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Abstract

BACKGROUND

Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related
mortality. HCC-targeted magnetic resonance imaging (MRI) is an effective
noninvasive diagnostic method that involves targeting clinically-related HCC
biomarkers, such as alpha-fetoprotein (AFP) or glypican-3 (GPC3), with iron oxide
nanoparticles. However, in vivo studies of HCC-targeted MRI utilize single-target
iron oxide nanoprobes as negative (T2) contrast agents, which might weaken their
future clinical applications due to tumor heterogeneity and negative MRI contrast.
Ultra-small superparamagnetic iron oxide (USPIO) nanoparticles (approximately
5 nm) are potential optimal positive (T1) contrast agents. We previously verified
the efficiency of AFP/GPC3-double-antibody-labeled iron oxide MR molecular
probe in vitro.

AIM
To validate the effectiveness of a bi-specific probe in vivo for enhancing T1-
weighted positive contrast to diagnose the early-stage HCC.

METHODS
The single- and double-antibody-conjugated 5-nm USPIO probes, including anti-
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AFP-USPIO (UA), anti-GPC3-USPIO (UG), and anti-AFP-USPIO-anti-GPC3 (UAG), were
synthesized. T1- and T2-weighted MRI were performed on day 10 after establishment of the
orthotopic HCC mouse model. Following intravenous injection of U, UA, UG, and UAG probes,
T1- and T2-weighted images were obtained at 12, 12, and 32 h post-injection. At the end of
scanning, mice were euthanized, and a histologic analysis was performed on tumor samples.

RESULTS

T1- and T2-weighted MRI showed that absolute tumor-to-background ratios in UAG-treated HCC
mice peaked at 24 h post-injection, with the T1- and T2-weighted signals increasing by 46.7% and
decreasing by 11.1%, respectively, relative to pre-injection levels. Additionally, T1-weighted
contrast in the UAG-treated group at 24 h post-injection was enhanced 1.52-, 2.64-, and 4.38-fold
compared to those observed for single-targeted anti-GPC3-USPIO, anti-AFP-USPIO, and non-
targeted USPIO probes, respectively. Comparison of U-, UA-, UG-, and UAG-treated tumor
sections revealed that UAG-treated mice exhibited increased stained regions compared to those
observed in UG- or UA-treated mice.

CONCLUSION

The bi-specific T1-positive contrast-enhanced MRI probe (UAG) for HCC demonstrated increased
specificity and sensitivity to diagnose early-stage HCC irrespective of tumor size and/or hetero-
geneity.

Key Words: Hepatocellular carcinoma; Molecular imaging; Magnetic resonance imaging; Positive contrast
agent; Alpha-fetoprotein; Glypican-3

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Use of single biomarkers might hinder the detection efficiency of existing hepatocellular
carcinoma (HCC) molecular probes due to tumor heterogeneity, while negative (T2) contrast agents could
result in inaccurate diagnoses. Therefore, we developed double-antigen-targeting magnetic resonance
imaging (MRI) probes for hepatic tumors by conjugating alpha-fetoprotein or glypican-3 antibodies
simultaneously to a 5-nm ultra-small superparamagnetic iron oxide (USPIO) and investigated its
performance in orthotopic HCC mouse model. The bi-specific T1-positive contrast-enhanced MRI probe
for HCC demonstrated increased specificity and sensitivity to diagnose early-stage HCC irrespective of
tumor size and/or heterogeneity. Moreover, the in vivo enhancement of imaging by the USPIO probes
appeared dose-dependent and requires further investigation.

Citation: Ma XH, Chen K, Wang S, Liu SY, Li DF, Mi YT, Wu ZY, Qu CF, Zhao XM. Bi-specific T1 positive-
contrast-enhanced magnetic resonance imaging molecular probe for hepatocellular carcinoma in an orthotopic
mouse model. World J Gastrointest Oncol 2022; 14(4): 858-871

URL: https://www.wjgnet.com/1948-5204/full/v14/i4/858.htm

DOI: https://dx.doi.org/10.4251/wjgo.v14.i4.858

INTRODUCTION

Hepatocellular carcinoma (HCC) is a human malignancy with a high incidence rate, affecting
populations worldwide[1,2]. Non-invasive magnetic resonance imaging (MRI) is one of the most
accessible and effective methods for clinical HCC screening, diagnosis, and prognosis. Additionally,
MRI represents a comprehensive imaging technique which is uninfluenced by ionized radiation and is
capable of both morphological and functional imaging. Multiple MRI techniques have been developed
including diffusion-weighted imaging[3], perfusion-weighted imaging[4], iron quantification[5], and
contrast-agent-based imaging, which use gadolinium hepatobiliary contrast agents or superpara-
magnetic iron oxide nanoparticles[6,7] for early-stage HCC identification. Functional MRI is of adequate
sensitivity and accuracy to diagnose typical HCC with a tumor diameter > 1 cm; however, it remains
challenging to identify benign and malignant tumors < 1 cm or micro-hepatocellular carcinoma
(MHCC) due to undetectable changes in blood supply or a lack of specificity from imaging contrast
agents[8,9].

Molecular MRI has led to the development of new strategies to enhance specificity and contrast for
early detection of small cancerous tumors[10-12]. The latter has been used by binding early-stage cancer
biomarkers with superparamagnetic iron nanoparticles in order to enable active cancer-cell targeting
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[13]. The sensitivity and specificity of this technique is dependent on the expression levels of the target
molecules, the magnetic relaxivity of the nanoparticles, and the imaging scheme is unlimited by changes
in blood supply. Additionally, the active targeting strategy and use of nanoparticles allow for increased
specificity and sensitivity than hepatobiliary contrast agents, which are based on hypointense signals
associated with cancer foci against normal hepatic parenchyma and solid benign lesions that uptake the
agents differently[14,15].

HCC-targeted MRI systems have demonstrated their preclinical effectiveness in vitro and in vivo.
These methods involve binding HCC biomarkers (antibodies, aptamers, or peptide ligands) to iron
oxide nanoparticles in order to target clinical HCC-related overexpressed antigens, such as alpha-
fetoprotein (AFP) or glypican-3 (GPC3)[16-20]. AFP is a widely used HCC serum biomarker with a
specificity and sensitivity of up to 96% and 65%, respectively, and false-positive and false-negative
detection rates of approximately 40%[21]. GPC3 is a promising early HCC tissue biomarker expressed
on the cell membrane. The biomarker is highly specific for HCC tumors (84.6%) but rare in normal liver
parenchyma or benign lesions[22-24]. There are certain limitations of HCC MRI molecular probes. First,
single biomarkers might hinder detection efficiency of existing HCC molecular probes due to tumor
heterogeneity. Additionally, iron oxide nanoparticles used in the majority of current HCC imaging
studies are utilized as negative (T2) contrast agents, which could result in inaccurate diagnosis[25,26].
However, opportunities to improve these probes also exist.

Nanoparticles exhibit size-dependent magnetic properties. Ultra-small superparamagnetic iron oxide
(USPIO) nanoparticles of a small core size (approximately 5 nm) are suggested as optimal positive (T1)
contrast agents that enhance T1 and suppress T2 signals induced by reductions in volume of magnetic
anisotropy, surface spin disorder, and exposure of iron ions with unpaired electrons[26-30].
Additionally, slow phagocytosis of USPIO nanoparticles by macrophages makes them ideal for liver-
tumor MRI[31-33]. However, there have been controversial results concerning the T1-specific effects of
targeted USPIO probes in vivo, mainly concerning whether probe clustering suppresses T1-related
effects[26].

Therefore, in this study, we developed double-antigen-targeting MRI probes for HCC tumors by
conjugating the AFP and GPC3 antibodies simultaneously to a 5-nm USPIO probe. Our previous study
demonstrated that compared with single-target probes, bi-specific probes enhanced the T2-weighted
contrast in Hepal-6 cells expressing AFP and GPC3[34]. The aim of the present study was to provide an
in vivo validation of the effectiveness of a bi-specific probe for enhancing T1-weighted positive contrast
to overcome tumor-heterogeneity limitations in early-stage HCC diagnosis. To this end, we established
an orthotopic HCC mouse model and injected double-antigen-targeting MRI probes to investigate probe
specificity, sensitivity, and T1/T2 MRI properties using a 3.0 Tesla clinical MR scanner and histologic
analysis, relative to observations using single-antibody-labeled and unlabeled USPIO probes.

MATERIALS AND METHODS

Reagents, antibodies, and animals

N-succinimidyl ester-functionalized 5-nm USPIO probes were purchased from Sigma-Aldrich (747440;
St. Louis, MO, United States). The alpha fetoprotein antibodies were obtained from Abcam (rabbit
monoclonal, ab213328; mouse monoclonal, ab212325; Cambridge, United Kingdom). GPC3 antibodies
were obtained from Abcam (rabbit polyclonal, ab66596) and R&D Systems (mouse monoclonal,
MAB2119; Minneapolis, MN, United States). Other chemical agents were purchased from Sigma-Aldrich
and of analytical grade.

Male C57BL/6] (C57) mice (8-12 weeks old) were purchased from Vital River Laboratory Animal
Technology (Beijing, China). The study protocols (NCC2015A011) were approved by the Animal Care
and Use Committee of Cancer Hospital, Chinese Academy of Medical Sciences (CH-CAMS). All the
mice were maintained under specific pathogen-free conditions at the Laboratory Animal Services Center
of CH-CAMS. The animal protocol was designed to minimize pain or discomfort to the animals. The
animals were acclimatized to laboratory conditions (23 °C, 12 h/12 h light/dark, 50% humidity, ad
libitumaccess to food and water) for 2 wk prior to establishment of HCC model.

Preparation and physical characterization of antibody conjugated USPIO probes

The synthesis of single- and double-antibody-conjugated USPIO probes, including anti-AFP-USPIO
(UA), anti-GPC3-USPIO (UG), and anti-AFP-USPIO-anti-GPC3 (UAG), was performed according to our
previously described protocol[34]. Briefly, 18 mg/mL N-succinimidyl ester-functionalized 5-nm USPIO
(abbreviated as U) were reacted separately or simultaneously with AFP (ab212325) and GPC3
(MAB2119) antibodies (400 pg/mL each) in phosphate-buffered solution (pH 7.4) at a final volume of 1
mL with gentle stirring for 3 h at room temperature approximately 23 °C to form the final probes.

The morphology and size distribution of the USPIO core were characterized by transmission electron
microscopy (TEM; FEI Tecnai G? F30; FEI, Hillsboro, OR, United States) using an acceleration voltage of
300 kV. The hydrodynamic diameters of the U, UA, UG, and UAG probes were measured by dynamic
light scattering (DLS; Zetasizer Nano ZS90, Malvern Instruments, Malvern, United Kingdom) using a
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non-invasive back scatter mode with a detected scattering angle of 173° at 25 °C.

USPIO phantom imaging and quantitative analysis

To investigate the MRI characteristics of USPIO, the phantom was constructed using USPIO water
solutions with gradient concentrations, which were transferred to individual wells (300 pL) of a 96-well
plate (iron concentrations of each USPIO solution: 5, 2, 1.5, 1, 0.75, 0.5, 0.25, 0.1 0.05, and 0.01 mM).

Phantom MRI was performed using a 3.0 Tesla clinical MR scanner (750W; GE Healthcare, Pittsburgh,
PA, United States) with an 8-channel head coil. The T1-relaxation times were measured by IR sequence
with a fixed echo time (TE) of 7 ms, repetition time (TR) of 2000 ms, and multiple inversion times (TI;
1800, 1500, 1100, 800, 500, 300, 200, and 100 ms). T2 images were acquired using spin echo (SE) sequence
with different TE (10-170 ms). The parameters were set as follows: TR (2000 ms), TE (10, 20, 30, 40, 50,
70, 90, 110, 130, 150, and 170 ms), matrix (256 x 256), field of view (FOV; 20 x 20 mm), slice
thickness/separation (3 mm/3.3 mm), and number of excitations (NEX; 2.0).

SI=Ax[1-2xexp(-77/T1) + exp (-7TR/T1)] Eq. (1)

SI = A x exp (-7TE/T2) + CEq. (2)
(/T)w = (1/Tuo + 17 [Fel, / = 1,2 Eq. (3)

During data analysis, the two slices in the center at axial view of MRI images for cylinder samples in
the 96-well plate were chosen for further analysis. T1- and T2-relaxation times were analyzed in a voxel-
based manner by fitting measured T1-signal intensity versus TI according to Eq. (1) and T2-signal
intensity versus TE according to Eq. (2), respectively. The proton relaxivities (r,: Longitudinal relaxivity;
and r,: Transverse relaxivity) were obtained from linear regression according to Eq. (3)[35,36]. (1/T),
and (1/T),, represent water-proton relaxation rates (the inverse values of the T1- and T2-relaxation
times) in the presence and absence of USPIO.

In vivo experimental procedure

In vivo experiments were performed as illustrated in Figure 1. First, orthotopic HCC models were
established using C57 mice. The tumors were allowed to develop for 9 d after inoculation, and mice
were prepared for in vivo MRI on day ten. Before each USPIO probe injection, the HCC mice were
scanned for pre-injection (0 h; baseline) T1- and T2-weighted image collection. Following intravenous
probe injection of U, UA, UG, and UAG, T1- and T2-weighted images were collected at 12, 12, and 32 h
post-injection. At the end of scanning, mice were euthanized, and histological analyses were performed
on tumor samples.

Orthotopic HCC mouse model

Hepal-6 murine hepatoma cells were purchased from ATCC (CRL-1830; Manassas, VA, United States).
GPC3-expressing Hepal-6 cells (Hepal-6/GPC3) were established in our laboratory, as previously
reported[37], and maintained using standard protocols on media supplemented with 1 mg/mL G418
(Invitrogen, Carlsbad, CA, United States). Hepal-6/GPC3 cells at the proliferation phase were then
cultured in the absence of G418 overnight to generate orthotopic HCC in 8-week-old C57BL/6] mice
with weight of 18-20 g. The mice were anesthetized with tribromoethanol (Avertin) at a dosage of 400
mg/kg body weight via intraperitoneal injection. The abdominal cavity below the sternum was opened,
and the liver was exposed under sterile conditions. A total of 10° Hepal-6/GPC3 cells in 20 pL RPMI-
1640 were injected under the liver capsule using a precise micro-syringe (Becton, Dickinson and
Company, New Jersey, United States). The tumors were developed after inoculation and were suitable
for in vivo MRI on day 10.

In vivo MRI assessment

In vivo MRI studies were performed on the 3.0 Tesla MR device (GE Healthcare) with a 4-channel animal
coil. During scanning, the abdominal region of the mouse was placed at the center of the coil, with the
liver as the target.

Mice were anesthetized using tribromoethanol (Avertin) at a dosage of 400 mg/kg body weight via
intraperitoneal injection. The anesthesia normally took effect at 3- to 5-min post-injection and was
sustained for approximately 30 to 45 min. The anesthetic was kept on ice during the experiment.
Solutions of the U, UA, UG, and UAG probes were transferred into medical-grade physiological saline
(0.9% sodium chloride; pH = 7.5) with a final usage volume of 200 pL.

Prior to the USPIO probe injection, 12 HCC model mice were anaesthetized. T1- and T2-weighted
imaging was conducted successively on all mice in order to select a minimum of eight with observable
or obvious tumors. The eight mice were then divided into four groups, each of which was treated with
either of the U, UA, UG, or UAG probes, respectively, prior to further MRI experiments. Pre-injection
images were recorded as 0 h data, followed by administration of the U, UA, UG and UAG probe
solution via tail-vein injection at a dose of 0.8 mg Fe/kg (or 1.6 mg Fe/kg) over 5 s when the mice were
awake. Mice underwent in vivo MRI at 12, 12, and 32 h post-injection. The U-treated animal group was
used as the control for comparison with the UA-, UG-, and UAG-treated groups.
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Figure 1 Experiment workflow. Probe treatment and T1- and T2-weighted magnetic resonance imaging were performed on day 10 after establishment of the
orthotopic hepatocellular carcinoma mouse model. MRI: Magnetic resonance imaging; HCC: hepatocellular carcinoma; UA: Anti-AFP-USPIO; UG: Anti-GPC3-USPIO;
UAG: Anti-AFP-USPIO-anti-GPC3.
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Anesthesia was administered at each time point (12, 24, and 32 h) post-injection; however, the
subsequent dosage was reduced by 50% compared to the first dosage at 0 h in order to protect the mice
and reduce drug resistance.

T1- and T2-weighted images for each USPIO probe were acquired after administering anesthesia
using the same MRI sequence used for pre-injection scanning: (1) Axial T1-weighted image/FSE with
TR/TE =475/10 ms, FOV = 60 mm % 60 mm, matrix = 512 x 512, resolution = 0.1172 mm x 0.1172 mm,
slice thickness/slice separation = 0.8 mm/1.6 mm, and NEX = 4.0; and (2) Axial T2-weighted image/fast
SE with TR/TE = 1500/92 ms, FOV = 60 mm x 60 mm, matrix = 512 x 512, resolution = 0.1172 mm x
0.1172 mm, and slice thickness/slice separation = 0.8 mm/1.6 mm.

T1- and T2-signal enhancement in the tumor respective to the background was analyzed by manually
drawing a region of interest (ROI) around the tumor and normal liver parenchyma. To assess tumor
intensity, the largest cross section of the tumor was delineated along the outer margin on the T1-
weighted or T2-weighted images and the mean intensities were recorded. Considering that the tumor
might not be recognized on the T1-weighted images at the pre-injection time point, the tumor was
delineated on the pre-injection T2-weighted images and copied to the T1-weighted images for intensity
calculation. For liver parenchyma intensity, a ROI with an approximately 3 mm? area on the liver lobes
next to the tumor was drawn 2-3 times at different positions. The average of the mean intensity in these
ROIs were then taken as the final background liver intensity. Next, the mean intensity of the tumor was
divided by the averaged liver background intensity to obtain the tumor-to-background (T/B) ratio. The
T/B ratio of mean intensity for the two ROIs was calculated to describe the signal enhancement
resulting from each USPIO probe, and the ratio values were averaged for two mice from UAG-, UG-,
UA-, and U-treated groups (0.8 mg Fe/kg dosage) respectively if the image quality was acceptable at
each time point. The increase of T/B ratios at 12, 12, and 32 h post-injection relative to that at 0 h (pre-
injection) were used to describe the binding effect of the probe to the tumor site.

Histologic analysis

Mice were euthanized after MR scanning, and the livers were harvested for histological analysis. Fresh
tissues were fixed with 10% paraformaldehyde and embedded in paraffin, after which they were cut
into 5-pm thick serial sections. The sections were immunochemically stained according to manufacturer
instructions with monoclonal rabbit anti-mouse anti-AFP (ab213328; Abcam) or polyclonal rabbit anti-
mouse anti-GPC3 (ab66596; Abcam). Adjacent slices were used for hematoxylin and eosin (H&E) and
Prussian Blue staining, respectively. All stained sections were examined under a light microscope at 4 %,
10 x, and 20 x magnification. The expression level of AFP or GPC3 and concentrated USPIO were
further analyzed by quantifying the ratio of three 3’-diaminobenzidine (DAB-) or Prussian-blue-stained
pixels from the tumor region using Image ] (Wayne Rasband and contributors, National Institutes of
Health, United States. http:/ /imagej.nih.gov/1ij).

RESULTS

Physical characterization of antibody conjugated USPIO probes

As previously reported[34], the USPIO probes were uniformly dispersed and exhibited a core diameter
of 4.88 £ 0.16 nm and an average hydrodynamic diameter of 40.46 + 0.53 nm. After antibody binding to
the USPIO surface, the average hydrodynamic size of UA, UG, and UAG increased to 56.48 + 0.52 nm,
54.76 £1.02 nm, and 59.60 + 1.87 nm, respectively. The zeta potentials of UA, UG, and UAG were -12.74
mV, -11.22 mV, and -10.23 mV, respectively, varying from the zeta potential of unlabeled USPIO (-26.13
mV).
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USPIO phantom MRI and quantitative analysis

The core diameter (4.88 + 0.16 nm) of USPIO suggests that it has a good potential as a positive contrast
agent[26,28,38]. In the present study, we collected the T1- and T2-weighted images of the phantom
(Figure 2A and B) and observed positive enhancement (brighter images at higher USPIO concentrations)
of the T1-weighted signal and negative enhancement (darker images at higher USPIO concentrations) of
the T2-weighted signal according to USPIO concentration. However, the enhancement of the T1-
weighted signal was reversed and began decreasing in the absence of iron at a concentration of 0.75
mM.

The T1 and T2 maps calculated for each USPIO concentration were illustrated in Figure 2C. The
longitudinal and transversal relaxation times for the T1 and T2 signals, respectively, were calculated
from mean values from the T1 and T2 maps for each USPIO concentration. By using the linear fitting,
the proton-relaxation rates (R;= 1/T;; and R,= 1/T,) with respect to the iron ion concentrations
according to Eq. (3), we obtained molar relaxivities (r, and r,) of 0.698 + 0.017 mM™ s and 41.017 + 1.484
mM s, respectively (Figure 2D and E).

In vivo MRI

T1- and T2-weighted MRIs were performed before and after intravenous injection of the U, UA, UG, and
UAG probes into HCC models, respectively (Figures 3 and 4). The T/B ratios of the enhanced T1- and
T2-weighted signal intensity enhancement (or increasing rates relative to pre-injection signals) at each
time point were calculated and plotted (Figure 5).

We found that the T1- and T2-weighted images showed the tumor site in both dark and bright
contrast prior to the administration of each USPIO probe, respectively, which agreed with clinical HCC-
diagnosis guidance. For the T1-weighted MRI, we observed a non-homogeneous, brightened signal at
HCC foci in mice receiving UAG or UG probes at 24 h post-injection. The T1-weighted T/B signal ratio
(TBSR) for UAG-treated mice increased by 46.7% relative to baseline (0 h) and was higher than that of
the other probes at approximately 24 h post-injection, which decreased over time. This indicated that the
UAG exhibited a higher binding efficiency with the tumor site. UG-treated and UA-treated livers
showed a similar trend in signal intensity as those treated with UAG probes, with a 30.7% and 17.7%
increase in T1-weighted TBSR at 24 h post-injection relative to baseline, respectively, which was higher
than the intensities observed in mice injected with the U probes. However, the intensity contrast trend
over time for mice receiving U probes was unclear. It showed a weak signal peak at approximately 12 h
post-injection, with a 12.1% increase in intensity relative to pre-injection levels, while some fluctuations
also existed after 12 h time point.

For the T2-weighted MRI, the tumor site showed an initially bright image that darkened after the
administration of the targeted USPIO probes. Compared to the pre-injection levels, the TBSR for UAG-
treated mice decreased by 11.1% at 24 h post-injection and then increased again over time. Additionally,
the ratios in UG- and UA-treated mice increased until 12 h, which subsequently decreased. The ratio in
UG-treated mice decreased to its minimum level at 24 h post-injection, with an approximately 1.3%
increase in ratio compared with pre-injection. The ratio in UA-treated mice decreased at 24 h post-
injection and subsequently decreased by 32.8% at 32 h post-injection with an unknown trend due to
measurement suspension. Moreover, the ratio in U-treated mice showed a weak decreasing trend after
probe injection until reaching a 9.4% decrease at 24 h compared with pre-injection, which subsequently
increased.

Figure 6 illustrated the T1- and T2-weighted images of HCC-mouse livers treated with higher
dosages of the UAG probe (1.6 mg Fe/kg body weight), revealing T1-hyperintense and T2-hypointense
shrinkage of the tumor at 24 h post-injection of the probes.

Histological analysis

Histological analysis and Prussian Blue staining were used to detect iron uptake and were analyzed
qualitatively to evaluate the establishment of the HCC model and in vivo MRI results (Figure 7). H&E
staining results for U-, UA-, UG-, and UAG-treated livers showed that the tumor cells in the HCC
tissues were irregular, with imbalanced nucleus: Cytoplasm ratios and were mostly distributed in
lumps. Immunochemical staining verified that the AFP and GPC3 antigens were primarily expressed in
the HCC tissue, whereas few were observed in hepatic parenchyma of the same liver.

Uptake of different USPIO probes by the HCC tissue was evaluated by iron Prussian Blue staining
(Figure 7). We observed an increase of stained areas distributed in HCC tissues relative to normal liver
tissues. A comparison of the U-, UA-, UG-, and UAG-treated tumor sections revealed that UAG-treated
mice exhibited a higher accumulation of stained regions relative to those observed in UG- or UA-treated
mice. The semi-quantitative results summarized in Supplementary Table 1 might also indicate that
UAG-treated mice had higher iron concentrations and targeting specificity in the tumor under similar
expression levels for AFP or GPC3. Additionally, all of the targeted USPIO probes exhibited a higher
uptake rate for the HCC tissues when compared to the non-targeted USPIO probes. These results
indicated that the double-antigen-targeted UAG probe targeted the HCC tissues more effectively than
the single-targeted or non-targeted USPIO probes.
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Figure 2 Magnetic resonance imaging properties of ultra-small superparamagnetic iron oxide phantoms. A: T1- and T2-weighted images of a
series of 0.9% saline water solutions containing different concentrations of the ultra-small superparamagnetic iron oxide probes as indicated by iron concentration; B:
Changes in the T1- and T2-weighted signal intensities according to iron concentration, with standard deviation also illustrated; C: T1 and T2 map illustrated in pseudo
color under different iron concentration; D: Linear regression fitting of the longitudinal relaxation-rate (1/T1); E: transversal relaxation-rate (1/T2) data vs different iron
concentrations (with standard deviation also illustrated) for extracting the longitudinal relaxivity (r;) and transverse relaxivity (r,), respectively.
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DISCUSSION

The diagnosis of early-stage HCC is crucial for the establishment of a treatment strategy and for
improving prognosis. To this end, molecular probes with high specificity and sensitivity are highly
efficacious for HCC imaging. The present study has provided preliminary data supporting the in vivo
efficacy of USPIO (5-nm core size)-conjugated AFP and GPC3 antibodies for use as a double-antigen-
targeted MR molecular probe for HCC. Thereby supporting our hypothesis that it would demonstrate
improved targeting efficiency relative to USPIO labeled with a single-antibody or non-targeted USPIOs
and functions as a positive contrast agent. We propose that the double-antibody strategy might increase
cancer-cell selection and enable tumor-specific diagnosis, regardless of tumor heterogeneity.

We chose the AFP and GPC3 antibodies as biomarkers for HCC targeting. Although several studies
demonstrated the feasibility of peptide ligands as biomarkers for binding GPC3[20], we used
monoclonal antibodies in the present study to ensure their homogeneity, purity, and avidity.

The histological results demonstrated the preference of the GPC3- and AFP-conjugated USPIO probes
(UA, UG, and UAG) for antigen-expressing tumor sites, without any pronounced deposition of the
probes in the liver parenchyma. In vivo MRI (Figures 3 and 4) provided evidence of the increased tumor-
targeting efficiency of the UAG, compared to that observed in single-antibody UG or UA probes, with
all of the targeted probes displaying improved specificity than the non-targeted USPIO probe.
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Figure 3 T1-weighted images of hepatocellular carcinoma-model mice administered with ultra-small superparamagnetic iron oxide
probes at various time points. Columns represent livers treated with different probes, and the first row shows pre-injection (0 h) T2-weighted images as
references for the tumor location indicated by yellow arrowhead. UA: Anti-AFP-USPIO; UG: Anti-GPC3-USPIO; UAG: Anti-AFP-USPIO-anti-GPC3.

Additionally, T1- and T2- weighted MRIs showed that the absolute TBSRs in UAG-treated mice were
higher than those in UG-, UA-, and U-treated mice at 24 h post-injection. These results were congruent
with those of in vitro MRI experiments, showing that UAG-treated Hepal-6 cells displayed the best T2-
weighted contrast[37]. Based on these results, the higher degree of specificity in the binding of UAG to
HCC tumors in vivo at 24 h post-injection represented the optimal imaging time point for HCC tumors.
Moreover, UG-treated livers showed a similar signal trend to that of UAG-treated livers, with
maximal enhancement of the T1-weighted TBSR at 24 h post-injection and higher ratios than that of UA
and U probes. This might imply a predominant targeting function by the GPC3 antibody on the part of
the UAG probes. Furthermore, the maximum T1-weighted TBSR in UAG-treated mice at 24 h and the
1.24-fold enhancement in the ratio for UA-treated livers compared with U-treated livers at 12 h post-
injection might suggest that the AFP antibody was involved in enhancing probe targeting efficiency.
However, the signal trend for UA-treated livers was not as significantly distinguishable as those treated
with UAG- or UG-, when they were compared with livers signal treated with non-targeted USPIO
probes. GPC3 expressed on the cell membrane differed from AFP, which is an antigen secreted into the
cytoplasm. We chose AFP as a target based on the tumor site to likely be harboring concentrated
amounts of AFP antigens that could be secreted into the serum. Although adding biomarkers for
cytoplasmic targeting might help enhance the specificity of double-marker-labeled probes, the
optimization of single-target probes specific for cytoplasmic sites might require further consideration.
Iron oxide nanoparticles are widely used for molecular MRI imaging because of their relevant
advantages including superparamagnetism, chemical modification, and biosafety[39,40]. The surface
modification and hydrodynamic size of iron oxide nanoparticles are essential for optimizing delivery
efficiency to their cellular targets[41,42]. Additionally, the core size of the iron oxide nanoparticles
significantly influenced their magnetic properties and the MRI effect[27,29,38]. In the present study, N-
succinimidyl ester-functionalized USPIO with a core size < 5 nm was purchased and conjugated with
AFP and GPC3 antibodies for evaluation as double-antigen-targeting molecular MRI probes for HCC.
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Figure 4 T2-weighted images of hepatocellular carcinoma-model mice administered ultra-small superparamagnetic iron oxide probes at
various time points. Columns represent livers treated with different probes. (Yellow arrowhead: tumor location). UA: Anti-AFP-USPIO; UG: Anti-GPC3-USPIO;
UAG: Anti-AFP-USPIO-anti-GPC3.
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DLS measurements of the U, UA, UG, and UAG probes showed that the hydrodynamic sizes of both
double- and single-antibody labeled USPIO probes remained within a range of 50-60 nm. This has the
potential to promote applications to determine tumor-vessel permeability and retention effects while
avoiding phagocytosis by macrophages rich in normal liver tissue or quick renal clearance[31,41-44].
Moreover, the negative zeta potentials of each of the probes allowed for deeper penetration into tissues
[43].

To evaluate the MRI-specific properties of the USPIO probes, we performed both phantom and in vivo
studies. Phantom results showed that the USPIO probes either positively or negatively enhanced the T1-
and T2-weighted signal and shortened the T1- and T2-relaxation times (r, = 0.698 mM™s; r, = 41.017
mM*s?). However, the shortening of r, was dose-dependent, and the overdose effect that weakened
enhancement of the T1 signal was attributed to the increased T2-relaxation rate observed at higher iron
concentrations, which was consistent with previous studies[26]. Therefore, we found that a moderate
dosage of 0.8 mg Fe/kg body weight was adequate for the in vivo experiments and allowed the determ-
ination of T1- and T2-weighted TBSRs for UAG-treated mice at different time points before and after
probe injection, up to 24 h post-injection. This differed from a previous report as the aggregation of
USPIO probes at the target might have diminished their T1 performance[26]. It is possible that the
feasibility of targeted USPIO probes as positive contrast agents is dosage-dependent, as reflected in the
T1-hyperintense signal observed at an increased UAG dosage of 1.6 mg Fe/kg body weight (Figure 6).
For T2-weighted MRI, only the TBSR in UAG-treated mice showed the best negative enhancement, with
an 11.1% decrease until 24 h post-injection relative to the pre-injection TBSR, which was similar to that
observed from T1-weighted imaging. The other probes, (UA, UG, and U) did not show significant T2
enhancement or showed a relatively weaker enhancement compared with UAG-treated samples during
the first 24 h after probe injection. This might suggest that the double-conjugated antibodies on the UAG
probe helped accelerate target recognition during circulation and competed with signal decreases
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Figure 5 Time-dependent increasing rates of T1- and T2-weighted T/B signal ratios. Increasing rates of T1- and T2-weighted T/B signal ratio at
different time points (12, 24, and 32 h) post-injection as compared with pre-injection (0 h) of the U, anti-alpha-fetoprotein (AFP)-ultra-small superparamagnetic iron
oxide (USPI0), anti-glypican-3 (GPC3)-USPIO, and anti-AFP-USPI0-anti-GPC3 probes. Data points represent averaged rates from two mice if the image quality was
acceptable. A: T1-weighted T/B signal ratios; B: T2-weighted T/B signal ratios. UA: Anti-AFP-USPIO; UG: Anti-GPC3-USPIO; UAG: Anti-AFP-USPIO-anti-GPC3.
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Figure 6 T1- and T2-weighted images of hepatocellular carcinoma-model mice treated with the anti-alpha-fetoprotein-ultra-small
superparamagnetic iron oxide-anti-glypican-3 probe (1.6 mg Fe/kg body weight). Top (T1WI) and bottom (T2WI) rows, from left to right: T1- and T2-
weighted images, respectively, at 0 h (pre-injection) and 12-, 24-, and 32-h (post-injection). (Yellow arrowhead: Tumor location).
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resulting from normal liver uptake.

Clinical hepatobiliary contrast agents primarily bind to organic anion-transporting polypeptides
(OATPs) expressed in normal hepatocytes in order to distinguish HCC lesions exhibiting low-level
OATP expression. The success of OATP-based agents is highly dependent upon liver function and
might lead to confusion for other diseases also exhibiting low-level OATP expression, such as liver
metastasis without knowledge of the primary tumor[20,45]. Additionally, the advantages of OATP-
based probes are fewer for MHCC exhibiting tumor sizes of <1 ¢m[8,20,46]. The double-antibody
labeled MRI probes used in the present study allowed for the direct recognition of multiple tumor
biomarkers to enhance detection specificity and sensitivity, and has the potential to improve the
diagnostic performance for HCC. Specifically, the positive contrast enhancement renders such targeted
probes as efficacious for clinical study, although the optimal dosage and imaging time points require
further investigation.

This study had several limitations. Firstly, the conjugation of two antibodies might increase the
effective molecular weight of the probe and influence its circulation or infiltration rate. We found that
the optimal imaging time was approximately 24 h post-injection of the probe, which might be clinically
taxing. However, based on the double-labeling strategy described here, it might be possible to utilize
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Figure 7 Histological results of hepatocellular carcinoma tumors treated with U, anti-alpha-fetoprotein-ultra-small superparamagnetic
iron oxide, anti-glypican-3-ultra-small superparamagnetic iron oxide, and anti-alpha-fetoprotein-ultra-small superparamagnetic iron

oxide-anti-glypican-3 probes. UA: Anti-AFP-USPIO; UG: Anti-GPC3-USPIO; UAG: Anti-AFP-USPIO-anti-GPC3; USPIO: Ultra-small superparamagnetic iron
oxide; AFP: Alpha-fetoprotein; GPC3: Glypican-3.

peptides or other ligands with small molecular weights for lesion targeting. Secondly, this study lacked
detailed experiments to determine changes in imaging properties according to changes in probe dosage.
This preliminary study mainly validated the feasibility of targeted USPIO probes as positive contrast
agents; therefore, further dose-related studies are required to explore the unusual T2 effects we
observed and to optimize the dosage for improved positive contrast enhancement. Thirdly, the N-
succinimidyl ester-functionalized USPIO probe might promote cross-linking with other N-containing
molecules, as we observed non-specific binding of the non-targeting USPIO probe with the tumor site.
Therefore, a more specific surface modification might be considered in order to optimize the probe
design. Lastly, as limited by the experimental conditions, the mice were anesthetized by tribromo-
ethanol (Avertin) via intraperitoneal injection, which might increase the difficulty of dosage control
among multiple time-point scanning and might limit extended observations with high-imaging quality.
In the future studies, gas anesthesia should be adopted to improve the accuracy of dosage control and
alleviate potential animal suffering.

CONCLUSION

In this study, we prepared double-antigen-targeting MRI probes for HCC tumors by conjugating AFP
and GPC3 antibodies to a USPIO probe < 5 nm in size. In vitro phantom experiments revealed that
USPIO probes of this size could shorten the longitudinal relaxation time, T1, and transversal relaxation
time, T2, making them candidate positive and negative MRI contrast agents. Our in vivo MRI results
using an orthotopic HCC mouse model demonstrated the efficacy of the UAG probe and its potential for
use as a targeted positive contrast agent for HCC based on its increased specificity and sensitivity
relative to single-antibody and non-targeted USPIO probes. Moreover, we found that the in vivo
enhancement of imaging by the USPIO probes was likely dose-dependent and requires further invest-
igation. These findings represent preliminary experimental data to promote the development of
optimized molecular MRI systems capable of diagnosing early-stage HCC, regardless of tumor hetero-
geneity and size.
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ARTICLE HIGHLIGHTS

Research background

Hepatocellular carcinoma (HCC) threated the human heavily. It is urgent to find an effective method to
detect and diagnose the HCC early. Our previous study has already verified the efficiency of alpha-
fetoprotein (AFP)/glypican-3 (GPC3)-double-antibody-labeled iron oxide magnetic resonance imaging
(MRI) molecular probe in vitro.

Research motivation

We validated the effectiveness of a bi-specific probe for enhancing T1-weighted positive contrast to
detect and diagnose the early-stage HCC in an orthotopic mouse model. It will provide the evidence for
the human application.

Research objectives
To in vivo validate the effectiveness of a bi-specific probe for early detection and diagnosis of the early-
stage HCC.

Research methods

We synthesized the single- and double-antibody-conjugated 5-nm ultra-small superparamagnetic iron
oxide (USPIO) probes respectively. T1- and T2-weighted MRI were performed on the mouse model
injection of the different probes at 12-, 24-, and 32-h. All the tumor samples were histologically
analyzed.

Research results
The bi-specific probe was the most effective kind of the probes in our experiment.

Research conclusions
The bi-specific T1-positive contrast-enhanced MRI probe for HCC demonstrated increased specificity
and sensitivity to diagnose early-stage HCC.

Research perspectives
The in vivo enhancement in imaging by the USPIO probes was likely dose-dependent and requires
further investigation.
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