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Abstract

Purpose: The development of early, accurate diagnostic strategies for triple-negative breast
cancer (TNBC) remains a significant challenge. Intercellular adhesion molecule-1 (ICAM-1)
overexpressed in human TNBC cells is a potential molecular target and biomarker for diagnosis.
In this study, small-molecule probe (denoted as y3-Cy5.5) constructed with a short 17-mer linear
peptide (y3) and near-infrared fluorescence (NIRF) dye cyanine 5.5 (Cy5.5) was used to detect
the expression of ICAM-1 in vitro and in vivo, and to diagnose TNBC via NIRF imaging.
Procedures: Western blotting and flow cytometric analysis were used for the detection of ICAM-
1 expression in MDA-MB-231 and MCF-7 cells. The cytotoxicity of the small-molecule probe y3-
Cy5.5 was detected using the CCK8 assay. The in vitro targeting of the small-molecule probe
y3-Cy5.5 was verified via flow cytometry and a laser scanning confocal microscope. Finally, the
targeting of small-molecule probe in vivo and ex vivo was observed by NIRF imaging.

Results: Western blotting and flow cytometry demonstrate that ICAM-1 was highly expressed in
the MDA-MB-231 TNBC cell line. Laser confocal microscopy and flow cytometry results show
that TNBC cells have an increased cellular uptake of y3-Cy5.5 compared to the control probe
y3S-Cy5.5. With in vivo NIRF, a significantly higher Cy5.5 signal appeared in the tumors of mice
administered y3-Cy5.5 than those treated with y3S-Cy5.5. The target-to-background ratio
observed on the NIRF images was significantly higher in the y3-Cy5.5 group (10.2, 13.6)
compared with the y3S-Cy5.5 group (4.4, 4.0) at 1 and 2 h, respectively.

Conclusions: This is the first report of the use of ICAM-1-specific small-molecule probe for in vivo
NIRF optical imaging of TNBC. This method provides a noninvasive and specific strategy for the
early diagnosis of TNBC.
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Introduction

Breast cancer is the most frequently diagnosed cancer among
Yangiu Zhang and Mengru Wang contributed equally to this work. women worldwide and is also the leading cause of cancer deaths
_ [1]. Triple-negative breast cancer (TNBC) is a type of breast
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progesterone receptor, and epidermal growth factor receptor-2.
The clinical features and tumor biology are different from other
types of breast cancer. TNBC accounts for approximately 1—
20 % of all breast cancers [2—4]. The risk of recurrence of TNBC
after 5 years is significantly higher than that of other types of
breast cancer [5]. The high mortality rate of TNBC is attributed
to its aggressive proliferation and metastasis, and lack of
effective treatment options [6—8]. Therefore, early diagnosis
and treatment play an important role in the prognosis of TNBC,
and it is urgent to identify a simple and accurate imaging method
for the early diagnosis of TNBC.

Molecular imaging technology is a new research field
encompassing the development and fusion of medical imaging
technology and molecular biology methods such as material
science, chemistry, and bioengineering. This method plays an
important role in the diagnosis, treatment evaluation, and
monitoring of functional molecule activity of TNBC in vivo.
Optical molecular imaging has many advantages, such as high
sensitivity, real-time visualization, fast imaging, simple opera-
tion, low cost, and lack of radioactive hazards, and it can
simultaneously observe multi-molecular events. This method is
important for observing the occurrence, development, and
metastasis of tumors in vivo, in addition to monitoring the
expression of specific molecules and genes [9, 10]. Therefore,
there is a need to develop a reagent that targets TNBC and can be
monitored by optical imaging.

Intercellular adhesion molecule-1 (ICAM-1) is a cell surface
transmembrane glycoprotein receptor belonging to the immu-
noglobulin superfamily. [ICAM-1 plays a role in the process of
cancer metastases and affects tumor prognosis and progression
in various types of cancer [11-14]. In recent years, studies have
demonstrated higher expression levels of ICAM-1 in TNBC
cell lines and patients compared to those with other subtypes of
breast cancer [15-17]. Guo and coworkers reported higher
expression levels of ICAM-1 in TNBC cell line (MDA-MB-
231) than in non-TNBC cell line (MCF-7) and demonstrated
that ICAM-1 molecule can be a new target for TNBC diagnosis
and treatment [6]. Garnacho et al. synthesized a short, 17-mer
linear peptide containing the ICAM-1-binding sequence of the
fibrinogen gamma chain (NNQKIVNLKEKVAQLEA, called
v3) which binds effectively and specifically to ICAM-1 in
humans and mice [18].

The aim of this study was to detect the expression of [CAM-1
in vivo and in vitro using the combination of fluorescent dye
Cy5.5 and y3 (y3-cy5.5), and to diagnose TNBC via near-infrared
fluorescence (NIRF) imaging. This is the first time that an ICAM-
1-specific small-molecule probe has been used for the in vivo
NIRF optical imaging of TNBC. This method provides a
noninvasive and specific method for the early diagnosis of TNBC.

Materials and Methods
Cell Culture

The human TNBC cell line (MDA-MB-231) and human
non-TNBC cell lines (MCF-7) were obtained from the

American Type Culture Collection (ATCC, Manassas,
VA). All cells were cultured in high-glucose Dulbecco’s
Modified Eagle Medium (DMEM) (GIBCO, Grand Island,
NY) supplemented with 10 % fetal bovine serum (FBS,
GIBCO) and 1 % Pen/Strep (10,000 U penicillin,
10 mg/ml streptomycin) at 37 °C in an atmosphere
containing 5 % (v/v) CO,.

ICAM-1 Expression

For the western blotting analysis, cells were lysed in
radioimmunoprecipitation assay (aka RIPA) buffer and equal
amounts of protein (20 pg) were loaded per well. Electro-
phoresis was performed using an 8 % polyacrylamide
separating gel with a 4 % stacking gel, and proteins were
transferred to polyvinylidene difluoride membranes
(Immobilon P, Millipore, Eschborn, Germany) by tank
blotting. After 2 h incubation at room temperature in
blocking solution, membranes were incubated overnight at
4 °C with the primary antibody G5 (sc-8439; Santa Cruz,
Heidelberg, Germany), diluted 1:300. The secondary horse-
radish peroxidase-conjugated anti-mouse-IgG was obtained
from GE Healthcare (Port Washington, NY; 1:5000).
Densitometric analysis was performed using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD).

Flow cytometric analysis was used for the detection of
ICAM-1 expression in MDA-MB-231 and MCF-7 cells. The
cells, at a concentration of 1 x 10° cells per 100 ml of PBS
plus 1 % FCS were incubated with phycoerythrin/anti—
ICAM-1 antibody (Biolgend Catalog) for 1 h at room
temperature. Then, cells were washed three times in PBS
containing 1 % FCS, resuspended in 1 % paraformaldehyde
and evaluated using a BD FACSCalibur flow cytometer (BD
Biosciences).

Synthesis of the Small-Molecule Probes y3-Cy5.5
and y3S-Cy5.5

v3 is a 17-mer peptide containing the ICAM-1-binding
sequence of fibrinogen [NNQKIVNLKEKVAQLEA] and
v3s is a control peptide containing the y3 sequence in
scrambled order [ALENAEVQNLVKKI] [19]. The probes
were synthesized and labeled with the fluorescent dye Cy5.5 at
the C-terminus. All peptides (y3-Cy5.5 and y3S-Cy5.5) had a
minimum purity of 95 % and were synthesized and fluores-
cently labeled by Shanghai Sangon Biological Engineering
Technology & Services Co. Ltd. (Shanghai, China).

Cytotoxicity of the y3-Cy5.5 and y3S-Cy5.5

The cytotoxicity of the small-molecule probe y3-Cy5.5 was
detected using the CCK8 assay. In brief, the MDA-MB-231
cells were seeded in 96-well plates (Corning Incorporated,
USA) at a density of 1x10° cells per well in 200 pl of
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culture medium and were maintained for 24 h. Six duplicate
wells were set for each concentration. The cells were then
incubated in medium containing the small-molecule probe
for 1 day. Then, 10 pl of CCKS8 solution (Sigma-Aldrich,
USA) was added to each well and the plates were incubated
for 2 h. The optical density at a wavelength of 470 nm
(OD470 nm) was detected using a microplate spectropho-
tometer (Thermo Fisher Scientific, USA).

ICAM-1 Immunofluorescence Staining

MDA-MB-231 cells (5 x 10%) were plated in 24-well plates
with 1 ml medium overnight at 37 °C. After medium was
removed, cells were incubated with y3-Cy5.5 and 7y3S-
Cy5.5 at 2.5, 5, 10, or 20 uM for 30 min at 37 °C.
Afterwards, cells were rinsed with PBS three times and fixed
with 4 % formaldehyde in PBS at room temperature for
15 min. DAPI was used to stain the cell nuclei. Finally,
immunofluorescent stained samples were dried overnight in
the dark and photographed using a laser scanning confocal
microscope.

Detection of the Small-Molecule Probe via Flow
Cytometry

MDA-MB-231 cells (1 x 10° cells per 100 ul of PBS plus
1 % FCS) were incubated with y3-Cy5.5 and y3S-Cy5.5 at
2.5,3,4,5, 10, or 20 uM for 30 min at 37 °C. Then, cells
were washed three times in PBS containing 1 % FCS,
resuspended in 1 % paraformaldehyde and evaluated using a
BD FACSCalibur flow cytometer (BD Biosciences). Flow
cytometry was performed to test the binding of the y3-Cy5.5
to MDA-MB-231 cells versus MCF-7 cells. MCF-7 cells
were incubated with y3-Cy5.5 at 5 uM for 30 min at 37 °C.
The results were determined via flow cytometer. To further
evaluate the binding properties of the small-molecule probe,
competitive inhibition experiments were carried out. MDA-
MB-231 cells (10° cells per 100 pl of PBS plus 1 % FCS)
were incubated with y3 (50 uM) containing unlabeled
fluorescent dyes and y3-Cy5.5 (10 uM) for 30 min at
37 °C. The bound small-molecule probe was detected as
described above.

MDA-MB-231 Tumor Xenograft Model

All animal experiments were carried out in accordance with
the protocols evaluated and approved by the Institutional
Animal Care and Use Committee (IACUC) of the Medical
School of Southeast University. Four to five-week-old
female BALB/c nu/nu mice were obtained from the
Yangzhou Laboratory Animal Center (Yangzhou, China).
The TNBC model was established by subcutaneous injection
(sc) of 5 x 10° MDA-MB-231 cells into the fourth mammary
fat pad of athymic nude mice.

In Vivo and Ex Vivo NIRF Imaging

In vivo optical imaging was performed on two groups of
tumor-bearing mice intravenously injected with y3-cy5.5 and
v3S-cy5.5 (200 pl/mouse). NIRF images were captured
using a Maestro in vivo imaging system (CRi, Woburn, MA,
USA; Orange: excitation, 605 nm, emission, 640-820 in
10 nm steps) and analyzed using Maestro 2.10.0 Software
(CRi, Woburn, MA, USA). NIRF signal intensity was
quantified as counts per second per pixel. After 2 h of
circulation, the mice were cuthanized and surgically dis-
sected. The tumors and organs were used for ex vivo
fluorescence imaging. All near-infrared fluorescence images
were acquired using 1000-ms exposure time. For the
analysis of signal changes at a series of time points and in
different groups, oval regions of interest (ROIs) were
manually drawn on the in vivo and ex vivo images in the
tumor or organ site, and the ear site. The target-to-
background ratio (TBR) was calculated as follows: (ROI
value from the tumor or organ site)/(ROI value from the ear
site).

Statistical Analysis

Quantitative data are presented as means £ SD. Differences
were compared using an unpaired ¢ test. A P value <0.05
was considered statistically significant.

Results

Western blot analysis of ICAM-1 expression in the human
TNBC cell line (MDA-MB-231) and human non-TNBC cell
line (MCF-7) show broad bands ranging from approximately
80 to 120 kD. This is due to different levels of glycosylation,
which has been described by various authors [20, 21]. ICAM-1
expression was nearly threefold higher in MDA-MB-231 cells
(quantified by Western blot analysis; P<0.05) than that in
MCEF-7 cells (Fig. 1a and b). Flow cytometric analysis further
confirmed a much higher expression of ICAM-1 in MDA-MB-
231 cells than in MCF-7 cells (Fig. 1c). Values from three
independent experiments showed an average ICAM-1 surface
protein of 99.1+1.0 % in MDA-MB-231 cells and 65.1+
24 % in MCF-7 cells (Fig. 1d), which was a statistically
significant difference (P <0.01).

The cytotoxicity of y3-Cy5.5 and y3S-Cy5.5 was evalu-
ated by incubating the small-molecule probes with TNBC
cells (MDA-MB-231) for 24 h. The results showed that
MDA-MB-231 cell viability remained above 92 % when the
concentration of y3-Cy5.5 and y3S-Cy5.5 reached 100 pM
(Fig. 2a), indicating excellent biocompatibility. Immunoflu-
orescence staining was performed to test the binding
properties of y3-Cy5.5. MDA-MB-231 cells were incubated
with various concentrations of y3-Cy5.5 and y3S-Cy5.5 and
most of the MDA-MB-231 cells bound the y3-Cy5.5 probe.
However, a low signal was observed for y3S-Cy5.5, and the
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Fig. 1. a Western blot analysis of ICAM-1 expression in the human TNBC cell line (MDA-MB-231) and human non-TNBC cell
line (MCF-7). Tubulin expression was used as a loading control. b Quantification of ICAM-1 protein expression by the
densitometric analysis (*P<0.05). ¢ Flow cytometric analysis of ICAM-1 expression. d Quantification of ICAM-1 protein

expression by flow cytometry (P <0.01).

fluorescent signal increased with increasing amounts of y3-
Cy5.5 (2.5-20 uM; Fig. 2b). Flow cytometric analysis
further confirmed the binding properties of y3-Cy5.5. Values
from three independent experiments showed a statistically
significant difference in the average binding properties of the
various concentrations of y3-Cy5.5 and y3S-Cy5.5 in MDA-
MB-231 cells (**P<0.01; Fig. 2¢). In addition, y3-Cy5.5
exhibited weak binding to MCF-7 cells (Fig. 2d), due to the
low expression of ICAM-1 on MCF-7 cells.

To further assess the binding properties of y3-Cy5.5,
competitive binding between y3-Cy5.5 and the unlabeled y3
peptide was examined. After incubation with the unlabeled
v3 peptide as a competitor, significantly less y3-Cy5.5
fluorescence was detected in MDA-MB-231 cells (Fig. 2e),
indicated that the combination of y3-Cy5.5 and MDA-MB-
231 cells is mainly due to that the y3 peptide can specifically
bind to MDA-MB-231 cells.

We ultimately examined the use of y3-cy5.5 for the targeted
imaging of TNBC tumors in vivo via NIRF imaging using a
xenograft TNBC mouse model. NIRF imaging was performed
on two groups of mice treated with either y3-Cy5.5 or y3S-
Cy5.5. Each group was scanned at 0, 1, and 2 h after injection
of the imaging probes, respectively. Compared with the pre-
injection imaging at baseline, a significantly higher Cy5.5
signal appeared in the tumors of mice administered y3-CyS5.5
where those treated with y3S-Cy5.5 exhibited no significant
Cy5.5 signal aggregation in the tumor site at 1 or 2 h post-
injection (Fig. 3a). The TBR observed on the NIRF images was
significantly higher in the y3-Cy5.5 group compared with the
v3S-Cy5.5 group at different time points (Fig. 3b). Further-
more, ex vivo images showed higher tumor accumulation of y3-

Cy5.5 than y3S-Cy5.5 (Fig. 3c). The TBR in different organs
illustrated that there was no significant difference between the
v3-Cy5.5 group and the y3S-Cy5.5 group except at the tumor
sites (Fig. 3d). Although the probe had a certain distribution in
the liver and kidneys, this is an inevitable and expected
occurrence, and is seen with other small-molecule probes. This
is likely due to the fact that the liver and kidneys are
metabolically active organs and almost all peptides are soluble
in nature [22, 23]. Furthermore, asymmetric cyanine dyes
accumulate in and are cleared from the liver and kidneys [24].

Discussion

In recent years, studies have demonstrated higher levels of
ICAM-1 expression in TNBC cell lines and patients than in
those with other subtypes of breast cancer [6]. Many studies
have shown that ICAM-1 plays a role in the process of
tumor metastasis. What’s more, overexpression of ICAM-1
can enhance tumor growth and have a stimulatory effect on
their progression [25-27]. In this study, we proved that
ICAM-1 exhibited higher expression in TNBC cell lines
(MDA-MB-231) than in non-TNBC cell lines (MCF-7) via
western blotting and flow cytometry. In addition, we imaged
TNBC tumors from MDA-MB-231 xenograft nude mice
successfully with the small-molecule probe y3-Cy5.5.

With the rapid development of molecular imaging, small
molecular probes have become a research hotspot. The small
probes are small proteins that have been engineered to bind to
targeted proteins or short peptides. These molecules have been
developed into novel targeted drugs for the treatment of a variety
of diseases [28]. Compared with antibodies, small molecules
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have advantages as targeted drug delivery vehicles because of
their small size, efficient tissue penetration, and low immunoge-
nicity [29]. In this study, the small-molecule probe (denoted as
v3-cy5.5) constructed by a short 17-mer linear peptide (y3) and
near-infrared fluorescence dye cyanine 5.5 (Cy5.5) was used to
diagnose TNBC via NIRF imaging. In vitro and in vivo
experiments showed that y3-Cy5.5 effectively accumulated in
TNBC cells and, therefore, may be a good candidate for the
noninvasive imaging of TNBC using NIRF imaging. In addition,
molecular imaging technology is a new research field formed
with the development and fusion of medical imaging technology
and molecular biology, material science, chemistry, and bioen-
gineering, efc., which plays an important role in the diagnosis,
treatment evaluation and monitoring of functional molecules
in vivo activity rules of TNBC. Among them, optical molecular
imaging has the advantages of high sensitivity, real-time
visualization, rapid imaging, simple operation, low cost, no
radiation damage, and simultaneous observation of multi-
molecular events, and has gradually become an ideal method to
study the changes of molecular level in tumor cells and live
animal imaging [30].

The application of molecular diagnostic techniques to the
study of tumor development and biological behavior at the
molecular level has become a current research focus [31].
Molecular imaging methods using targeted probes can be
used to diagnose the disease at the molecular level in a
noninvasive manner and provide early diagnostic data on the
disease. This is the first report on the use of an ICAM-1-
specific small-molecule probe for in vivo NIRF optical
imaging of TNBC. This method provides a noninvasive and
specific strategy for the early diagnosis of TNBC.

Conclusions

We report a near-infrared fluorescence dye cyanine 5.5 (CyS5.5)
labeled small-molecule probe (denoted as y3-Cy5.5) and its use
for the NIRF imaging of ICAM-1 expression in TNBC
xenograft nude mice. In vitro experiments show that y3-
Cy5.5 exhibited suitable biocompatibility and effectively
accumulated in TNBC cells. With in vivo NIRF, a significantly
higher Cy5.5 signal appeared in the tumors of mice adminis-
tered y3-Cy5.5 than those treated with y3S-Cy5.5. The TBR
observed on the NIRF images was significantly higher in the
v3-Cy5.5 group (10.2, 13.6) compared with the y3S-Cy5.5
group (4.4,4.0) at 1 and 2 h, respectively. This study provides a
noninvasive and specific method for the early diagnosis of
TNBC. In the future, ICAM-1 molecular targets will provide
new ideas for the treatment of TNBC.
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