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Abstract

CuFeSe, nanomaterial with high thermal conversion efficiency, well superparamagnetism, effective
x-ray attenuation ability, multifunctional groups and excellent biocompatibility is beneficial to the
construction of multimodal imaging probes which can combine various imaging modes to provide a
synergistic advantage over a single imaging mode. This study aimed to develop a novel multimodal
nanocontrast agent CuFeSe,@diethylenetriaminepentaacetic acid (DTPA)-Gd to obtain imaging
information with high specificity, high sensitivity and high contrast. The morphology and physical
characteristics of CuFeSe,@DTPA-Gd were detected by transmission electron microscope, scanning
electron microscope, x-ray single crystal diffraction, vibrating sample magnetometer and fourier
transform infrared spectrometer. The toxicity of CuFeSe,@DTPA-Gd in vivo was evaluated by
hematoxylin-eosin staining. The imaging capability of CuFeSe,@DTPA-Gd in vitro and in vivo was
evaluated by magnetic resonance imaging (MRI) and computed tomography (CT). This study
successfully prepared nanoparticles CuFeSe,@DTPA-Gd, and experimental results in this study
demonstrated CuFeSe,@DTPA-Gd is expected to be a useful CT and MRI T1-weighted imaging/T2-
weighted imaging three-modal contrast agent in clinic.

1. Introduction

Malignant tumors extremely endanger the health and quality of patients’ life. Meanwhile, patients’ death is
closely related to late diagnosis at an advanced stage and difficulty of treatment. So, early detection, diagnosis and
treatment are critical to the therapeutic schedule, prognosis of tumors and the quality of patients’ life [ 1-4].
Pathological examination is the gold standard for tumor diagnosis. As an invasive examination method, its
procedures are difficult to follow and results are always influenced by the location of sampling. For these reasons,
itis restricted to the early diagnosis and detection of tumor progression. It’s still difficult for conventional
noninvasive imaging methods that including ultrasound imaging, magnetic resonance imaging (MRI),
computed tomography (CT) imaging and radionuclide imaging, etc to detect tumors early and make accurate
diagnosis of tumor location and classification [5-7]. With the rapid development and continuous application of
nanotechnology and molecular probes, imaging diagnosis is gradually deepened from traditional anatomical
imaging to molecular imaging which is non-invasive, real-time, accurate, and highly specific because of detailed
information of cell and molecule [8—10]. Not only advanced imaging equipment, novel and efficient imaging
probes are also factors that promote the development of molecular imaging. Currently, traditional non-specific

©2021 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2053-1591/abf1a2
https://orcid.org/0000-0002-7386-7217
https://orcid.org/0000-0002-7386-7217
mailto:yangluchem@qq.com
mailto:shujiannc@163.com
https://doi.org/10.1088/2053-1591/abf1a2
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/abf1a2&domain=pdf&date_stamp=2021-04-02
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/abf1a2&domain=pdf&date_stamp=2021-04-02
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0

10P Publishing

Mater. Res. Express 8 (2021) 045001 L-Y Laietal

contrast agents, nanoprobes and molecular probes with specific molecular ligands are commonly used [11, 12].
Nanoparticles refer to a class of materials with a one-dimensional space size <100 nm, which can be comparable
to the size of large biomolecules, such as enzymes, receptors, and antibodies, etc. In addition, They are able to
accumulate and remain stable in tumor tissues by the enhanced permeability-retention effect, nanoparticles is a
material with relatively larger ratio of superficial area to volume which makes it have the ability to target multiple
binding sites by being loaded with a variety of components [13—16]. This indicates that nanoparticles can
provide higher binding efficiency to target specific tumor sites.

By some operations such as surface modification and signal component assembly of nanomaterials, we can
get nanoprobes with imaging function. Common types of nanoprobes include MRI, CT, radionuclide imaging,
optical imaging, and photoacoustic imaging probes, etc. However, the single model imaging method has its own
advantages and limitations, here are some examples: optical imaging has the advantages of no radiation, real-
time imaging, short imaging time, etc, but also has disadvantages such as weak penetrating power, interference
of autofluorescence, etc; CT has strong penetration ability, high spatial resolution, short imaging time and other
advantages, but it has a certain radiation to the human body and its resolution to soft tissues is relatively low;
Although MRI has the advantages of multi-directional, multi-sequence, multi-parameter imaging, high soft
tissue resolution, no radiation, etc, its sensitivity is relatively weak and imaging time is long; Radionuclide
imaging has high sensitivity and can provide functional information of tissues or organs, but its specificity is
insufficient, and there may be some false positive and false negative results. If we can combine two or even
multiple imaging methods to achieve multimodal imaging which can provide complementary information
among multiple imaging methods and collaborative advantage, we may obtain the highly specific functional
imaging information and high sensitivity, high contrast anatomical imaging information. The development of
multimodal probes that combine various imaging modes with their own imaging advantages while maintaining
their size advantages, well biocompatibility and targeting will be one of the main challenges of multimodal
imaging [17]. As multimodal probes need relatively more groups to realize multimodal imaging, nanomaterials
with large surface areas are just such a good carrier to provide many binding sites [11, 18, 19]. As in the previous
research by Liang et al Gd and gold nanoclusters were successfully coupled to form a fluorescence-magnetic
resonance dual-modality imaging probe [20]. Of course, it will be of great significance for the development of
diagnostic and therapeutic modalities if nanometer contrast agent that can integrate multimodal imaging and
have precise therapeutic capabilities can be synthesized for cancer theranostics [21].

The multimodal nanometer contrast agent CuFeSe, used in this study is a ternary sulfide nanomaterial. At
present, most of the studies on magnetic trichalcogenides nanostructures have focused on Cu-Fe-S and Cu-CO-
Snanocrystals, with little attention paid to Cu-Fe-Se nanostructures (such as CuFeSe,). CuFeSe, nanocrystals
have high photothermal conversion efficiency (82%), superparamagnetic properties and effective x-ray
attenuation, as well as excellent water solubility, colloidal stability, biocompatibility and multifunctional groups,
making them ideal nanoprobes for multimodal imaging and tumor photothermal therapy [22]. Currently,
CuFeSe, is mainly prepared by hot solution injection, solvothermal method, pyrochemical process, etc, not only
the production process is complex, but also the products are easy to lose the advantages of small size and there
are problems of water solubility and biocompatibility [23, 24].

Therefore, this study environment friendly prepared CuFeSe, coupled DTPA in the water phase, and
obtained multi-functional nanometer contrast agent CuFeSe,@DTPA-Gd which was designed specifically for
CT and MRI T1-weighted imaging (T1WI)/T2-weighted imaging (T2WTI) three-mode imaging and be uniform
morphology, well solubility, high biocompatibility, and low toxicity. Meanwhile, its imaging capabilities in vitro
and invivo, and toxicity in vivo were tested in this study.

2. Material and methods

2.1. Materials and instruments

Selenium powder (Se), sodium borohydride (NaBH,), Copper (II) chloride dihydrate (CuCl,-2H,0), Ferrous
sulfate heptahydrate (FeSO,-7H,0), DTPA, Gadolinium chloride hexahydrate (GdCl;-6H,0) were purchased
from Sigma-Aldrich (USA). Cell culture materials were purchased from Beyotime, Gibco and Biological
Industries.

The size and morphology of the synthesized CuFeSe,, CuFeSe,@DTPA and CuFeSe,@DTPA-Gd were
characterized by transmission electron microscope (TEM) (JEM1200-EX, JEOL Ltd, Japan). The hydrodynamic
size was determined by Dynamic Light Scattering Particle Sizing Analyzer (NanoBrook 90Plus Zeta, Brookhaven
Instruments Corporation, USA) at 25 °C. The morphology and elemental composition of the nanoparticles were
analyzed by scanning electron microscope (SU8020, Hitachi, Japan). The surface functional groups of
nanoparticles were detected by infrared absorption spectra obtained by fourier transform infrared spectrometer
(Nicolet IS10, Thermo fisher, America). The crystal structures of CuFeSe,, CuFeSe,@DTPA and
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CuFeSe,@DTPA-Gd were determined by x-ray single crystal diffraction (XRD) (D8 ADVANCE, Brucker,
Germany). The scanning conditions were as follows: 26 range 10°~90°, scanning rate 6° min ™', and scanning
step length 0.02. Magnetic properties of CuFeSe, and CuFeSe,@DTPA-Gd solutions at 300 K were tested by
vibrating sample magnetometer (VSM) (Versalab, Quantum Design, USA), and the magnetization isotherm was
obtained.

2.2.Preparation of CuFeSe,@DTPA-Gd nanocrystals

The preparation of CuFeSe, was based on the methods reported in the previous study [23], and
CuFeSe,@DTPA-Gd is prepared by the method described below. 39.48 mg of Se powder was dispersed in 100 ml
of ultrapure water, and then 50 mg of NaBH, was added to reduce it at ambient conditions with protection of
argon flow. After Se powder was completely reduced, a 5 ml mixture of CuCl,-2H,0 (42.62 mg), FeSO,-7H,0
(69.75 mg), and DTPA (200 mg) were added. After continued stirring overnight, CuFeSe,@DTPA was obtained
by centrifugal separation, and was placed in 20 ml ultrapure water after washed three times with ultrapure water
and anhydrous ethanol respectively. CuFeSe,@DTPA-Gd nanocrystals was obtained by centrifugation after
Gadolinium chloride hexahydrate (205.36 mg) was added and stirred for 24 h. Finally, wash with ultrapure
water for 3 times and store in pure water for later use.

2.3. Cell culture and cytotoxicity

Human breast cancer MCF-7 cells and Human normal breast cells MCF10A were donated by the Department of
Oncology, Affiliated Hospital of Southwest Medical University. Cells were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS) in a cell incubator with condition of 37 °C and 5% CO, condition.

This study determined the cell survival rate by the standard MTT assay. MCF?7 cells and MCF10A cells were
seeded at logarithmic phase to sterile 96-well cell culture plate at 3 x 10 cells per well, respectively. Next,
different concentrations of CuFeSe,@DTPA-Gd (150 ug ml ', 30 ugml ', 6 ugml ', 1.2 ug ml~ ' and 0.24
ug ml~") were added to the wells. The cells were then incubated for 24 h in incubator with condition of 37°C and
5% CO,.

2.4. Toxicity in vivo

BABL/C female mice (n = 16) were divided into 4 groups and injected with 0.2 ml CuFeSe,@DTPA-Gd

(1.5 mg ml~ ") through the tail vein. The mice were sacrificed on the 1st, 3rd, 7th and 15th days respectively. The
main organs (heart, liver, spleen, lung and kidney) were taken and fixed with 4% formalin. Then sliced and
stained with hematoxylin-eosin (HE) staining. Above organs of untreated BABL/C female mice were used as
controls (n = 4).

2.5.CT and MRI imaging in vitro
Various CuFeSe,@DTPA-Gd concentrations (0.1 mgml~',0.2 mgml~',0.4 mgml™',and 1.5 mg ml~ ") were
used for measurements of CT values on a 64 row 128-slice spiral CT scanner (General Electric Company, USA)
with 80 Kev tube voltages and 80 mA tube current. Each concentration is 2 ml, and 2 ml ultrapure water was
used as the control.

Similarly, various CuFeSe,@DTPA-Gd concentrations (0.1 mg ml~',0.2 mgml™~',0.4 mgml ™',
1.5 mg ml~ ') were used for measurements on a 3 T MR scanner (Philips, Netherlands) with a small animal coils
at 25 °C. T1 relaxometry was measured with a SE sequence with a TR of 8.3 ms, a TE of 4.5 ms. The acquired
images hada FOV of 160 mm x 120 mm x 30 mm, and a slice thickness of 0.7 mm. T2 relaxometry was
performed using a SE sequence with a TR 0f 4000 ms and a TE of 128. Each concentration is 2 ml, and 2 ml
ultrapure water was used as the control.

2.6. Multimodal imaging in vivo

The animal experiments of this study were approved by Experimental Animal Ethics Committee of Southwest
Medical University. 1 x 10° MCF-7 cells in 0.2 ml saline were subcutaneously injected into 6-8 weeks female
BABL/C mouse right leg root to get MCF-7 tumor model used for MRI and CT imaging. When the tumor
volume reaches 100 mm?, the model was considered successful and in vivo imaging was subsequently
performed.

For CT imaging, each mouse was intratumorally injected with 0.2 ml 1.5 mg ml ™' CuFeSe,@DTPA-Gd. CT
imaging were performed on anesthetized mice (Intraperitoneal injection of 1% pentobarbital sodium,
0.1-0.15 ml/per mice) before and after injection of CuFeSe,@DTPA-Gd with 80Kev tube voltage and 80 mA
tube current (n = 4). The largest cross-section of the tumor was selected from the CT workstation, and the
region of interest was sketched in the tumor area.
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For MRI imaging, each mouse was intratumorally injected with 0.2 ml 1.5 mg ml~' CuFeSe,@DTPA-Gd.
MRIT1WI and T2WI imaging were performed on anesthetized mice (Intraperitoneal injection of 1%
pentobarbital sodium, 0.1-0.15 ml per mice) before and after injection of CuFeSe,@DTPA-Gd (n = 4).T1
signal intensity was measured with a SE sequence with a TR 0f 8.3 ms, a TE of 4.5 ms. The acquired images had a
FOV of 88 mm x 88 mm X 30 mm, and aslice thickness of 0.7 mm. T2 signal intensity was performed using a
SE sequence with a TR 0f 4000 ms and a TE of 128. The largest cross-section of the tumor was selected from the
MRI workstation, and the region of interest was sketched in the tumor area and the spinal erector muscle area at
the same level. Tumor signal intensity before injection (SICpre), muscle signal intensity before contrast injection
(SIMpre), tumor signal intensity after injection (SICpost), muscle signal intensity after contrast injection
(SIMpost), and ratio of SIC to SIM were generated.

In addition, IQon Spectral CT (Philips, Netherlands) and MAGNETOM Prisma MRI (Siemens, Germany)
coronal imaging were performed on another MCF-7 tumor model mouse (tumor located in the left thigh). The
tumor modeling process and imaging process are the same as described above. IQon CT imaging parameters
were as follows: tube voltage was 120KV, tube current was 265 mA, slice thickness was 0.8 mm. Prisma MRI
imaging parameters were as follows: T2Map value was measured with a TR 0f 1000.0 ms, a TE of 13.8 ms, a FOV
of 120 mm X 120 mm X 13 mm, and a slice thickness of 1 mm; T2*Map value was measured with a TR of
293.0ms,aTE 0f2.98 ms,aFOV of 120 mm X 120 mm X 13 mm, and a slice thickness of 1 mm.

2.7. Statistical analysis

The statistical analyses involved in this study were processed by SPSS17.0 statistical software (International
Business Machines Corporation, America). SIc, SIc/SIy; and CT values of tumor area before and after contrast
agentinjected were expressed as mean + Std.Error (X + SE). The pared-samples T test was used to compare
the different SI¢, SIc/SIy and CT values of the tumor area before and after CuFeSe,@DTPA-Gd injected. The
testlevel aw = 0.05 (both sides), and P < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Characterization of CuFeSe,@DTPA-Gd nanocrystals

Nanoparticles are normally transferred from the blood to the reticuloendothelial system (RES) including the
liver and spleen, and may lead to potential toxicity risk as most nanoparticles will accumulate in RES organs [25].
The nanoparticles with smaller size are more likely to pass through the glomerular filtration membrane and be
excreted, thereby reducing the uptake of the reticuloendothelial system. The morphology and size of
nanoparticles synthesized in this study were determined by TEM. The spherical nanoparticles
CuFeSe,@DTPA-Gd with sizes of (2.47 £ 0.67) nm were observed and their particle sizes were relatively
uniform (figures 1(a)—(c)). The TEM images of CuFeSe, and CuFeSe,@DTPA were shown in the supplementary
figure 1 (available online at stacks.iop.org/MRX/8/045001 /mmedia). The CuFeSe,@DTPA-Gd synthesized in
this study was relatively small in size, which is beneficial to reduce the potential risk. The results of energy
spectrum analysis indicated that the CuFeSe,@DTPA-Gd nanometer contrast agent contains Cu, Fe, Se and Gd
elements (supplementary figure 2(a)). The Infrared spectrum results of CuFeSe,@DTPA-Gd were shown in
figure 1(d). The crystal structures of CuFeSe, and CuFeSe,@DTPA-Gd were further characterized by XRD, and
the obtained patterns were in complete agreement with the tetragonal crystal shape (CuFeSe,, JCPDS no. 81-
1959) (figure 1(e)).

VSM is usually used to detect the entire magnetization of magnetic nanoparticles. It can be observed through
the magnetization isotherm that CuFeSe, and CuFeSe,@DTPA-Gd show good superparamagnetization under
the condition of K = 300 and the external magnetic field strength is in the range of —30000 ~ 30000 Oe
(figure 1(f)). The well superparamagnetization of CuFeSe, and CufeSe,@DTPA-Gd also indicated the MRI
imaging potential of CuFeSe,@DTPA-Gd nano-contrast agent. And, it can be seen from supplementary figures
2(b)—(d) that the CuFeSe,@DTPA-Gd dispersed in different media (H,O and 10% FBS) and over different time
(0 h, 24 h and 48 h) showed similar hydrodynamic size. The above results demonstrated that
CuFeSe,@DTPA-Gd nanocrystals synthesized in this study could show excellent solubility and stability in H,O
or 10% FBS. In addition, although the hydrodynamic size of CuFeSe,@DTPA-Gd dispersed in water was
measuered to be 285.44 nm which was different from that measured by TEM, it can be explained by different
procedures and principles of DLS and TEM methods.

3.2. Biocompatibility

The contrast agent used in clinic should first have well biocompatibility [26]. In this study, the potential
cytotoxicity of CuFeSe,@DTPA-Gd was first assessed by standard MTT assay with human breast cancer cells
MCF7 and human normal breast cells MCF10A. As shown in figure 2, the survival rates of MCF?7 cells and
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Figure 1. (a), (b) TEM images of CuFeSe,@DTPA-Gd nanocrystals, showing the average particle size of CuFeSe,@DTPA-Gd NCs was
2.47 £ 0.67 nm, (c) particle size distribution of CuFeSe,@DTPA-Gd nanocrystals, counted from 182 nanocrystals shown in typical
TEM images, showing these nanoparticles were with small size and their particle sizes were relatively uniform, (d) infrared spectrum
results of CuFeSe,@DTPA-Gd, showing surface functional groups of nanoparticles, (¢) XRD patterns of CuFeSe, CuFeSe,@DTPA
and CuFeSe,@DTPA-Gd, (f) Magnetization curve of CuFeSe, and CuFeSe,@DTPA-Gd, identifying the potential of MRI imaging of
CuFeSe,@DTPA-Gd nano-contrast agent.

MCF10A cells were over 80% after co-incubation with CuFeSe,@DTPA-Gd (0-150 ug ml™ " for 24 h. This
demonstrated that the nanocrystals show no significant cytotoxicity to MCF7 cells and MCF10A cells. We
further tested the toxicity of CuFeSe,@DTPA-Gd in vivo and evaluated its biological application potential.
BABL/C female mice were sacrificed at different time periods after the CuFeSe,@DTPA-Gd injected into the
veins of the mice and their main organs (heart, liver, spleen, lung and kidney) were taken for HE staining to
evaluate the toxicity of the nanocrystal in vivo. It can be observed that treated mice did not show abnormal
mental state, diet, weight or death at 1, 5, 10 and 15 days after CuFeSe,@DTPA-Gd injection. In addition, the HE
staining results of the treated mice were not significantly different from that of normal mice in the control group,
and no tissue necrosis or inflammation was observed (figure 3). These results clearly show that
CuFeSe,@DTPA-Gd is less toxic and well biocompatible.

3.3.Imaging capability of CuFeSe,@DTPA-Gd in vitro
Then this study used 64 row 128-slice spiral CT scanner and 3.0 T MRI imager to evaluate the imaging

performance of CuFeSe,@DTPA-Gd in vitro.
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Figure 2. Relative cell viabilities of MCF-7 cells and MCF-10A cells after incubation with various concentrations of CuFeSe,@DTPA-
Gd for 24 hinvitro.
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Figure 3. H&E stained images of major organs collected from female BALB/c mice treated with CuFeSe,@DTPA-Gd, showing no
obvious tissue necrosis or inflammation.

As shown in figure 4(a) (i), with the increase of the contrast agent concentration, the CT image density of the
solution gradually increased, showing a linear relationship between the two (4b). As x-rays pass through
different tissues of the body, they attenuate to different degrees, which is the basis for image contrast. Non-
enhanced CT is only suitable for different tissues with great difference in density, such as bone and lung. When
the CT value between tumor and surrounding soft tissues is similar, it is difficult to form sufficient contrast on
the image, and it is easy to miss. In order to solve these problems, various contrast agents have been developed to
selectively enhance the image contrast between the target soft tissue and the surrounding tissue to improve CT
sensitivity [27]. According to this law that the CT value of CuFeSe,@DTPA-Gd solution linear increased as the
concentration increases, this study found that CT value (7412 Hu) of CuFeSe,@DTPA-Gd at 300 mg ml ™~ ! was
significantly higher than that (5100 Hu) of a clinically commonly used iodine contrast agent (Iopromide),
indicating that CuFeSe,@DTPA-Gd can absorb x-rays more effectively and can provide the clinically needed
contrast at relatively low concentrations, which can reduce the injection dose and make it have greater potential
for clinical application [28, 29]. At the same time, the imaging time of small molecule iodide contrast agent is
short, the distribution in the body is non-specific, the osmotic pressure and/or viscosity is high, and the dosage
is large, these may cause a strong contrast agent reaction and endanger the patient’s life. Compared with
traditional small-molecule contrast agents, nanoparticles have longer blood circulation time, lower renal
clearance rate and capillary leakage rate, and can be passively accumulated in tumor sites through the high
permeability and retention of solid tumors [30].

6



I0OP Publishing

Mater. Res. Express 8 (2021) 045001 L-Y Laietal

— TIWI

b - T2WI

e oy

8

°T Value

=
<

T T T T T -AC
000 025 050 075 1.00 125 150

CuFeSe,@DTPA-Gd (mg/mL)

Figure 4. (a) (i) CT and (ii) TIWI/(iii) T2WI MRI images, (b) CT value and TIWI/T2WI SI of CuFeSe,@DTPA-Gd with various
concentrations in vitro.

Similarly, the MRI imagings of CuFeSe,@DTPA-Gd nanocrystals solutions in vitro with various
concentration showed that with the increase of solution concentration, the T1WI signal gradually increased
mainly due to the effect of Gd on shortening T1 relaxation time, and at the same time the T2WI signal gradually
decreased to disappear mainly due to the ability of CuFeSe, to shorten transverse relaxation time (figure 4(a) (ii),
(iii)). These results confirmed that CuFeSe,@DTPA-Gd can change the relaxation rate of water particles in
tissues, thus improving the imaging contrast between different tissues. The above imaging results in vitro
indicated that the prepared CuFeSe,@DTPA-Gd nano-contrast agent has excellent MRI TIWI/T2WIand CT
imaging performance in vitro. The study by Jiang ef al had shown that CuFeSe,, which has a high x-ray
attenuation coefficient and superparamagnetism, is an excellent CT/MRI T2WI imaging nano-contrast agent,
but lacks T1 imaging capabilities [23]. Although ability of TIWI to detect lesions is not as good as T2W1I, it has a
relatively high tissue resolution. Therefore, the combination of MRI T1WI and T2WTI is conducive to further
improve the accuracy of disease diagnosis. Compared with CuFeSe,, CuFeSe,@DTPA-Gd has the additional
ability of TIWI imaging, which makes up for the limitations of CT imaging and single T2WI imaging, and
further enriches its imaging performance. Magnevist, a commonly used T1-enhanced contrast agent in clinical
practice, is the complex of Gd>* and DTPA, which can shorten T1 relaxation time. As a widely used MRI
contrast agent, Gd-DTPA has excellent characteristics such as thermodynamic stabilities, kinetic inertnesses,
high relaxivities, etc and is usually used to enhance the MRI T1WI signal, especially suitable for tumor MRI
enhanced imaging. In this study, by being coupled with CuFeSe,, Gd-DTPA obtained the additional ability to
enhance the contrast between tumor and surrounding tissue in MRI T2WI and CT imaging, which is of great
significance for early detection of tumor, determination of tumor scope and the determination of therapeutic
schedule.

3.4. Multimodal imaging capability in vivo
In view of the it’s excellent MRI and CT imaging performance in vitro, this study then used mice bearing tumors
to evaluate the CT and MRI imaging performance of the CuFeSe,@DTPA-Gd in vivo. CT images of mice bearing
tumor were obtained before and after CuFeSe,@DTPA-Gd (1.5 mg ml ™) intratumorally injected into the
tumor. It can be observed that after the injection of the nanoparticle contrast agent, the tumor area’s density was
increased compared to that obtained before the injection, and the difference of mean CT value of the tumor area
before and after the injection of CuFeSe,@DTPA-Gd was statistically significant (P = 0.000) (figure 5 and
table 1). This result demonstrated the potential of CuFeSe,@DTPA-Gd in CT imaging. Another group of mice
were imaged before and after injection of CuFeSe,@DTPA-Gd into the tumor with a 3.0TMRI scanner, and
corresponding MRI images were obtained (figure 5(a)). The results showed that the T1W1I signal was increased
and the T2WI signal was decreased after the injection of CuFeSe,@DTPA-Gd, and TIWI SICpost/SIMpost was
also larger than SICpre/SIMpre (figure 5 and table 1). The differences between the above parameters were
statistically significant. This indicated that the nanoparticle CuFeSe,@DTPA-Gd synthesized in this study can
also effectively shorten the longitudinal and transverse relaxation time of water particles to achieve MRI T1WI/
T2WI dual modal imaging. The above imaging results of CT, MRI in vitro and in vivo indicated that
CuFeSe,@DTPA-Gd has a promising prospect in CT and MRI TIWI/T2WI three-modal imaging.

After reconstructing the original images obtained by IQon CT before and after enhancement into70 Kev
virtual monochromatic images, it can be observed that the average CT value of the tumor site after enhancement
has changed from 35.7 HU to 84.7 HU (supplementary figure 3(a)).
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Figure 5. (a) (i) CT and (ii) TIWI/(iii) T2ZWI MRI images, showing the tumor site (yellow circle) in CT and TIWI images became
brighter and in T2WI image became darker after the injection of CuFeSe,@DTPA-Gd, (b) CT value and TIWI/T2WI ST in vivo.

Table 1. MRI signal intensity and CT value of tumor obtained pre- and post-intratumoral injection of CuFeSe,@DTPA-Gd.

Group TIWISI¢ TIWI SI¢/SIy T2WI Sl T2WI SI¢/SIy CT Value (HU)
Pre-injection (n = 4) 1054.41 + 16.75 0.91 + 0.01 1782.50 = 50.40 8.45 + 0.37 44.83 + 0.73
Post-injection (n = 4) 1434.67 + 11.63 1.27 £ 0.02 1277.16 =+ 24.81 6.01 + 0.28 63.36 + 0.86
Pvalue 0.001 0.000 0.006 0.003 0.000

*Pvalue <0.05 is statistically significant.

For T2Map imaging, the average T2Map value of the tumor site changed from 152.67 to 44.91 after
enhancement. Similarily, after enhancement, the average T2"map value of the tumor site changed from 23.25 to
3.75 (supplementary figures 3(b) and (c)).

4, Conclusion

In summary, nano-contrast agent CuFeSe,@DTPA-Gd with uniform particle size, good stability, well
biocompatibility and multi-functional groups was successfully prepared by simple one-pot method in this
study. In vitro and in vivo studies confirmed that the prepared CuFeSe,@DTPA-Gd possessed desired CT and
MRI T1WI/T2WI three-mode imaging properties. In addition, CuFeSe,, as a nanoscale ternary chalcogenides,
has high photothermal conversion efficiency and can show an excellent effect on photothermal therapy of
cancer. As a multimodal contrast agent, CuFeSe,@DTPA-Gd has a great potential to combine imaging and
treatment to realize cancer theranostics. Further MRI/CT imaging-guided photothermal cancer therapy studies
of CuFeSe,@DTPA-Gd in vivo are currently underway in our group and will be reported in due course.
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