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Abstract

Purpose: To improve cholangiocarcinoma (CCA) diagnosis by exploiting pisum sativum agglutinin (PSA)
to target mannose-type N-glycans over-expressed on CCA cells, and to evaluate CuFeSe,-PSA

nanoparticles as a dual-modality contrast agent for T2-weighted MRI and CT imaging.

Procedures: CuFeSe, nanoparticles were surface-functionalized with PSA. Their physicochemical
properties, dispersity, biosafety, and dual-contrast capability (T2-MRI and CT) were assessed in vitro.
Targeting specificity toward CCA cells and tissues was examined with both in vitro cellular assays and in
vivo animal models.

Results: Functionalization with PSA improved nanoparticle dispersity and biosafety. The resulting
CuFeSe,-PSA nanoparticles provided effective contrast enhancement for both T2-MRI and CT. In vitro
and in vivo experiments showed that PSA markedly increased the probe’s recognition and accumulation
in CCA cells and tumor tissues, leading to prominently enhanced tumor contrast and delineation.

Conclusions: CuFeSe,-PSA nanoparticles constitute a novel diagnostic platform that enables precise
dual-modality imaging of CCA and hold potential for future therapeutic applications, offering a promising
approach for clinical CCA diagnosis.

1. Introduction

Cholangiocarcinomas (CCAs) are a highly aggressive malignant carcinoma originating from the bile duct
epithelial cells. Based on their anatomical location, CCAs are clinically characterized as intrahepatic,
extrahepatic, or hilar cancers[1]. Although the global incidence of CCAs is low, accounting for only 3% of
all malignant tumor diseases, the prognosis of CCAs is extremely poor due to its highly aggressive and
difficult-to-diagnose at early stage[2, 3]. The 5-year survival rate is less than 10%[4]. The main reason for
such a high mortality rate is the delay in diagnosis and lack of effective treatment for late-stage CCAs[4].
The etiology of CCAs is complex and unclear, some recognized high-risk factors include cirrhosis, bile
duct stones, liver fluke infection, persistent bile duct inflammation (such as primary sclerosing
cholangitis), and specific genetic abnormalities[5]. Most patients with CCA occurring have no symptoms,
which is also an important reason for its difficult-to-diagnose at early stage[3, 5]. Some early clinical
symptoms of CCAs patients are frequently nonspecific, such as moderate jaundice, abdominal pain, and
weight loss, which may lead to misdiagnosis as other hepatobiliary system disorders[2]. Clinically,
serologic marker tests, tissue biopsies, and imaging modalities are commonly employed in the diagnosis
of CCAs[4]. However, these methods are faced with the disadvantages of low sensitivity, difficult sample
acquisition and poor specificity. For instance, due to the lack of accurate specificity, the increased serum
markers glycoconjugation antigen 19 - 9 (CA19-9) and carcinoembryonic antigen (CEA) in CCAS patients
are also misdiagnosed as other hepatobiliary diseases|5, 6].

Currently, medical imaging examination is an essential means of clinical diagnosis of CCAs, including
positron emission tomography (PET), magnetic resonance imaging (MRI), computed tomography (CT)
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and ultrasonography (US). However, for the early stages of CCAs, traditional imaging detection has low
sensitivity and specificity, failuring in accurately identify minimal lesions or tumor tissue boundaries|7, 8.
Therefore, how to improve the sensitivity and specificity of CCAs imaging results has exert a peculiar
fascination on a great many researchers. In contemporary oncology, molecular imaging is a fast-growing
discipline which using probes to target tumor-specific markers for clearly identify malignant tissues from
normal tissues on imaging[9]. The advances in nanotechnology have made it easier to construct and
optimize molecular imaging probes for tumor-specific imaging, not only for early diagnosis of tumors,
but also for subsequent treatment with an integrated theranostic platform[10, 11]. Modifying nanoprobes
with targeted molecules that can recognize signature markers on tumor cells surface or in their
microenvironment is expected to enhance their targeted enrichment and imaging signals at the tumor
site[10, 12]. In addition, the versatility of the nanoprobes could enable the fusion of multiple diagnostic
imaging modalities to obtain high-contrast soft tissue imaging and high-resolution anatomical structure
imaging at once, overcoming the shortcomings of a single imaging result[13, 14]. These designs show
particularly important for early diagnosis of CCAs, rapid diagnosis of lesion location and accurate
differentiation of tumor and surrounding tissue.

In order to improve the accuracy of CCAs diagnosis, the key is to apply targeted molecules that could
specifically identify markers characteristic of CCA tumors. It has been widely acknowledged that
aberrant N-glycan chain structures are highly expressed in CCA cells, particularly in those with high
aggression[15, 16]. These N-glycosyl chains play a role in not only the proliferation, migration, and
invasiveness of cancer cells but also the development of the tumor microenvironment[17-19].
Therefore, these N-glycosyl chains allow for the targeted enrichment of contrast agents at CCAs tumor
sites, thereby improving the accuracy and clarity of clinical imaging[20]. Pisum sativum agglutinin (PSA),
a protein generated from plants called pea agglutinin, can bind to specific sugar groups and is widely
used to label sugar molecules on the surface of cells[20, 21]. Thus, it could be of great significance to
investigate whether PSA could improve the CCAs cell recognition by contrast agents and enhance the
imaging effect of tumor tissue.

In this work, CuFeSe, contrast agents with uniform nano-morphology and well monodispersity were fisrt
fabricated by a solvothermal method. As a ternary chalcogenide semiconductor materials, CuFeSe,
exhibit excellent magnetic, electrical and optical properties. Due to the presence of both Cu and Fe,
CuFeSe, can act as a multimodality imaging contrast agent for both MRI and CT. Compared with the
widely used gadobutrol or iodinated contrast agents in clinical, CuFeSe, propose better water solubility,
colloid stability, Biocompatibility and versatility. We then modified PSA on the surface of the CuFeSe,

agents to enhance their affinity for N-glycosyl chains on CCAs cells surfaces. In vitro and in vivo
experiments demonstrated that PSA modification could enhance the uptake efficiency of the CuFeSe,

agents by CCAs cells, and enhance the MRI and CT imaging signal of tumor tissues. Sum up, CuFeSe,-
PSA agents exhibit tremendous promise in the imaging diagnosis of CCAs, offering a fresh approach to
enhancing both therapeutic efficacy and diagnostic precision.
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2. Materials and Methods
2.1. Materials

Selenium powder (Se, = 99.5%), sodium borohydride (NaBH,, = 99%), copper(ll) chloride dihydrate
(CuCl,-2H,0), ferrous sulfate heptahydrate (FeS0O,-7H,0), RPMI-1640 medium, and fetal bovine serum
(FBS) were obtained from Sigma-Aldrich (USA). SM(PEG),,, a PEGylated long-chain SMCC crosslinker,
and NeutrAvidin Protein (Neu) were purchased from Thermo Scientific (USA). 2-Iminothiolane
hydrochloride (Traut) was purchased from Aladdin Reagent (China), and Pisum Sativum Agglutinin (PSA)
was obtained from Vector Laboratories (UK). Dialysis bags with molecular weight cutoffs of 3K and
100K were acquired from Shanghai Yuanye Biotechnology (China). PBS (pH 7.2-7.4) was purchased
from Solarbio (China). All chemicals were used as received without further purification.

2.2. Methods
2.2.1. Synthesis of CuFeSe, and CuFeSe,-NH,

The synthesis of CuFeSe, was carried out following a previously described method[22]. To begin, 80 mg
of selenium powder and 82 mg of NaBH, were dispersed in 50 mL of deionized water within a two-neck
flask. The mixture was stirred under nitrogen protection for 1 hour, during which the solution gradually
changed color from dark gray to colorless. Next, 140 mg of FeSO,7H,0 and 86 mg of CuCl,-2H,0 were
dissolved in 5 mL of deionized water and immediately added to the flask. The reaction mixture was
stirred at room temperature for 2 hours, resulting in the solution turning black, indicating the successful
synthesis of CuFeSe, nanoparticles. After the reaction was complete, 200 pL of (3-Aminopropyl)
triethoxysilane (APTES) was added to the mixture, which was then stirred continuously for an additional
12 hours. The resulting product was washed thoroughly with deionized water and subjected to
centrifugation at 9000 rpm for 15 minutes. This washing and centrifugation process was repeated three
times to obtain the final product, CuFeSe,-NH,.

2.2.2. Synthesis of CuFeSe,-Neu and CuFeSe,-PSA

To obtain the CuFeSe,-Neu nanoparticles, 50 mg of the powder was dissolved in 25 mL of PBS at room
temperature, followed by the addition of 35.5 puL of SM(PEG),, crosslinker solution (250 mmol/L in
DMSO0). After 30 minutes of magnetic stirring in a dark environment, the solution was dialyzed against
PBS using a 3K dialysis membrane for 24 hours, yielding CuFeSe,-SMPEG nanoparticles. The CuFeSe,-
Neu nanoparticle solution was obtained by dialyzing in pure water using a 100K dialysis bag for 24 hours
after 2.3 mL of NeutrAvidin Protein (Neu) solution (1 mg/mL, purified water) and 2.3 mL of PBS solution
were combined. 100 uL of 2-iminothiocyclopentane hydrochloride (Traut) reagent (1 mg/mL, purified
water) was then added and the mixture was thoroughly mixed. The solution was then incubated for one
hour in the dark. To further conjugate PSA, 10 mg of biotinylated PSA was added to the CuFeSe,-Neu
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solution, followed by incubation and subsequent dialysis using a 100K membrane for 24 hours, resulting
in CuFeSe,-PSA nanoparticles.

2.2.3. Characterization

Transmission electron microscopy (TEM) was utilized to capture high-resolution images and investigate
the morphological features of CuFeSe,-NH,, CuFeSe,-Neu, and CuFeSe,-PSA. The particle size
distribution of these samples was accurately measured using Nano Measure software, providing
detailed quantitative insights. To further analyze their structural properties, cobalt target wide-angle X-ray
diffraction (XRD) was performed on CuFeSe,-NH, and CuFeSe,-PSA with the help of an X-ray powder
diffractometer. This method enabled precise characterization of their crystalline phases and structural
arrangements. The elemental composition and concentrations of key elements, including Cu, Fe, and Se,
in CuFeSe,-PSA were quantified using inductively coupled plasma optical emission spectroscopy (ICP-
OES), ensuring reliable and accurate measurements. Additionally, Fourier transform infrared
spectroscopy (FTIR) was conducted to validate the chemical structures and confirm the successful
synthesis of CuFeSe,-NH,, CuFeSe,-Neu, and CuFeSe,-PSA.

2.2.4. Cytotoxicity Assays

To evaluate the cytotoxicity of CuFeSe,-PSA on HUCCT1 and HIBEC cells, a cell counting kit-8 (CCK-8)
assay was performed. Both cell types were maintained in RPMI-1640 complete medium at 37°C with 5%
CO,. Cells were seeded into 96-well plates at a density of 1x10° cells per well and incubated for 24
hours. After this, varying concentrations of CuFeSe,-PSA (10, 20, 40, 60, 80, 100, and 150 pg/mL) were

added, and the cells were incubated for an additional 24 hours. The CCK-8 assay was then used to
determine the cell survival rate.

2.2.5. In Vitro Targeting Evaluation

To evaluate the targeting efficiency of CuFeSe,-PSA nanoparticles, HUCCT1 and HIBEC cells were plated

in confocal culture dishes at a concentration of 1x10% cells/mL and cultured for 24 hours. Following this,
the cells were exposed to CuFeSe,-PSA nanoparticles for a duration of 4 hours. Subsequently, the cells
were rinsed three times with PBS to remove unbound particles, and optical microscopy was employed to
visualize and analyze the nanoparticle binding.

2.2.6. MR and CT Performance In vitro and In vivo

T2-weighted magnetic resonance imaging (MRI) was performed using a Siemens Prisma 3.0T scanner
to analyze the T2 signal intensities of solutions with varying concentrations. The imaging parameters
included an echo time (TE) of 70 ms, repetition time (TR) of 3000 ms, field of view (FOV) dimensions of
30x60x25 mm, slice thickness of 1.0 mm, slice spacing of 0.15 mm, a matrix resolution of 256x256, and
an area of interest measuring 20 mm?. For in vivo imaging involving animal models, tumor cross-

sections were identified following the scans, and specific regions of interest (ROIs) were defined for

each tumor. The variations in T2 values were examined within a region of 5 mm?.
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CT imaging was conducted using a Philips IQon CT scanner to measure the CT values of the
concentrated solutions. The CT parameters were as follows: a tube voltage of 120 kV, tube current of
100 mAs, energy level of 40 keV, FOV of 150 mm, matrix resolution of 512x512, slice thickness of 0.14
mm, window width of 200, and window level of 80. In the animal model experiments, tumor ROIs were
delineated post-scan, and CT values within the tumors were recorded. The window width and level were
subsequently adjusted to 350 mm and 60 mm, respectively, with measurements confined to an area of 5

mm?

2.2.7. Tumor Model

All animal experiments were conducted in strict accordance with the protocols approved by the
Laboratory Animal Welfare and Ethics Committee of Southwest Medical University (Approval No.
20210811-25). These protocols were designed to ensure full compliance with the Laboratory Animal
Welfare and Ethical Review Guidelines (GB/T35892-2018), which were established as part of the
National Standards of the People’s Republic of China. The study also adhered to the ethical principles
outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 8023, revised 1978), ensuring the humane treatment and care of all animals used in the
research.

For the study, female BALB/c nude mice, aged 6—8 weeks and weighing 15-22 g, were purchased from
Sipeifu (Beijing). These immunodeficient mice were selected due to their suitability for xenograft tumor
models, as they lack the ability to mount a full immune response, which facilitates tumor growth and
experimental observation. The mice were housed in pathogen-free conditions, with controlled
temperature, humidity, and a 12-hour light-dark cycle, and were provided with food and water ad libitum
to ensure optimal health and well-being during the experiment.

To establish tumor-bearing models, HUCCT1 cells (2x10° per mouse) were subcutaneously injected into
the dorsal region of each mouse. The site of injection was carefully prepared under sterile conditions to
prevent contamination, and the mice were monitored closely during the post-injection period for signs of
discomfort or distress. Tumor formation was confirmed when the tumor volume reached approximately

100 mm?, as calculated using the formula Volume = (length x width x width) /2. At this stage, the models
were considered successfully established and suitable for subsequent experimental procedures.

3. Results
3.1. Nanoparticle Characterization

Nanoparticles are widely used in biomedicine on account of their easy surface modification. By
introducing targeting molecules PSA, nano-contrast agents are expected to be enriched at the tumor site
of CCAs. In the present study, we first synthesized CuFeSe, nanoparticles using an aqueous phase

synthesis method and introduced amino groups on their surface by modifying APTES, followed by
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grafting the bridging molecule SM(PEG),, on their surfaces via an amidation reaction. Secondly, the
thioether bond formed by the interaction between maleimide and with thiol group was used to modify
the thiolated-avidin onto the nanoparticles. Finally, utilizing the affinity of avidin with biotin, PSA was
successfully attached to the CuFeSe, nanoparticles. Transmission electron microscopy (TEM) and
Dynamic light scattering (DLS) were used to detect the change of nanoparticles morphology and size
during the reactions (Fig. 1a-c, Figure S1). As revealed by TEM pictures, CuFeSe,-NH, has lamellar
structures with a nanoparticle size of about 125 nm. With the gradual grafting of Neu and PSA groups,
the size of nanoparticles gradually increased, while CuFeSe,-Neu and CuFeSe,-PSA have average

diameters of 260 and 310 nm, respectively. Similar results can also be obtained from the DLS test, with a
gradual increase in particle size from the initial 140 nm to the final nearly 390 nm as the reactions
proceed. These results demonstrate the successful modification of PSA on CuFeSe, nanoparticles.

The chemical composition of CuFeSe,-PSA was further verified by energy-dispersive X-Ray spectroscopy

(EDX) analysis (Fig. 1d). The elements of copper, iron, selenium, and nitrogen were evenly distributed
throughout the nanoparticles, suggesting that multi-step functional modifications had little impact on
the overall structure of the CuFeSe,. The molar ratio of Cu, Fe and Se were found to be highly consistent

with the intended 1:1:2 stoichiometric ratio, as demonstrated by Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) measurements (Figure S2). These results further confirmed the
accuracy of the nanoparticle compositions and the dependability of the synthesis method. According to
X-ray diffraction (XRD) analysis (Fig. 1e), both CuFeSe,-NH, and CuFeSe,-PSA nanoparticles contain
strong reflection peaks, which are compatible with the tetragonal prismatic structure (JCPDS No. 81-
1959). Notably, there was a modest shift in the XRD diffraction peaks of CuFeSe,-PSA, which may be

attributed to slightly altered nanoparticles lattice characteristics by the influence of PSA molecules.
Fourier transform infrared spectroscopy (FTIR) images clearly showed the characteristic peaks of C-N
and C = O stretching vibrations, confirming the presence of PSA on CuFeSe, nanoparticle surfaces

(Fig. 1f).

The CuFeSe, nanoparticle has proven to possess a relatively high X-ray attenuation coefficient for CT
imaging. The CT imaging ability of CuFeSe,-PSA displayed a concentration dependent brightening effect
at 80 kV (Fig. 2a). In addition, the Hounsfield units (HU) value linearly increased with the increase in
nanoparticle centration, suggesting a remarkable CT contrast ability (Fig. 2b). CuFeSe,-PSA enjoys the

ability of MR imaging due to the existence of the paramagnetic metal element of Fe. The T; relaxivity (r,)
of CuFeSe,-PSA was measured to be 0.99 mM~'s™ " under 3.0 T (Fig. 3a, 3c). Besides, the T, relaxivity
(r,) of CuFeSe,-PSA was calculated to 156.32 mM~'s™ " and the ultra-high r./r, ratio (158.97) of
CuFeSe,-PSA render it a remarkable Tweighted MR imaging contrast agent (Fig. 3b, 3d). In addition, the
Trweighted MR images of CuFeSe,-PSA showed an obvious concentration-dependent brightening
effect. These above results demonstrate that CuFeSe,-PSA has potential application in dual-modality CT
and MRI imaging.
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3.2. In vitro cytotoxicity and targeting

Before verifying the in vivo imaging effect of CuFeSe,-PSA, we first examined the biological safety of

nanoparticles, which is one of the essential properties for biomedical materials. In this investigation,
cytotoxicity experiments were carried out on both the cholangiocarcinoma cell line, HUCCT1, and the
normal biliary epithelial cell line, HIBEC. After the cells were incubated with different concentrations of
CuFeSe,-PSA nanoparticles (10—150 pg/mL) for 24 hours, the viability of the cells was detected by a
CCK-8 detection kit. As shown in Fig. 4a, both HIBEC cells and HUCCT1 cells showed high cell viability,
with a survival rate kept over 90% even at the highest CuFeSe,-PSA concentration. Such low cytotoxicity
of the material can be attributed to the following factors: (1) the high chemical structure stability reduces
the amount of toxic metal ions that may be released into the cell environment, thus reducing the
cytotoxicity of CuFeSe,-PSA, (2) the modification of PSA protein structure further improves the biological
safety of CuFeSe,-PSA nanoparticles. It has been proven that PSA can specifically bind to the N-glycosyl
chains on cancer cells surfaces, thus enhancing the uptake of the nanoparticles by tumor cells. Using
confocal microscopy, we compared the distribution of the nanoparticles in the cholangiocarcinoma cell
line HUCCT1 and the normal epithelial cell line HIBEC to demonstrate the targeting of CuFeSe,-PSA

(Fig. 4b). After the cells and CuFeSe,-PSA were incubated for 4 h, an obvious accumulation of
nanoparticles could be observed in the cytoplasm of HUCCT1 cells. In contrast, no discernible
accumulation was observed in normal cells. The results showed that PSA could effectively enhance the
specific enrichment ability of CuFeSe, to HUCCT1 cells, which lines the prerequisite for in vivo targeted
imaging.

3.3. In vivo biosafety

Furthermore, the CuFeSe,-PSA nanoparticles were administered intravenously into a healthy nude

mouse model, and the mice were monitored continuously for 15 days to assess the biosafety of the
nanoparticles. During the 15-day observation period, neither behavioral abnormalities nor weight loss
was observed in mice, indicating good tolerance of CuFeSe,-PSA. Moreover, on the last day of the

observation period, the mice were euthanized and their major organs (heart, liver, spleen, lung and
kidney) were extracted for hematoxylin and eosin (H&E) staining (Fig. 5). There was no evident
histological abnormalities, inflammatory reactions, or tissue damage were found in the tissue sections
of the major organs, providing additional evidence for the biosafety of CuFeSe,-PSA.

3.4. In vivo dual-modality imaging

We further constructed the CCAs mouse tumor model to validate the in vivo MRI and CT dual-modality
imaging effect of CuFeSe,-PSA. The experimental results showed that the intravenous injection of

CuFeSe,-PSA could significantly improve the MRI and CT signals at the tumor site. Specifically, for the
CuFeSe,-PSA treated group, the T,-weighted signal intensity in the tumor area decreased significantly at
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4 h after intravenous injection, which was due to the enrichment of CuFeSe,-PSA at the tumor site

(Fig. 6a). In contrast, the non-targeted CuFeSe,-Neu exhibited moderate T,-weighted signal alterations,
which was dependent on the non-specific accumulation of nanoparticles through the EPR effect. The
concentration of CuFeSe,-PSA at the tumor site was further verified by CT imaging (Fig. 6b). Following
injection, there was a considerable rise in the CT values at the tumor location for the CuFeSe,-PSA
treated group, which was similar with MRI results. According to a quantitative study, CuFeSe,-PSA
nanoparticles significantly outperformed the non-targeted group in terms of increasing tumor MRI and
CT contrast (Figure S3). Considering that MRI with high soft-tissue resolution can distinguish well
between the tumor and surrounding tissues, while CT imaging displays more anatomical structural
details. CuFeSe,-PSA with dual-modality imaging capability may give a more thorough tumor image and
assist medical professionals in making more precise assessments of the size, location, and appearance
of CCAs tumors.

4. Discussion and conclusion

The insidious incidence of CCAs and difficult early diagnosis has long been puzzling clinicians[23].
Medical imaging modalities based on MRI and CT are widely utilized diagnostic methods for CCAs in
clinical settings. However, due to the intricate tumor microenvironment of CCAs, their ability to
accurately detect early lesions and identify tumor invasion boundaries remains limited[24, 25]. It is
urgent to develop novel imaging probe with high CCAs tumour targeting and high resolution. In this
study, taking advantage of the specific binding properties of PSA to N-glycosyl chains on cancer cells,
we constructed a dual-mode imaging probe CuFeSe,-PSA with in vivo CCAs targeting ability for high-
contrast MRI and CT diagnosis. Our work provides new opportunities for enhancing the early detection
of CCAs while line the groundwork for future focused diagnostic and treatment approaches.

It is worth noting that the overexpression of N-glycosyl chains on CCA cells surfaces is one of
remarkable physiological characteristics, which is closely related to their invasiveness and
metastasis[26, 27]. Pisum sativum agglutinin (PSA) is a molecule that recognizes N-glycosyl chains
preferentially, and its modification on the surface of nano-probe can effectively improve their efficiency
of targeted enrichment to CCA cells in vivo[20]. Such a combination of nanotechnology and medical
image detection can accurately localize tumor tissue, which is beneficial for tumor early diagnosis and
evaluation of their invasion and metastasis. The experimental results also showed a considerable
improvement of in vivo CCAs tumor tissue MRI and CT imaging for CuFeSe,-PSA nanoparticles.
Compared to traditional CT and MRI scans, CuFeSe,-PSA could greatly increase the sensitivity and
specificity of imaging, enabling the early diagnosis of malignancies. Moreover, the dual-mode imaging
capability of CuFeSe,-PSA provides a more comprehensive diagnostic tool for clinical detection, offering
a comprehensive assessment including tumor location, size, morphology and its association with
surrounding tissues. It has been known that MRI can offer high-contrast soft tissue imaging, while CT
performs excellent at displaying anatomical features. This information is essential to determine surgical
resection parameters and to track postoperative recurrence.
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Our research also needs further exploration. Although we have demonstrated that PSA modification can
achieve a precisely targeted recognition of CuFeSe, nanoparticles to N-glycosyl chains on CCAs cells
surfaces. Considering the heterogeneity of tumor cells from different patients and varied N-glycosyl
chains expression for different CCAs subtypes. It will be necessary for subsequent studies to examine
the effectiveness of PSA to other CCAs subtypes and to combine with other potential targeting
molecules (integrins or EGF) for higher accuracy. Secondly, in this study, we only preliminarily verified the
low cytotoxicity and short-term biosafety of CuFeSe,-PSA. To guarantee the therapeutic applications of
CuFeSe,-PSA in clinical, future research should concentrate on assessing the metabolic pathways,

immunological responses, and long-term toxicity of in vivo.

In conclusion, we have fabricated a unique CuFeSe,-PSA contrast agent in this work and showed its
potential application in diagnosing CCAs. Taking advantage of the specific recognition of n-glycan
chains on cells surfaces by PSA molecules, the CuFeSe,-PSA could specifically enrich at tumor location
in vivo and significantly improve the MRI and CT imaging signal of tumor tissues. CuFeSe,-PSA

nanoparticles present novel opportunities for enhancing CCA early diagnosis and offering fresh
approaches to customized care and diagnostic fusion.
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Figure 1

TEM images of (a) CuFeSe,-NH,, (b) CuFeSe,-Neu and (c) CuFeSe,-PSA nanoparticles; (d) CuFeSe,-PSA

with the corresponding elemental mapping of CulFelSe and N by EDX; (e) X-ray diffraction pattern of

CuFeSe,ICuFeSe,-PSA nanoparticles; (f) Fourier infrared spectra of CuFeSe,ICuFeSe,-Neu and CuFeSe,-
PSA nanoparticles.
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Figure 2

The CT images of CuFeSe,-PSA with different concentrations (a) and the relationship between CT value

and concentration (b)
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Figure 3

The Magnetic resonance T1 imaging (a) and T2 imaging (b) of CuFeSe2-PSA with different
concentrations; Magnetic resonance T1 imaging (c) and T2 imaging (d) of CuFeSe,-PSA with different

concentrations.
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(a) Cell viability of HUCCT1IHIBEC cell co-incubated with different concentrations of CuFeSe,-PSA
nanoparticles for 24 h; (b) Optical microscope image of 100 ug/ml CuFeSe,-PSA nanoparticles after co-
incubation with HUCCT1 and HIBEC cells for 4 hours. The red arrow indicates the CuFeSe,-PSA

nanoparticles bound to HUCCT1 cells; the white arrow indicates the CuFeSe,-PSA nanoparticles bound
to HIBEC cells.
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Figure 5

H&E staining of important tissue sections at different time points after injection of CuFeSe,-PSA and
PBS into the tail vein of normal mice.
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Figure 6

(a) T2 mapping images and (b) CT images of HUCCT1 tumor mice before and after intravenous injection
of CuFeSe,-PSA solution.
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