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Abstract: The diagnosis of gastrointestinal (GI) diseases currently relies primarily on invasive procedures like digestive endoscopy.
However, these procedures can cause discomfort, respiratory issues, and bacterial infections in patients, both during and after the
examination. In recent years, nanomedicine has emerged as a promising field, providing significant advancements in diagnostic
techniques. Nanoprobes, in particular, offer distinct advantages, such as high specificity and sensitivity in detecting GI diseases.
Integration of nanoprobes with advanced imaging techniques, such as nuclear magnetic resonance, optical fluorescence imaging,
tomography, and optical correlation tomography, has significantly enhanced the detection capabilities for GI tumors and inflammatory
bowel disease (IBD). This synergy enables early diagnosis and precise staging of GI disorders. Among the nanoparticles investigated
for clinical applications, superparamagnetic iron oxide, quantum dots, single carbon nanotubes, and nanocages have emerged as
extensively studied and utilized agents. This review aimed to provide insights into the potential applications of nanoparticles in
modern imaging techniques, with a specific focus on their role in facilitating early and specific diagnosis of a range of GI disorders,
including IBD and colorectal cancer (CRC). Additionally, we discussed the challenges associated with the implementation of
nanotechnology-based GI diagnostics and explored future prospects for translation in this promising field.
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Introduction

Gastrointestinal (GI) diseases, which primarily encompass GI tumors and inflammatory bowel diseases (IBD), have a significant
impact on the well-being of millions of people worldwide. Colorectal cancer (CRC) is the third most commonly diagnosed cancer,
yet it ranks as the second leading cause of cancer-related deaths globally, posing a significant threat to human health.' Additionally,
IBD is a chronic and recurrent inflammatory disorder that includes ulcerative colitis (UC) and Crohn’s disease (CD). Its incidence
exceeds 0.3%, substantially increasing the risk of CRC.>™* Given the absence of characteristic early symptoms in GI diseases,
most patients are diagnosed at advanced stages, which severely affects their treatment options and overall prognosis.
Consequently, the significance of early diagnosis cannot be overstated. Currently, the standard diagnostic tools for GI diseases
consist of endoscopy, ultrasonography (US), computed tomography (CT), magnetic resonance imaging (MRI), and positron
emission tomography (PET). Although endoscopy has improved diagnostic accuracy by enabling direct visualization of lesions, it

is associated with various procedural complications, such as functional impairment, pain reactions, respiratory distress, and
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bacterial infections, both during and after the invasive procedure.’ Additionally, US, CT, MRI, and PET are commonly employed
for staging comparison and surgical evaluation of GI diseases. However, due to the involuntary movement of the GI tract and the
overlapping nature of abdominal tissues, their overall sensitivity in detecting GI diseases remains relatively low.® Moreover, their
corresponding contrast agents lack targeted specificity, leading to nonspecific distribution, which can result in adverse effects,
including allergic reactions, toxicities, and nausea. These limitations restrict their widespread clinical application. Therefore, there
is an urgent need to develop innovative techniques, such as nanoparticle (NP)-based diagnostics, which offer high sensitivity and
specificity, to overcome these challenges.

Nanotechnology involves the study of materials with structure sizes ranging from 1-100 nm, exploring their proper-
ties and potential applications. NPs exhibit a wide array of unique properties, such as optical, electrical, magnetic,
thermal, and mechanical behaviors. Additionally, they possess advantages, such as a high surface-to-volume ratio,
excellent biocompatibility, minimal toxicity, targeted capabilities, and the enhanced permeability and retention (EPR)
effect. These characteristics make NPs highly promising for advancing disease diagnosis.”® The combination of NPs
with modern imaging techniques has been extensively investigated in various diseases, including tumors, cardiovascular
disease, neurological disorders, liver disease, kidney disease, and more (Table 1)'!". In recent years, NP-based imaging
techniques have garnered significant attention in the diagnosis of GI diseases owing to their unique advantages.'? This
review aimed to provide a comprehensive overview of the different types of NPs and their properties as a foundation for
nano-diagnostics. Subsequently, it focused on the applications and advancements of NP-based diagnostic approaches, in
conjunction with modern imaging technologies, for the diagnosis of GI diseases. Finally, we delved into the challenges
associated with nanotechnology-based GI diagnostics and discussed potential future directions for translation in this field.

Key NPs in Gl Diseases Imaging

NPs used for imaging GI diseases can be broadly classified into two categories based on their intrinsic properties:
inorganic NPs and organic NPs. These NPs serve as imaging agents and nanocarriers, offering distinct functionalities in
diagnostic applications.'''>** These NPs vary in terms of their sizes, shapes, and properties, which consequently
influence their specific applications in disease diagnosis. Therefore, it is crucial to have a comprehensive understanding
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Table | Commercialized NPs Have Been Explored as Contrast Agents for Molecular Imaging

NP Type Targets Imaging Modality Animal Model Outcome Ref.
Quantum dots Glucose transporter| (Glutl) MRI CRC-bearing mice Specifically recognizing Glutl in CRC cells and [13]
improving the accuracy of CRC diagnosis and
biopsy.
Superparamagnetic iron oxide NPs | Kupffer cells MRI Patients with hepatocellular Improving the detection of HCC and the capacity | [14]
(SPIONPs) carcinoma (HCC) to differentiate lesions.
Silica NPs CD146 MRI/ Near-infrared fluorescence MKN45 tumor-bearing nude mice Allowing for rapid and accurate tumor imaging, [15]
(NIRF) with the potential to guide tumor treatment and
surgery.
SPIONPs Macrophages MRI/PET/CT IBD mice Assessment of inflammatory activity in IBD. [16]
CuS NPs avP3/ matrix metalloprotease-2 MRI/NIRF Gastric tumor-bearing mice Accurate identification of gastric tumor. [17]
(MMP-2)
Radiotracer-liposome Esterase PETCT CT26 tumor-bearing mice A pancreatic tumor a few millimeters in size is [18]
clearly visible.
Polymerized liposomal NPs CAI9-9 PET Pancreatic cancer xenografts in Pancreatic cancer can be specifically recognized. | [I19]
mouse
Copper NPs CC chemokine Receptor 2(CCR2) PET Pancreatic ductal adenocarcinoma- Pancreatic cancer can be detected with high [20]
bearing mouse sensitivity and accuracy.
Polymeric micellar NPs EGFR PET CRC-bearing mouse The PET imaging of CRC can be enhanced by [21]
active targeting.
Quantum dots Large external antigen (LEA) Fluorescence imaging CRC-bearing mouse Quantitative analysis of LEA expression in CRC. | [22]
Surface-enhanced Raman scattering | EGFR /HER2 Endoscopy Esophageal tumor-bearing mice Visualization of esophageal tumor locations. [23]
NPs
Fluorescent NPs ASYNYDA peptide Confocal laser endomicroscopy Barrett’s esophageal Specific identification of esophageal cancer. [24]
adenocarcinoma-bearing rat
Polymeric micelles Glucose-regulated protein 78 SPECT/CT Gastric cancer-bearing mice The imaging of gastric cancer can be enhanced. [25]
Fluorescent magnetic NPs BRCAAI Magnetofluorescent imaging Gastric cancer-bearing mice Early-stage gastric cancer can be recognized. [26]
Ultrasmall SPIONPs Peptide MRI HCC-bearing cancer Early-stage HCC can be identified. [27]
Upconversion NPs Peptide Upconversion luminescence (UCL)/ | HCT116 tumor-bearing mice Sensitive detection of ultra-small colorectal [28]
MRI tumors.
68Ga-labeled Hepatitis E virus NPs | Integrin a3p1 PET HCT 116 CRC-bearing mice Internalization of NPs in HCT1 16 cells is [29]
improved significantly, but the specific targeting
efficiency needs to be further improved.
Fe30O4/Au/Ag NPs Cytidine SERS Colon cancer-bearing mice Detection of nucleoside concentrations at the [30]
nM level.
Human heavy-chain ferritin (HFn) Transferrin receptor | (TfR1) Endoscopy Gastric cancer-bearing mice Identification of early-stage gastric cancer. [31]
NPs
Upconversion NPs MGb2 MRI Gastric cancer-bearing mice Gastric cancer and adjacent lymphatic metastasis | [32]
sites are detected ultra-sensitively by MRI.
Magnetic graphitic nanocapsules Peptidoglycan MRI H. pylori-infected mice H. pylori can be targeted for detection by MRI. [33]
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of the different types of NPs and their respective imaging mechanisms. This knowledge enables the flexible integration of
modern imaging technologies, facilitating the generation of high-resolution images for the diagnosis of GI diseases.

Nanowires (NWs)

NWs are one-dimensional structures with nanoscale cross-sections (<100 nm) and unlimited longitudinal lengths.*> They can
be categorized into various types based on their composition materials, including metal NWs (such as Ni, Ag, and Au),**"’
semiconductor NWs (such as InP, Si, and GaN),>** and insulator NWs (such as SiO2 and ZnO).** Metal NWs, with their

1,4 1,4 1,%** and mechanical properties,”*® have significantly impacted the field of

exceptional electrical,” optical,” therma
bioimaging. For instance, copper NWs have been utilized in surface-enhanced Raman scattering (SERS) imaging, enabling
signal amplification with remarkably high signal-to-noise ratio (SNR).*” Magnetic NWs, serving as MRI contrast agents, have
found increasing applications in the diagnosis of various diseases due to their customizable magnetic properties and favorable
biocompatibility.** For example, iron-iron oxide core-shell NWs have demonstrated high efficiency in cell detection by acting
as MRI T2 contrast agents, promising to achieve the tracking of digestive tumor cells.*® Silicon NW sensors offer numerous
advantages in early disecase diagnosis, providing rapid analysis of nanoscale sample volumes through resistance
measurements.*’ For instance, Zheng et al have developed an antibody-functionalized silicon NW sensor that achieves ultra-
sensitive detection of tumor markers in the concentration range of 50100 fg/mL.>® Additionally, Nami et al have employed
a silicon NW biosensor to monitor T-cell counts and assess patients’ immune responses by sensing pH changes in the
extracellular environment caused by antigen-specific activated T-cell membrane acidification. This approach also holds
promise for monitoring inflammatory responses in IBD.’' Consequently, by combining different types of NWs with
appropriate diagnostic technologies, significant advancements can be made in GI disease imaging, leading to improved

diagnostic outcomes.

Iron Oxide Nanoparticles (IONPs)

IONPs have garnered significant interest in bioimaging due to their exceptional magnetic properties and biocompatibility.>*
They serve as attractive contrast agents, effectively shortening the longitudinal and transverse relaxation time (T1 and T2) to
produce strong MRI contrast.>® Furthermore, by integrating specific ligands, such as epithelial growth factor receptor (EGFR)
antibodies, onto the surface of IONPs, molecular targeted MRI has been achieved for early detection of GI tumors, including
gastric, pancreatic, colon, and hepatocellular carcinomas (Figure 1).>*>° In addition to tumor diagnosis, [ONPs hold
considerable potential in the diagnosis of other digestive diseases. For example, single-nanometer IONPs coupled with
type I collagen-binding peptides have been used as T1-weighted contrast agents to enhance liver imaging, enabling rapid and
non-invasive diagnosis of liver fibrosis.”” Superparamagnetic iron oxide nanoparticles (SPIONPs), a primary form of IONPs
with a single-domain structure, exhibit superparamagnetic properties. Their paramagnetic magnetization under the influence
of an external magnetic field is significantly higher than that of ordinary paramagnetic materials.”® There has been increasing
research on SPIONPs in the field of MRI, yielding exciting results. Chee et al have developed ultra-small SPIONPs coated

TAG-72 ‘\
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Figure | Improving the imaging function by targeted nanoparticles. The common gastrointestinal tumor biomarkers overexpressed on cell membranes and the typical
molecules/ligands used to modify the surface of nanoparticles for targeting imaging.

Abbreviations: CEA, carcinoembryonic antigen; TAG-72, tumor-associated glycoprotein-72; EGFR, epithelial growth factor receptor; HER2, human epidermal growth
factor receptor 2; ASGP, asialoglycoprotein.w'6I
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with biocompatible peptides that specifically accumulate within liver tumors, thereby improving magnetic resonance proper-
ties and enabling specific detection of liver tumors as MRI T2 contrast agents.”” Similarly, Yang et al have created an Alkyl-
PEI-LAC-TPE/SPIO nano-complex as a dual-mode probe for MRI/optical imaging. This nano-complex effectively labels
cancer cells and exhibits superior fluorescence properties and higher T2 relaxivity compared to the commercial contrast agent
Feridex.>® The remarkable magnetic properties of IONPs make them highly promising as MRI contrast agents in diagnostic
applications, providing valuable insights into various GI diseases.

Quantum Dots (QDs)

QDs are nanoscale spherical or sphere-like segments of semiconductor crystal materials with tunable optical properties,
typically ranging from 2 to 10 nm in size. In QDs, the dimensions in all three directions are smaller than the Bohr radius of the
exciton, which gives rise to unique optical characteristics.®* ®* Over the years, QDs have gained significant attention in the
biomedical field due to their exceptional capabilities, including enhanced fluorescence stability and intensity (up to nearly 100
times brighter), high quantum yield, improved resistance to photobleaching, and high extinction coefficient.®>*® QDs have
been successfully employed for cell and protein labeling, enabling dynamic tracking of biological processes.®’

Researchers have utilized the fluorescent properties of QDs to develop innovative diagnostic approaches. For
example, Zhang et al have linked the fluorescent signal of QDs to the concentration of disease biomarkers by conjugating
tyrosinase with detection antibodies. This fluorescence immunoassay enables the rapid detection of hepatocellular
carcinoma (HCC) biomarker AFP at concentrations as low as 10 pM, offering a new avenue for early diagnosis and real-
time monitoring of HCC.”® Additionally, Deng et al have combined fluorescent and radioisotopic QDs with dextrose for
targeting, tracking, and multimodal imaging of macrophages using PET/CT and fluorescence imaging. This approach
contributes to the monitoring of immune responses in GI tumors and IBD.”' Moreover, QDs show promise as contrast
agents in medical imaging due to their small size, rapid clearance capability, and good biocompatibility. Notably, Dong
et al have constructed ultrasmall Ag,Te QDs that exhibit negligible toxicity and excellent biocompatibility. These QDs
are utilized for contrast-enhanced CT imaging due to their powerful X-ray attenuation capability.”* Therefore, QDs hold
great potential in advancing diagnostic techniques for digestive diseases, leveraging their fluorescence characteristics and
X-ray attenuation capabilities for single-cell and molecular detection as well as deep-tissue imaging.

Nanoshells

Nanoshells are ultra-thin metal shells that encase nanoscale cores of specific semiconductor complexes. They exhibit
highly tunable optical characteristics, which depend on the thickness of the shell.”*>*”* Given their plasmonic, optical, and
thermal properties, nanoshells have found significant applications in various biomedical imaging techniques, including
optical coherence tomography, diffuse optical tomography, US, PET, MRI, and SERS imaging.”” *® One notable
advantage of nanoshells is their ability to absorb or scatter near-infrared (NIR) wavelengths. By adjusting the thickness
and size of the shells, their localized surface plasmon resonance (LSPR) can be tuned. This enables the NIR light to
ecasily and deeply penetrate human tissue and blood, reaching depths of several centimeters. Furthermore, nanoshells can
reduce the unwanted autofluorescence originating from substances like hemoglobin, lipids, and water.®'*? For instance,
silver nanoshells can be tailored into nanoprobes with high NIR activity by controlling their surface morphology. These
nanoprobes exhibit strong and uniform SERS scattering signals in the NIR region and have been successfully utilized for
detecting CRC.® Additionally, porous cubic AuAg nanoshells have been developed as NIR-II SERS probes, allowing the
visualization of sub-millimeter microtumors in live mouse models.** Another advantage of nanoshells is their high
loading capacity, particularly for hollow nanoshells. This feature enables precise control over the delivery of drugs,
nucleic acids, contrast agents, and other biomolecules.® In a nutshell, the unique properties of nanoshells enhance the
functionality of core NPs and hold great potential as nanoprobes for the early detection of GI tumors.

Dendrimers

Dendrimers are nonpolymeric compounds with a three-dimensional, tree-like, globular structure. They are synthesized by
adding highly branched layers to a central core.* These unique structures make dendrimers versatile platforms for various
biomedical applications due to their cavities and easily modifiable surfaces.*”*® Among dendrimers, polyamidoamine
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(PAMAM) dendrimers have been extensively studied and characterized.® One notable application of PAMAM dendrimers
is their use as carriers for delivering gadolinium ions in MRI. Markowicz-Piasecka et al have demonstrated that G4
PAMAM dendrimers can effectively increase signal intensity in the liver by 59-116% after administering gadolinium-based
compounds, providing enhanced MRI contrast.’® Unlike other NPs, dendrimers offer a tunable molecular structure, narrow
polydispersity index, a large number of terminal functional groups, and available interior cavities and branches.”' These
features allow specific molecular targets associated with diseases to bind to the terminal functional groups, making
dendrimers “smart” and capable of precise targeting of cancers or other disorders. For example, Li et al have developed
a dual-mode nanoprobe targeting the urokinase-type plasminogen activator receptor (uPAR) using dendritic grafted
polylysine (DGL)-U11. This nanoprobe is loaded with the MRI contrast agent Gd** and the NIR fluorescent cyanine dye
Cy5.5 for ultra-early detection of pancreatic cancer. The targeted nanoprobe improves the sensitivity and spatial resolution
of MRI/near-infrared fluorescence (NIRF) imaging, offering a promising nanoplatform for the early detection of pancreatic
cancer.”” Therefore, the specific targeting capabilities of dendrimers, combined with the EPR effect, enable them to serve as
carriers for contrast agents, promoting the applications of MRI, CT, PET, and optical imaging in the diagnosis of digestive

diseases.”®?3~%

Carbon Nanotubes (CNTs)

CNTs are nanoscale cylindrical tubes rolled from graphene sheets. They can be classified into single-walled carbon
nanotubes (SWCNTs) with diameters of about 1-2 nm and multi-walled carbon nanotubes (MWCNTs) with diameters
ranging from 10-100 nm. MWCNTs consist of 2-30 concentric SWCNTs.”® In biomedical imaging, SWCNTs are
preferred over MWCNTs due to their ability to emit NIRF that is environmentally sensitive to factors, such as pH and
jonic strength.”” % Consequently, SWCNTs are often used as fluorescent probes either because of their intrinsic optical
properties or their capacity to label fluorescent molecules.'” Researchers have explored the use of SWCNTs as NIRF
agents for dynamic contrast-enhanced imaging. Welsher et al have utilized SWCNTs as NIR-II fluorescent agents and
observed significant improvement in the anatomical resolution of organs over time. This represents a promising approach
for achieving high-resolution optical imaging through deep soft tissues in the abdomen.'®' Additionally, the superior
biocompatibility and ease of surface functionalization of CNTs make them potential carriers for contrast agents. Rivera
et al have encapsulated bismuth in SWCNTs bound to pig bone marrow-derived mesenchymal stem cells, resulting in
increased contrast in CT imaging and negligible cytotoxicity compared to control cells.'®* By harnessing their fluorescent
and contrast agent loading capabilities, these CNTs can achieve higher-resolution imaging of digestive diseases, enabling
enhanced visualization and detection of GI conditions.

Gold Nanoparticles (AuNPs)

AuNPs have garnered significant attention as promising contrast agents and are extensively studied in biomedical imaging
applications.'” AuNPs exhibit unique properties at the nanoscale, including tunable physical, chemical, and biological
characteristics.'® They can take on various shapes and sizes, such as nanorods, nanospheres, nanotriangles, nanostars,
nanocubes, nanoshells, nanohexagons, nanoclusters, nanobranched structures, and hollow spheres.]05 With their non-
toxicity and biocompatibility, AuNPs have emerged as versatile tools in biomedical imaging techniques, including cell
imaging, optical imaging(such as optical coherence tomography,' narrow-band imaging,'®” and dark field microscopy'®®),
and CT.'”

AuNPs can serve as NIR-active probes because their LSPR wavelength can be tuned to NIR light, allowing for deep-
tissue penetration. For instance, NIR-emitting AuNPs conjugated to the mechano-growth factor (MGF) are utilized for
fluorescent imaging to detect its expression in CRC."'” Moreover, AuNPs can be employed in disease diagnosis using the
SERS technique, which amplifies the Raman signal when the analyte interacts with the surface plasmas of AuNPs. This
technique enables highly sensitive and label-free detection of specific analytes. Aptamer-functionalized AuNPs have been
used as SERS biosensors to quantitatively detect IL-6, a cytokine associated with inflammation and cancer progression,
offering the potential for monitoring immune responses in GI tumors and IBD.'"" Additionally, AuNPs have been
investigated as contrast agents for cell tracking and CT imaging due to their high X-ray absorption coefficient.''? By
labeling T cells expressing tumor-specific receptors with AuNPs, Meir et al have demonstrated the accumulation of these
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T cells at tumor sites using whole-body CT imaging, providing a valuable tool for the diagnosis and monitoring of
digestive diseases.''? In summary, AuNPs exhibit diverse properties that make them attractive contrast agents in various
imaging modalities, including fluorescent imaging, SERS-based detection, and CT imaging. Their tunable properties,
biocompatibility, and versatility contribute to their potential in the diagnosis, monitoring, and characterization of
digestive diseases.

Miscellaneous NPs

Polyelectrolyte Complex Nanoparticles (PECNPs)

PECNPs are formed by mixing polymers with opposite charges in aqueous solutions, and they can be any charged substances,
like surfactants, proteins, and colloids.!'>7 !¢ The formation of PECNPs relies on electrostatic interactions, polymer size,
mixing order, mixing ratio, polymer concentration, and pH conditions."'”'"® These complexes possess desirable properties,
such as a high surface-to-volume ratio, good tolerability, biocompatibility, and sensitivity to pH, allowing for the controlled
release of loaded substances.''*'*! PECNPs have been extensively explored for biomedical imaging purposes. For example,
they have been utilized for the protection, delivery, and imaging of curative proteins by loading them with upconversion
nanoparticles (UCNPs).'** PECNPs have also been employed as carriers for contrast agents in imaging applications.'**
Gadolinium-loaded PECNPs, for instance, have been prepared for enhanced MRI.'** Similarly, PECNPs complexed with
SPIONPs have demonstrated improved MRI contrast compared to SPIONPs alone.'?’ These NPs offer a versatile platform for
delivering contrast agents to specific locations, enabling accurate and targeted imaging of GI diseases.

Calcium Phosphate Nanoparticles (CaPNPs)

CaPNPs have garnered attention in the field of biomedical imaging due to their similarities to the major inorganic components of
natural bone and teeth.'*® These NPs offer several advantages, including biocompatibility and eosinophilic degradation.'*’” ">
CaPNPs have been employed as versatile tools for various applications, including drug delivery,'*® gene delivery,"*" and vaccine
adjuvants.'*? Additionally, they can serve as carriers for contrast agents in biomedical imaging. For example, gadolinium-loaded
CaPNPs have been developed, exhibiting higher longitudinal relaxivity and longer imaging time compared to gadolinium
alone."** Another study by Mi et al has reported the use of pH-sensitive CaPNPs with a poly(ethylene glycol) shell as an MRI
contrast agent. Under low pH conditions, the CaPNPs would decompose and release Mn>", selectively enhancing the MRI
contrast of HCC."** By utilizing their transport capacity, CaPNPs can effectively contribute to the imaging of GI diseases. These
NPs provide a platform for delivering contrast agents to specific locations, enabling enhanced imaging and diagnosis of GI
disorders.

Perfluorocarbon Nanoparticles (PFCNPs)

PFCNPs are versatile nanomaterials that offer numerous advantages. They exhibit high chemical inertness, low diffusivity,
and low solubility, and are non-toxic, while also being resistant to degradation.'*® By subjecting PFCNPs to ultrasonic
treatment, they can be converted into microbubbles, leading to effective intra-tumor aggregation and enhanced ultrasound
imaging. This addresses the issue of short retention time typically observed with micron-sized microbubbles in tumors.'*® For
instance, Koshkina et al have developed perfluoro-15-crown-5-ether-loaded poly(lactic-co-glycolic acid) NPs, which sig-
nificantly improve ultrasound contrast during repeated imaging sessions over a 48-hour period.'*” Moreover, PECNPs
generate a '°F signal that offers higher sensitivity and resolution compared to other MR-receptive nuclei.'** For instance,
Shin et al have employed '°F MRI to evaluate the severity of IBD by labeling macrophages. Their study demonstrates
a positive correlation between local '°F signal intensity and the degree of colitis inflammation.'*®

Liposomes

Liposomes are spherical vesicles composed of a lipophilic bilayer that encloses an aqueous core.'*® They offer unique advantages
as drug delivery systems, including biocompatibility, biodegradability, ease of surface modification, and high loading
capacity.'**'* By engineering their composition, size, and surface charge, liposomes can be tailored for biomedical imaging
applications.'** For instance, Thébault et al have developed liposomes encapsulating magnetic NPs (maghemite, y-Fe,O3) to
enhance MRI contrast.'*’
delivery to CRC tissues while reducing systemic toxicity.'*® Additionally, radiolabeled liposomes have also been utilized in PET

Awad et al have designed stealth liposomes coated with hydrophilic graphene QDs for effective
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imaging."*’ Technetium-99m-labeled polyethylene glycol (PEG)-liposomes demonstrate rapid imaging of IBD in a rabbit model
of acute colitis.'*® Furthermore, Blocker et al have successfully utilized **Cu-labeled liposomes to localize CRC."*’ Liposomes
as nanocarriers of imaging agents hold great potential for the diagnosis of GI diseases.

Micelles

Micelles are seclf-assembled agglomerates with hydrophobic cores and hydrophilic shells formed in an aqueous
environment.'>® They possess several key properties, including high stability, excellent biocompatibility, prolonged
circulation time, and the EPR effect.'>' > Additionally, their ability to effectively solubilize poorly soluble drugs and
target specific areas makes them highly desirable for biomedical applications.”>*'>* The amphiphilic nature of micelles
makes them attractive as carriers for contrast agents in biomedical imaging.'>> For example, surfactant-stripped frozen
pheophytin micelles have been successfully prepared and utilized for multimodal imaging of the gut using fluorescence,
photoacoustic, and PET techniques.'>® Cheng et al have developed '!'In-labeled micelles guided by glucose-regulated
protein 78 binding peptides, which increase radioactivity and accumulation of ''In in gastric tumors for nuclear
imaging.”> Moreover, Jiang et al have encapsulated aggregation-induced luminophores in micelles, enabling high-
resolution fluorescence and photoacoustic imaging of the gut.'>” Hence, loading different contrast agents into micelles
offers a promising “two birds with one stone” imaging approach for the diagnosis of digestive diseases.

UCNPs

UCNPs are a unique class of photosensitive materials capable of converting low-energy photons into high-energy
photons upon excitation by NIR light sources."”® This phenomenon, known as the anti-Stokes shift, allows the
transformation of NIR light into ultraviolet and visible light through nonlinear optical processes.'> Typically, UCNPs
consist of an inorganic matrix, sensitizer, and activator (usually rare earth-doped ions).'®® Sensitizer ions, such as doped
Ln*" ions, absorb NIR photons and transfer the energy to the activator ions, typically Yb*", through sequential energy
transfer processes. The excited activator ions then emit photons, resulting in fluorescence.'®'"'®* UCNPs possess several
advantages over organic dyes or fluorescent proteins. They exhibit nonblinking behavior, are not prone to photobleach-
ing, and do not suffer from background fluorescence interference. Additionally, UCNPs offer high chemical stability,
narrow emission bands, and large anti-Stokes emission, making them highly desirable for diagnostic applications in GI
diseases.'®> "7 Compared to QDs, UCNPs possess lower toxicity, higher SNR, and longer lifetime.'®® These exceptional
properties have positioned UCNPs at the forefront of GI disease diagnostics. For instance, Qiao et al have utilized
UCNPs as a unique probe for the sensitive detection of primary gastric tumors and lymphatic metastasis through
upconversion luminescence (UCL) imaging.>? Tian et al have successfully developed a novel contrast agent, lanthanide-
doped UCNP-Ulex Europaeus Agglutinin-I, which exhibits high tumor-targeting capacity and enables deep-tissue
imaging in a mouse model of CRC.'® Furthermore, Chu et al have established a UCL system based on UCNPs for
rapid and accurate quantification of IL-6, offering the potential for early diagnosis of inflammatory GI diseases.'’® Thus,
UCNP-based luminescence imaging utilizing the “optical window” provided by UCNPs holds great promise for effective
imaging of GI diseases.

Nanotechnology in the Diagnostic Applications of Gl Diseases

Currently, clinical diagnosis of digestive diseases relies on various imaging technologies, including endoscopy, CT, MRI,
US, PET, and single photon emission computed tomography (SPECT). However, each of these techniques has its own
advantages and limitations, and these limitations can pose significant challenges in clinical diagnosis.®” In order to
overcome these challenges, NPs have been introduced, leveraging their unique physical and chemical properties to
achieve high sensitivity, high resolution, safety, and the ability to provide detailed anatomical and biological information
about specific target sites. In the following sections, we summarized the progress of several NP-based imaging techniques

in the context of digestive diseases (Table 2).
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Table 2 NP Based Diagnostic Tests for Gl Disorders

NP Gl Disease Type Imaging Comment Ref.
Near-infrared fluorescent silica NPs | CRC Endoscopy Early-stage CRC(<0.5mm?) can be detected and depicted in human-scale animal model, which offers a viable | [I71]
pathway for clinical translation for primary CRC detection.
Anti-CEA loaded maghemite NPs CRC SERS CEA-expressing cells can be identified with high specificity in vitro, providing a potential detection tool for [172]
CEA-expressing tumors, micrometastasis, and cancer-circulating cells.
Carbon NPs CRC Laparoscopy Effective and safe detection of CRC and tracking of lymph nodes is achieved during laparoscopic surgery for | [173]
CRC.
AuNPs CRC SERS Non-invasive detection of CRC with high specificity and sensitivity in serum samples. [174]
UCNPs CRC Dual-mode Ability to target and detect ultra-small colorectal tumors. [28]
UCL/MRI
Gadolinium-loaded solid lipid NPs CRC MRI The NP-based contrast agent can be effectively absorbed by CRC cells to enhance MRI in colorectal tumors. | [175]
QDs Colon cancer Endoscopy Providing an approach for detecting small and flat tumors and improving cancer diagnosis. [176]
Near-infrared fluorescent Colon cancer NIRF The hollow NPs are used for the encapsulation of the NIR dye indocyanine green, increasing significantly the | [177]
proteinoid-poly (L-Lactic Acid) photostability of the dye and conjugating with tumor-targeting ligands for specific colon tumor detection.
hollow NPs
Raman scattering NPs Gl cancers Raman Small precancerous lesions can be detected in animal models, which provides earlier detection method for [178]
endoscopy esophageal, gastric, and colorectal tumors.
Peptide-coated ultrasmall SIONPs Liver tumors MRI The contrast of MRI in early-stage liver tumors is enhanced. [27]
lodinated liposomes Hepatic tumors CT Small liver metastases and vessels can be detected by enhanced CT. [179]
Lactobionic acid-modified HCC CT HCC can be diagnosed by targeted CT imaging in vivo and in vitro. [180]
dendrimer-entrapped AuNPs
Acetylated polyethylenimine- HCC CT Highly improving the CT contrast enhancement of normal liver and as an effective negative CT contrast agent | [181]
entrapped AuNPs for diagnosing HCC.
IONPs Liver tumors MRI Liver tumors can be detected by targeted MRI with ultralow hepatotoxicity. [182]
Bismuth-based nanoprobes Liver fibrosis Spectral CT Optimizing the prominence of the lesion area and successfully differentiating liver fibrosis from the healthy [183]
liver.
Rhenium sulfide (ReS2) NPs Gl tract Spectral CT Gl tract can be depicted obviously by spectral CT. [184]
Nanobubbles Gastric cancer us Nanobubbles are able to pass through the vascular for extravascular ultrasound imaging of tumors in the [185]
gastric cancer xenografts.
Multicolour carbon dots (CDs) Pancreatic cancer Fluorescence | CDs can effectively accumulate at tumor site in a murine model of pancreatic cancer and demonstrate [186]
imaging excellent fluorescence imaging capabilities, contributing to accurate resection of tumors.
Copper NPs Pancreatic ductal PET ¢4Cu-radiolabeled nanovehicle allows sensitive and accurate detection of PDAC malignancy by PET imaging in | [20]
adenocarcinoma mouse models.
(PDAC)
Dextran-coated cerium oxide NPs IBD CT Dex-CeNPs accumulate in the colitis area, producing enhanced CT contrast. [187]
(Dex-CeNPs)
Lanthanide-doped nanocrystals IBD NIRF Providing a real-time 3D imaging of the Gl tract in mice. [188]
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Endoscopy NIRF Imaging

Endoscopy is a commonly used diagnostic tool for GI diseases and plays a crucial role in the early detection of GI tumors
and assessment of mucosal inflammation, leading to a reduction in morbidity and mortality. While white light endoscopy
(WLE) can easily detect polypoid lesions, there is a significant miss rate for potentially invasive flat or depressed lesions.
For example, the miss rate for flat adenomas is reported to be 34%, while for flat adenomas, it is as high as 42%." To
overcome these challenges, new high-resolution imaging techniques for GI endoscopy have emerged, particularly those
incorporating optical techniques, such as chromoendoscopy, narrow-band imaging, autofluorescence imaging, Raman
spectroscopy, blue laser image, confocal laser endomicroscopy, and NIRF imaging.'”®'”! These techniques have
significantly improved the early diagnosis of GI tumors. NIRF imaging involves the use of a photo-detection device to
capture fluorescent signals generated by either endogenous fluorescent molecules or exogenous molecular probes. The
captured signals are then processed and analyzed by a computer to construct high-resolution images.'*> NIRF imaging
offers several advantages, including non-invasiveness, real-time imaging, absence of radiation, high sensitivity, and the
ability to detect multiple signals.'®® One of the key advantages of NIRF imaging is its capability to work in the NIR
region (650-900 nm), where biological tissues exhibit minimal light absorption and scattering effects. Additionally, the
background fluorescence of tissues in this region is low, resulting in a high SNR and enhanced tissue penetration
capability.'**'°® NIRF imaging has been successfully employed in tumor staging and image-guided tumor resection,
enabling real-time and high-resolution identification of tumor margins during surgery.®® It has proven to be a valuable
tool in improving the accuracy of surgical procedures.

Indocyanine green, a NIR fluorescent dye, is one of the most widely used imaging probes approved by the USA Food and
Drug Administration. It has found applications in various clinical practices, such as liver and cardiac function assessment and
retinal angiography.'”-'*® However, there are several limitations associated with indocyanine green that hinder its broader use
in disease diagnosis. These limitations include its short half-life, the tendency to aggregate undesirably, poor hydrolytic
stability, limited photostability, nonspecific targeting, and inadequate deep-tissue imaging capabilities.'*>**° In contrast, NP-
based probes offer several advantages that overcome these limitations. They provide high optical intensity and stability, large
payloads, low self-aggregation, enhanced biocompatibility, multimodal signaling capabilities, target binding through the EPR
effect or multiple ligands, and adjustable biodistribution profiles. These characteristics assist in the identification of early and
relatively small lesions.?"?%% Tiernan et al have developed a fluorescent contrast agent by conjugating dye-doped silica NPs
with anti-CEA antibodies, which enhances the imaging of colorectal tumors and shows great potential in intra-operative
fluorescent visualization of tumor cells.>”® Furthermore, Xu et al have designed a novel activatable nanoprobe by encapsulat-
ing H2S-activatable fluorescent probes inside the hydrophobic interior of core-shell silica nanocomposites. NIRF imaging
demonstrates that this probe enables deep-tissue imaging of CRC.2**

While NIRF imaging offers many advantages, it does have limitations in terms of tissue penetration, particularly for
the diagnosis of GI diseases. As a result, its applicability is most significant in endoscopy of digestive disorders, where it
can directly visualize abnormal mucosa and organs. For instance, Park et al have developed a rapid and accurate
fluorescence imaging technique using antibody-coated QDs to spray and wash CRC tissue in living animals, followed by
excitation and imaging through an endoscope. This nanoprobe enables the diagnosis of tumors in less than 30 minutes
and provides imaging at a depth of 100 microns, allowing the detection of small or flat tumors that may be missed by
WLE.'”® Gournaris et al have utilized inflammatory macrophage-targeted gold nanorods labeled with Cy5.5 for endo-
scopic NIRF imaging of CRC. This approach successfully detects inflammatory bowel polyps and enables their precise
ablation using radiofrequency, demonstrating promise for both CRC detection and the treatment of various inflammatory
diseases.”*® Furthermore, Rogalla et al have designed and evaluated a biodegradable NIRF silica nanoprobe. With the
assistance of this fluorescent nanoprobe, WLE can detect and characterize colorectal adenomas smaller than 5 mm?,
offering the potential for early detection of CRC in high-risk patients.'”' Therefore, the use of NP-based NIRF imaging
with improved tissue penetration significantly enhances the diagnostic accuracy of endoscopy. However, it is important to
consider the accurate targeting of the nanoprobe to the specific site of interest. While the deposition of NPs at lesion sites
based on the EPR effect is not entirely specific, the development of tumor-specific molecular nanoprobes holds promise
for further advancements in this field.
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CT

CT, a non-invasive and convenient diagnostic tool, is widely used in clinical practice. It involves rotating an X-ray source
around the scanned object to obtain detailed images. X-rays possess excellent deep-tissue penetration ability, high spatial
resolution, and fast scanning speed, and they allow for painless examination and easy image processing. These features
make CT imaging an attractive technology for the diagnosis of GI diseases.”’’® To improve the distinction between
different tissue types, contrast agents are commonly used.”®” Water-soluble aromatic iodinated molecules and barium
sulfate suspensions are the primary contrast agents employed for enhanced CT imaging. Barium sulfate is primarily
administered orally for GI imaging due to the toxicity associated with barium ions. However, it has limitations in terms
of its use and cannot be administered intravenously. On the other hand, iodine-based agents, which have a high
absorption coefficient for X-rays, are generally safe for intravascular administration. However, they are rapidly cleared
from the kidneys due to their short circulation time in the body after administration. Furthermore, patients may
experience varying degrees of adverse reactions, such as dizziness, vomiting, or skin irritation, due to the high osmotic
pressure and viscosity of these agents. Additionally, these contrast agents lack tissue or organ targeting and specific
biodistribution, resulting in limited specificity in imaging applications.?****’

Indeed, the development of novel contrast agents based on NPs has gained significant attention for CT imaging. NPs
offer several advantages, such as a large surface area, enhanced stability, prolonged circulation time, superior biocompat-
ibility, specific targeting, and low toxicity, making them well-suited for CT imaging applications (Figure 2).>'®'® There
are various types of NP-based contrast agents under development, including iodine-based agents (such as liposomes,
micelles, polymers, and dendrimers), AuNPs, lanthanide-based NPs (such as macromolecules or emulsions containing
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Figure 2 Nanoparticle combined with imaging technique for diagnostic of gastrointestinal disorder.
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lanthanides and UCNPs), and other heavy metal-based contrast agents (such as tantalum or bismuth).?'*?'> In the case of
iodine-based contrast agents, small iodinated molecules can be encapsulated or conjugated within nanocarriers to extend
their circulation time and enhance the sensitivity of CT imaging.?'®*'” For example, Montet et al have utilized iodinated
liposomes to improve the sensitivity of detecting liver metastases by enhancing vascular and hepatic CT imaging. The
iodinated liposomes, taken up by Kupffer cells in the liver instead of being rapidly excreted by the kidneys, amplify the
contrast enhancement in the liver, enabling the detection of small liver metastases.'”® Similarly, iodinated dendrimers
have been employed as blood-pool contrast agents, overcoming the rapid renal excretion of small iodinated compounds
and reducing their side effects. Dendritic contrast agents have demonstrated high contrast enhancement and prolonged

enhancement time in the blood pool, facilitating the diagnosis of tumors through the EPR effect.*'®

However, encapsu-
lating water-soluble ionic or nonionic iodinated molecules within micelles solely through hydrophobic interactions can be
challenging. The covalent attachment of iodinated contrast media to the hydrophobic tails of amphiphiles, followed by
incorporation into the core of micelles, has been a key method for preparing iodinated micelles. These iodinated micelles
serve as CT contrast agents, offering the potential for long-lasting blood-pool contrast and enhanced imaging.*'”

Furthermore, AuNPs serve as excellent contrast agents in CT imaging due to their high X-ray attenuation and ease of surface
functionalization.'*"**° Zhou et al have successfully enhanced the CT contrast of normal liver and weakened it in hepatic necrotic
areas by entrapping AuNPs with acetylated polyethyleneimine, achieving effective negative contrast in CT.'®! In recent years,
bismuth-based NPs have emerged as highly promising contrast agents for imaging GI diseases owing to their high X-ray
absorption and biosafety.”*'*** Zelepukin et al have designed polymer-coated bismuth oxychloride nanosheets for CT imaging of
colitis in animals, resulting in a 2.55-fold enhancement in contrast with lower toxicity compared to conventional contrast
agents.”>> Furthermore, lanthanide-based NPs are also being explored as contrast agents in CT. Naha et al have developed
dextran-coated cerium oxide NPs (Dex-CeNPs) for CT imaging of IBD in a mouse model, which significantly improves CT
imaging by accumulating in colitis areas. Additionally, more than 97% of Dex-CeNPs are cleared from the body within 24 hours,
demonstrating a favorable biosafety profile.'®’”

Moreover, spectral CT imaging technology, which utilizes the differential absorption of tissues at different energy
levels of X-rays, offers effective tissue distinction and reduces image artifacts.”****> NP-based spectral CT can enhance
the imaging of microscopic lesions, particularly aiding in qualitative analysis and identification of upper abdominal
diseases. For example, Wu et al have reported the successful diagnosis of liver fibrosis using a bismuth-based nanoprobe
with high efficacy.'® Additionally, Wang et al have prepared rhenium sulfide (ReS2) NPs that significantly improve
contrast in spectral CT imaging of the GI tract, demonstrating minimal toxicity.'®* Overall, NP-based CT imaging

technology holds great promise for the diagnosis of digestive diseases.

MRI

MRI has extensive clinical applicability in diagnosing GI diseases due to its non-invasive and non-ionizing radiation, excellent
spatiotemporal resolution, accurate soft tissue contrast, and deep-tissue penetration.”° Protons within the body are excited by RF
pulse energy in a magnetic field and emit radio waves, which are then processed by a computer to construct clear structural
images.”?” While gadolinium complex is a widely used T1 contrast agent in clinical practice, providing positive contrast in MRI
by shortening the longitudinal relaxation time of surrounding water molecules, its retention in GI tissues for an extended period is
challenging due to the empty nature and involuntary movement of abdominal organs.®® Furthermore, short circulation time,
nonspecific distribution, poor detection sensitivity, and toxicity issues associated with gadolinium complex further restrict their
clinical application.”?® >*° NP-based contrast agents offer a promising platform for MRI diagnostics due to their unique
advantages. On the one hand, NPs have a high payload capacity, allowing for enhanced imaging contrast at low doses of contrast
agents.”' On the other hand, NPs with a large surface-to-volume ratio enable multi-modality MRI by facile surface modifications
(eg, targeting with antibodies or peptides) or the introduction of additional features (eg, fluorescence).”*>*** Based on the
mechanism of contrast enhancement, NP-based MRI contrast agents can be classified into T1 contrast agents and T2 contrast
agents. Gadolinium-based NPs (such as dendrimers,>** liposomes,23 > micelles,”*® QDs,* silica,”*® and CNTs**’) serve as
promising T1 contrast agents, offering positive contrast enhancement. In an early study, Kobayashi et al have synthesized a unique
MRI contrast agent by loading gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA) onto polypropylene-diaminobutane
dendrimers for the diagnosis of liver micrometastases. The nano-contrast agent uniformly enhances normal liver parenchyma and
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accurately visualizes micrometastases as small as 0.3 mm in diameter in the mouse liver.*** Furthermore, dendrimers targeting
endothelin (which is enriched at the HCC margin) loaded with Gd-DTPA and the NIR fluorophore IR783 have demonstrated the
ability to clearly delineate tumor boundaries. After 30 minutes of injection, this complex enables successful visualization of
tumors as small as 1-4 mm in diameter, offering a promising non-invasive and precise preoperative definition of tumor margins
and intraoperative guidance for tumor resection using NIRF imaging.?*' Similarly, Wang et al have utilized solid-lipid
nanoparticles (SLNs) loaded with both Gd-DTPA and fluorescein isothiocyanate (FITC) as MRI contrast agents for diagnosing
CRC. The Gd-FITC-SLNs exhibit significantly increased SNR and circulation time, resulting in the durable enhancement of
CRC.*** Additionally, Pagoto et al have developed vascular cell adhesion molecule-1 receptor-targeted phospholipid-based
micelles loaded with Gd-DOTA for MRI visualization of inflammatory sites. This micellar system exhibits good biocompatibility,
high longitudinal relaxation, and an improved ability to detect areas of inflammation by enhancing MRI T1 contrast. It holds
promise for early MRI diagnosis of inflammatory diseases of the GI tract.>*®

In recent years, there has been significant interest in manganese oxide NPs (such as MnO, MnO,, Mn,03;, Mn;0,, and
MnO,) as contrast agents for MRI T1 imaging.*** Several factors, including size, shape, and surface coating, influence the
sensitivity of manganese oxide NPs to T1 contrast-enhanced MRL.>** Hyeon et al have synthesized MnO NPs of varying sizes
and observed that as the size decreases, the T1 relaxation time is shortened, leading to enhanced signal intensity. This effect is
attributed to the increased surface area of the smaller NPs, which facilitates enhanced interaction with water molecules.”*
Supporting this notion, Yang et al have demonstrated that increasing the surface area of MnO NPs through size and shape
design results in favorable enhancement in T1 imaging of hepatic tumors.**® To enhance the diagnostic capabilities of MRI,
surface-functionalized and/or stimulation-responsive manganese oxide NPs have garnered considerable attention. For
instance, Wei et al have developed small-sized octagonal hollow porous manganese oxide NPs functionalized with zwitter-
ionic dopamine sulfonate as a pH-responsive MRI contrast agent for real-time monitoring of HCC. The rl relaxivity value of
the manganese oxide NPs is only 0.8 mM-1 s-1 at pH 7.4, but it increases to 5.2 mM-1 s-1 and 8.3 mM-1 s-1 in acidic solutions
at pH 6.5 and 5.4, respectively. This pH-dependent enhancement enables precise imaging and diagnosis of HCC.**” Thus,
manganese oxide NPs offer a novel, safe, and accurate nanoplatform for future precise imaging and diagnosis of GI conditions.

In contrast to T1 contrast agents, IONPs serve as T2 contrast agents, providing negative contrast enhancement by
shortening the T2 relaxation time of protons. This contrast mechanism can sometimes lead to challenges in distinguishing
between normal tissue and lesions due to the low contrast presented by magnetic NPs.>>” However, IONPs still possess
numerous appealing advantages, including high sensitivity, excellent compatibility, and biosafety.”*® Furthermore, the
engineering and functionalization of IONPs have been employed to address these challenges.'***’ For instance, Li et al
have designed a novel contrast agent called glycyrrhetinic acid (GA) group-modified Fe;04 NPs (Fe;04@cGlu-GA) for
liver tumor-targeted MRI. Fe;04@cGlu-GA NPs exhibit excellent targeting capabilities towards HCC cells, along with
good biocompatibility and ultra-low hepatotoxicity.'®* Nishimura et al have utilized ferumoxtran-10, an ultrasmall
SPIONP, to evaluate the efficacy of MRI in diagnosing lymph node metastasis in esophageal cancer. The results
demonstrate a sensitivity of 100%, specificity of 95.4%, and accuracy of 96.2% in differentiating benign from malignant
lymph nodes in esophageal cancer.>>* Moreover, SPIONPs have proven valuable as cell labels or tracers for MRI. Wu et al
have employed SPIONP-labeled macrophages in IBD for MRI assessment of disease activity. In vitro mass spectrometry
confirms the high uptake capacity of macrophages for SPIONPs. MRI reveals approximately 3% of the injected dose of
SPIONP-labeled macrophages present in the intestine within 24 hours of administration, indicating the potential of using
MRI to monitor the inflammatory activity of IBD.'®

NP-based activatable MRI contrast agents have gained significant attention in recent years due to their ability to
switch between “off” and “on” states based on specific stimuli in the surrounding physiological environment, such as pH
or enzymes.>>'*3? These contrast agents offer the advantage of providing signal enhancement selectively in the target
area, improving the sensitivity and specificity of MRI. For instance, Lee et al have designed magnetic IONPs that are
targeted to the urokinase plasminogen activator receptor (uUPAR) and loaded with the chemotherapy drug gemcitabine
(Gem). These NPs are designed for targeted delivery to uPAR-expressing tumor cells. Upon internalization by the tumor
cells via endocytosis, the NPs release Gem intracellularly, leading to enhanced MRI contrast, specifically in pancreatic
cancer cells.”>* Similarly, Shi et al have reported the development of a tumor-targeted and enzyme-activated nanoprobe
composed of a tumor-targeting ligand (cCRGD) and a matrix metalloprotease-2 (MMP-2)-cleavable fluorescent substrate-
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modified gadolinium-doped CuS micellar NPs. This nanoprobe selectively accumulates in gastric tumors after intrave-
nous injection in mice, and upon MMP activation, the MRI shows a significant increase in rl relaxivity. The enzyme-
activating nanoprobe demonstrates enhanced MRI of tumors, highlighting its potential as a promising tool for early
diagnosis of gastric tumors.'” These studies demonstrate the potential of activatable NP-based MRI contrast agents to
improve the specificity and sensitivity of tumor imaging, enabling targeted delivery of therapeutic agents and early
detection of tumors.

US

US imaging is widely employed in clinical diagnostics due to its safety, non-invasiveness, non-ionizing nature, afford-
ability, high spatial resolution, and real-time imaging capabilities.”>* This imaging modality utilizes ultrasound waves to
scan the human body, capturing reflected signals that are subsequently received and processed to generate images of
tissues and organs.”>> Conventional US contrast agents typically consist of microbubbles ranging from 1 to 8 microns in
size, such as Levovist, SonoVue, and Optison. These agents provide only blood flow signal owing to their large particle
size, shorter circulation time, and relatively lower stability.>>® In contrast, NP-based contrast agents, leveraging the EPR
effect, exhibit the potential for accumulation at tumor sites, thereby showing promise for extravascular imaging in US.**’
Furthermore, the surfaces of NPs can be modified with functional groups (such as antibodies, peptides, folic acids,
nucleic acids, etc.) to actively target specific tissues, thereby enhancing the contrast in US imaging.?>% 2%

Currently, NP-based contrast agents can be classified into three main types: gas-based NPs, liquid-based NPs, and
solid-based NPs. Gas-based NPs utilize cores, such as carbon dioxide (CO,), nitrogen, perfluorocarbon, and sulfur
hexafluoride, with shells composed of liposomes, polymer NPs, or silica NPs.?¢'2¢ Similarly, liquid-based NPs, like
perfluorooctyl bromide NPs, possess a core-shell structure akin to gas-based NPs.?®” Moreover, solid-based NPs, such as
silica NPs, which are smaller in size compared to gas-based NPs, generate strong US signals by aggregating at lesion
sites through active or passive targeting mechanisms.”®® The utilization of NP-based enhanced US imaging holds great
promise in the diagnosis of GI diseases.”*® For instance, Hu et al have successfully synthesized a targeted nanoprobe by
incorporating a folate-PEG-chitosan derivative shell and a perfluorooctyl bromide nanocore. This nanoprobe demon-
strates excellent biocompatibility and targeted capability, exhibiting specific accumulation in HCC cell lines to enhance
US imaging.>>® Moreover, nanobubbles have shown potential for extravascular US imaging owing to their high
penetration power and stability. Fan et al have developed nanobubbles with a particle size of 435.2 + 60.53 nm and
evaluated their contrast effect in a gastric cancer xenograft model. These nanobubbles exhibit enhanced US imaging
compared to SonoVue microbubbles, penetrating the tissue space of gastric cancer and providing morphological evidence
of tumor angiogenesis.'®>

Furthermore, combining US imaging with other imaging techniques can offer compelling evidence for the early
diagnosis of GI diseases. For example, Maghsoudinia et al have developed folic acid-targeted phase-change nanodroplets
loaded with gadolinium, enabling dual-modal MRI/US imaging of HCC. This dual-functional contrast agent not only
enhances the US signal but also exhibits a high r1 relaxivity, providing improved diagnostic capabilities.?’® Additionally,
the use of activatable nanoprobes allows for the integration of therapeutic and US imaging functionalities, opening new
possibilities for diagnosis and treatment.?”'"? Go et al have demonstrated the potential of ketonized maltodextrin NPs as
both US contrast agents and drug delivery carriers in mouse models of acute liver failure. The NPs undergo hydrolytic
degradation triggered by acid, resulting in the generation of CO, bubbles that enhance the US signal while facilitating
drug release.’”® Similarly, Chen et al have successfully developed a targeted US contrast agent composed of gas-
generating calcium carbonate/pullulan-graft-poly(carboxybetaine methacrylate) hybrid NPs, which are targeted by pull-
ulan, for liver cancer diagnosis. The nanocomplex exhibits excellent vascular permeability and stability. Under the acidic
pH conditions of the tumor, the calcium carbonate NPs decompose, generating CO, and significantly enhancing the US
contrast at the tumor site while leaving normal tissue unaffected.?’?

Although NPs have initially shown promise in improving the accuracy of US imaging for the diagnosis of GI
diseases, it is evident that their potential in this area has not been thoroughly explored, as evidenced by the limited
number of reported studies. It is anticipated that the development of novel NP-based US contrast agents with longer half-
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lives, higher stability, and enhanced specificity for specific cells and tissues will further enhance the sensitivity and
specificity of US imaging in the diagnosis of digestive diseases, thereby expanding its applications.

PET

PET is an imaging technology that utilizes short-lived positron-emitting radionuclides, such as carbon (*'C), nitrogen
(*°N), oxygen (*°0), or fluorine ('*F) to label compounds involved in cellular metabolism, enabling the measurement of
metabolic activity for diagnostic purposes.”’* 2’ Despite limitations, such as high clinical cost and radioactive exposure,
PET plays a crucial role in the diagnosis of soft tissues due to its high tissue penetration, sensitivity, specificity, and real-
time dynamic imaging capabilities.”’” In comparison to MRI and CT, PET can facilitate early diagnosis even before the
morphological changes in the lesion area become apparent, and it can differentiate between benign and malignant tumors
based on the high metabolic activity of malignant tumors.”’”*’® PET is highly effective in tumor staging and the
detection of micrometastases.”’”’ Additionally, PET demonstrates superior diagnostic capabilities for inflammatory
diseases like IBD due to increased glycolytic activity in these conditions.?*

The main contrast agent used in clinical practice for PET is 18-fluorine-fluorodeoxyglucose (‘*F-FDG). However,
a significant clinical challenge lies in the potential for false-positive results introduced by these radiopharmaceuticals.
Therefore, the development of NP-based PET contrast agents is crucial to overcome this challenge. Several studies have
already demonstrated the potential of NP-based PET in the diagnosis of GI diseases. Liposomal radiotracers have emerged
as promising nuclear imaging probes, and various methods for radionuclide labeling (such as encapsulation within
liposomes to protect them from enzymatic degradation or protein binding) and synthetic strategies, have been extensively
investigated to enhance their biocompatibility, stability, and specific targeting capabilities.”®! For example, Lee et al have
introduced a novel PET imaging strategy that capitalizes on the differential esterase activity of tumors and mononuclear
phagocyte system organs. They utilize '**I-labeled liposomes as radiotracers, which are rapidly eliminated from the liver
and spleen upon cleavage by esterases. In contrast, the lipophilic radiotracer delivered to the tumor is retained, resulting in
enhanced SNR between tumors and surrounding tissues/organs. This approach proves valuable for the early diagnosis of
pancreatic cancer, offering improved imaging sensitivity and specificity.'® Dendrimers have also shown promise as
multifunctional scaffolds for the development of PET imaging agents due to their unique characteristics. Garrigue et al
have developed a ®®Ga radiolabeled amphiphilic dendrimer for PET imaging, employing EPR-mediated passive tumor
targeting in various xenograft mouse models, including CRC and pancreatic adenocarcinoma. The nanosystem exhibits
excellent imaging sensitivity and specificity, demonstrating a 14-fold increase in PET signal ratio compared to '*F-FDG.**
Moreover, micelles have emerged as effective delivery vehicles for PET imaging agents, offering prolonged circulation
time, specific tumor uptake, and stimulus responsiveness.”®> For example, pH-sensitive **Cu-labeled neutral copolymer
micelles undergo breakdown in the acidic tumor environment, resulting in the formation of polycationic polymers that are
selectively retained by cancer cells. PET imaging utilizing **Cu-labeled polymer micelles demonstrates superior contrast
for the detection of small occult tumors compared to '*F-FDG.?**

Targeted molecular PET imaging has emerged as a powerful approach for obtaining high-quality images through the
specific binding of ligands and active accumulation of radiotracers at the site of GI tumors. Girgis et al have investigated the
efficacy of '**I-labeled anti-CA19-9 cys-diabody in combination with polymeric liposome NPs for PET imaging of
pancreatic cancer. This approach achieves specific molecular imaging with a tumor-to-blood ratio of 3, demonstrating its
effectiveness.'® In another study, Zhang et al have designed ®**Cu-labeled ultrasmall copper NPs targeted to CC chemokine
receptor 2 for PET imaging of pancreatic ductal adenocarcinoma in a mouse model. These targeted NPs exhibit high
sensitivity and effectiveness in detecting the disease.”’ Similarly, Paiva et al have developed **Cu-labeled GE11-modified
polymeric micellar NPs for PET imaging in a CRC model. By targeting the EGFR, the GE11-modified micelles show
increased accumulation in colon cancer cells compared to untargeted micelles, thereby enhancing the contrast of PET
imaging.?' Also, targeted molecular PET imaging is suitable for the diagnosis and differential diagnosis of IBD and the
assessment of inflammation. Dearling et al have prepared ®*Cu-labeled anti-beta (7) integrin antibody (FIB504.64) for PET
radioimmunoassay in colitis. The study demonstrates that **Cu-labeled anti-p (7) integrin antibodies are selectively
absorbed in the intestines of colitis animals and exhibit higher uptake compared to the controls, thereby enhancing PET
imaging of IBD.?® Furthermore, Freise et al have developed a PET probe for the detection of CD4" T cells in an IBD mouse
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model. They use *°Zr-labeled CD4 antibody fragment (GK1.5 cDb) to efficiently recognize CD4" T cells in the colon,
cecum, and mesenteric lymph nodes of mice with colitis, thereby demonstrating increased inflammatory activity in these
specific sites.?*"

To enhance the accuracy of imaging, the combination of NP-based PET imaging with other imaging techniques, such
as MRI, CT, and fluorescence, is being explored for the diagnosis of GI diseases. Kim et al have designed a novel dual-
modality tumor-targeted agent by labeling oleanolic acid-conjugated IONPs with ®*Ga for PET/MRI in CRC mouse
models. This targeted agent exhibits high uptake by CRC cells, enabling effective PET/MRI imaging.**® Therefore, NP-
based PET/MRI imaging holds great promise in the diagnosis of digestive diseases. However, there are still hurdles that
need to be addressed, including the conjugation of radiopharmaceuticals to NPs, precise delivery and release of NPs, and
other crucial considerations, such as appropriate isotopes, effective radiolabeling strategies, specific targeting modifica-
tions, and favorable pharmacokinetic profiles. These aspects require further in-depth research and investigation.

Limitations and Prospects
NPs utilized in biomedical imaging offer several attractive advantages. Their small sizes and modifiable surfaces enable
them to evade phagocytosis by the reticuloendothelial system (RES) and to selectively accumulate at desired sites through
the EPR effect or active targeting. Furthermore, the high surface-to-volume ratio of NPs enhances their capacity to carry
contrast agents and drugs while also improving their stability and safety. Currently, various types of NPs with unique
properties are successfully employed in imaging technologies. IONPs possess superparamagnetic properties that make
them highly suitable for MRI. AuNPs are widely used in CT imaging due to their high X-ray attenuation coefficient and
versatile surface chemistry. QDs, with their tunable sizes, exhibit promising fluorescent properties and can emit visible
fluorescence at different wavelengths, making them valuable in fluorescence imaging. Moreover, UCNPs, capable of
converting multiple low-energy photons into high-energy photons, are actively being explored as emerging players in
optical imaging technologies. Additionally, fluorescent probes combined with exosomes can be employed to specifically
identify tumors. Engineered exosomes with targeted modifications enable the targeted delivery of fluorescent tracers for the
specific diagnosis of diseases.”®’2° This detection method has shown successful development, as illustrated in Figure 3.
Consequently, the future utilization of NP-based imaging technologies holds great promise for the diagnosis of GI diseases.
While the results of research on NPs in modern imaging techniques are exciting, they remain insufficient for their true
translation into clinically practical imaging agents. When utilizing NPs as contrast agents for medical imaging, it is
crucial to consider their in vivo toxicity. Extensive in vivo and in vitro studies have demonstrated that many NPs pose
varying degrees of toxicity risk. As foreign materials, NPs interact with biological systems and can induce adverse effects
through physical, chemical, and immunological mechanisms, including oxidative stress, genotoxicity, immunogenicity,
apoptosis, and necrosis.®?%? Furthermore, aside from the inherent toxicity of certain NPs, such as cadmium in QDs,
excessive retention or impaired clearance of NPs in the body can lead to nanotoxicity, resulting in issues like capillary
occlusion, aggregation leading to functional loss and damage to organs such as the liver, spleen, lung, and kidneys.
Although adjusting the size, shape, composition, surface chemistry, and other factors of NPs can reduce the toxicity risk,
as seen with silica-coated QDs, achieving true translation into clinical diagnostic applications remains an extremely
challenging task. For instance, if NPs are not efficiently eliminated from the body following injection, a significant
amount of time is required to assess the effects of the administered dose and the long-term toxicity implications on the
body. Secondly, it is crucial to address the delivery challenges associated with NPs targeting the GI tract. When
administered intravenously, NPs face multiple biological barriers in vivo that hinder their delivery to the GI ailment
site. Phagocytosis by the monocyte-phagocyte system (spleen and liver) results in the nonspecific distribution of NPs in
healthy organs, leading to inadequate accumulation at the desired disease locations. Moreover, blood rheology and intra-
tumor hypertension present significant obstacles to NP delivery.””® Compared to intravenous injection, oral administra-
tion offers certain advantages for the GI tract, including convenience, excellent safety, and positive patient acceptability.
However, the complex environment of the GI tract, characterized by factors such as intestinal pH, diverse enzymes,
intestinal microbiota, and the mucus barrier, continues to pose challenges to the effective absorption of NP formulations.”
Therefore, to effectively overcome these barriers to NP delivery, a re-conceptualization of conventional NPs is required,
taking into account factors such as size, shape, surface modification, and other relevant parameters. Similarly, the
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Figure 3 Multimodal PET and NIRF imaging based on ADSCs derived extracellular vesicles. (A) Schematic illustration showing the generation of exosome use for bio-
imaging. (B) NIRF imaging of gastrointestinal tumor-bearing nude mice at different time points (I, 5, 10, 20, 30 and 50 h). The arrows indicate tumor sites. (C) In vitro tissue
images at different time points (10, 20 and 30 h) after injection of Cy7-EV-N3.

Abbreviations: M, muscle, LI, large intestine, S, small intestine, K, kidney, SP, spleen, L, liver, ST, stomach.?”"

biocompatibility of NPs and their degradation products in vivo must be taken into consideration for practical diagnostic
applications. Organic NPs generally exhibit better biocompatibility compared to heavy metals, highlighting the impor-
tance of developing synthesis strategies that prioritize biocompatible and biodegradable NPs. Besides, the targeting
mechanism of NPs improves the efficiency of imaging agents in reaching their intended targets while minimizing side
effects associated with nonspecific accumulation in the organism. However, NPs or nanocarriers in vivo are susceptible
to enzymatic degradation and phagocytosis by RES. Thus, in the complex physiological environment of the body,
achieving precise targeting of the desired site without significant accumulation in other areas remains a significant
challenge. It is crucial to enhance the stability of NP-ligand interactions, improve the affinity between ligands and
receptors, and mitigate the toxic side effects that may arise from the off-target accumulation of contrast agents.
Furthermore, limitations such as inadequate availability of certain raw materials, high synthesis costs, and the use of
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toxic solvents during the synthesis process can impede the clinical translation of NPs. Therefore, it is imperative to
explore the use of non-toxic, environmentally friendly, and abundant natural resources in the development of NPs.
Overcoming these challenges is crucial to unlock the vast potential of NP-based imaging technologies in the diagnosis of
GI diseases in the near future.

Currently, the majority of studies in the field have been conducted in animal models, with only a limited number of
studies applying NP-based imaging techniques in clinical practice. Therefore, it is crucial to accelerate the pace of the
clinical translation of NPs. In this regard, we presented several exciting directions for future applications of NPs in GI
disease imaging combined with clinical practice. Firstly, considering the variations in patient conditions and disease
characteristics, a single imaging approach often falls short of providing comprehensive information about a patient’s
disease. To overcome this limitation, the development of versatile NP-based multimodal imaging strategies is essential.
By combining multiple imaging modalities, these approaches can achieve high sensitivity and specificity in diagnosis.
Future efforts should focus on designing multifunctional NPs that not only optimize the combination and ratio of various
imaging agents but also enable the selection of imaging modes that synergistically enhance diagnostic capabilities.
Secondly, targeted molecular imaging represents a significant advancement in current research. The incorporation of
multiple targeting ligands onto NPs can greatly enhance binding affinity and specificity, facilitating the effective
accumulation of imaging agents at the site of interest. This enables precise identification of lesions, particularly in early-
stage tumors, without adversely affecting other organs and tissues. Moreover, the use of specific stimuli, such as pH,
enzymes, and light, can serve as “switches” to activate NPs at the targeted sites, enhancing their imaging performance.
Hence, targeted molecular imaging is a worthy direction for future exploration, with a focus on the selection of
appropriate ligands for NPs and ensuring their stability in vivo. Furthermore, in order to overcome the delivery barriers
associated with GI-targeting NPs, several stealth NP strategies have been developed, including the use of PEG-
functionalized NPs, which effectively evade clearance by the monocyte-phagocyte system.?** Another approach is the
“cluster bomb” oral drug delivery method, employing a pH-sensitive core-shell structure to precisely control drug release
in the intestinal microenvironment. This approach also utilizes an LV-modified surface to overcome the epithelial barrier
and enhance drug accumulation at the tumor site.?’> Furthermore, NP hitchhiking designs have demonstrated the ability
to overcome biological barriers and actively aggregate at disease sites, involving erythrocytes, neutrophils, macrophages,
and probiotics.””*?*® Therefore, these NP strategies for addressing delivery barriers represent a crucial area of future
research. Finally, the significance of endoscopy in the diagnosis of GI diseases is self-evident. By harnessing the unique
physicochemical properties of NPs, such as fluorescence, it becomes possible to visualize structural and morphological
changes in GI diseases, enabling early identification of lesions, particularly in cases of early-stage cancers. Consequently,
NP-based endoscopy optical imaging is a direction deserving our intensive research in the future. NPs are not silver
bullets but rather assistive tools that need to be carefully tailored and selected to align with specific imaging technologies,
ensuring their optimal performance in diagnostics.

Conclusion

Taken together, NP-based imaging technologies provide a promising diagnostic strategy for GI disecases. These technol-
ogies not only provide more comprehensive disease information by integrating multiple imaging contrast agents into
a single nanoprobe but also enhance the specificity and sensitivity of imaging through the effective accumulation of
nanoprobes carrying multiple targeting ligands at the site of the lesion. Despite their attractiveness, there are still certain
challenges that need to be addressed for the clinical translation of NP-based imaging techniques. These include ensuring
the safety of NPs, achieving specific targeting, and improving cost-effectiveness. It is our hope that the advantages of
NPs in imaging technologies can be maximized while minimizing their disadvantages, thereby advancing the field of
gastroenterology diagnostics and making significant contributions to human health in the near future.
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