, W. Li,
F. Zhang, Y. Huang, D. Sh, Z. Cui, C. Shao and B. Chen,
Int. J. Nanomed., 2018, 13, 2585-2599.

43 L. Yang, H. Mao, Z. Cao, Y. A. Wang, X. Peng, X. Wang,
H. K. Sajja, L. Wang, H. Duan, C. Ni, C. A. Staley,
W. C. Wood, X. Gao and S. Nie, Gastroenterology, 2009,
136, 1514-1525.e1512.

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



Review

44 L. Hui, P. Wang, W. Gong, Q. Wang, J. Zhou, W. H. Zhu and
Y. Cheng, Adv. Healthcare Mater., 2018, 7, 1700912.

45 X. Chen, H. Zhou, X. Li, N. Duan, S. Hu, Y. Liu, Y. Yue,
L. Song, Y. Zhang, D. Li and Z. Wang, EBioMedicine, 2018,
30, 129-137.

46 Q.Wang, H. Yan, Y. Jin, Z. Wang, W. Huang, J. Qiu, F. Kang,
K. Wang, X. Zhao and ]. Tian, Biomaterials, 2018, 183, 173-
184.

47 Z. Wang, M. Tong, X. Chen, S. Hu, Z. Yang, Y. Zhang,
H. Zhou, Y. Wu, X. Li and D. Li, Nanomedicine, 2016, 12,
1651-1661.

48 Y. Han, Y. An, G. Jia, X. Wang, C. He, Y. Ding and Q. Tang, J.
Nanobiotechnol., 2018, 16, 7.

49 S. C. Wu, Y. J. Chen, Y. J. Lin, T. H. Wu and Y. M. Wang, J.
Med. Chem., 2013, 56, 9100-9109.

50 P. Wang, B. Yoo, S. Sherman, P. Mukherjee, A. Ross,
P. Pantazopoulos, V. Petkova, C. Farrar, Z. Medarova and
A. Moore, Int. J. Cancer, 2016, 139, 712-718.

51 W. Zhang, X. Liang, X. Zhang, W. Tong, G. Shi, H. Guo,
Z. Jin, J. Tian, Y. Du and H. Xue, Eur. J. Nucl. Med. Mol.
Imaging, 2024, DOI: 10.1007/s00259-024-06617-w.

52 B. Gleich and J. Weizenecker, Nature, 2005, 435, 1214-1217.

53 W. Zhang, X. Liang, L. Zhu, X. Zhang, Z. Jin, Y. Du, ]J. Tian
and H. Xue, EBioMedicine, 2022, 80, 104040.

54 O. P. Medina, R. J. Tower, T. P. Medina, F. Ashkenani,
L. Appold, M. Botcher, L. Huber, O. Will, Q. Ling,
C. Hauser, A. Rohwedder, C. Heneweer, E. Peschke,
J. B. Hovener, K. Ludtke-Buzug, S. Boretius, R. Mentlein,
K. Kairemo, C. C. Gliier, S. Sebens and H. Kalthoff, Curr.
Pharm. Des., 2022, 28, 313-323.

55 Y. Zhao, F. Ye, T. B. Brismar, X. Li, R. He, R. Heuchel, R. El-
Sayed, N. Feliu, W. Zheng, S. Oerther, J. Dutta, W. J. Parak,
M. Muhammed and M. Hassan, ACS Appl. Mater. Interfaces,
2020, 12, 53665-53681.

56 Z. Han, W. Shang, X. Liang, H. Yan, M. Hu, L. Peng,
H. Jiang, C. Fang, K. Wang and ]. Tian, Mol. Imaging Biol.,
2019, 21, 67-77.

57 M. Li, W. Wei, T. E. Barnhart, D. Jiang, T. Cao, K. Fan,
J. W. Engle, J. Liu, W. Chen and W. Cai, Eur. J. Nucl. Med.
Mol. Imaging, 2021, 48, 2737-2748.

58 J. L. Houghton, B. M. Zeglis, D. Abdel-Atti, R. Aggeler,
R. Sawada, B. J. Agnew, W. W. Scholz and J. S. Lewis, Proc.
Natl. Acad. Sci. U. S. A., 2015, 112, 15850-15855.

59 1. Rosenberger, A. Strauss, S. Dobiasch, C. Weis, S. Szanyi,
G. Larraitz, E. Alonso, M. Gonzalez Esparza, V. Gomez-
Vallejo, B. Szczupak, S. Plaza, S. Mirzaei, L. Israel,
S. Bianchessi, E. Scanziani, J.-P. Lellouche, P. Knoll,
J. Werner, K. Felix and M. Jiménez, J. Controlled Release,
2015, 214, 76-84.

60 J. Zou, S. Chen, Y. Li, L. Zeng, G. Lian, J. Li, S. Chen,
K. Huang and Y. Chen, Nanoscale, 2020, 12, 4473-4490.

61 Q. Wang, H. Yan, Z. Wang, Z. Li, D. Li, Z. Li, K. Wang, J. Tian
and X. Zhao, Biomaterials, 2020, 255, 120161.

62 W. Qiu, H. Zhang, X. Chen, L. Song, W. Cui, S. Ren,
Y. Wang, K. Guo, D. Li, R. Chen and Z. Wang,
Nanomedicine, 2019, 14, 2339-2353.

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

Nanoscale Advances

63 L. R. Jaidev, D. R. Chellappan, D. V. Bhavsar,
R. Ranganathan, B. Sivanantham, A. Subramanian,
U. Sharma, N. R. Jagannathan, U. M. Krishnan and
S. Sethuraman, Acta Biomater., 2017, 49, 422-433.

64 M. E. Davis, Z. Chen and D. M. Shin, Nat. Rev. Drug
Discovery, 2008, 7, 771-782.

65 L. Liu, P. G. Kshirsagar, S. K. Gautam, M. Gulati, E. I. Wafa,
J. C. Christiansen, B. M. White, S. K. Mallapragada,
M. J. Wannemuehler, S. Kumar, J. C. Solheim, S. K. Batra,
A. K. Salem, B. Narasimhan and M. Jain, Theranostics,
2022, 12, 1030-1060.

66 R. van der Meel, E. Sulheim, Y. Shi, F. Kiessling,
W. J. M. Mulder and T. Lammers, Nat. Nanotechnol., 2019,
14, 1007-1017.

67 C. Zhang, L. Yan, X. Wang, S. Zhu, C. Chen and Y. Zhao,
Nano Today, 2020, 35, 101008.

68 X. Hu, F. Xia, J. Lee, F. Li, X. Lu, X. Zhuo, G. Nie and D. Ling,
Adv. Sci., 2021, 8, 2002545,

69 N. Bertrand, J. Wu, X. Xu, N. Kamaly and O. C. Farokhzad,
Adv. Drug Delivery Rev., 2014, 66, 2-25.

70 M. F. Frasco, G. M. Almeida, F. Santos-Silva, C. Pereira Mdo
and M. A. Coelho, J. Biomed. Mater. Res., Part A, 2015, 103,
1476-1484.

71 G. Mondal, V. Kumar, S. K. Shukla, P. K. Singh and
R. I. Mahato, Biomacromolecules, 2016, 17, 301-313.

72 J. Xu, A. Singh and M. M. Amiji, BMC Cancer, 2014, 14, 75.

73 G. Mondal, S. Almawash, A. K. Chaudhary and R. I. Mahato,
Mol. Pharm., 2017, 14, 3121-3133.

74 S.Ji, ]J. Xu, B. Zhang, W. Yao, W. Xu, W. Wu, Y. Xu, H. Wang,
Q. Ni, H. Hou and X. Yu, Cancer Biol. Ther., 2012, 13, 206-
215.

75 Y. Huy, C. Chi, S. Wang, L. Wang, P. Liang, F. Liu, W. Shang,
W. Wang, F. Zhang, S. Li, H. Shen, X. Yu, H. Liu and J. Tian,
Adv. Mater., 2017, 29, 33.

76 N. Gao, E. N. Bozeman, W. Qian, L. Wang, H. Chen,
M. Lipowska, C. A. Staley, Y. A. Wang, H. Mao and
L. Yang, Theranostics, 2017, 7, 1689-1704.

77 S. Yalgin, M. Erkan, G. Unsoy, M. Parsian, J. Kleeff and
U. Guindiiz, Biomed. Pharmacother., 2014, 68, 737-743.

78 X. Wei, T. H. Senanayake, G. Warren and S. V. Vinogradov,
Bioconjugate Chem., 2013, 24, 658-668.

79 P. Kesharwani, S. Banerjee, S. Padhye, F. H. Sarkar and
A. K. Iyer, Biomacromolecules, 2015, 16, 3042-3053.

80 P. Dauer, A. Nomura, A. Saluja and S. Banerjee,
Pancreatology, 2017, 17, 7-12.

81 G. Chen, Y. Cai, B. Li, M. Lin, X. Wang, Z. Wang and
X. Shuai, Sci. China:Chem., 2022, 65, 1383-1400.

82 Z. Yao, Q. Hu, P. Jin, B. Li, Y. Huang, F. Zhang, M. Wang,
J. Huang, J. Huang, S. Shao, X. Zhao, Y. Ping and
T. Liang, Adv. Funct. Mater., 2023, 33, 30.

83 W. Zhang, X. Liu, S. Cao, Q. Zhang, X. Chen, W. Luo, ]J. Tan,
X. Xu, J. Tian, P. E. Saw and B. Luo, ACS Nano, 2023, 17,
14424-14441.

84 H. Chen, Q. Guo, Y. Chu, C. Li, Y. Zhang, P. Liu, Z. Zhao,
Y. Wang, Y. Luo, Z. Zhou, T. Zhang, H. Song, X. Li, C. Li,
B. Su, H. You, T. Sun and C. Jiang, Biomaterials, 2022,
287, 121599.

Nanoscale Adv., 2025, 7, 2887-2903 | 2901


https://doi.org/10.1007/s00259-024-06617-w

Nanoscale Advances

85 Q. Wang, J. Wang, H. Yan, Z. Li, K. Wang, F. Kang, J. Tian,
X. Zhao and S. H. Yun, Eur. J. Nucl. Med. Mol. Imaging, 2023,
50, 1765-1779.

86 C. Gao, K. Cheng, Y. Li, R. Gong, X. Zhao, G. Nie and H. Ren,
Nano Lett., 2022, 22, 8801-8809.

87 W. Zhang, S. Li, Y. Liu, R. Xing, Z. Jin, X. Yan and H. Xue,
Nano Today, 2023, 50, 101832.

88 C. Yang, K. K. Chan, G. Xu, M. Yin, G. Lin, X. Wang,
W. J. Lin, M. D. Birowosuto, S. Zeng, T. Ogi, K. Okuyama,
F. A. Permatasari, F. Iskandar, C. K. Chen and K. T. Yong,
ACS Appl. Mater. Interfaces, 2019, 11, 2768-2781.

89 A. Oluwasanmi, @W. Al-Shakarchi, A. Manzur,
M. H. Aldebasi, R. S. Elsini, M. K. Albusair, K. J. Haxton,
A. D. M. Curtis and C. Hoskins, J. Controlled Release,
2017, 266, 355-364.

90 B. Torres-Herrero, I. Armenia, M. Alleva, L. Asin, S. Correa,
C. Ortiz, Y. Fernandez-Afonso, L. Gutiérrez, J. M. de la
Fuente, L. Betancor and V. Graza, ACS Nano, 2023, 17,
12358-12373.

91]. F. Creeden, J. Sevier, J. T. Zhang, Y. Lapitsky,
F. C. Brunicardi, G. Jin, ]J. Nemunaitis, J. Y. Liu,
A. Kalinoski, D. Rao and S. H. Liu, J. Controlled Release,
2024, 368, 413-429.

92 Y. Wang, J. Zhang, Y. Wang, J. Yu, Y. Gao, Y. Yang, X. Li,
H. Wang and S. Li, Adv. Funct. Mater., 2024, 34, 2406483.

93 Q. Wang, Z. Wang, Z. Li, D. Li, F. He, K. Wang, J. Tian and
X. Zhao, Nano Today, 2023, 48, 101733.

94 Q. Wang, Z. Zhang, Z. Wang, J. Wang, Y. Ren, X. Sun,
J. Tian, F. Kang, X. Zhao and H. Yan, Adv. Funct. Mater.,
2024, 2400485.

95 P. Padmanabhan, A. Kumar, K. Sundramurthy,
R. Chaudhary and B. Gulyas, Acta Biomater., 2016, 41, 1-16.

96 J.Kim, Y. Piao and T. Hyeon, Chem. Soc. Rev., 2009, 38, 372—
390.

97 C. Qu, H. Yuan, M. Tian, X. Zhang, P. Xia, G. Shi, R. Hou,
J. Li, H. Jiang, Z. Yang, T. Chen, Z. Li, J. Wang and
Y. Yuan, ACS Nano, 2024, 18, 4019-4037.

98 C. H. June, R. S. O'Connor, O. U. Kawalekar, S. Ghassemi
and M. C. Milone, Science, 2018, 359, 1361-1365.

99 N. N. Shah and T.]. Fry, Nat. Rev. Clin. Oncol., 2019, 16, 372-
385.

100 L. Kiru, A. Zlitni, A. M. Tousley, G. N. Dalton, W. Wu,
F. Lafortune, A. Liu, K. M. Cunanan, H. Nejadnik,
T. Sulchek, M. E. Moseley, R. G. Majzner and
H. E. Daldrup-Link, Proc. Natl. Acad. Sci. U. S. A., 2022,
119, 6.

101 S. Harmsen, E. I. Medine, M. Moroz, F. Nurili, J. Lobo,
Y. Dong, M. Turkekul, N. V. K. Pillarsetty, R. Ting,
V. Ponomarev, O. Akin and O. Aras, Biomaterials, 2021,
269, 120630.

102 J. Liu, H. Cabral, B. Song, I. Aoki, Z. Chen, N. Nishiyama,
Y. Huang, K. Kataoka and P. Mi, ACS Nano, 2021, 15,
13526-13538.

103 A. Trounson and C. McDonald, Cell Stem Cell, 2015, 17, 11—
22.

2902 | Nanoscale Adv.,, 2025, 7, 2887-2903

Review

104 J. Huang, J. Huang, X. Ning, W. Luo, M. Chen, Z. Wang,
W. Zhang, Z. Zhang and ]. Chao, J. Mater. Chem. B, 2020,
8, 1713-1727.

105 S. Lim, H. Y. Yoon, H. J. Jang, S. Song, W. Kim, J. Park,
K. E. Lee, S. Jeon, S. Lee, D.-K. Lim, B.-S. Kim, D.-E. Kim
and K. Kim, ACS Nano, 2019, 13, 10991-11007.

106 Q. Wang, X. Ma, H. Liao, Z. Liang, F. Li, J. Tian and D. Ling,
ACS Nano, 2020, 14, 2053-2062.

107 B. Zheng, M. P. von See, E. Yu, B. Gunel, K. Lu, T. Vazin,
D. V. Schaffer, P. W. Goodwill and S. M. Conolly,
Theranostics, 2016, 6, 291-301.

108 J. W. Bulte, P. Walczak, M. Janowski, K. M. Krishnan,
H. Arami, A. Halkola, B. Gleich and J. Rahmer,
Tomography, 2015, 1, 91-97.

109 J. J. Min and S. S. Gambhir, Gene Ther., 2004, 11, 115-125.

110 H. Youn and J.-K. Chung, Am. J. Roentgenol., 2013, 201,
W206-W214.

111 Tayyaba, F. U. Rehman, S. Shaikh, Tanziela,
F. Semcheddine, T. Du, H. Jiang and X. Wang, J. Mater.
Chem. B, 2020, 8, 2845-2855.

112 S. Shaikh, F. U. Rehman, T. Du, H. Jiang, L. Yin, X. Wang
and R. Chai, ACS Appl. Mater. Interfaces, 2018, 10, 26056—
26063.

113 Y. J. Piao, H. S. Kim, E. H. Hwang, J. Woo, M. Zhang and
W. K. Moon, Oncotarget, 2018, 9, 7398-7410.

114 J. Abello, T. D. T. Nguyen, R. Marasini, S. Aryal and
M. L. Weiss, Theranostics, 2019, 9, 2325-2345.

115 M. Z. Zou, W. L. Liu, H. S. Chen, X. F. Bai, F. Gao, ]. J. Ye,
H. Cheng and X. Z. Zhang, Natl. Sci. Rev., 2021, 8, nwaal60.

116 X. Yang, X. Shi, R. D'Arcy, N. Tirelli and G. Zhai, J.
Controlled Release, 2018, 272, 114-144.

117 Y. Wang, K. Xia, L. Wang, M. Wu, X. Sang, K. Wan,
X. Zhang, X. Liu and G. Wei, Small, 2021, 17, e2005578.

118 Q. Liu, J. Zou, Z. Chen, W. He and W. Wu, Acta Pharm. Sin.
B, 2023, 13, 4391-4416.

119 Y. Mi, Y. Chen, G. Gu, Q. Miao, W. Tan, Q. Li and Z. Guo,
Carbohydr. Polym., 2021, 273, 118623.

120 J. R. Puik, T. T. Poels, G. K. J. Hooijer, M. C. F. Cysouw,
J. Verheij, J. W. Wilmink, E. Giovannetti, G. Kazemier,
A. F. Sarasqueta, D. E. Oprea-Lager and R. J. Swijnenburg,
Cancer Imaging, 2025, 25, 2.

121 F. Kaghazchi, R. A. Aghdam, S. Haghighi, R. Vali and
Z. Adinehpour, Clin. Nucl. Med., 2022, 47, e243-e245.

122 J. Ferdinandus, P. F. Costa, L. Kessler, M. Weber,
N. Hirmas, K. Kostbade, S. Bauer, M. Schuler, M. Ahrens,
H.-U. Schildhaus, C. Rischpler, H. Grafe, J. T. Siveke,
K. Herrmann, W. P. Fendler and R. Hamacher, J. Nucl
Med., 2022, 63, 727-734.

123 H. Li and T. J. Meade, J. Am. Chem. Soc., 2019, 141, 17025-
17041.

124 H. Kim, S. Jin, H. Choi, M. Kang, S. G. Park, H. Jun, H. Cho
and S. Kang, J. Controlled Release, 2021, 335, 269-280.

125 S. S. Roy, P. Norcott, P. J. Rayner, G. G. Green and
S. B. Duckett, Angew Chem. Int. Ed. Engl., 2016, 55, 15642—
15645.

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



Review

126 Y. Yang, Y. Zhang, B. Wang, Q. Guo, Y. Yuan, W. Jiang,
L. Shi, M. Yang, S. Chen, X. Lou and X. Zhou, Chem. Sci.,
2021, 12, 4300-4308.

127 J. Li, S. Wang, C. Wu, Y. Dai, P. Hou, C. Han and K. Xu,
Biosens. Bioelectron., 2016, 86, 1047-1053.

128 B. Huang, H. Huang, S. Zhang, D. Zhang, Q. Shi, J. Liu and
J. Guo, Theranostics, 2022, 12, 6931-6954.

129 B. M. Abunahel, B. Pontre, H. Kumar and M. S. Petrov, Eur.
Radiol., 2021, 31, 3447-3467.

130 P. Korfiatis, G. Suman, N. G. Patnam, K. H. Trivedi,
A. Karbhari, S. Mukherjee, C. Cook, J. R. Klug, A. Patra,
H. Khasawneh, N. Rajamohan, J. G. Fletcher, M. ]J. Truty,
S. Majumder, C. W. Bolan, K. Sandrasegaran, S. T. Chari
and A. H. Goenka, Gastroenterology, 2023, 165, 1533—
1546.e1534.

131 Y. Bian, Z. Zheng, X. Fang, H. Jiang, M. Zhu, J. Yu, H. Zhao,
L. Zhang, J. Yao, L. Lu, J. Lu and C. Shao, Radiology, 2023,
306, 160-169.

132 W. Lee, H. J. Park, H. J. Lee, E. Jun, K. B. Song,
D. W. Hwang, J. H. Lee, K. Lim, N. Kim, S. S. Lee,

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

Nanoscale Advances

J. H. Byun, H. J. Kim and S. C. Kim, Int. J. Surg., 2022,

105, 106851.

Zhang, E. Keles, G. Durak, Y. Taktak, O. Susladkar,

Gorade, D. Jha, A. C. Ormeci, A. Medetalibeyoglu,

Yao, B. Wang, I S. Isler, L. Peng, H. Pan,

. L. Vendrami, A. Bourhani, Y. Velichko, B. Gong,

. Spampinato, A. Pyrros, P. Tiwari, D. C. F. Klatte,

. Engels, S. Hoogenboom, C. W. Bolan, E. Agarunov,
N. Harfouch, C. Huang, M. J. Bruno, I. Schoots,
R. N. Keswani, F. H. Miller, T. Gonda, C. Yazici, T. Tirkes,
B. Turkbey, M. B. Wallace and U. Bagci, Med. Image Anal.,
2025, 99, 103382.

134 T. Qu, X. Li, X. Wang, W. Deng, L. Mao, M. He, X. Li,
Y. Wang, Z. Liu, L. Zhang, Z. Jin, H. Xue and Y. Yu, Med.
Image Anal., 2023, 86, 102801.

135 M. Chaika, S. Afat, D. Wessling, C. Afat, D. Nickel,
S. Kannengiesser, J. Herrmann, H. Almansour,
S. Minnlin, A. E. Othman and S. Gassenmaier, Diagn.
Interv. Imaging, 2023, 104, 53-59.

133

ZOoOr <N

Nanoscale Adv., 2025, 7, 2887-2903 | 2903



	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma

	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma

	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma

	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma
	Advancements in molecular imaging for the diagnosis and treatment of pancreatic ductal adenocarcinoma


