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ABSTRACT

Quantification of circulating tumor cells (CTCs) in blood samples from cancer
patients is a non-invasive approach to monitoring the status of the disease. Most of
the methods proposed in the recent years are phenomenological and rely on the use of
antibodies labelled with fluorophores, magnetic particles, or immobilized on surfaces
to capture the CTCs. Herein, we designed and optimized a method that employs a
glucose analogue labelled with a fluorophore which takes advantage of the different
metabolic pathways of cancer cells to discern them from normal ones. Notably,
we demonstrate that fluorescence signal in tumor cells can be greatly maximized
by applying hyperoxia conditions without damaging the cells. These results are
demonstrated by means of confocal fluorescence and flow-cytometry measurements
in peripheral blood mononuclear cells (PBMC) extracted after Ficoll of human blood
samples and spiked with a known concentration of MCF-7 tumor cells.

INTRODUCTION

Quantification of circulating tumor cells (CTCs)
in blood samples from cancer patients is a non-invasive
approach to monitoring the status of the disease. In
recent years, many devices and methods have been
proposed for the detection and quantification of CTCs
[1-4]. Notably, most of these methods rely on the use of
antibodies labelled with fluorophores, magnetic particles,
or immobilized on surfaces to capture the CTCs. However,
the number of known antibodies (or aptamers) targeting
specific membrane receptors of cancer cells is still very
limited, which includes the HER family (EGFR, HER2
and HER3), GD2, PSAm, and PDGF [5]. Thus, most of the
methods, including the only FDA-approved (CellSearch®,
Janssen Diagnostics), uses antibodies against epithelial

receptors such as the epithelial cell adhesion molecule
(EpCAM) [6, 7]. It is well known that, in metastatic
cancer, tumor cells experience the epithelial-mesenchymal
transition (EMT). In the EMT, epithelial cells lose their
cell polarity and cell-to-cell adhesion, while gaining
migratory and invasive properties of mesenchymal stem
cells [8, 9]. In this situation, a significant fraction of the
CTCs does not express any residual epithelial receptors
and, thus, it remains undetected [7, 8, 10]. Furthermore,
the loss of epithelial characteristics (cytokeratins, for
example) is often described as EMT. In these situations,
CTC detection based on predefined markers excludes most
populations and tumor phenotypes as a consequence of
the intratumoral heterogeneity. A solution to this drawback
relies on the use of the intrinsic metabolic properties of
tumor cells that differ from those of the healthy ones.
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Specifically, the Warburg effect describes the increase
of aerobic glycolysis and glucose uptake in cancer cells
[11]. This phenomenon is, for instance, exploited in the
positron emission tomography (PET) imaging of tumors
in patients by utilizing 2-['*F]fluoro-2-deoxy-D-glucose
("®F-FDG) [12]. This radioactively-labelled glucose
analogue is internalized by tumor cells in much higher
quantities than by normal cells. The PET signal from the
tumor cells consequently is higher than in the surrounding
tissues and, thus, this can be used to determine the position
of the tumor within the body. Similarly, in vitro assays
have been developed, exploiting the higher internalization
rate of nanoparticles by invasive cells as compared to non-
invasive ones [13, 14].

In this paper, we designed and optimized a
method that employs a glucose analogue labelled with
a fluorophore 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-D-glucose (2-NBDG) [15]. Due to higher
glucose uptake, the fluorescence signal of tumor cells is
significantly larger than that of healthy ones, which allows
their discrimination and quantification by standard flow-
cytometry. Notably, the signal difference was maximized
under high oxygen level conditions (i.e., hyperoxia). For
this study, we compared peripheral blood mononuclear
cells (PBMC), extracted after Ficoll of human blood
samples, with MCF-7 tumor cells. MCF-7 are human
epithelial breast cancer cells which have been widely used
for breast cancer research, especially for their expression
of the estrogen receptor [16]. Furthermore, the expression
of both, the glucose transporter 1 (GLUT1) and the EGFR
receptor, is elevated in MCF-7 as compared to normal
cells [17, 18].

RESULTS AND DISCUSSION

The 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-D-glucose (2-NBDGQG) is a commercial,
non-toxic fluorophore characterized by a quantum yield
of 0.55 and a blue absorption at 465 nm, which generates
an intense emission at 540 nm upon excitation with a
blue laser line (Figure 1A) [19]. After incubation with
this fluorophore, normal PBMCs and tumor cells (MCF-
7) displayed differences in fluorescence intensity which
are too small to univocally distinguish the various types
of cells (Figure 1B). Note that to identify PBMCs,
samples were also incubated with the anti-leukocyte
common antigen (CD45) labelled with allophycocyanin
(CD45-APC). APC is a fluorophore characterized by a
quantum yield of 0.68 and a red absorption centered at
650 nm, which yields an intense emission at 660 nm upon
excitation with a red laser line (Figure 1A) [20].

Several experimental parameters (incubation time,
ionic strength, pH, temperature and oxygen content) were
investigated to maximize the difference in fluorescence
emission between healthy and tumor cells. Notably,
alterations of ionic strength, pH, and temperature did not

produce any relevant effect. Regarding the incubation
time, no plateau was reached within 30 minutes. However,
larger incubation times did increase the fraction of cells
undergoing apoptosis or autophagy due to the depletion
of growth factors [21]. In fact, 2-deoxy-D-glucose (2DG),
the non-fluorescent form of 2-NBDG, induces oxidative
stress and apoptosis in cancer cells [22]. More interesting
is, however, the case of the oxygen concentration. In
fact, in our initial screening measurements, the influence
of the oxygen content on the glucose uptake was clearly
visible for both PBMC and MCF-7 cells. Therefore, we
designed a set of experiments performed at different
incubation times (from 0 to 30 min) and different oxygen
concentration (hypoxia, normoxia, and hyperoxia) with
the aim of understanding the simultaneous effect of these
parameters on both PBMC and MCF-7 cells. Overall, in
the investigated period, fluorescence displays a general
increase with both time and oxygen content (Figure 2A).
For all the cases, no cell death was observed within the
maximum experimental period (30 min). For PBMC,
fluorescence increases slightly over time. Also, the
concentration of oxygen in the sample does not have
any relevant effect on the emission signal. For MCF-7,
although fluorescence increases considerably with time
both in hypoxia and normoxia, in the case of hyperoxia
such increase is significantly larger. Figure 2B shows the
ratiometric difference in 2-NBDG fluorescence emission
between PBMC and MCF-7 obtained by dividing the
signal intensity of the tumor cells by that of the healthy
ones as a function of the oxygen conditions. These results
were corroborated by confocal fluorescence imaging
(Figure 3). In this later panel, a remarkable increase in the
intensity of the cells can be observed as compared with
Figure 1B.

Incubation of cancer cells in the absence of oxygen
has been frequently employed in the literature for the
culture of tumor cells in order to expand them or even
to establish a cell line [23, 24]. Contrarily, hyperoxia is
rarely employed or studied. One reason is that long-term
treatment in hyperoxia has shown to have adverse effects
on cells [25, 26]. As opposed to what was hypothesized
until recently, the Warburg effect is not explained by
the increase of glycolysis rate of tumor cells due to
mitochondrial damage. Rather, such increase is ascribed
to their high replication rate, a process that requires more
biomass synthesis than energy. This characteristic is
common to all tumor cells that, despite their enormous
heterogeneity, share the property of dedicating the
resources of the tricarboxylic acid cycle to the synthesis
of biomolecules [27, 28]. Thus, the larger increase of
fluorescence intensity in MCF-7 cells under high oxygen
content may be explained considering that hyperoxia
competes with this biosynthetic flux giving rise to a
compensatory increase in glycolysis. On the other hand,
the replication rate of normal cells is low and, thus, the
need for new biomass is limited.
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Based on the previous results, we selected 30
min of incubation time and hyperoxia as the optimized
conditions for the rest of the study. Then, in the next step,
we analyzed samples prepared by diluting tumor cells
into suspensions of peripheral blood mononulear cells
(PBMCs). Specifically, MCF-7 cells were spiked into
PBMC:s cells at ratios between 1:1 and 1:10,000, and the

>
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assay was performed with the optimized conditions (i.e.,
300 uM 2-NBDG in phosphate buffered saline, PBS, for
30 minutes under hyperoxia). The range of investigated
cell ratios was determined down to 1:10,000 to simulate
the frequency of CTCs in blood samples from patients
after enrichment steps, for instance after applying a Ficoll
gradient step. Suspensions of MFC-7 and PBMC cells

Wavelength (nm)

Figure 1: (A) Absorption and emission profiles of 2-NBDG and APC. Dotted arrows indicate the excitation lines. Molecular structure of
2-NBDG. (B) Confocal fluorescence microscopy images of 2-NBDG uptake for PBMC and MCF-7 incubated with 300 uM 2-NBDG for
30 minutes in samples containing cell ratios of 1:10 MCF-7:PBMC. The bars indicate 40 pm.
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Figure 2: (A) Optimization of 2-NBDG incubation time under different microenvironments: hypoxia, normoxia, and hyperoxia. 3D Walls
graph with the oxygen condition for each cell line in z-axis, incubation time (min) in x-axis, and intensity of 2-NBDG/a.u. in y-axis. The
results are presented as mean + standard deviation of three independent experiments (rz = 3) for samples containing cell ratios of 1:10 MCF-
7:PBMC. The median values of 10,000 cytometry events were recorded for each sample. The Kruskal-Wallis test revealed a significant
difference between cancer (MCF-7) and normal (PBMC) cells in optimized conditions, p < 0.01. (B) Ratiometric difference in 2-NBDG
fluorescence between PBMC and MCF-7 obtained by dividing the signal intensity of the tumor cell by that of the normal cells as a function

of the oxygen conditions.
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at different ratios were then mixed with 2-NBDG and,
also, CD45-APC, to additionally recognize PBMCs under
hyperoxia. After 30 minutes of incubation, the samples
were washed and measured in the flow-cytometer. A blue
(488 nm) and a red (640 nm) lasers were used to detect
either the MCF-7 (blue) or the PBMC (red) cells, as
shown in Figure 4. Positive events were considered for
cells showing only green fluorescence. On the other hand,
cells displaying red or both green and red fluorescence
were considered as negative events (PBMC). Notably,
the data show a very good agreement with the expected
number of cells in the samples (Figure SA) by monitoring
the emission produced during the cell metabolism of
2-NBDG upon oxygen enrichment. In this regard, it is
possible to extract, for any cell ratio, an average signal for
the intrinsic fluorescence developed by individual cells.
This can be achieved by dividing the total fluorescence
intensity, resulting from the treatment of PBMC and MCF-
7 cells with 2-NBDG, by the corresponding number of
events for every cell line in each sample. These results

are plotted in Figure 5B. Outstandingly, these data show
that at any cell ratio the fluorescence of tumor cells is
considerably larger than that of normal cells, allowing for
single events recognition even at highly diluted regimes.

In summary, we have demonstrated the feasibility
of using 2-NBDG to discriminate tumor cells from
normal cells in a flow cytometric assay under optimized
experimental conditions (incubation time and hyperoxia).
This method paves the way for the development of the next
generation of liquid biopsies as it relies on the intrinsic and
universal metabolic property of the tumor cells, rather than
on a phenomenological characteristic, such as the presence
of a receptor on a tumor cell membrane. We envision that
this metabolic alternative to receptor-based liquid biopsies
will help to solve the problems derived from the cell
heterogeneity resulting from the epithelial-mesenchymal-
transition. In fact, the possibility of also detecting CTCs
belonging to the mesenchymal lineage, will increase the
sensitivity and, thus, allow their potential detection even
at earlier stages of the disease.

Figure 3: Confocal fluorescence microscopy images of 2-NBDG uptake for PBMC and MCF-7 under optimized
conditions for samples containing cell ratios of 1:10 MCF-7:PBMC. Scale bars = 40 pm.
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Figure 4: (A-E) Flow cytometry plots of MCF-7 and PBMCs samples with cell ratios (A) 1:10, (B) 1:100, (C) 1:1000, (D) 1:10000
and (E) only PBMCs; upon incubation with 2-NBDG and CD45-APC for 30 minutes under hyperoxia conditions. (F—I) Distributions of
fluorescence intensities for (F) 2-NBDG and (G) CD45-APC, in a sample with a 1:1000 MCF-7:PBMC ratio; and (H) 2-NBDG and (I)
CDA45-APC, in a sample of PBMC. Over 10°single-cell events were collected for each experiment.
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Figure 5: (A) Comparison between the expected and measured MCF-7:PBMC ratios for the samples incubated with 2-NBDG
and CD-45 for 30 min under hyperoxia. (B) Normalized fluorescence intensities per cell for PBMC and MCF-7 treated with

2-NBDG under optimized oxygen content and incubation time conditions. Samples with cell ratios of 1:10, 1:100, 1:1000, and
1:10000.
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MATERIALS AND METHODS

Cell cultures

MCF-7 cancer cells, derived from mammary
breast were obtained from the American Tissue Culture
Collection (ATCC, Manassas, VA, USA) and cultured
in Eagle’s Minimum Essential Medium (EMEM) with
10% fetal bovine serum (FBS) and 0.01 mg/ml human
recombinant insulin. Cells were maintained at 37°C in a
humidified 5% CO2 environment.

Blood samples and peripheral blood
mononuclear cells extraction

Blood samples were obtained from healthy donors
and processed within the following 24 h. 8 mL of blood
from each donor were diluted 1:2 with Hank’s balanced
salt solution (HBSS) and disposed carefully onto a
15 mL layer of Ficoll-Plaque Plus (from Ge Healthcare
LifeSciences). Samples were centrifuged for 40 min
at 400 g to separate blood content. Peripheral blood
mononuclear cells (PBMCs) were collected and washed
with 1x PBS and finally, cultured in RPMI media
supplemented with 10% fetal bovine serum at 37°C, 5%
CO, in a humidified atmosphere.

2-NBDG and CD45-APC labelling

Cells were harvested from culture dishes using
trypsin 0.25% EDTA for 5 min and seeded onto 24-well
plates at 1 x 103 cells/ml, overnight. On the following
day, cells were washed with PBS 1x and fluorescent
glucose analogue 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)-2-deoxyglucose (2-NBDG) and CD45-APC
(both from Thermofisher) were added at a concentration
of 300 uM and 2.0 pg/mL in PBS in different oxygen
environments. Hyperoxia environment was established
by oxygenating 2-NBDG in PBS for 30 min and hypoxia
by bubbling nitrogen into 2-NBDG solution, for 30 min.
The incubation time of the cells was studied from 2.5, 5,
10, 15 to 30 min. Then, 2-NBDG uptake was stopped by
removing 2-NBDG and washing the cells with ice-cold
PBS three times.

Flow cytometry

Flow cytometry of the samples was carried out in
a NovoCyte Flow Cytometer (from Acea Biosciences),
equipped with a 488 nm and 640 nm excitation lasers and
530/30 nm and 675/30 nm detection filters. Cytometric
data were analyzed with NovoExpress and FloJo VX
software. The flow cytometry measurements were
performed immediately after preparation of the samples.
For each measurement, data of over 10° single cells events
were collected.

Laser scanning confocal microscopy analysis

MCEF-7 cells were harvested from culture dishes with
cell dissociation buffer and 100,000 cells were spiked into
1 x 10 PBMCs. The same amounts of stains were added,
as previously described, and 300 uM and 30 min of time
were used for the 2-NBDG incubation under hyperoxia
environment, as the optimized condition; and 10 min
under normoxia were used as a non-optimized condition.
After, cells were washed twice by centrifugation at 250 g
for 10 min and suspended in cold-PBS. Finally, 100 uL
of cell solution were disposed onto 8-well p-Ibidi plates
and analyzed under laser scanning confocal microscopy
using 488 nm and 633 nm excitation lasers and 515/30 nm
and 650LP filters to collect fluorescence. Same exposure
conditions were applied to compare 2-NBDG fluorescence
intensities between samples: 40x macrolense, 69.3% laser
power, 13.20 pixel dwell and middle pinhole.

Flow cytometry of cell mixtures

Cells were harvested using trypsin 0.25% EDTA for
5 min and centrifuged for 5 min at 400 g for MCF-7 and
at 150 g for PBMC cells, and suspended in ice-cold PBS at
1 x 10° cells/mL. Cells were washed by centrifugation twice
and MCF-7 and PBMC were mixed together in different
ratios ranging from 1:10, 1:100, 1:1000 to 1:10000. Then,
2-NBDG and CD45-APC were added, then samples
ewere incubated under hyperoxia for 30 min. Finally, cells
were washed three times with PBS and analyzed using
a NovoCyte Flow Cytometer (from Acea Biosciences)
equipped with 488 nm and 640 nm excitation lasers and
530/30 nm and 675/30 nm detection filters. Flow cytometry
data were analyzed and processed with FlowJo X software.

Statistical analysis

Statistical analysis was performed to check whether
intensity differences between cell line, oxygen condition,
and incubation time were significant. A total of 10,000
cytometric events (n = 10,000) were collected per sample.
To compare a quantitative variable (fluorescence intensity)
vs qualitative variable with three factors or more (oxygen
environment and cell line, three factors each) two tests
may be used depending on the normality of the data:
One Way ANOVA must be chosen in case of normal
distribution, and the Kruskal-Wallis test in case of non-
normal distribution. We tested the normality of the data
with the Kolmogorov-Smirmow test and found non-
normal distributions (P < 0.01) in all cases. Hence, the
data were presented as medians and Kruskal-Walls was
selected to study the significance for comparison of more
than 2 non-parametric groups. Dunn’s test was the post
hoc test selected to compare all the possible pairs in each
point in time. Notice that the same analysis was done for
each incubation time. SPSS 22 software and a significancy
of P < 0.01 were used.
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Abbreviations

CD45: anti-Protein tyrosine phosphatase; CTC:
circulating tumor cells; HER: epidermal growth factor
receptor; EGFR: epidermal growth factor receptorl
HER2: human epidermal growth factor receptor 21
HER3: human epidermal growth factor receptor 31 GD2:
disialoganglioside GD2; PSAm: prostate-specific antigen
membrane; PDGF: platelet-derived growth factor;
FDA: food and drug administration, EpCAM: epithelial
cell adhesion molecule; EMT: epithelial-mesenchymal
transition; PET: positron emission tomography; 18F-FDG:
2-[18F]fluoro-2-deoxy-D-glucose; 2-NBDG: 2-[N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose;
MCEF-7: Michigan cancer foundation-7 cell line; MCF-12A:
Michigan cancer foundation-12A cell line; BEAS-2B: human
bronchial epithelial cell line; ATCC: American type culture
collection; GLUT1: glucose transporter 1; PBS: phosphate
buffered saline; DAPI: 4’,6-diamino-2-fenilindol; APC:
allophycocyanin; EMEM: eagle’s minimum essential medium;
FBS: fetal bovine serum; DMEM: Dulbecco’s modified eagle’s
medium; F12: Ham’s F12 medium; BEGM™: bronchial
epithelial growth media; EDTA: ethylenediaminetetraacetic
acid; FITC: fluorescein isothiocyanate
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