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ABSTRACT: A major contributing cause to breast cancer related
death is metastasis. Moreover, breast cancer metastasis often shows
little symptoms until a large area of the organs is occupied by
metastatic cancer cells. Breast cancer multimodal imaging is
attractive since it integrates advantages from several modalities,
enabling more accurate cancer detection. Glycoprotein CD44 is
overexpressed on most breast cancer cells and is the primary cell
surface receptor for hyaluronan (HA). To facilitate breast cancer
diagnosis, we report an indocyanine green (ICG) and HA
conjugated iron oxide nanoparticle (NP-ICG-HA), which enabled
active targeting to breast cancer by HA-CD44 interaction and
detected metastasis with magnetic particle imaging (MPI) and
near-infrared fluorescence imaging (NIR-FI). When evaluated in a transgenic breast cancer mouse model, NP-ICG-HA enabled the
detection of multiple breast tumors in MPI and NIR-FI, providing more comprehensive images and a diagnosis of breast cancer.
Furthermore, NP-ICG-HAs were evaluated in a lung metastasis model. Upon NP-ICG-HA administration, MPI showed clear signals
in the lungs, indicating the tumor sites. This is the first time that HA-based NPs have enabled MPI of cancer. NP-ICG-HAs are an
attractive platform for noninvasive detection of primary breast cancer and lung metastasis.
KEYWORDS: breast cancer, fluorescence imaging, hyaluronan, magnetic particle imaging, multimodality imaging

1. INTRODUCTION
Breast cancer is the most diagnosed cancer type in women,
with more than 2.3 million new cases in 2020 worldwide.
Through the advances in early detection and treatment
strategies, the survival rate of breast cancer patients has been
significantly improved.1,2 On the other hand, breast cancer
metastasis remains a major mortality factor. The locations of
metastasis are often challenging to detect. While the lung, liver,
and bone are common sites for breast cancer metastasis, they
often show little symptoms until large areas of the organs have
been occupied by metastatic cancer cells. Thus, it is critical that
methods are available to detect primary and metastatic breast
cancer.3−5

Noninvasive cancer imaging is an emerging field. Various
scanning modalities have been utilized for cancer imaging in
the lung including computed tomography (CT),6 positron
emission tomography (PET),7−9 magnetic resonance imaging
(MRI),10,11 and optical imaging.12 To better determine the
presence of lung metastasis, multimodal imaging has been
applied. 64Cu-labeled interleukin 18 or a 89Zr-labeled
monoclonal antibody enables breast cancer lung metastasis
imaging and evaluation with PET and CT/optical imaging.13,14

However, PET and CT use ionizing radiation, which may be
harmful to patients.15

Nanoparticle-based contrast agents can significantly aid in
cancer imaging. Nanoworms (NWs) bearing indocyanine
green (ICG) (NW-ICGs) have been applied to primary breast
cancer detection in mice.16,17 The accumulation of the
nanoprobes in cancer was presumably due to the passive
targeting of NWs through the enhanced permeability retention
(EPR) effect.18−20 However, the breast cancer lung metastasis
typically has small tumor masses compared to the primary
tumor; thus, a less prominent EPR effect is expected.21,22 To
enhance NP accumulation in metastatic sites, cell surface
receptors on tumor cells may be targeted. CD44 is a
glycoprotein that is overexpressed on various types of
cancerous cells, including breast cancer.23,24 CD44 is known
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to play a key role in metastasis and relapse of breast cancer.25,26

Hyaluronan (HA) is the major endogenous ligand of
CD44.23,27−29 Herein, we report an ICG and HA conjugated
iron oxide nanoparticle (NP-ICG-HA), which can bind well
with CD44. This can enable active NP targeting metastatic
breast cancer cells in the lungs and its detection with magnetic
particle imaging (MPI) and near-infrared fluorescence imaging
(NIR-FI).
MPI is an attractive imaging modality that detects

superparamagnetic materials and does not require ionizing
radiation. Compared to magnetic resonance imaging (MRI),
MPI has multiple advantages such as high sensitivity, high
imaging contrast with nearly no background, and the
possibility for quantification of tracers while maintaining the
high depth for imaging.30−32 Fluorescence imaging can
complement the MPI results with the advantage of relatively

high resolution. ICG is an NIR fluorescence dye approved by
the Food and Drug Administration (FDA) as a clinical imaging
agent.33−39 NIR fluorescence dyes have their emission
windows at 700−900 nm, enabling deeper tissue penetration
when used in animal study. Thus, it could provide stronger
signals compared to fluorescence dyes with emission maxima
in the visible region. While ICG-HA NPs have been reported
previously,40,41 they have not been tested for MPI-based cancer
and metastasis imaging.

2. RESULTS
Synthesis and Characterization of NP-ICG-HA. The

iron oxide nanoparticles (NPs) were synthesized by the
modified coprecipitation method from Fe(III) and Fe(II) salts
in the presence of dextran.42 The dextran on the surface of NPs
was then cross-linked with epichlorohydrin, followed by

Scheme 1. Synthesis of NP-ICG-HA

Figure 1. (a) TEM image of NP-ICG-HA. (b) Normalized UV−vis absorption and emission spectra of NP-ICG-HA and free ICG. Excitation: 730
nm. (c) Integrated fluorescence signal intensity vs iron concentration of NP-ICG-HA (n = 3). (d) MPI signal intensities vs iron concentration for
NP-ICG-HA and VivoTrax (n = 3).
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introduction of amine moieties by reacting with ammonium
hydroxide to form aminated NP (NP-NH2). ICG was installed
onto NP-NH2 with an ICG-N-hydroxysuccinimide (NHS)
ester producing NP-ICG. HA was then conjugated to NP-ICG
through amide bond formation, leading to NP-ICG-HA
(Scheme 1).43−45

The nanomaterials were characterized first through dynamic
light scattering (DLS). The average hydrodynamic diameters
of NP, NP-ICG, and NP-ICG-HA were 67, 122, and 208 nm,
respectively, indicating the successful conjugations of ICG and
HA to the NP (Figure S1a). The zeta potential values of the
particles were also measured (Figure S1b). Aminated NP had a
positive zeta potential (22.3 mV) likely due to the presence of
ammonium ions on the surface. Upon conjugation of NP with
ICG, the zeta potential of the resulting NP-ICG became less
positive (16.9 mV) as some of the amine moieties were
amidated. The immobilization of HA to NP-ICG further
decreased the zeta potential to negative values (−14.2 mV)
presumably due to the negatively charged nature of HA at
neutral pH. The morphology of NP-ICG-HA was analyzed by
transmission electron microscopy (TEM) (Figure 1a), which
showed that the average diameter of the iron oxide core was
∼3 nm. The significantly larger sizes observed by dynamic light
scattering compared to TEM were presumably due to the
polysaccharides attached on the NP surface, which were not
readily visible under TEM. When comparing the TEM images
of NP, NP-ICG, and NP-ICG-HA (Figure S2a), no significant
differences were observed in size, as they were made of the
same core. Elemental analysis for NP-ICG-HA was conducted
by energy dispersive X-ray spectroscopy (EDX) (Figure S2b),
which indicated the presence of iron, carbon, and oxygen
elements in the particles. The fluorescence spectra of NP-ICG-
HA were also acquired. Both the absorption and emission
maximum peaks of NP-ICG-HA were blue-shifted by 5 nm as
compared to those of the parent molecule ICG (Figure 1b).
The blue-shifts of the absorption and emission maxima could
be due to the metal-enhanced fluorescence effect46 or the
nanoaggregation of ICG47,48 when conjugated with NPs. The
intensities of fluorescence signals of NP-ICG-HA were linear
with the nanoparticle iron concentration (Figure 1c). The iron
concentration of NP-ICG-HA was determined by inductively
coupled plasma optical emission spectrometry (ICP-OES).
The MPI signal strength of NP-ICG-HA was linearly
correlated to the nanoparticle iron concentration (Figure
1d). The performance of NP-ICG-HA in MPI was evaluated
by benchmarking against the commercially available carbox-
ydextran-coated superparamagnetic iron oxide nanoparticle
(SPION): VivoTrax. The NP-ICG-HA was more sensitive
than VivoTrax, giving stronger MPI signals at the same level of
iron. The potential magnetic hysteresis of the nanoparticles
was measured by the superconducting quantum interference
device (SQUID) magnetometer at 300 K (Figure S3). No
hysteresis loops were observed by SQUID, indicating the
superparamagnetic property of NP-ICG-HA. The masses of
iron in NP-ICG-HA and VivoTrax were determined by ICP-
OES. The saturation magnetization of NP-ICG-HA (93.0
emu/g) is 2 times higher than that of VivoTrax (42.7 emu/g),
explaining the higher sensitivity of NP-ICG-HA in MPI.
To ascertain HA immobilized on the NP-ICG-HA can bind

with CD44, a competitive enzyme-linked immunosorbent
assay (ELISA) was set up to measure the abilities of NP-ICG-
HA to compete with HA for CD44 binding.49 As shown in
Figure S4, NP-ICG-HA significantly reduced the level of

binding of HA with CD44. In contrast, NP-ICG did not have
much effect on HA/CD44 binding, confirming the important
roles of HA in NP-ICG-HA/CD44 interactions (Figure S4).
To evaluate the biocompatibility of NP-ICG-HA, cell viability
assays were performed with RAW 264.7 cells (Figure S5). No
major changes in cell viability were recorded when the cells
were incubated with various concentrations (0.13−0.5 mg of
Fe/mL) of NP-ICG-HA, demonstrating the material has no
significant toxicity to cells at the concentrations evaluated.

Binding of NP-ICG-HA with CD44-Expressing Breast
Cancer Cells In Vitro. To examine the ability of NP-ICG-HA
to detect cancer cells, CD44 expressing 4T1 cells50 were
incubated with NP-ICG-HA, NP-ICG, or ICG at the same
ICG fluorescence intensities for 2 h at 37 °C followed by
thorough washing with PBS to remove the unbonded particles.
Cells were then imaged by confocal microscopy (Figure 2).

The images showed much stronger ICG signals in cells
incubated with NP-ICG-HA, suggesting that NP-ICG-HAs
were taken up more by the cells as compared to NP-ICG and
ICG. The incubated cells were further stained with Prussian
blue to detect iron present intracellularly (Figure S6). Cells
incubated with NP-ICG-HA exhibited much stronger blue
staining than those treated with NP-ICG, supporting the idea
that more NP-ICG-HA particles were present in 4T1 cells.

NP-ICG-HA Enabled Multimodality Imaging of Breast
Cancer in the MMTV-PyMT Spontaneous Cancer Model.
To evaluate the cancer imaging ability of NP-ICG-HA, the
MMTV-PyMT transgenic mouse model is established.51,52

MMTV-PyMT mice spontaneously develop palpable mam-

Figure 2. Fluorescence images measured by confocal microscopy.
4T1 cells were incubated with NP-ICG-HA and then DAPI, followed
by washing with PBS three times after each staining, and imaged (a)
DAPI channel, (b) ICG channel, and (c) merge of both. 4T1 cells
were incubated with NP-ICG and then DAPI, followed by washing
with PBS three times after each staining as the control group and
imaged (d) DAPI channel, (e) ICG channel, and (f) merge of both.
4T1 cells were incubated with ICG and then followed by the same
washing procedure and imaged (g) DAPI channel, (h) ICG channel,
and (i) merge of both. Scale bars are 10 μm.
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mary tumors in 4−6 months, which can mimic human breast
cancer with a native microenvironment. The breast tumor
tissues dissected from MMTV-PyMT mouse were first
subjected to CD44 immunohistochemistry (IHC) staining

confirming the expression of CD44 in these tissues (Figure
S7).
Five-month-old female MMTV-PyMT mice (n = 4) were

administered with NP-ICG-HA (8 mg of iron/kg of body

Figure 3. Imaging of MMTV-PyMT mice bearing multiple mammary tumors (n = 4 for each group). (a) 3D MPI images at indicated time points
co-registered with CT skeletal scan images of mice injected with NP-ICG-HA. (b) 3D MPI images at indicated time points co-registered with CT
skeletal scan images of mice injected with NP-ICG as a control group. (c) NIR-FI images of mice injected with NP-ICG-HA at various time points.
(d) NIR-FI images of mice injected with NP-ICG as a control group at various time points.

Figure 4.MMTV-PyMT mice (n = 4 for each group) bearing multiple mammary tumors injected with NP-ICG-HA or NP-ICG and then sacrificed
at 72 h postinjection. (a) Percentage of MPI signals measured ex vivo in main organs and (b) ex vivo NIR-FI images of NP-ICG-HA group. (c)
Percentage of MPI signals measured ex vivo and (d) ex vivo NIR-FI images of the NP-ICG control group. T: tumor; Lv: liver; K: kidney; Sl: spleen;
H: heart; and L: lung. Histological analysis of tumor tissues from MMTV-PyMT mice receiving NP-ICG-HA. (e) Anti-CD44 IHC stain, (f) H&E
stain, and (g) Prussian blue (iron showed blue) followed by nuclear fast red counterstain.
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weight) through the tail vein. These mice were then imaged
with MPI and fluorescence over 72 h (Figure 3a). NP-ICG (8
mg of iron/kg of body weight) without conjugated HA was
injected to another batch (n = 4) of MMTV-PyMT mice as the
control group (Figure 3b). 3D MPI images were co-registered
with CT images to provide anatomical information (Figure 3).
In the NP-ICG-HA group, preinjection scanning showed no
MPI signals, indicating low endogenous iron concentration. In
comparison, images acquired 1 h postinjection showed MPI
signals all over the mouse body, suggesting NP-ICG-HA was in
the vasculature system. Twenty-four hours postinjection,
strong MPI signals were observed in liver area as well as in
the tumor area, showing NP-ICG-HA can accumulate in breast
tumors. In contrast, for control mice receiving NP-ICG,
particles were taken up by the liver and stayed in the liver for a
shorter period. Moreover, no significant MPI signals were
found in the tumor areas over the 72 h period in these mice.
To confirm the MPI results, fluorescence imaging was
performed, enabled by the ICG attached on NPs. Consistent
with MPI studies, in the NP-ICG-HA group, fluorescence
images showed significant signals in liver and tumor areas
(Figure 3c), with no fluorescence in tumor areas in mice
administered with NP-ICG (Figure 3d).
To further confirm the role of HA in targeting NP-ICG-HA

to breast tumors, a mixture of NP-ICG-HA and free HA was
injected intravenously into tumor-bearing MMTV-PyMT mice.
The free HA could bind with the HA receptor (CD44) in
breast tumors, which could competitively inhibit the binding
between NP-ICG-HA and CD44 in tumors. Compared to mice
receiving NP-ICG-HA, the MPI and fluorescence images
showed significantly lower signals in tumor areas in the
presence of free HA (Figures S8a and S8c). The signals in the
tumor area were integrated and plotted for both the NP-ICG-
HA group and the NP-ICG-HA + free HA group in MPI and
NIR-FI results at 24 h postinjection (Figures S8b and S8d). A
95% reduction of signals in the MPI and an 88% reduction of
signals in the fluorescence images were observed from the NP-
ICG-HA group to the NP-ICG-HA + free HA group,
respectively, indicating that tissue accumulation of NP-ICG-
HA in vivo was HA dependent.

Confirmation of MMTV-PyMT Mouse Imaging via Ex
Vivo Analysis of the Tissues. To confirm the in vivo imaging
results, mice were euthanized 72 h postinjection, and the
mouse organs were extracted and imaged by MPI and NIR-FI.
The biodistribution of NP-ICG-HA was examined through
quantification of MPI images of the organs acquired (Figure
4a). Significantly higher MPI signals (25.2% of the total signals
from all organs extracted) were found in excised tumors. The
ex vivo fluorescence signals (Figure 4b) corroborated the MPI
results. Biodistribution of nanoparticles in the control group of
mice receiving NP-ICG was performed parallelly. Signal
quantification showed only strong MPI/fluorescence signals
from excised liver, with little signals from the tumor (Figures
4c and 4d). To further confirm the accumulation of NP-ICG-
HA in tumors, histopathological analysis was conducted in
excised tissues. The CD44 expression of excised tissues were
examined by immunohistostaining (Figure 4e) with the
adjacent slides of tissues stained with hematoxylin and eosin
(H&E) and Prussian blue (Figures 4f and 4g). The dense
nucleus stain area in H&E slide was co-localized with brownish
area in the CD44 IHC slide, indicating the CD44 expression in
tumors. The extensive blue color observed in Prussian blue
staining confirmed the presence of NP-ICG-HA in tumors.

NP-ICG-HA Enabled Multimodality Imaging of Breast
Cancer Lung Metastasis. To test the ability of NP-ICG-HA
to detect cancer metastasis, a breast cancer lung metastasis
mouse model was built by injecting 4T1-Luc2 breast cancer
cells into female BALB/c mice through the tail vein.
Bioluminescence imaging showed that 4T1-Luc2 cells were
accumulated in the lung areas of mice, which could mimic
metastasis of breast cancer to the lung.
NP-ICG-HA or NP-ICG was injected at the same iron dose

(8 mg of iron/kg of body weight) through the tail vein to mice
with 4T1 cancer cells in the lung, which was followed by MPI
and NIR-FI over 72 h. In the NP-ICG-HA group, MPI images
showed strong signals in abdominal and chest areas at 1 h
postinjection, indicating the particles were still in the
circulation (Figure 5a). At 24 h, strong signals were observed
in the liver area, and signals were found in both left and right
lungs. However, in the NP-ICG control group, MPI signals

Figure 5. Imaging of 4T1 lung metastasis mice (n = 4 for each group). (a) 3D MPI images at indicated time points co-registered with CT skeletal
scan images (left) of mice injected with NP-ICG-HA. The photo (middle) of the mouse and bioluminescence imaging (right) measured by IVIS.
(b) 3D MPI images at indicated time points co-registered with a CT skeletal scan images of mice injected with NP-ICG as a control group.
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were only visible in the liver area at all time points (Figure 5b).
To exclude the possibility that NP-ICG-HA particles non-
specifically accumulated in the lungs, BALB/c mice without
tumor were administered with NP-ICG-HA. No MPI signals
were found in the lung areas of these mice (Figure S9). The
results supported that NP-ICG-HA selectively accumulated in
the lungs of 4T1 lung metastasis mice. To confirm the MPI
results, fluorescence signals were measured at the correspond-
ing time points (Figure S10). However, no significant signals
were found in lung areas, which could be because the
fluorescence signals were too weak to penetrate through the
chest to be detected in vivo. In this in vivo data set, MPI
showed its superiority to fluorescence imaging when detecting
the NP-ICG-HA in deeper tissues.
Confirmation of 4T1 Lung Metastasis Mouse Imaging

via Ex Vivo Analysis of the Tissues. The tracer
administered 4T1 lung metastasis mice were sacrificed at 72
h postinjection, with their organs extracted and imaged by MPI
and NIR-FI. The biodistribution of NP-ICG-HA was examined
by quantification of MPI (Figure 6a) with the percentage of
MPI signal in excised lung determined at 8.8% of the total
signals in organs extracted. The ex vivo NIR-FI image (Figure
6b) showed a consistent result with MPI with significant
intensities in the lungs. In contrast, 4T1 lung metastasis mice
receiving NP-ICG only gave significant MPI/NIR-FI signals
from excised liver but not from the tumor bearing lungs
(Figures 6c and 6d). To further confirm the binding of NP-
ICG-HA to metastatic sites in lung, the excised lungs were
embedded with paraffin and sliced to 5 μm of thickness for

staining. The excised tissues were examined by CD44
immunohistostaining, H&E, and Prussian blue staining
(Figures 6e, 6f, and 6g). The brownish area in CD44 IHC
slide was co-localized with the dense nucleus stain area in H&E
slide, indicating CD44 expression in tumor area. The extensive
blue color observed in Prussian blue staining indicated the
presence of NP-ICG-HA in metastatic sites in lungs.

3. DISCUSSION
Diagnosis of metastasis in addition to primary tumor is crucial
to patients with breast cancer since a major cause of breast
cancer related death is due to metastasis.3−5 While the EPR
effects have been often utilized for NP aided cancer diagnosis
studies,16,22,53 it is less applicable to breast cancer lung
metastasis detection due to the small tumor mass in earlier
stages of metastasis as compared to the primary tumor.18−20

Active targeting can be an attractive approach for the diagnosis
of breast cancer lung metastasis.
We report an ICG and HA conjugated IONP (NP-ICG-

HA) that enabled active targeting not only to solid tumors but
also to metastatic cancer cells in the lungs. The results
demonstrated that breast tumor and breast cancer lung
metastasis could be detected noninvasively by multimodality,
including MPI and NIR-FI. The combination of NP, ICG, and
HA was chosen for multiple reasons. First, dextran-coated iron
oxide NPs are highly biocompatible and contain functional
groups that enable conjugation with targeting molecules,
including peptides, polysaccharides, and antibodies. Second,
ICG is an FDA approved water-soluble fluorescence dye.33−39

Figure 6. 4T1 lung metastasis mice (n = 4 for each group) injected with NP-ICG-HA or NP-ICG and then sacrificed at 72 h postinjection. (a)
Percentage of MPI signals measured ex vivo in main organs and (b) ex vivo NIR-FI images of NP-ICG-HA group. (c) Percentage of MPI signals
measured ex vivo and (d) ex vivo NIR-FI images of NP-ICG control group. Lv: liver; K: kidney; Sl: spleen; H: heart; and L: lung. Histological
analysis of lung from 4T1 lung metastasis mice receiving NP-ICG-HA. (e) Anti-CD44 IHC stain, (f) H&E stain, and (g) Prussian blue followed by
nuclear fast red counterstain. The scale bars are 20 μm.
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Compared to fluorophores excitable only by visible light, ICG
enables NIR-FI, which has a better tissue depth penetration.
Third, HA is highly biocompatible and can target CD44
overexpressed on breast cancer, including metastatic breast
cancer cells.54−56 In our study, NP-ICG-HA exhibited no
significant toxicity to cells, indicating its good translational
potential. Moreover, HA (∼ $200/g) is much less expensive
compared to monoclonal antibody (hundreds of $ per 100 μg)
as a targeting agent. The NP-ICG-HA showed 2.4-fold
stronger signals in MPI compared to those from the
commercially available SPION VivoTrax, indicating a better
detection sensitivity. For in vivo imaging, we demonstrated that
NP-ICG-HA detected breast tumor in the MMTV-PyMT
model and lung metastasis in the breast cancer lung metastasis
model. The in vivo results were confirmed by ex vivo results
and histological studies, showing accumulation of NP-ICG-HA
in tumors and metastatic sites in the lungs.
There are limitations to the NP-ICG-HA multimodal

imaging platform. Although CD44 is an exciting target and is
overexpressed on breast cancer,26,57 as the tumor is highly
heterogeneous, there may be populations of cancer cells low in
CD44 expression, which will escape the detection. For a more
comprehensive detection of breast cancer, ligands targeting
other biomarkers can be incorporated onto the NP-ICG
platform in addition to HA for enhanced selectivity and
specificity.

4. CONCLUSIONS
ICG and HA conjugated SPION were synthesized for imaging
of breast cancer at the primary site as well as in the lung. The
NP-ICG-HAs integrated the magnetic and optical properties in
a single tracer, providing a multimodal imaging platform. We
demonstrated that NP-ICG-HAs can bind to 4T1 breast
cancer cells through CD44/HA interactions. Moreover, NP-
ICG-HAs target CD44 expressing breast tumors in the
MMTV-PyMT mouse model, and CD44 expressing breast
cancer cells in the lung in 4T1 inoculated BALB/c mice. Thus,
NP-ICG-HA is an excellent candidate for breast tumor and
lung metastasis imaging.

5. EXPERIMENTAL SECTION
Materials. Ammonium hydroxide (30% NH4OH), 2-chloro-4,6-

dimethoxy-1,3,5-triazine (CDMT), dextran (MW: 10 kDa), dimethyl
sulfoxide (DMSO), epichlorohydrin, iron(III) chloride hexahydrate
(FeCl3·6H2O), iron(II) chloride tetrahydrate (FeCl2·4H2O), fetal
bovine serum (FBS), formalin solution neutral buffered 10%, N-
methylmorpholine (NMM), sodium hydroxide (NaOH), Dulbecco’s
Modified Eagle Medium (DMEM), Dulbecco’s phosphate-buffered
saline (DPBS), RPMI 1640 medium, and penicillin−streptomycin
were purchased from Sigma-Aldrich. Sodium hyaluronan (16 kDa)
was purchased from Lifecore Biomedicals. CellTiter 96 Aqueous One
solution containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was pur-
chased from Promega. The centrifugal filter MWCO (100 kDa) was
purchased from EMD Millipore. ICG-NHS ester was purchased from
Ruixibiotech.
Synthesis of NP-NH2. FeCl3·6H2O (1.2 mmol), FeCl2·4H2O

(0.65 mmol), and 4.5 g of dextran (∼10 kDa) were mixed in water
(20 mL) and stirred with nitrogen purging the solution for 1 h to
remove oxygen from the reaction flask and to improve the magnetic
properties of the iron oxide nanoparticles. 30% NH4OH solution (0.9
mL) was added in a dropwise manner to the above solution under
rapid stirring. The resulting dark greenish solution was heated to 70
°C for 90 min under a nitrogen stream protection to form NPs. The
mixture was cooled to room temperature. Ammonium chloride and

unreacted dextran were removed by centrifuge through centrifugal
filters (MWCO 100 kDa). The colloidal solution of NP in distilled
water (25 mL) was mixed with epichlorohydrin (5 mL), and 5 M
NaOH (10 mL) then was stirred at room temperature for 24 h to
form cross-linked NP. Unreacted epichlorohydrin was removed by
centrifuge through centrifugal filters (MWCO 100 kDa). The cross-
linked NP was then aminated by adding 30% NH4OH solution (10
mL) followed by stirring at 37 °C for 36 h. The excess NH4OH in the
mixture was removed by centrifuging through centrifugal filters
(MWCO 100 kDa) leading to amine-functionalized NP (NP-NH2).

Synthesis of NP-ICG. NP-NH2 (4 mg/mL, 3 mL) was mixed with
ICG-NHS ester (0.06 mg) in DMSO (1 mL), and the mixture was
stirred at 25 °C for 48 h in the dark. The resulting mixture was
centrifuged with centrifugal filters (MWCO = 100 kDa) to remove
the unreacted ICG-NHS ester.

Synthesis of NP-ICG-HA. Sodium hyaluronan (∼16 kDa, 100
mg) was dissolved in distilled water (20 mL), and then the Amberlite
H+ was added to the solution and stirred at 25 °C for 4 h. The
resulting solution was filtered and freeze-dried to obtain the
protonated HA. HA (40 mg, 0.11 mmol of carboxylic acid), NMM
(0.22 mmol), and CDMT (0.08 mmol) were dissolved in a water and
acetonitrile mixture (3:2, 6 mL) and stirred at 25 °C for 1 h. NP-ICG
(4 mg/mL, 4 mL) was added to the mixture, and the mixture was
stirred at 25 °C for 24 h. The unreacted reagents were removed by
centrifuging with centrifugal filters (MWCO 100 kDa).

Characterization of NP-ICG-HA. The hydrodynamic diameter
and surface charge of NP-ICG-HA were measured by dynamic light
scattering using a Zetasizer Nano zs apparatus (Malvern, U.K.). The
morphology of NP-ICG-HA was imaged with an ultrahigh-resolution
transmission electron microscope (JEOL 2200FS) operating at 200
kV using Gatan multiscan CCD camera with Digital Micrograph
imaging software. The element identification was collected in energy-
dispersive X-ray microanalysis (EDX) mode. Absorption and emission
of ICG and NP-ICG-HA were measured with a SpectraMax M3 plate
reader. The iron concentration of NP-ICG-HA was determined by a
Varian 710-ES ICP-OES. The NP-IGC-HA solution was digested
with concentrated nitric acid at 60 °C for 2 h and then placed at room
temperature overnight. The digested solution was then diluted to a
nitric acid concentration of 2% for ICP-OES analysis.

Competitive ELISA. Competitive ELISA was performed following
a literature procedure.49 The abilities of NP-ICG-HA and NP-ICG to
compete with biotinylated-HA (b-HA) for CD44 binding were
measured (n = 3 for each group). The 96-well plate was coated with
IgG-Fc (3 μg/well) in the wells and then blocked with 5% BSA. The
wells were coated with CD44-Fcγ (0.2 μg/well). b-HA (0.5 μg/well),
b-HA + NP-ICG (0.5 μg iron/well), and b-HA + NP-ICG-HA (0.5
μg iron/well) were added. Avidin-HRP (1:2000 dilution) was added
to all wells, and then chromogenic 3,3′,5,5′-tetramethylbenzidine
(TMB) solution (100 μL) was added to each well and incubated for
15 min, or until a blue color appeared. The reactions were then
quenched with 0.5 M H2SO4 (50 μL). Optical absorbance was
measured by the SpectraMax M3 plate reader at 450 nm.

Cell Culture. 4T1-Luc2 mouse breast cancer cells were maintained
with RPMI 1640 supplemented with 10% FBS and 1% Pen-Strep.
RAW 264.7 mouse macrophage cells were maintained with DMEM
supplemented with the same materials as described above. The cells
were cultured with 5% CO2 at 37 °C.

Biocompatibility of NP-ICG-HA. To evaluate the biocompati-
bility of NP-ICG-HA, MTS assays were performed (n = 3 for each
group). RAW 264.7 cells were cultured in a 96-well plate with DMEM
containing 10% FBS at 37 °C and 5% CO2. The cells were treated
with various concentrations of NP-ICG-HA in 100 μL of RPMI-1640
media (0.50, 0.25, and 0.13 mg of Fe/mL) for 24 h at 37 °C and 5%
CO2 followed by the addition of MTS reagent (20 μL) and then
incubated for another 1 h at 37 °C until the brown color developed.
The absorption values of the wells were measured at 490 nm with the
SpectraMax M3 plate reader.

Verification of CD44 Expression on 4T1 Cells. To verify the
CD44 expression levels on 4T1 cells, 4T1 (5 × 105 cells) was placed
in flow cytometry tubes and washed twice with sterile PBS. The cells
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were then incubated with anti-CD44 APC/Cy7 (IM7, BioLegend
catalog no. 103027) in serum-free media (1:200) for 1 h. The cells
were washed with sterile PBS three times and then stored on ice until
flow cytometry analysis.
NP-ICG-HA Uptake by CD44 Expressing Cells. To evaluate the

binding between NP-ICG-HA and CD44 in vitro, 4T1 mouse breast
cancer cells were used. Cells were cultured in a Me-tek plate with
RPMI-1640 media overnight at 37 °C and 5% CO2. The media were
removed, and the plates were washed with PBS for three times. The
cells were then incubated with NP-ICG-HA or NP-ICG for 1 h at 37
°C followed by three washes with PBS. The cells were fixed with 10%
formalin for 15 min and then washed with PBS three times. For
confocal analysis, the cells were stained with a DAPI solution (300
nM) for 10 min and then washed with PBS three times. The confocal
images were performed with FluoView 1000 LSM (Olympus
Corporation). For Prussian blue staining, the cells were incubated
with 1:1 mixture of 5% potassium ferrocyanide trihydrate and 10%
HCl solution (in PBS) for 1 h at 37 °C and then washed with PBS
three times. Images were taken by a Nikon Eclipse Ci microscope
with a Nikon DS-Fi3 camera (Nikon Instruments Inc.).
Mouse Models and Bioluminescence Imaging. All mice were

kept in the University Laboratory Animal Resources Facility of
Michigan State University. All the experimental procedures and
guidelines for animal study were performed under approval of
Institutional Animal Care and Use Committee (IACUC) of Michigan
State University (Protocol #: 202100095). MMTV-PyMT transgenic
mice were purchased from Jackson Laboratory. The female mice
spontaneously developed palpable breast cancer in 4 months. BALB/c
mice were purchased from Charles River Laboratories. To build a
breast cancer lung metastasis model, 4T1-Luc2 cells (5 × 105) were
injected through the tail vein. The 4T1-Luc2 cells accumulated in the
lungs. To confirm the cell distribution in the mouse, BLI was acquired
right after cell injection. D-Luciferin (150 mg/kg) was injected
abdominally into the mice 15 min before imaging with IVIS
(PerkinElmer).
Multimodality Imaging. MPI images were acquired on a

MOMENTUM MPI scanner (Magnetic Insight Inc.). MPI scanning
was performed with the following imaging parameters: (1) scan type:
2D scan; scan mode: Standard; Z FOV: 10.0 cm; 5.7 T/m gradient;
(2) the scan type: 3D scan; scan mode: Standard; Z FOV: 10.0 cm;
number of projections: 21; 5.7 T/m gradient. CT scan images were
acquired on a Micro CT system (PerkinElmer) with a speed scan
mode (voltage: 90 kV). 3D MPI/CT data reconstruction and co-
registration were processed by VivoQuant (Invicro). The MPI signals
from the tumor were integrated through the 3D ROI tool feature in
VivoQuant. The percentages of MPI signal from tumor were
calculated with the formula (tumor signal/total signal) × 100%.
NIR-FI images were acquired on a Trilogy Pearl system (LI-COR
Biosciences; exposure time: 500 ms; excitation: 785 nm; signal
detection: 820 nm). The fluorescence signals were integrated through
NIR-FI images by ImageJ.
Histological Analysis. Dissected lungs and tumors were fixed in

10% neutral buffered formalin and then processed and vacuum
infiltrated with paraffin on the Sakura VIP 2000 tissue processor
followed by embedding. Paraffin blocks were sectioned at 5 μm.
Hematoxylin and eosin slides were stained on a Leica Autostainer XL.
Slides were stained for Prussian blue to detect the ferric form of iron.
For CD44 IHC staining, slides were blocked for nonspecific binding
with Rodent Block M for 20 min, followed by polyclonal rabbit anti-
CD44 antibody dilutions (1:200) and incubations for 1 h at room
temperature. Slides were then incubated with rabbit on rodent HRP
micro polymer for 20 min with reaction developed utilizing Romulin
AEC chromogen for 5 min. Slides were counterstained with CAT
hematoxylin in a 1:5 ratio for 1 min. Slides were analyzed with a
Nikon Eclipse Ci microscope with a Nikon DS-Fi3 camera (Nikon
Instruments Inc.).
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