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Abstract
Objectives To determine use of 2-[N-(7-nitrobenz-2-oxa-1,
3-diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG) as a trac-
er for detection of hypermetabolic circulating tumor cells
(CTC) by fluorescence imaging.
Procedures Human breast cancer cells were implanted in
the mammary gland fat pad of athymic mice to establish
orthotopic human breast cancer xenografts as a mouse mod-
el of circulating breast cancer cells. Near-infrared fluores-
cence imaging of the tumor-bearing mice injected with
2-DeoxyGlucosone 750 (2-DG 750) was conducted to as-
sess glucose metabolism of xenograft tumors. Following
incubation with fluorescent 2-NBDG, circulating breast can-
cer cells in the blood samples collected from the tumor-
bearing mice were collected by magnetic separation, fol-
lowed by fluorescence imaging for 2-NBDG uptake by
circulating breast cancer cells, and correlation of the number
of hypermetabolic circulating breast cancer cells with tumor
size at the time when the blood samples were collected.
Results Human breast cancer xenograft tumors derived from
MDA-MB-231, BT474, or SKBR-3 cells were visualized on

near-infrared fluorescence imaging of the tumor-bearing
mice injected with 2-DG 750. Hypermetabolic circulating
breast cancer cells with increased uptake of fluorescent 2-
NBDG were detected in the blood samples from tumor-
bearing mice and visualized by fluorescence imaging, but
not in the blood samples from normal control mice. The
number of hypermetabolic circulating breast cancer cells
increased along with growth of xenograft tumors, with the
number of hypermetabolic circulating breast cancer cells
detected in the mice bearing MDA-MB231 xenografts larger
than those in the mice bearing BT474 or SKBR-3 xenograft
tumors.
Conclusions Circulating breast cancer cells with increased
uptake of fluorescent 2-NBDG were detected in mice bear-
ing human breast cancer xenograft tumors by fluorescence
imaging, suggesting clinical use of 2-NBDG as a tracer for
fluorescence imaging of hypermetabolic circulating breast
cancer cells.

Keywords Circulating tumor cells . Breast cancer .

Glucose metabolism . Near-infrared fluorescence imaging .

Fluorescence imaging . 2-[N-(7-nitrobenz-2-oxa-1,
3-diazol-4-yl)amino]-2-deoxy-D-glucose . 2-NBDG

Introduction

Circulating tumor cells (CTC) have emerged as a useful
prognostic biomarker for prediction of the risk of metastasis
in patients diagnosed with breast cancer and many other
solid tumors. Detection of CTC in patients diagnosed with
breast cancer is associated with risk for development of
metastasis and poor prognosis [1–3].

In addition to CTC numbers, viability, glucose metabo-
lism, and other functional activity of CTC are important
factors governing capability of CTC to survive and grow
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at a distant site to establish metastasis [4]. Several dyes are
available for monitoring and detecting viable CTC using the
CellSearch System [5, 6] or flow cytometry [7, 8]. These
dyes include 7-amino-actinomycin D (7-ADD) and annexin
V [9, 10], and calcein AM and ethidium homodimer −1
(Calcein/EthD-1) which are routinely used for evaluation
of cell viability in flow cytometry [11, 12]. In addition,
attempts were made to characterize CTC by molecular pro-
filing of various biomarkers [13–15]. However, glucose
metabolism and other metabolic activities of CTC remains
poorly understood. There is a need to develop tracers, sen-
sors, or probes for assessing glucose metabolism and other
metabolic activities of CTC.

2-NBDG is a fluorescence-labeled 2-deoxy-glucose ana-
log useful as a tracer for evaluation of cellular glucose
metabolism [16, 17]. 2-NBDG was used as a tracer for
assessing glucose metabolism of tumor cells and tumor cells
showed increased uptake of 2-NBDG compared with cellu-
lar uptake of this tracer by nonmalignant mammalian cells
[18, 19]. This study aims to determine feasibility and utility
of 2-NBDG as a tracer for detecting and assessing glucose
metabolism of CTC, using mouse xenograft models of cir-
culating breast cancer cells.

Materials and Methods

Cells, Animals, and Establishment of Tumor Xenografts

Human breast cancer cell lines (MDA-MB-231, SKBR3 and
BT474) with expression of epithelial cell adhesion molecule
(EpCAM) were purchased from American Type Culture
Collection (ATCC) and cultured under conditions suggested
by ATCC. Large number of circulating breast cancer cells
were detected in blood samples from the mice bearing
xenograft tumors derived from MDA-MB-231 cells, com-
pared with smaller number of circulating breast cancer cells
in the mice bearing xenograft tumors derived from SKBR3
breast cancer cells [20]. Human breast cancer cells were
cultured as described previously [20], using Leibovitz’s
L-15 medium for MDA-MB-231 cells, McCoy’s 5A medi-
um for SKBR3 cells, and Hybri-Care medium for BT474
cells, supplemented with 10 % fetal bovine serum. Experi-
ments using animals were conducted in a protocol approved
by the Institutional Animal Care and Use Committee at UT
Southwestern Medical Center. To establish a mouse xeno-
graft model of circulating breast cancer cells, human breast
cancer cells were implanted in the mammary gland fat pads
of athymic nu/nu mice (female, 5–6 week old) purchased
from National Cancer Institute (Bethesda, MD), in a method
described previously [20]. Tumor size was monitored in two
dimensions with a caliper and tumor volume was calculated
as length (mm) x width (mm) x width (mm) x 0.5.

Near-Infrared Fluorescence Imaging of Tumor-Bearing
Mice

XenoLight RediJect 2-DeoxyGlucosone 750 (2-DG-750), a
near-infrared fluorescent probe was purchased from Caliper
Life Sciences (Hopkinton, MA). Near-infrared fluorescent
2-DG-750 has a peak excitation 745 nm and peak emission
780 nm. Near-infrared fluorescence imaging of the tumor-
bearing mice was conducted with an IVIS Spectrum instru-
ment (PerkinElmer, Waltham, MA). At 3 to 4 h post injec-
tion of 70 to 100 μL of fluorescent 2-DG-750, near-infrared
fluorescence images of the tumor-bearing mice were
obtained with indocyanine green/indocyanine green (ICG)/
ICG) filter sets at a wave length of Ex745nm/Em820nm, in
a protocol from the vendor (Caliper life Sciences). Near-
infrared fluorescence images were processed and analyzed
with Living Image® 4.2 software (PerkinElmer).

Fluorescence Imaging of Circulating Breast Cancer Cells
with Increased Uptake of Fluorescent 2-NBDG

Starting at 1 week after implantation of tumor cells, mouse
blood samples (100 μL/mouse) were collected by punctur-
ing the mouse saphenous vein. The blood samples contain-
ing circulating breast cancer cells were incubated with 2-
NBDG, a fluorescent glucose analogue purchased from
Invitrogen (Carlsbad, CA), at a dose of 5 μg/100 μL blood,
for 30 min in a dark incubator at 37 °C. Subsequently,
circulating breast cancer cells were harvested with magnetic
beads conjugated with anti-epithelial cell adhesion molecule
(EpCAM) IgG in a protocol from the vendor (JSR Micro,
Inc, Sunnyvale, CA), followed by fluorescence imaging of
circulating breast cancer cells with cellular uptake of fluo-
rescent 2-NBDG. Briefly, 1 μL of 1 % suspension of the
magnetic beads was added to 100 μL of blood samples at
the end of incubation with 2-NBDG, followed by incubation
at 4 °C for 30 min with gentle shaking to facilitate binding
of the magnetic beads to circulating breast cancer cells.
Subsequently, the circulating breast cancer cells were col-
lected from the blood by magnetic separation with a mag-
netic separation rack [Cell signaling, Danvers, MA], washed
3 times with PBS, and transferred to a 96-well plate after re-
suspending the circulating breast cancer cells in 100 μl PBS.
Uptake of 2-NBDG by circulating breast cancer cells was
examined under a fluorescent microscope equipped with a
488 nm filter (Olympus). Large cells with fluorescent sig-
nals derived from cellular uptake of fluorescent 2-NBDG
were counted as hypermetabolic circulating breast cancer
cells, in comparison to small size of normal mouse blood
cells (lymphocytes and RBC) showing no or little fluores-
cence signals of 2-NBDG. Total number of hypermetabolic
circulating breast cancer cells in a blood sample was
obtained by visual scanning of the whole area of the well
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of the 96 well plate with manual cell counter. The experi-
ments were repeated three times.

Results

Variable Growth of Xenograft Tumors Derived
from Different Human Breast Cancer Cell Lines

Orthotopic human breast cancer xenografts were established
in mice (N09), following implantation of MDA-MB231
cells (N03), BT474 cells (N03), or SKBR-3 cells (N03)
at the mammary gland fat. A group of mice (N03) without
implantation of breast cancer cells was used as a normal
control. Large xenograft tumors were established in all of
mice implanted with MDA-MB231 (N03) or BT474 breast
cancer cells (N03), and tumors reached about 8 to 10 mm at
7 weeks post-implantation of the tumor cells. In contrast, the
xenograft tumors derived from SKBR-3 breast cancer cells
(N03) grew slower than those of MDA-231 or BT474
xenograft tumors. The xenograft tumor in 1 of 3 mice
implanted with SKBR-3 tumor cells reached about 5 mm
in largest dimension at 7 weeks post implantation of the
tumor cells, while only small, barely visible tumors were
established in other 2 of 3 mice implanted with SKBR-3
breast cancer cells.

Visualization of Hypermetabolic Xenograft Tumors in Mice
by 2-DG-750 Near-Infrared Fluorescence Imaging

Hypermetabolic xenograft tumors with increased uptake of
2-DG-750 were well visualized on near-infrared fluores-
cence images of the tumor-bearing mice obtained at 1 h post
injection of the tracer. In the two mice with no visible
tumors after implantation of SKBR-3 cells, near-infrared
fluorescent signals could be detected at the mammary gland
fat pad injection site, although the amount of fluorescent
signals was smaller than that of larger BT474 xenograft
tumors (Fig. 1). This suggested presence of small tumors
or clusters of hypermetabolic SKBR-3 tumor cells at the
mammary gland fat pad injection site.

Visualization of Circulating Breast Cancer Cells
with Increased Uptake of Fluorescent 2-NBDG
by Fluorescence Imaging

Circulating breast cancer cells with increased uptake of
2-NBDG were detected in the blood samples of tumor-
bearing mice following incubation of the blood samples
with 2-NBDG and magnetic separation using magnetic
beads conjugated with anti-EpCAM IgG. Circulating
breast cancer cells with uptake of 2-NBDG were detected
not only in the blood samples from the mice bearing

visible SKBR-3 xenograft tumors, but also in the blood
samples from the mice with no visible tumors after
implantation of SKBR-3 tumor cells (Fig. 2a). Circulat-
ing breast cancer cells with uptake of 2-NBDG were also
detected in the blood samples from the mice bearing
MDA-MB-231 xenograft tumors (Fig. 2b), or BT474
xenograft tumors (Fig. 2c). No circulating breast cancer
cells or epithelial cells with 2-NBDG uptake were
detected in the blood samples from normal control mice
(Fig. 2d). Circulating breast cancer cells with no in-
creased uptake of 2-NBDG were noted in the blood
samples from the tumor-bearing mice, which were esti-
mated to comprise 20 % of epithelial cancer cells cap-
tured by magnetic separation and likely represent
nonviable or apoptotic circulating breast cancer cells.
Small numbers of mouse lymphocytes and red blood
cells (RBC) were present in the suspension of circulating
breast cancer cells and magnetic beads following mag-
netic separation. However, mouse lymphocytes and RBC
could be easily differentiated from circulating breast can-
cer cells based on their morphological features, small
size, and absence of uptake of 2-NBDG reflected by
the absence of green fluorescent signals under a fluores-
cent microscope (Fig. 2). The size of the magnetic beads
(2–4 μm) was even smaller than those of mouse lym-
phocytes (6–8 μm) and showed no significant non-
specific binding of 2-NBDG [Fig. 2].

Increase of Hypermetabolic Circulating Breast Cancer Cells
along with Growth of Xenograft Tumors

Circulating breast cancer cells with increased 2-NBDG up-
take were detected in the blood samples of the tumor-
bearing mice, starting at 2 weeks post implantation of the
breast cancer cells. In the mice bearing xenograft tumors
derived from MDA-MB-231 cells, single circulating breast
cancer cell with uptake of 2-NBDG could be detected in the
blood samples (100 μl blood/mouse) taken as early as
2 weeks post implantation of tumor cells, which gradually
increased to 2 circulating breast cancer cells/100 μl blood at
3 weeks, 4 to 8 circulating breast cancer cells/100 μl blood
at 4 weeks, 15 to 18 circulating breast cancer cells/100 μl
blood at 5 weeks, 18 to 23 circulating breast cancer cells/
100 μl blood at 6 weeks, and 33 to 45 circulating breast
cancer cells/100 μl blood at 7 weeks post implantation of
tumor cells. In the mice bearing xenograft tumors derived
from BT474 cells, 2 to 3 circulating breast cancer cells with
uptake of 2-NBDG were detected in 100 μl of blood sam-
ples taken at 2 weeks post implantation of tumor cells. The
number of circulating breast cancer cells with uptake of
2-NBDG increased to 2 to 10 circulating breast cancer
cell/100 μl blood at 3 weeks, 8 to 21 circulating breast
cancer cells/100 μl blood at 4 weeks, 8 to 30 circulating
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breast cancer cells/100 μl blood at 5 weeks, 20 to 44
circulating breast cancer cells/100 μl blood at 6 weeks,
and 44 to 70 circulating breast cancer cells/100 μl blood
at 7 weeks post implantation of tumor cells. Although 1
to 2 circulating breast cancer cells/100 μl blood could
also be detected at 2 weeks post implantation of tumor
cells, a smaller number of circulating breast cancer cells
with uptake of 2-NBDG was detected in the mice bear-
ing small xenograft tumors derived from SKBR-3 cells,
compared with the numbers of circulating breast cancer
cells with uptake of 2-NBDG detected in the mice bear-
ing larger MDA-MB-231 or BT474 tumors. At 3 weeks
post implantation of SKBR-3 tumor cells, 2 to 6 circu-
lating breast cancer cells with uptake of 2-NBDG were
detected in 100 μl of blood samples, which increased to
4 to 10 circulating breast cancer cells/100 μl blood at
4 weeks, 7 to 24 circulating breast cancer cells/100 μl
blood at 5 weeks, 13 to 38 circulating breast cancer
cells/100 μl blood at 6 weeks, and 12 to 39 circulating
breast cancer cells/100 μl blood at 7 weeks post implan-
tation of tumor cells. The number of circulating breast
cancer cells with uptake of 2-NBDG in the mouse with
the largest tumor (5×5 mm) was highest among the
circulating breast cancer cells with uptake 2-NBDG
detected from 3 mice bearing SKBR-3 xenograft tumors.
The number of circulating breast cancer cells with uptake
of 2-NBDG increased along with increasing tumor size in
the mice bearing MDA-MB-231, BT474, or SKBR-3
xenograft tumors (Fig. 3).

Discussion

Malignant transformation of cells is associated with in-
creased aerobic glycolysis (Warburg effect), e.g., conversion
of glucose to lactic acid in the presence of oxygen [21].
2-deoxy-2-(18F)fluoro-D-glucose (F-18 FDG), a glucose
analogue, is widely used for quantification of glucose me-
tabolism in vivo with positron emission tomography [22].
Positron emission tomography with F-18 FDG (F-18 FDG
PET) is clinically accepted for diagnostic staging and restag-
ing of breast cancer and many of other tumors [23–25].
However, F-18 FDG PET is limited by spatial resolution
for detection and assessing glucose metabolism of small
metastatic lesions in vivo or assessing glucose metabolism
of circulating tumor cells in vivo at cellular level.

Fluorescent or near-infrared fluorescent glucose analogue
molecules were used for assessing glucose metabolism of
tumors in vivo [26–28]. 2-NBDG is a fluorescent glucose
analogue tested for molecular imaging of glucose uptake in
oral neoplasia by topical application of this fluorescent
tracer [29], and differential imaging of cancerous tissue
and normal tissue in a pathological tissue sample using a
wide-field camera and filters to create multispectral tissue
images [30]. However, 2-NBDG has limited use for detec-
tion and functional imaging of tumor lesions located deep in
the body due to relatively poor tissue penetration of fluo-
rescent photons. In the current study, hypermetabolic circu-
lating breast cancer cells was detected by fluorescence
imaging using 2-NBDG as a tracer. Following incubation

Fig. 1 Near-infrared fluorescence imaging of tumor-bearing mice.
Representative Near-infrared fluorescence images of tumor-bearing
mice obtained at 3 h post injection of 2-DG-750: 2-DG-750 near-
infrared fluorescent signals were visualized at region of left mammary
gland fat pad at 5 weeks post implantation of SKBR-3 tumor cells,
indicating a small, hypermetabolic SKBR-3 xenograft tumor with

uptake of 2-DG-750; b BT474 tumor with increased uptake of 2-DG-
750 was visualized at region of left mammary gland fat pad, along with
a small focus of 2-DG-750 fluorescent signal at right axilla, likely a
lymph node metastasis. Excretory 2-DG-750 fluorescent signals were
also visualized in the region of urinary bladder. EF: epi-fluorescence
units
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of blood samples from tumor-bearing mice with 2-NBDG
ex vivo, circulating breast cancer cells with increased uptake
of 2-NBDG were harvested by magnetic separation and
visualized by fluorescence imaging with a fluorescent mi-
croscope (Fig. 2). Circulating breast cancer cells with uptake
of 2-NBDG were easily differentiated from non-viable or
apoptotic circulating breast cancer cells with no increased
uptake of 2-NBDG, and mouse lymphocytes or RBC with
no increased uptake of 2-NBDG [Fig. 2]. There is no sig-
nificant nonspecific binding of 2-NBDG to free magnetic
beads following magnetic separation and washing with
PBS. Using easily accessible blood samples, e.g. a “liquid
biopsy”, fluorescence imaging of CTC may provide an
attractive, alternative approach for noninvasive assessment
of glucose metabolism of tumors at the cellular level.

Epithelial cell adhesion molecule (EpCAM) is an epithe-
lial cell-specific surface glycoprotein highly expressed in
breast cancer and other epithelial-origin cancer cells [31].
Using the Cell Tack system based on enumeration of CTC
positive for EpCAM, CTC could be detected in only 60 %
of patients with metastatic breast cancer [5, 6, 32]. It was
suggested to use a combination of cytokeratin and EpCAM
antibodies for detection of circulating tumor cells in blood
of metastatic breast cancer patients [33, 34]. In conjunction
with use of 7-ADD [9] or other probes, quantification of
2-NBDG uptake may be used to differentiate viable, hyper-
metabolic CTC from other blood cells or nonviable, apopto-
tic CTC by multi-color flow cytometry. 2-NBDG flow
cytometry may be particularly useful for detecting and assess-
ing glucose metabolism of CTC with little or no EpCAM

Fig. 2 Fluorescence imaging of glucose metabolism in circulating
breast cancer cells. Blood samples from tumor-bearing mice were
incubated with fluorescent 2-NBDG and circulating breast cancer cells
were collected by collection with magnetic beads conjugated with
antibodies against EpCAM molecules on breast cancer cells, followed
by fluorescent imaging with a fluorescence microscope. Representative
fluorescence images show SKBR3 (a), MDA-MB-231 (b), and BT474
(c) circulating breast cancer cells with green fluorescent signals from

cellular uptake of fluorescent 2-NBDG (400× magnification). No cir-
culating breast cancer cells or epithelial cells with increased uptake of
2-NBDG were detected in the blood samples from normal control mice
(d). No significant 2-NBDG fluorescent signals were observed with
lymphocytes or magnetic beads present in the blood samples from
tumor-bearing mice (a–c) or in the blood samples from normal control
mice (d). Magnetic beads are marked by arrow head
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expression following epithelial to mesenchymal transition,
and other circulating blood cancer cells in leukemia, lympho-
ma, or neuroblastoma. Based on previous use of 2-NBDG for
monitoring therapeutic effects of anticancer drugs on cancer
cells [35], quantification of 2-NBDG uptake by CTC may be
used for monitoring the therapeutic effects of systemic anti-
cancer therapy on disseminated micro-metastasis, or leukemia
and other blood cancers where use of conventional imaging
techniques may be limited.

There is a difference in growth of the xenograft tumors
derived from three different breast cancer cells lines (MDA-
MB-231, BT474, or SKBR3) tested in current study, a
finding similar to that described previously [20]. MDA-
MB-231 and BT474 tumors grew faster than SKBR-3
tumors after implantation of the tumor cells. Visible tumors
were established in all three mice implanted with MDA-
MB-231 or BT474 tumor cells, but in only one of three mice
implanted with SKBR3 cells. Also, the size of the visible
SKBR-3 tumor was smaller than the size of the MDA-MB-
231 and BT474 tumors. Along with growth of xenograft
tumors, increased number of circulating breast cancer cells

with increased uptake of 2-NBDG were detected in the
blood samples from the tumor-bearing mice at a weekly
interval. Hypermetabolic circulating breast cancer cells
could be detected in the mice with no large visible tumors,
but showing 2-DG 750 signals derived from viable tumor
cells at implantation site on the Near-infrared fluorescence
images [Fig. 1]. This suggested that hypermetabolic circu-
lating breast cancer cells might be present and play an role
in development of metastasis in the patients with small
primary tumor lesions which might not be detected by
conventional imaging. Overall, the number of circulating
breast cancer cells with 2-NBDG uptake in the blood sam-
ples from the mice bearing visible or nonvisible SKBR-3
xenograft tumors was lower than those detected in the blood
samples of the mice bearing MDA-MB-231 or BT474 xe-
nograft tumors. This is in agreement with the findings by
Eliane et al. [20]. Molecular mechanism related to difference
of xenograft tumor growth and number of circulating breast
cancer cells derived from these three breast cancer cells lines
remained to be elucidated. It may be related to different cell
proliferation and metastatic potential among these cell lines

Fig. 3 Correlation of number
of circulating breast cancer cells
with tumor growth. Increased
number of MDA-MB-231
circulating breast cancer cells
(a), SKBR-3 circulating breast
cancer cells (b), or BT474
circulating breast cancer cells
(c) with uptake of 2-NBDG
were detected (graph at right),
along with increase of tumor
size or volume (graph at left),
starting at 2 weeks post im-
plantation of tumor cells. The
size of SKBR-3 tumors and
number of SKBR-3 circulating
breast cancer cells with uptake
of 2-NBDG were smaller than
tumor size and number of
circulating breast cancer cells
with increased uptake of
2-NBDG derived from MDA-
MB-231 or BT474 breast
cancer cells

218 J Fluoresc (2013) 23:213–220



due to different gene expression profile. A correlation of the
number of hypermetabolic CTC, and tumor size with sub-
sequent development of metastasis in the patients will help
to further determine the role of hypermetabolic CTC in
pathogenesis of distant metastasis and use of hypermetabol-
ic CTC as a prognostic biomarker.

In summary, hypermetabolic circulating breast cancer cells
with increased uptake of 2-NBDGwere detected and visualized
by fluorescence imaging, using blood samples from a mouse
xenograft model of breast cancer. The data from this preclinical
study suggest that 2-NBDG could be used as a tracer for
detection of hypermetabolic circulating breast cancer cells in
patients diagnosed with breast cancer by fluorescence imaging
in association with enrichment of CTC by magnetic separation
or other methods of collection, or flow cytometry.
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