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ABSTRACT: High rates of glycolysis in tumors have been
associated with cancer metastasis, tumor recurrence, and poor
outcomes. In this light, single cells that exhibit high glycolysis are
specific targets for therapy. However, the study of these cells
requires efficient tools for their isolation. We use a droplet
microfluidic technique developed in our lab, Sorting by Interfacial
Tension (SIFT), to isolate cancer cell subpopulations based on
glycolysis without the use of labels or active sorting components.
By controlling the flow conditions on chip, the threshold of
selection can be modified, enabling the isolation of cells with
different levels of glycolysis. Hypoxia in tumors, that can be
simulated with treatment with CoCl2, leads to an increase in
glycolysis, and more dangerous tumors. The device was used to
enrich CoCl2 treated MDA-MB 231 breast cancer cells from an untreated population. It is also used to sort K562 human chronic
myelogenous leukemia cells that have either been treated or untreated with 2-deoxy-D-glucose (2DG), a pharmaceutical that targets
cell metabolism. The technique provides a facile and robust way of separating cells based on elevated glycolytic activity; a biomarker
associated with cancer cell malignancy.

The measurement of behavior and activity at the level of
single-cells is critical in understanding what drives key

processes of cell biology and disease states. For example, disease
progression and tumor growth in cancer are believed to result
from minor populations of tumorigenic cells, whereas the
majority of cancer cells have little impact on tumor growth and
metastasis.1,2 A tumor is a complex and dynamic structure with
each cell having a different biological activity, metabolic
requirements, andmicroenvironment. The cell to cell variability,
masked in bulk measurements, causes the tumor to be affected
not only by spatial but also by temporal conditions.3 This
inherent heterogeneity highlights the need for tools capable of
sorting or isolating cells and cell subpopulations based on
criteria of particular relevance to the disease state.
Fluorescence-activated cell sorting (FACS) is the workhorse

of cell sorting, providing high throughput and selectivity. Cells
are typically sorted based on the reading of specific fluorescent
markers.4 As an alternative, the encapsulation of cells in
microfluidic droplets of picoliter to nanoliter volume enables
the selection of individual cells based on their secretions.5−7

However, these cell sorting techniques rely on cell markers that
lack generality and can be highly heterogeneous in cancer
cells.8,9 In addition, they require a synchronization of
observation (typically by fluorescence) and sorting of the cells.
This has led to the development of label-free microfluidic

techniques that sort cells based on their physical characteristics,

for example, size, density, dielectric properties, or deform-
ability.10 Prominent techniques in this area are acousto-
phoresis,11,12 dielectrophoresis,13,14 deterministic lateral diffu-
sion,15,16 and inertial microfluidics,17−19 which are cost-effective
while providing high throughput. These techniques have the
ability to efficiently sort cell types (e.g., separating circulating
tumor cells from whole blood)19,20 and separate live and dead
cells.21−23 However, many applications would also demand
selection based on cellular activity rather than physical
characteristics. Moreover, within a cell population that share
very similar physical properties, such as the same cell type, these
techniques would have difficulty separating cells based on
criteria directly correlated to cancer malignancy.
Aberrant metabolism is a hallmark of cancer,24 and is used as a

general biomarker for cancer diagnostics and monitoring. A key
observation of cancer metabolism was made almost one
hundred years ago by Otto Warburg, who discovered that
cancer cells uptake large amounts of glucose converting it to
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lactate via glycolysis even in the presence of oxygen (“aerobic
glycolysis”, or the so-called “Warburg effect”).25,26 This elevated
metabolism of cancer cells is the basis of PET scans as
radioactive glucose concentrates in a tumor and is routinely used
for cancer detection, monitoring, and staging.27 The secretion of
large amounts of lactate is accompanied by secretion of protons,
leading to an extracellular environment of tumors that can be in
the pH range of 6.2−6.9.28,29 Cancer cells thrive in this acidic
environment.30 There is increasing evidence that high
extracellular acidity is not only a byproduct of the disease, but
rather a disease driver.31 Tumormicroenvironment, in particular
hypoxia, can promote elevated cellular glycolysis.32 Elevated
glycolysis and high levels of lactate release in turn are linked to
cancer aggressivity, promoting metastasis and tumor recur-
rence.33−36 Therefore, single cells that show high lactate release
rates and glycolysis are suspected to be more malignant, and
glycolysis is recognized as an emerging target in both cancer
therapy and to counteract chemotherapy resistance.34,37,38

Given the correlation of glycolysis and malignancy, a label-free
technique that selects cells based on glycolysis could have a
major impact in oncology.
Acidification from glycolysis is already used as a way to detect

cancer cells. Notably, a recent paper demonstrated a novel
method using droplet microfluidics to identify cancer cells,
including rare circulating tumor cells (CTCs) and several cancer
cell lines (breast, colorectal and ovarian), within a large
background of white blood cells.39 Single cells were encapsu-
lated in picoliter droplets in oil. Within a few minutes, droplets
containing cancer cells showed a marked change in droplet pH
due to secretion of protons from elevated glycolysis. Likewise,
extracellular acidification of bulk cells is the basis of the
metabolic analyzer, Agilent’s Seahorse XF technology,40 used in
over 2500 publications for both fundamental research and study
of disease states. These approaches measure glycolysis, but
do not sort cells based on glycolysis. The selection of cells is
much more powerful as it enables the further study, such as
genomic and transcriptomic analysis, of a selected cell
subpopulation of interest.
We have recently developed a label-free and passive method

to sort droplets based on pH dubbed Sorting by Interfacial
Tension (SIFT).41,42 The technique utilizes an increase in
droplet interfacial tension with decreasing pH in the presence of
a specific surfactant. This change in interfacial tension with pH
provides the crucial handle for droplet sorting. Droplets within
the device are “pancake shaped”, confined by the top and bottom
of the channel. These flattened droplets encounter a micro-
fabricated rail of increased height that is oriented diagonally
relative to the direction of flow. Droplets expand their height
upon entry into the rail, thus reducing their surface area and
surface energy. Droplets of high pH (low interfacial tension) are
immediately pushed off the rail by the oil entrainment flow.
However, the entrainment flow is insufficient to push off
droplets of low pH (high interfacial tension) and they follow the
rail laterally toward a different chip exit. This strategy enables the
efficient sorting of droplets as a function of pH. SIFT can be used
to sort cells based onmetabolism as glycolysis is accompanied by
the secretion of protons leading to a decrease in droplet pH. The
concurrent increase in droplet interfacial tension is then
leveraged for cell sorting.
We have previously shown that SIFT can be used to sort

encapsulated enzymes based on activity,41 empty vs cell
occupied droplets and live vs dead cells.42 Here, we expand its
use and show how the platform can be used to isolate cancer cell

subpopulations based on glycolysis without the use of markers
or active sorting components. By controlling the flow conditions
on chip, we show that the pH threshold of selection can be
modified, enabling the selection of cells with different levels of
glycolysis. The technique is used to enrich cells that have been
exposed to hypoxia or therapeutics that target glycolysis. This
demonstrates that the technique can be used to enrich cells that
would have both lower and higher glycolysis as compared to
untreated cells. The technique provides a facile and robust way
of separating cells based on glycolytic activity, a biomarker that
can track cancer cell malignancy.

■ MATERIALS AND METHODS
Cells. MDA-MB 231 human mammary gland/breast cancer

cells were grown in Dulbecco’s Modified Eagle Medium
(DMEM) and K562 human chronic myelogenous leukemia
cells were grown in ATCC-formulated Iscove’s Modified
Dulbecco’s Medium (IMDM). Both cell lines were purchased
from ATCC. Media was supplemented with 10% fetal bovine
serum (HyClone, GEHealthcare Life Sciences, Logan, UT) and
2% v/v penicillin-streptomycin (10 000 units/mL-10 000 μg/
mL) solution (Gibco, Life Technologies Corporation, Grand
Island, NY). Growing conditions were 37 °C in a 5% CO2
atmosphere.
On the day of experiment, MDA-MB 231 cells were

trypsinized and rinsed three times with 1X PBS. K562 cells
were centrifuged and rinsed one time with 1X PBS. Cells were
labeled with Calcein AM (Thermo Fischer, Waltham, MA), a
viability fluorescent dye, for 30 min at 37 °C and 4% CO2
atmosphere. After incubation, the cells were centrifuged, the
supernatant aspirated off and the cell pellet was resuspended in
equal amounts of 2.5 mM PBS buffer and a DMEM media mix.
TheDMEMmedia mix used for the on-chip experiments did not
contain fetal bovine serum (deproteinated media) or sodium
bicarbonate. The final cellular solution was supplemented with
Pluronic F-68 (1% w/w, Affymetrix Inc., Maumee, OH),
Optiprep (15% v/v, Fresenius Kabi Norge AS for Axis-Shield
PoCAS, Oslo, Norway) and 0.1 mg/mL pyranine (AAT
Bioquest Inc., Sunnyvale, CA). Pluronic F-68 is added to the
system to increase droplet stability and cell viability, whereas
Optiprep limits cell sedimentation in tubing and droplets.
Pyranine served as a fluorescent ratiometric pH probe. pH and
osmolality (determined with Vapro Vapor Pressure Osmometer
5520, Wescor, ELITech Biomedical Systems, Logan, UT) of
both solutions were verified and adjusted to physiological values
(pH 7.4; 280−320 mOsmol) prior to experiment. Cell density
was measured (Cellometer Auto T4 Bright Field Cell Counter,
Nexcelcom Bioscience LLC, Lawrence, MA) and adjusted to
about 5 × 105 cells/mL to ensure single-cell occupation of
droplets.

Cell Treatment with CoCl2. 48 h prior to harvesting MDA-
MB 231 cells, the media was exchanged with fresh media
containing 100 μM CoCl2 (Spectrum Chemical Mfg. Corp.,
Gardena, CA). Control cells were treated the same while
excluding CoCl2. After 48 h, treatment and control cells were
harvested as described above. To ensure continual effects of the
treatment, the wash solution also contained 100 μM CoCl2;
however, the final on-chip solutions contained no CoCl2. To
distinguish treated from nontreated cells on-chip, only treated
cells were labeled with Calcein AM.

Cell Treatment with 2-Deoxy-D-glucose (2DG). K562
suspension cells were harvested and resuspended in low glucose
media supplemented with 100 mM 2DG (Sigma-Aldrich),
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whereas a Calcein AM labeled control population was
resuspended in the same media without 2DG. Samples were
incubated for 3.5 h at 37 °C and 4% CO2 atmosphere. After
incubation, the cells were prepared for on-chip experiments as
described above.
Microfluidic Device. The overall microfluidic chip design

and dimensions in the rail region are shown in Supporting
Information (SI) Figures S1 and S2, respectively. Chips with
channel depth modulations were fabricated from polydimethyl-
siloxane (PDMS), utilizing the dry-film photoresist soft
lithography technique previously reported by Stephan et al.,43

as this technique facilitates easy prototyping with multilevel
designs. The PDMS chip was irreversibly bonded to a glass slide
via plasma treatment. To render the internal surfaces of the
channel hydrophobic, the channels were treated with Novec
1720 electronic grade Coating (3M, Maplewood, MN) for 30
min at 150 °C.
Measurements. Fluid flow in the microfluidic device was

regulated with a computer-controlled syringe pump system
(Nemesys, Cetoni, Korbussen, Germany). Typical flow
conditions can be found in SI Table S1. Chip temperature was
maintained at 37 °C for all experiments using a heating stage
with control module and temperature feedback (CHS-1 heating
plate, TC-324C temperature controller, Warner Instruments,
Hamden, CT). The chip consisted of three main functional
regions (SI Figure S1): (1) encapsulation of cells in droplets, (2)
incubation to enable glycolysis induced changes in pH, and (3)
sorting of the droplets based on differences in interfacial tension.
The Aqueous Inlet injected the cellular solution onto the chip.
Using a flow focuser, droplets in oil, 0.1% w/w Picosurf-1
(Sphere Fluidics Limited, Cambridge, United Kingdom) in
Novec 7500, were formed. TheOil Outlet was set to a flow in the
opposite direction of the main flow to remove excess oil,44

allowing for the droplets to pack tightly in the incubation region.
Incubation is an important aspect of the SIFT chip, and a tight
packing allows for a longer, uniform incubation time for all
encapsulated cells. Cells spend 6−8 min in the incubation
region, before the channel narrows and droplets enter the
sorting region. A flow in the opposite direction of the main flow
at the Oil and Droplet Outlet removed approximately half the
droplets. This reduced the number of droplets in the sorting
region, reducing the risk of droplets getting bumped off the rail
prematurely due to droplet interactions. An exchange to QX100
oil (QX100 droplet generation oil for probes, Biorad, Hercules,
CA) using the QX100 Inlet and Oil Entrainment Inlet in the
sorting region was necessary to enable separation on the rail due
to QX100 induced changes in interfacial tension. QX100 is
exchanged just prior to sorting as it impedes lactate production
of cells and has low biocompatibility.42

Images and videos were taken on an inverted fluorescence
microscope (Olympus IX-51) equipped with a 4× objective, a
shuttered LED fluorescence excitation source (Spectra-X light
engine, Lumencor, Beaverton, OR) and a high-speed camera
(VEO-410, Vision Research, Wayne, NJ). The field of view for
video and images allowed the simultaneous observation of both
the end of the incubator and the sorting rail. The excitation
source had individual addressable LEDs that were coupled to an
Arduino (Arduino LLC, Scarmagno, Italy) to rapidly alternate
between different colored LEDs using simple TTL triggering.
Droplets were excited with alternating violet (395 nm BP 25
nm), blue (440 nm BP 20 nm) and green excitation (561 nm BP
14 nm) at a rate of 100 frames per second (33 fps for each color).
The microscope filter cube contained a dual-edge dichroic

mirror (Di03-R488/561-t1-25 × 36, Semrock, IDEX Health &
Science LLC Rochester, NY) and dual-band emission filter
(FF01−523/610-25, Semrock) that enabled transmission of
both pyranine and Calcein AM fluorescence.

Data Analysis. Images and videos were analyzed using
ImageJ software.45 Green excitation was used to identify cells
labeled with Calcein AM. The pH of droplets at the end of the
incubator was determined from the ratio of fluorescence
intensity from background-subtracted blue and violet excitation.
A calibration curve (SI Figure S3) was produced from the
fluorescence ratio of droplets of known pH (range of pH 6.2−
8.0) measured on chip. Calibration solutions were prepared with
identical media and pyranine concentrations as cellular
solutions. The calibration plot was fit to a linear curve. It was
observed that the slope of the calibration curve remained
constant from day to day with small adjustments in the y-
intercept. Calibration curves for experiments could thus be
produced using the known pH of empty droplets in experiments
to determine the y-intercept of the calibration curve.
Logistic regression was used to statistically estimate optimal

pH thresholds to separate selected from nonselected cells. The
pH threshold was defined at a 50% predicted probability that the
cell would be selected. The standard error of the prediction was
used to obtain a 95% confidence interval around that threshold.
To assess how the flow rate influenced the pH selection
threshold, a multiple logistic regression was fit, predicting
selection from flow rate, pH, and their interaction. This model
predicted the probability that a particular cell will be selected
based on the pH and flow rate, and allows the influence of one of
these variables to depend on the other.

■ RESULTS AND DISCUSSION

Droplet microfluidics allows the encapsulation and transport of
cells in picoliter to nanoliter droplets for large scale biological
analysis.5,46,47 Droplets are particularly well-suited for measuring
cell secretions as they remain confined in the small droplet
volume. This leads to both a fast and large change in analyte
concentration enabling sensitive detection at the level of single
cells.48,49

We recently reported that using a specific surfactant, QX100
Droplet Generation Oil for Probes, hereby called QX100, the
interfacial tension of droplets can be very sensitive to pH and
enables the sorting of droplets and cells based on droplet
pH.41,42 Unlike other techniques that sort droplets based on
interfacial tension,50,51 the droplets remain stabilized from
coalescence with surfactants at all times. This technique was
dubbed Sorting by Interfacial Tension (SIFT). The general chip
geometry is presented in SI Figure S1. Briefly, cells are
encapsulated in droplets with typical diameters of 55−90 μm.
This droplet size ensures that the droplets are flattened, confined
by the top and bottom of the channel, as the channel height is
only 25 μm. Cell density is typically kept low to ensure that most
droplets are either empty or singly occupied. Droplets are
incubated by flowing through a long serpentine channel. Empty
droplets remain at their initial pH after incubation. However,
after incubation, droplets containing cells achieve a lower pH as
the cells secrete protons from glycolysis. Although respiration
can also lead to acidification via carbon dioxide dissolution,52

this would not be a contributor in this device as CO2 would not
remain confined within a droplet. The length of the serpentine
channel was optimized in prior work,42 to ensure a substantial
change in droplet pH after incubation.
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After incubation, droplets then enter a wider channel, the
sorting region of the chip (Figure 1) containing a tapered rail
oriented at 45 deg relative to the direction of flow. Flattened
droplets expand (reduce their surface energy) when they enter
the rail that has increased height (40 μm).53,54 Droplets at high
pH, thus low interfacial tension, enter the rail but the
hydrodynamic drag pushes them off the rail (“Unselected”).
However, when droplets at lower pH, and thus higher interfacial
tension, enter the rail, the hydrodynamic drag is insufficient to
push them off the rail. These droplets follow the rail upward and
exit the rail as it reaches a point (“Selected”). Two chip exits
allow a separate collection of the unselected and selected
droplets. As detailed in a previous paper,42 0.1% w/w Picosurf-1
(Sphere Fluidics Limited, Cambridge, United Kingdom) in
Novec 7500 is used for droplet encapsulation and incubation,
whereas QX100 is used for the droplet sorting step. Compared
to an earlier chip design,41,42 the sorting region here is narrower
(1.5 mm compared to 3 mm), that was found to improve sorting
robustness while reducing the use of oil. In prior work, droplets
containing cells were separated from empty droplets or droplets
containing dead cells.42 In that case, the pH difference between
the selected and unselected droplets was relatively large, 0.3 pH
units. We show here much finer sorting capacity, the selection of
individual cells with elevated glycolytic activity.
The principle of sorting droplets of different pH is shown in

Figure 1 and SI Video S1. The green excitation allowed a clear
identification of cells using the label Calcein AM (a few cells are
circled in yellow in Figure 1). The pH of droplets was
determined using a ratiometric fluorescence pH probe,

pyranine. The measurement was performed at the end of the
incubator (bottom left of Figure 1), where the droplets were
moving slowly and before contact with QX100 (QX100 leads to
a further acidification of the droplets upon adsorption, likely
indicating an acidic surfactant). This method allowed the pH
determination of all droplets entering the sorting region. Due to
the heterogeneous cellular metabolism rates, encapsulating cells
in droplets provides a simple method to produce a distribution
of droplets of varying pH. As the intent in this first experiment
was to characterize sorting with respect to pH, a higher cell
density (2 × 106 cells/mL) was used leading to more droplets
with cells and also droplets with multiple cells. After an
incubation of 8 min, empty droplets were at pH 7.37 ± 0.02
(average± error of the mean), unchanged from the initial pH of
the media. Droplets with cells had a wide distribution of pH
ranging from 6.41 to 7.42. The droplets in the lower range of pH
typically contained multiple cells.
Droplets were then classified as unselected if they failed to ride

the rail upward or selected if they rode the rail upward. The
lateral midway point of the rail was used to distinguish between
the two classifications as these led to different channel exits. In
Figure 1, unselected droplets, circled in red, were at pH of 7.26
and 6.91. The selected droplet, circled in green, was at a lower
pH of 6.74. Droplets were sorted at a rate of about 30 droplets
per second.
Droplet selection using SIFT was found to be dependent on

the interplay of droplet pH, size and entrainment flow.42 For
droplets of constant size, the flow from theOil Entrainment Inlet
(top left inlet in Figure 1) provides an easily modified, user-

Figure 1. Selection of droplets of different pH using SIFT. Image shows the end of incubator and sorting region. K562 cells (a few circled in yellow) are
labeled with Calcein AM for better visibility. Droplet pH is analyzed at the end of incubator before entering into the sorting region. Droplets containing
a highly glycolytic cell (circled in green) ride the rail laterally up, leaving the rail at the top (selected). Droplets containing no cell or less active cells
(circled in red) are at higher pH. They do not ride the rail or are only slightly deflected up the sorting rail (unselected).

Figure 2. (A) pH of droplets containing K562 cells plotted vs applied flow rate (μL/min) of Oil Entrainment Inlet. Square, red markers represent
unselected; circular, greenmarkers represent selected droplets. A small amount of noise (jitter) was added to the x-value to avoid overlap of data points.
(B) Estimated pH threshold as determined by logistic regression fits. 95% confidence interval is indicated in gray.
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defined parameter that sets the pH for droplet selection. Higher
entrainment flow increases the hydrodynamic drag in the sorting
region and thus selects for droplets with higher interfacial
tension and thus lower pH.
The pH of selected and unselected droplets for specific

entrainment flows is summarized in Figure 2a. At a given flow
rate, higher pH droplets tend to be unselected while lower pH
droplets are selected. There are some cases of overlap, especially
at lower flow rates, where unselected droplets have a lower pH
than some selected droplets. The general trend is that a higher
entrainment flow leads to a decreasing pH that separates the
population of selected and unselected droplets. At the lowest
flow rate, 60% of droplets with cells are selected, whereas at the
highest flow rate, 4% of droplets with cells are selected. At all
flow rates studied, empty droplets not containing cells (at pH
7.37 in this experiment) are unselected and are not included in
the plot.
A pH selection threshold can be defined as the pH where

there is an equal probability that a droplet is selected or
unselected. This pH threshold was determined by fitting binary
selected/unselected data vs pH with a logistic regression
(individual model fits shown in SI Figure S4). A multiple
logistic regression fit was performed that assessed the combined
influence of pH and flow rate on selection probability, allowing
an estimate of the pH threshold at any specified flow rate. The
resultant pH threshold as a function of flow rate with 95%
confidence limit is summarized in Figure 2b. pH threshold

ranges from values of 7.12 to 6.48 from the lowest to highest flow
rates measured. The confidence interval for each pH threshold is
small. It ranges from 0.02 pH units for a flow rate of 10 μL/min
to 0.07 for a flow rate of 23 μL/min, providing a sensitive and
reliable separation. The thresholds overlap with the pH range of
droplets with single cells under conditions studied in this paper.
The lower threshold of 6.48 would be below the typical pH for
droplets containing single cells under similar conditions. This
indicates that the technique has the flexibility to isolate rare cells
with a glycolytic activity that is significantly elevated compared
to the average. It is worth noting that the pH range of droplets
for a given cell type can be controlled with several user-defined
experimental parameters. Specifically, a lower average droplet
pH can be attained by increasing the incubation time, or by
decreasing the droplet size or buffering capacity. The correlation
between threshold and flow rate will vary slightly with droplet
size. As droplet size may vary for individual experiments,
adjustments in flow rate would be needed to allow a consistent
cell selection population.
Tumors tend to exhibit a large range of heterogeneity with

varying levels of hypoxia, acidification, glucose, lactate, and
energy availability.32 These tumor microenvironment character-
istics are influenced by the remodeling of the tumor vasculature
and extracellular matrix, which can result in poor circulation of
oxygen, resulting in hypoxia.55 Hypoxia has been observed to
initiate transcription programs that alter cellular metabolism and
induce vascularization.32 These alterations can result in

Figure 3. SIFT device sorting of hypoxia treated and untreatedMDA-MB 231 cells. Hypoxic cells are labeled with Calcein AM to enable differentiation
of cell populations. Cell grown under hypoxic conditions (circled in orange) with low pH, pH 6.82, rides the rail laterally up (selected). Control cell
(circled in white) grown under normoxic conditions with higher pH, pH 7.19, is only slightly deflected by the rail (unselected).

Figure 4. pH of droplets containing either control (gray) or hypoxia treated (orange) MDA-MB 231 cells. Square markers annotate unselected,
circular markers selected droplets. pH values were determined via a fluorescence intensity ratio. (A) Droplets presented as control and hypoxia cell
populations. Average pH values, indicated by a black line, are 7.14± 0.02 (N = 66) for control and 6.95± 0.02 (N = 54) for hypoxia cells. (B) Droplets
presented as unselected and selected populations. Blue line indicates the pH of empty droplets (pH 7.37 ± 0.02). The pH threshold of selection was
determined by a logistic regression fit and was found to be 6.96± 0.02 (threshold±95% confidence interval) (fit shown in SI Figure S5a). The sorting
of droplets leads to an enrichment of hypoxia treated cells from 45% (N = 54) before sorting to 75% (N = 29) of selected cells.
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upregulation of MCT and GLUT1 transporters resulting in
increased glycolysis and have been correlated with poor
outcomes.56 Hypoxic conditions are reported to influence
lactate release and the glycolytic index, and hence to increase
malignancy of cells.32,56,57

Subsequent experiments are designed to sort cancer cells
grown in different oxygenation conditions, mimicking the
microenvironment found in tumors. Treatment of MDA-MB
231 cells with CoCl2 in the growing media will induce hypoxic
pathways including overexpression of HIF-1.58 Chemical
treatment with CoCl2 serves as a common substitute to growth
in low-oxygen environment as it provides a simple and
consistent treatment that is not influenced by temporary
fluctuations in oxygen concentration.59 MDA cells were grown
for 48 h while exposed to 100 μM of CoCl2. For simplicity,
CoCl2 treated cells are deemed hypoxia treated in the discussion
below. A control population of cells was treated the same with
the exclusion of CoCl2. Prior to mixing the two cell populations
and injection onto the chip, the hypoxic population was labeled
with Calcein AM to enable differentiation between the hypoxic
and the control population. The labeling of cells with Calcein
AM was found to have no influence on the pH of the droplets
(data not shown).
Figure 3 and SI Video S2 show an example of the sorting of a

hypoxia treated cell (labeled with Calcein AM, circled in orange)
and a control cell (unlabeled, circled in white). After incubation,
the droplet containing a hypoxia treated cell was determined to
be at pH 6.82, whereas the pH of the droplet containing a
control cell was measured to be 7.19. The droplet containing a
hypoxic cell is selected as it rides the rail upward, whereas the
droplet containing a control cell is pushed off the rail to the
unselected exit.
Figure 4 summarizes the pH and sorting behavior over a

population of hypoxia treated and control cells. The pH of the
two populations of cells was measured at the end of the
incubator with each point representing a droplet containing a
single cell (Figure 4a). The control droplets showed an average
pH value of 7.14 ± 0.02 (N = 66). The average pH of hypoxia
treated cells was 6.95± 0.02 (N = 54). Although there is overlap
between the two populations, hypoxia induces glycolysis and
thus lowered average pH values. Furthermore, some hypoxic
cells showed very high glycolysis, with droplet pH values as low
as 6.64. The standard deviation of pH values of the hypoxia cells
was 0.18 compared to 0.13 for the control cells. This broad
heterogeneity in pH is indicative of a unique metabolism for
each analyzed cell.

Figure 4b shows the corresponding pH and identity, control
or hypoxia treated, of selected and unselected droplets. The blue
line annotates the pH value of empty droplets (pH 7.37 ± 0.02)
that are unselected. The range of pH of the selected droplets
(pH 6.64−6.99) is lower than those of unselected (pH 6.95−
7.40). The pH threshold of selection was determined as
presented earlier by a logistic regression fit and was found to be
6.96 ± 0.02 (threshold ±95% confidence interval) (SI Figure
S5a). As the pH of droplets containing hypoxia treated cells is
lower, the sorting of droplets leads to an enrichment of hypoxia
treated cells from 45% (N = 54) before sorting to 75% (N = 29)
of selected cells. Control cells are slightly enriched in the
unselected cells from 55% (N = 66) to 69% (N = 56). The
method was also used for the enrichment of hypoxia treated cells
in other cancer cell lines. The technique led to an enrichment
from 54% to 86% of hypoxia treated cells in K562 cells (SI Figure
S6a and b). The pH threshold was determined to be 6.93± 0.05
(SI Figure S6c).
The device selects cells that have lower pH, indicative of

higher glycolytic rates. In this initial study using cell lines, cells
deemed to have high glycolytic levels are relative to the rest of
the population of cells. However, further studies of more cell
types and biologically relevant samples, (blood samples or liquid
tumors) could better elucidate the pH values and differences
(genomic, transcriptomic, and proteomic) of cells displaying
high levels of glycolysis. Within tumors, higher glycolytic rates
are essential to cancer cell survival and tumor growth.60 SIFT
enables the collection and further analysis of cells that would be
deemed particularly malignant cells. Enrichment of these cells is
important as a small amount of very malignant cancer cells can
be the driving force behind disease progression. The sorting also
preferentially selects cells that have been hypoxia treated. SIFT
thus presents a way to select cells exposed to hypoxia that are
known to have increased malignancy. Some control cells are
among the selected cells. It is important to note that these
selected control cells have droplet pH that are similar to the
hypoxia treated cells. This shows that the determining factor of
droplet selection is whether the droplet pH is below the pH
threshold, regardless of whether the droplet is in the control or
treated cell population. As the selected control cells also display
high glycolysis, by this measure these cells would potentially
share similar malignant traits.
The SIFT technique also allows enrichment of cells that have

been treated or not treated with a pharmaceutic that inhibits
metabolism and glycolysis. In this case, the nontreated cells
serve as a model for a subpopulation of cells that may not

Figure 5. pH of droplets containing either control (gray) or 2DG treated (orange) K562 cells. Square markers annotate unselected, circular markers
selected droplets. (A) Droplets presented as control and 2DG treated cell populations. Average pH values, indicated by a black line, are 6.97± 0.03 (N
= 46) for control and 7.23± 0.02 (N = 41) for 2DG treated cells. (B) Droplets presented as unselected and selected populations. Blue line indicates the
pH of empty droplets (pH 7.41 ± 0.04). The selection threshold was determined to be 6.96 ± 0.06 (fit shown in SI Figure S5b). While 2DG treated
cells make up 47% of cells prior to sorting, selected cells contain exclusively control cells (N = 22) excluding all the 2DG cells.
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respond to pharmaceutic treatment. Glycolysis is an emergent
target in cancer therapy, especially for chemoresistant
cells.34,37,38 2-Deoxy-D-glucose (2DG) hinders the glycolytic
pathway by being transformed to phosphorylated 2DG through
hexokinase, getting trapped inside a cell and in turn inhibiting
hexokinase itself.38,61 This process induces intercellular ATP
depletion62 and is linked to suppression of cell proliferation.63 It
is currently suggested as a treatment for several cancers, such as
lymphoma64 and leukemia.65

In contrast to hypoxia treated cells, pharmaceutical treatment
with 2DG would lead to glycolysis that is, on average, below the
basal rate.66 One population of K562 cells was suspended in low-
glucose media supplemented with 100 mM 2DG for 3.5 h,
whereas the control population (labeled with Calcein AM) was
held in the same media without 2DG. Cell populations were
washed once with PBS and resuspended together in PBS buffer
and media mix without 2DG prior to injection on chip.
Figure 5a displays the pH after incubation of droplets

containing single cells for both control and 2DG treated cell
populations. Control cells show an average pH of 6.97± 0.03 (N
= 46), whereas 2DG treated cells show a value of 7.23± 0.02 (N
= 41). The standard deviation of the control population is larger,
0.22 compared to 0.12 for the 2DG treated cells.
Figure 5b shows the pH and type, control or 2DG, of

unselected and selected droplets. Here, the pH of empty
droplets was 7.41 ± 0.04. The selection threshold was
determined to be 6.96 ± 0.06 (SI Figure S5b). While 2DG
treated cells make up 47% of cells prior to sorting, selected cells
contain exclusively control cells (N = 22) excluding all the 2DG
cells. 2DG treated cells are enriched from 47% (N = 41) to 63%
(N = 41) within the unselected cells. Thus, SIFT can be used to
remove cells that have lower glycolytic activity. More
importantly, this demonstrates that the technique can be used
to isolate and then study a subpopulation of cells that may not be
responsive to pharmaceutic treatment targeting glycolysis.

■ CONCLUSIONS
We show here how SIFT provides a way to sort cells based on
single-cell glycolytic activity. This is a significant difference to
other label-free microfluidic techniques that select cells based on
their physical characteristics, such as size, density, deformability,
and dielectric properties. By selection based on differences in
metabolism, cells can be selected that share similar physical
features. To demonstrate this capacity, we enriched cells of
similar type that have been exposed to hypoxia or
pharmaceuticals that target metabolism. This has relevance to
tumor cells that, exposed to different oxygen and nutrient
environments, would have differences in glycolysis. There is
substantial evidence indicating that glycolysis activity tracks with
malignancy.33−36 The device can thus be used to isolate themost
malignant cells. It also has potential in separating cancer cells
from normal cells in a liquid biopsy or cell suspension of a solid
tumor. The criterion of selection can be controlled to be more or
less stringent by altering the flow conditions in the channel, thus
setting the bar for the population of isolated cells. The sorting is
robust, enabling the accurate sorting of droplets separated by
0.10 pH units or less for most flow rates. As a passive technique,
it is easy and inexpensive to implement as it requires no markers,
excitation sources, detectors, or active sorting components.
Although the focus here was on cancer where aberrant

metabolism is a defining trait,24 the cell sorting platform
described here could have an impact in many fields of research.
Glycolysis plays a fundamental role in cell signaling, activation,

proliferation, and disease progression.67 Changes in metabolism
from oxidative phosphorylation to glycolysis have been linked to
such processes as the activation of T cells68,69 and the
reprograming and proliferation of stem cells.70,71 Moreover,
many disease states, including diabetes, cancer, obesity, and
metabolic disorders, involve altered glycolysis.72 The device
enables the separation, based on glycolytic profile, for a wide
range of cell types for further analysis or culture. Furthermore,
the device can also be used to sort cells based on the glycolytic
and metabolic response to drug treatment, stimuli or stresses
(nutrient, temperature, toxins, hypoxia).
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