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Abstract: A  label-free, fixation-free and passive sorting method is presented to isolate activated
T-cells shortly after activation and prior to the display of activation surface markers. It uses a recently
developed sorting platform dubbed “Sorting by Interfacial Tension” (SIFT) that sorts droplets based
on pH. After polyclonal (anti-CD3/CD28 bead) activation and a brief incubation on chip, droplets
containing activated T-cells display a lower pH than those containing naive cells due to increased
glycolysis. Under specific surfactant conditions, a change in pH can lead to a concurrent increase in
droplet interfacial tension. The isolation of activated T-cells on chip is hence achieved as flattened
droplets are displaced as they encounter a micro-fabricated trench oriented diagonally with respect
to the direction of flow. This technique leads to an enrichment of activated primary CD4+  T-cells to
over 95% from an initial mixed population of naive cells and cells activated for as little as 15 min.
Moreover, since the pH change is correlated to successful activation, the technique allows the isolation
of T-cells with the earliest activation and highest glycolysis, an important feature for the testing of
T-cell activation modulators and to determine regulators and predictors of differentiation outcomes.

Keywords: microfluidics; droplet microfluidics; cytometry; sorting; passive sorting; T-cells; metabolism;
glycolysis

1. Introduction

T-cells are a type of lymphocyte whose activation is considered a critical step in the
adaptive immune response [1]. The activation of C D 4 +  T-cells leads to the proliferation
and differentiation of T-helper (Th) subtypes that both control the immune response via
cytokine secretion and directly attack infected or cancerous cells [2]. The full activation of T-
cells requires the engagement of the T-cell receptor (TCR) and co-stimulation of CD28 by
antigen presenting cells (APC), such as a dendritic cell [3]. Polyclonal stimulation via
antibody-conjugated beads mimics this dendritic cellular interaction by presenting both
CD3 and CD28 stimulatory antibodies colocalized on the bead surface [4]. The strength of
T C R  signaling during CD4 +  T-cell activation regulates T-cell differentiation into T  helper
(Th) subsets such that a strong signal favors pro-inflammatory Th1 cell differentiation and a
weaker signal promotes Th2 cells [5]. Additionally, weak T C R  signal strength also promotes
the differentiation of anti-inflammatory regulatory T  cells (Treg) by limiting signaling
through the mammalian target of rapamycin (mTOR), a key metabolic regulator of T-cell
differentiation [6]. Cellular metabolism and glycolysis in particular, is now understood to
be a key regulator of T-cell activation and differentiation which is also influenced by T C R
signal strength [5,7,8].

Although metabolic reprogramming after T-cell activation is central to determining
T-cell fate and function among Th subsets, the early events that dictate these metabolic
changes within minutes of T C R  stimulation have been difficult to measure in heterogeneous
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samples [9]. The interplay between metabolism on early activation and the differentiation of
T-cells remains poorly understood, partly due to the lack of single-cell technology to
capture cells based on their metabolic profiles [10]. The conventional methods of isolating
activated T-cells rely on the use of antibodies that are specific to activation surface markers
(such as CD25, CD69 and CD71) [11]. However, it can take many hours and as much as a
full day after activation for specific activation markers to be displayed and detectable,
greatly limiting fast detection and selection [12]. Alternatively, secreted cytokines such as
IL-2 and IL-10, may be detectable within a couple of hours of activation, but require the
fixation and manipulation of the golgi apparatus with monensin or brefeldin A  for their
detection [13,14]. This chemical inhibition of cytokine secretion is irreversible and renders
cells unviable for downstream studies [15]. Encapsulating cells in microfluidic droplets
enables the confinement of cytokines within a picoliter droplet [16–19]. These techniques
provide the high throughput and sensitivity of fluorescent sorting. However, they require
a prior knowledge of the target cytokine and specific fluorescent probes which can vary
among different Th subsets, for detection and sorting [20].

In contrast to the display of activation surface markers or cytokines, changes in cellular
metabolism upon T C R  activation present a general indicator of activation [21] and occur
within minutes after the activation of T-cells [7,22]. Naive T-cells attain most of their
energy needs through oxidative phosphorylation [8]. However, upon activation, T-cells
undergo metabolic reprogramming to support rapid replication and effector functions
[21,23,24]. This anabolic and bioenergetic demand is covered by enhanced metabolism, in
particular glycolysis [21,23,24]. Moreover, this metabolic switch is not simply a
downstream product of activation but rather a key regulator of activation and T-cell
differentiation [24,25]. The ramp up of glycolysis where glucose is converted to lactate,
otherwise known as aerobic glycolysis or the “Warburg effect” [26], is a characteristic
shared by many proliferating cells including cancer cells [27]. Increased glycolysis leads
to the secretion of protons and lactate rendering the surroundings of the cells more acidic
[28]. The increased glycolysis and its concurrent extra-cellular acidification upon
activation presents a unique handle for the early isolation of activated T-cells. For these
reasons, there is a large interest in the immunometabolism field for new methods that
can isolate cells based on their active metabolic state as opposed to traditional activation
markers. A  recent method designed to profile heterogenous immune cell samples based
on their metabolic profile and glycolytic metabolism is S C E N I T H  flow cytometry [29],
which uses metabolic inhibitor treatments followed by puromycin to quantify
translation as a readout for the energy state of the cells. Although useful for profiling
metabolic dependencies at the single-cell level, this methodology also requires the
fixation of cells for the detection of intracellular puromycin and leaves samples unviable
for downstream studies.

Microfluidics has been used extensively for single cell studies in immunology includ-
ing to profile T-cell signaling dynamics, [30–32] isolate cells of interest [16–18,33] or study
cell–cell interactions [34,35]. Droplet microfluidics is often used for these applications, as it
is well adapted to the manipulation of suspended cells and confines secreted molecules at
high concentrations [16,32,36–38]. Our lab recently developed a novel sorting technique
dubbed “Sorting by Interfacial Tension” (SIFT) based on the observation that under specific
chemical conditions, a decrease in pH leads to a concurrent increase in droplet interfacial
tension [39]. This technique was previously used to sort enzymes based on activity, [40],
photo-tagged droplets [41], empty and cell-occupied droplets, live and dead cells [39], and
cancer cell subpopulations [42]. By leveraging changes in metabolism upon activation, the
use of SIFT is demonstrated here for the early isolation of highly activated T-cells from
naive cells. This method offers both label-free and passive sorting to separate activated
T-cells in minutes rather than hours after activation. Passive sorting has been used in the
literature to describe both techniques that select droplets without external fields (electric,
acoustic, optical etc.) [43] and also those that do not use electronics for active droplet selec-
tion [44]. SIFT would fit both these definitions of passive sorting. Given the links between
metabolism with activation and differentiation, SIFT offers a method to isolate activated
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T-cells based on their active metabolic state in real-time without chemical manipulations or
fixation. This proof of concept is important for the immunometabolism field as isolating
viable T  cells within minutes of activation may be used to determine regulators and/or
predictors of differentiation outcomes.

2. Materials and Methods

Jurkat T-Cell Activation and Preparation for on-chip experiments: Jurkat, Clone E6-1 TIB-152™
Human Acute T-cell leukemia cells were purchased from AT C C  and grown at 37 C
in a 5% CO 2  atmosphere in ATCC-formulated RPMI-1640 Medium supplemented with
10% fetal bovine serum (HyClone, G E  Healthcare Life Sciences, Logan, UT,  USA)
and 2% v/v penicillin–streptomycin (10,000 units/mL–10,000 g/mL)  solution (Gibco,
Life Technologies Corporation, Grand Island, N Y,  USA).

On the day of experiment, Jurkat T-cells were centrifuged, washed with 1X PBS and
resuspended in PBS. To distinguish cell populations, naive control cells were labeled with
Calcein AM (Thermo Fischer, Waltham, MA, USA), a viability fluorescent dye, for 30 min at
37 C  and 4% CO2 atmosphere. Subsequently, the cells were washed again and resuspended in
media at a cell concentration of 1  10 cells/mL.

Gibco™  Dynabeads™ Human T-Activator C D 3 / C D 2 8  for T-Cell Expansion and Ac-
tivation (Thermo Fisher Scientific, Waltham, MA, USA) were washed 3x with media and
suspended at a bead concentration of 1  106 beads/mL to ensure a 1:1 bead to cell ratio
after mixing. To activate T-cells, beads and cells were mixed and incubated at 37 C  in
an CO 2  incubator for varying times. Alternatively, cells were also activated with soluble
activation complexes (ImmunoCult, StemCell Technologies, Vancouver, BC, Canada) fol-
lowing manufacturer protocol. After activation, cell/bead suspensions were pipetted up
and down to disturb the bead/cell aggregates and beads were separated from the cells
using a magnet (Invitrogen DynaMagTM-2, Thermo Fisher Scientific, Waltham, MA, USA).
Care was taken to ensure that the naive cells, which were not exposed to activation beads,
experienced the same mechanical manipulations and washing steps as the activated cells.

Naive and activated cell populations were prepared separately, centrifuged, and
resuspended in on-chip solutions. Naive and activated cell suspensions were prepared
at a final cell concentration of about 5  105 cells/mL which was determined using a
Cellometer Auto T4 Bright Field Cell Counter (Nexcelcom Bioscience L L C ,  Lawrence, MA,
USA) to ensure single cell occupation of droplets. On-chip solutions were a 1:1 mix of media
and 1X PBS buffer. The media was prepared without fetal bovine serum (deproteinated
media), but both solutions were supplemented with 1% w/w Pluronic F-68 (Affymetrix
Inc., Maumee, O H ,  USA), 15% v/v Optiprep (Fresenius Kabi Norge AS for Axis-Shield
PoCAS, Oslo, Norway) and 0.1 mg/mL pyranine (A AT  Bioquest Inc., Sunnyvale, CA,  USA).
Solution pH  and osmolality (determined with Vapro Vapor Pressure Osmometer 5520,
Wescor, ELITech Biomedical Systems, Logan, UT, USA) of on-chip solutions were
adjusted to physiological values (pH 7.4; 280–320 mOsmol) prior to experiment. Pluronic
F-68 was used to promote droplet stability and cell viability, whereas Optiprep modulated
solution density to limit cell sedimentation within the tubing and droplets. Pyranine
served as a fluorescent ratiometric pH probe for analyzing droplet pH on chip. Before
injection onto chip, activated and naive cell suspensions were combined at approximately
a 1:1 ratio.

CD4+  T-Cell Activation and Preparation for on-chip experiments: Cryo-preserved, fresh
CD4+ Helper T-Cells from a healthy donor were purchased from HemaCare Corporation,
Northridge, Los Angeles, CA ,  USA. Cells were thawed, washed and resuspended in media
as described above, and incubated for 2 h to allow the cells to recover. Subsequently, CD4+
T-cells were activated and prepared for on-chip experiments as described above.

Cell Treatment with 2-Deoxy-D-glucose (2DG): Jurkat cells were harvested and suspended
in low glucose media supplemented with 100 mM 2DG (Sigma Aldrich, St. Louis, MO,
USA) whereas a Calcein AM labeled control population was resuspended in the same media
with 100 mM glucose. 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.
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Microfluidic Device: The microfluidic chip was described in detail in Zielke et al. [42].
Briefly, the chip consists of a droplet generator where cells are encapsulated into droplets;
an incubator region enabling a change in droplet pH due to cell metabolism; and a sorting
region (Figure S1). Cellular solution was injected onto the chip through an aqueous inlet.
Via a flow focuser, droplets were generated in 0.1% w/w Picosurf-1 surfactant oil (Sphere
Fluidics Limited, Cambridge, United Kingdom) in Novec 7500. Droplet diameter was
approximately 70 m (height 25 m) and a corresponding volume of about 80 picoliters.
An additional oil outlet after droplet generation was set to a flow in the opposite
direction of the main flow to reduce the amount of oil before the droplets entered the
incubator region. This enabled the tight packing of droplets within the incubator to
ensure the same incubation times for all droplets [45]. Average incubation time ranged
from 6 to 8 min depending on the experiment before the channel narrowed and droplets
entered the sorting region. At  the end of the incubator, the oil solution was exchanged with
QX100 oil (QX100 droplet generation oil for probes, Biorad, Hercules, CA,  USA). Droplets
entered the sorting region that included a rail of higher channel height (Figure S2). The rail,
oriented at 45 degrees to the flow direction, allowed for the sorting of droplets by
interfacial tension and hence pH. A  short horizontal section of the rail served to direct
droplets to the angled section of the rail, improving sorting performance as more
droplets followed a similar flow path.

Flows within the chip were controlled via a computer-controlled syringe pump system
(Nemesys, Cetone, Korbussen, Germany). Typical flow conditions can be found in the
Supplemental Table S1. The temperature of the chip during experiments was maintained at 37
C  using a heating stage with control module and temperature feedback (CHS-1 heating plate,
TC-324C temperature controller, Warner Instruments, Hamden, CT,  USA).

Images and videos were taken on an inverted fluorescence microscope (Olympus
IX-51, Olympus, Tokyo, Japan) equipped with a 4 objective, a shuttered L E D  fluorescence
excitation source (Spectra-X light engine, Lumencor, Beaverton, OR, USA) and a high-speed
camera (VEO-410, Vision Research, Wayne, NJ, USA). The microscope filter cube contained a
dual-edge dichroic mirror (Di03-R488/561-t1-25  36, Semrock, IDEX  Health & Science L L C ,
Rochester, NY,  USA) and dual-band emission filter (FF01 523/610-25, Semrock, NewYork,
N Y,  USA) that enabled transmission of both pyranine and Calcein AM fluorescence. To
determine droplet pH  values, the excitation source with individually addressable L E D s
was coupled to an Arduino (Arduino L L C ,  Scarmagno, Italy) to allow for rapid
alternation between different colored L E D s  using simple T T L  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).

Data Analysis: ImageJ software was used for image analysis [46]. The pH  values of
individual droplets were determined at the end of the incubator before droplets entered the
sorting region via the ratio of fluorescence intensity from background-subtracted blue and
violet excitation. A  calibration curve from fluorescence ratios of droplets of known pH was
used to determine pH  using a procedure described previously [42]. Droplets containing
two cells were rare and were excluded from the analysis. Green excitation was used to
identify cells labeled with Calcein AM. Logistic regression was used to statistically estimate
optimal pH  thresholds to separate selected from non-selected cells. The pH threshold
was defined at a 50% predicted probability of selecting the cell. The standard error of the
prediction was used to obtain a 95% confidence interval around that threshold.

Flow cytometry: The cells were prepared as described above. After activation, the
cells were incubated in media overnight to allow for the display of CD69 surface markers
specific for activation. The next day, cells were fixed with 4% paraformaldehyde (32%
solution, EM grade, Electron Microscopy Science, Hatfield, PA, USA) in PBS for 15 min at
RT  and washed twice with PBS before staining with Human CD69 A P C  conjugate (Life
Technologies, Frederick, MD, USA). Staining was performed at a v/v ratio of cell suspension
(~1  106 cells/mL) to CD69 staining solution of 100:5 for 30 min on ice. After washing,
the cells were resuspended in PBS and analyzed in a BD Accuri C6 Plus Flow Cytometer
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(BD Biosciences, San Jose, C A ,  USA). Cytometry files were then analyzed using FlowJo
software v.10.8.1 (FlowJo, Ashland, OR, USA).

3. Results and Discussion

Droplet microfluidics has been shown to be a powerful tool for both single-cell analysis
and sorting [36,47,48]. A  major advantage of this technique is that cell secretions remain con-
fined in the picoliter droplet and thus associated to the cell and at high concentration. These
features of droplet microfluidics are leveraged in a label-free and passive sorting method,
SIFT, developed in our lab [39,40]. With a specific surfactant/oil combination (QX100
droplet generation oil for probes) a change in pH leads to a concurrent increase in droplet
interfacial tension. This allows for the separation of cells based on single-cell glycolysis.

Figure 1A demonstrates the sorting mechanism for two cell populations with either
low glycolysis (red) or high glycolysis (green). Cells are encapsulated and incubated. After
incubation, droplets containing cells with higher glycolysis attain a lower droplet pH and
concurrent increase in droplet interfacial tension. Droplets encounter a tapered rail [49], a
trench with increased height oriented at 45 degrees relative to the direction of flow. The
flattened, pancake-shaped droplets expand in the rail. In the case of droplets of low pH and
hence high interfacial tension, they follow the rail laterally and exit near the tapered end. In
contrast, in the case of droplets of higher pH and hence lower interfacial tension, the drag
force of the oil immediately pushes the droplets off the rail. Hence, empty droplets or those
containing low metabolism cells are only slightly deflected by the rail. The flow rate in the
sorting region can be controlled by the user. This provides an independent parameter that
determines the droplet pH threshold for droplet selection. This strategy can sort droplets
by pH  in the range of pH  6.0–7.5 [40,42]. It is used here as a passive sorting strategy to
isolate highly activated T-cells.

Figure 1. (A) Schematic of SIFT sorting mechanism for the population of cells with low (red) and
high (green) metabolism. Empty droplets or those containing low metabolism cells are only slightly
deflected by the rail. Droplets containing cells with high metabolism are separated as they follow the
rail laterally. (B) Workflow of the sorting of activated T-cells. Naive T-cells are represented in red and
activated T-cells in green. Sorting region indicated by red rectangle.

The general scheme for the proof-of-concept isolation of activated T-cells is shown in
Figure 1B. Prior to injection onto the chip, a population of T-cells is activated with beads
and is mixed with a population of naive T-cells. The naive cells are fluorescently labeled
so the two populations of cells can be distinguished on-chip. The cell solution is injected
on chip and cells are encapsulated in droplets. Cell  concentration is kept dilute to avoid
multiple occupancy in the droplets. Droplets are incubated as they flow for several minutes
through a wide serpentine channel to allow a change in droplet pH due to proton secretion.
This change in droplet pH can be tuned by adjusting the concentration of buffer used in the
droplet solution. Droplets then enter the sorting region where the rail sorts droplets by their
pH. Two chip exits allow for separate collection of the unselected and selected droplets.
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The pH of the droplets containing Jurkat T-cells were first characterized after incuba-
tion as a function of activation time, the time of the exposure of cells with the activation
beads (Figure 2A). Cultured Jurkat cells, rather than donor C D 4 +  cells, were used for the
time series as they provide easier preparation and manipulation. The incubation time on
chip was held constant for all experiments (8 min). The pH of individual droplets was
determined using a ratiometric fluorescent sensor, pyranine, as described previously [42].
Naive cells, not exposed to activation beads, had an average droplet pH  of 7.29  0.02
(average  error of the mean), lower than the pH  of empty droplets (7.39  0.04) that
remain near the initial buffer pH. The variability in pH values for naive T-cells (standard de-
viation of 0.10) highlights the heterogeneity of cell glycolysis for individual cells. Droplets
containing activated Jurkat T-cells displayed, on average, lower pH  values. After 1 h of
activation, average droplet pH values were 7.12  0.03. For longer activation times, droplet
pH values decreased further and stabilized near an average pH  of 7.00. The lower pH
values for droplets containing activated cells were indicative of an increase in glycolysis
upon activation. To confirm, cells with different activation times were analyzed for the
surface marker CD69, a conventional indicator of early activation (Figure S3).

Figure 2. (A) pH of droplets containing Jurkat T-cells plotted vs. activation time with activator beads.
Each marker represents the pH of one droplet with one encapsulated cell. Grey markers represent
naive cells which were not exposed to activator beads. Ordinary one-way A N O VA  with Dunnett’s
multiple comparisons test: 1 h (p = 0.0002), 3.75 h (p < 0.0001) 5.5 h (p < 0.0001), overnight (p < 0.001).
(B) pH of cells exposed to 15 min of activation compared to naive cells. Horizontal bar
represents average pH value. Two-tailed Student’s t-test (p =  0.0025).

Average droplet pH  values, however, provide a limited picture of the overall pop-
ulation of activated and naive cells. More relevant for single cell sorting by SIFT is that
no droplets containing naive cells attained a pH  below 7.10. In contrast, droplets lower
than this pH represent 40% of cells activated for 1 h and from 65–85% of cells activated for
longer times. Thus, by targeting this population of droplets of lower pH, we will not only
largely exclude naive cells but also select cells that are highly glycolytic.

The droplet pH values for short activation time with beads (15 min) are presented
in Figure 2B. Even for this short incubation time, activated cells show on average a lower
droplet pH  of 6.99  0.03 as compared to 7.11  0.02 for naive cells. This fast change is
consistent with bulk measurements of extracellular acidification made on metabolic
profilers [7,22]. In the droplets containing naive cells, only a single droplet displays a
pH below 7.00 (3% of cells). In contrast, for activated cells this population represents about
half of all droplets. A  similar change in pH  between droplets containing naive and
activated cells was observed not only using activation beads but also through activation
with soluble complexes (Figure S4). In this case, only activated cells attain a droplet pH
below 7.2. The change in droplet pH upon activation was largely impeded by the
treatment of cells with a glycolysis inhibitor, 2-deoxy-D-glucose (2DG), confirming that
the change was indeed associated with cellular glycolysis (Figure S5). The difference in
droplet pH between naive and activated cells can be leveraged to enrich highly-activated
T-cells.
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Figure 3 (and supplemental Video S1) demonstrates the sorting of an activated T-cell
and naive cell using the SIFT technology. The droplet containing the naive cell, determined
to be at pH  7.19 after incubation, is only slightly deflected by the rail. Empty droplets
are also directed to the unselected exit. In contrast, a droplet containing an activated cell
(15 min activation time), at pH 7.10, rides the trench laterally up and is thus separated
from other droplets. This droplet is considered a selected droplet.

Figure 3. SIFT device sorting of activated and naive Jurkat T-cells. A  droplet containing an activated
cell (circled in green), at pH 7.10, rides the trench laterally up (selected). A  droplet containing a naive
cell (circled in red) with higher pH, pH 7.19, is only slightly deflected by the rail (unselected). Empty
droplets are also directed to the unselected chip exit.

Figure 4 summarizes the sorting of C D 4 +  fresh, cryopreserved human T-cells from
a healthy donor. C D 4 +  T-cells were activated and mixed with a naive population before
injection onto the chip for sorting. For 15 min activation, the buffering concentration of
the on-chip solutions was reduced from 2.5 mM to 1 mM phosphate buffer to account
for the lower glycolysis for C D 4 +  T-cells compared to Jurkat T-cells. The lower buffer
concentration ensured a substantial change in droplet pH after incubation.

The pH  values of droplets with encapsulated naive and cells activated for 15 min
are presented in Figure 4A. The droplets containing activated T-cells attain lower average
pH (7.26  0.04) than for naive cells (7.37  0.01). There is substantial overlap between the
pH values of the two populations. However, unlike activated cells, the naive cells do
not achieve a droplet pH below 7.24. The control of flow conditions on chip allows a
selection of droplets below this pH.

Figure 4B presents the activated and naive cells as a function of selected and unselected
cells. Prior to sorting, the cell population contains 27% activated T-cells. The selected
droplets contain exclusively activated cells with a droplet pH range of 7.11–7.26. While the
unselected population includes 22% activated cells, the activated T-cells within the selected
population represent droplets with a lower pH, with an average pH of 7.20 versus 7.35 in
the unselected population.
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Figure 4. (A) pH of droplets containing C D 4 +  T-cells that are either naive (gray) or activated for 15
min (orange). Average pH values, indicated by a horizontal line, are 7.37  0.01 (n =  59) for naive cells
and 7.26  0.04 (n =  22) for activated cells (B) Droplet presented as unselected and selected
populations after sorting using SIFT device. While activated cells make up 27% of cells prior to
sorting, selected cells contain exclusively activated cells. (C) pH of droplets containing naive (gray) or
cells activated for 2 h (orange). Average pH values, indicated by a black line, are 7.39  0.01 (n =  37) for
naive cells and 7.32  0.01 (n =  34) for activated cells. (D) Droplets presented as unselected and selected
populations. The sorting of droplets leads to an enrichment of activated cells from 48% before
sorting to 96% of selected cells.

The pH threshold, the pH  value at which there is an equal probability that a cell
is selected or unselected, can be determined by fitting the data to a logistical regression
(Figure S6A). The pH threshold was determined to be 7.24. This selection threshold
can be modified by the user via a change in flow rate in the sorting region allowing for
more or less stringent sorting criteria [42]. The fit also provides a measure of the
resolution in pH for accurate sorting from the standard error of the prediction at 95%
confidence (light blue shading in Figure S6). The pH range was determined to be 7.19 to
7.25. This error is consistent with previous measurements on the device [42].

SIFT sorting was also performed on C D 4 +  cells activated for 2 h. Naive cells have
an average pH  value of 7.39  0.06 compared to 7.32  0.05 for cells activated for 2 h
(Figure 4C). The lowest droplet pH  value for a naive cell is 7.33. In contrast, more
than half (52%) of all activated cells attained pH values below 7.33. On average, pH
values are higher than those observed for 15 min activation. This can be explained by the
use of higher phosphate buffer in these experiments (2.5 mM vs. 1mM).

Figure 4D shows the naive and activated cells as a function of selected and unselected
populations. The enrichment of activated T-cells from 48% to 96% was obtained from the
initial to selected population (Figure 4D). In contrast, the unselected cell population con-
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tained 20% activated cells. The pH threshold was determined to be 7.34  0.01 (threshold
95% confidence interval) (Figure S6B).

In the above experiments, the mixed population of naive and activated cells was
enriched to over 95% activated cells. Moreover, as extracellular acidification rate can be
correlated to level of activation, [7] the technique can be used to select the subpopulation
of cells with the strongest activation. As  activation strength is also correlated to cell
fate [5], the selected highly glycolytic population may also favor differentiation to pro-
inflammatory Th1 cells. For these experiments, the flow conditions were chosen to set
a threshold just below the pH  of droplets in the population of naive cells and led to the
selection of approximately 40% of the activated cells. The threshold could be set to either
further exclude naive cells or to capture a small percentage of highly activated T-cells for
study or use. The phosphate buffer used in experiments was either 1 mM or 2.5 mM. The
lower buffer concentration ensured a spread of pH values even for short activation times
(Figure 4A). This parameter can be tuned based on the glycolysis levels of the cells under
study. Although the focus here was on the sorting of cells shorty after activation, metabolic
reprogramming after activation is long-lasting (Figure 2A), persisting even for several days.
This would mean that highly-glycolytic activated cells could be isolated long after the
initial activation event.

The data presented in Figure 4 represent 2 min of collection time with the SIFT
device and a corresponding video file consisting of approximately 12,000 frames. Droplets
were sorted at a rate of about 12–20 Hz .  Cell  density was kept low (1 in 20–30 droplets
contain a cell) to avoid multiple occupancy of cells in droplets. This collection time was
ultimately limited by video collection that was necessary here for the determination of
pH and validation of sorting accuracy. Without this constraint, longer collection times
would allow the sorting of hundreds of cells. To recover cells after sorting, droplet breakup
can be initiated by de-emulsifier chemicals, [50] dilution of surfactant [51] or electrostatic
charge [52]. The surfactant in oil used in the sorting region (Droplet generation oil for
probes) may have detrimental effects on cells [39,53]. However, exposure is kept at a
minimum by introducing this chemical only after incubation. Furthermore, the addition
of Pluronic F-68 to the droplet media also promotes cell viability. Breaking-up of droplets
immediately upon collection off-chip leads to viable cells as determined by trypan blue
and Calcein AM assays.

4. Conclusions

The SIFT technique presents a method to isolate activated cells with the highest
glycolysis from both naive cells and activated cells with a lower metabolism. The activation
and differentiation of T-cells leads to a complex metabolic reprograming that serves both to
initiate and regulate these events. These events are further impacted by cell environment
and nutrient availability [24,25]. The full understanding of the coordination of these
events and differentiation outcomes has been limited by tools that can select single cells
by their metabolic profiles. Thus, by selecting cells by single-cell glycolysis, prior to
the display of surface markers, SIFT presents a method to help detangle this complexity
especially when combined with downstream analysis tools. Moreover, since the pH change
may be correlated to the level of activation, this technique allows for the isolation of T-
cells with the earliest activation and metabolic reprogramming for the testing of T-cell
activation modulators. Indeed, the isolation of T-cells based on their metabolism rather than
conventional activation markers is relevant to multiple aspects of immunometabolism and
downstream applications in T-cell biology. Immunotherapy and co-receptor manipulations
have impacts on activation-induced glycolytic metabolism, [54] and regulators of T-cell
differentiation may also act via the fine-tuning of early metabolic signaling.

The presented SIFT technology is both a label-free and passive sorting method. It
offers potential benefits in simplicity and cost. By transposing cell activation to a physical
property, droplet interfacial tension, the technique forgoes the components associated
with the fluorescent sorting of T-cells such as labels, light sources, detectors, and active
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sorters. This simplicity facilitates correlating glycolytic activity with cell markers using the
fluorescence channel during sorting or more elaborate analysis (genomic, transcriptomic,
proteomic) on collected cell populations. Future efforts will focus on the improvement of
the device while developing a robust workflow for the study and characterization of sorted T-
cells. The current chip design (Figures S1 and S2) has a maximum throughput of about 30
droplets per second, lower than the typical throughput of hundreds or thousands of
droplets per second by active droplet sorters [36,38]. Increasing this throughput, through
design or parallelization, would enable its application for isolating rare cells within a
population such as antigen specific T-cells, or the most activated T-cells isolated from the
tumor microenvironment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mi13091442/s1, Figure S1: SIFT device channel geometry; Figure S2:
Sorting rail dimensions and position.; Figure S3: Flow cytometry analysis for CD69 expression;
Figure S4: Droplet pH for ImmunoCult Activation; Figure S5: Droplet pH for 2-deoxy-D-glucose
(2DG) treatment; Figure S6: Logistic Regression Fits; Table S1: Typical flow parameters; Video S1:
SIFT cell sorting.

Author Contributions: Conceptualization, P.A.; methodology, C.Z.  and K.V.; investigation, C.Z.,
A.J.G.R., M.S.R. and A.G.; supervision, C.Z.,  J.C.R. and P.A.; writing—Original draft preparation,
C.Z., K.V. and P.A.; writing—Review & editing, C.Z., K.V., J.C.R. and P.A. Al l  authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Science Foundation grant number 1751861, the
National Institutes of Health grant numbers 1R15GM129674-01, R01DK105550 and T32 DK101003,
the William Paul Distinguished Innovator from the Lupus Research Alliance and the Henry Dreyfus
Teacher–Scholar Awards Program. The APC  was funded by the National Institutes of Health and the
Henry Dreyfus Teacher–Scholar Awards Program.

Acknowledgments: We acknowledge Brody Sandel of the Biology Department at Santa Clara Univer-
sity for the logistical regression analysis. A.J.G.R. acknowledges generous funding from the Beckman
Scholar program. C.Z.  and A.G. acknowledge support from the Inclusive Excellence Postdoctoral
Program at Santa Clara University. M.S.R. acknowledges funding from the Clare Boothe Luce Scholar
program. We would also like to thank International Electronic Components Inc. for their generous
donation of dry photoresist.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chaplin, D.D. Overview of the Immune Response. J. Allergy Clin. Immunol. 2010, 125, S3–S23. [CrossRef] [PubMed]
2. Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Helper T  Cells and Lymphocyte Activation. In Molecular Biology

of the Cell, 4th ed.; Garland Science: New York, N Y,  USA, 2002.
3. Bugeon, L.; Dallman, M.J. Costimulation of T  Cells. Am. J. Respir. Crit. Care Med. 2000, 162, 164–168. [CrossRef] [PubMed]
4. Trickett, A.; Kwan, Y.L.  T  Cell Stimulation and Expansion Using Anti-CD3/CD28 Beads. J. Immunol. Methods 2003, 275, 251–255.

[CrossRef]
5. Hwang, J.R.; Byeon, Y.; Kim, D.; Park, S.G. Recent Insights of T  Cell Receptor-Mediated Signaling Pathways for T  Cell Activation

and Development. Exp. Mol. Med. 2020, 52, 750–761. [CrossRef]
6. Turner, M.S.; Kane, L.P.; Morel, P.A. Dominant Role of Antigen Dose in CD4 + Foxp3 + Regulatory T  Cell Induction and Expansion.

J. Immunol. 2009, 183, 4895–4903. [CrossRef]
7.  Menk, A.V.; Scharping, N.E.; Moreci, R.S.; Zeng, X.; Guy, C.; Salvatore, S.; Bae, H.; Xie, J.; Young, H.A.;  Wendell, S.G.; et al. Early

T C R  Signaling Induces Rapid Aerobic Glycolysis Enabling Distinct Acute T  Cell Effector Functions. Cell Rep. 2018, 22, 1509–1521.
[CrossRef]

8. Buck, M.D.; O’Sullivan, D.; Pearce, E.L. T  Cell Metabolism Drives Immunity. J. Exp. Med. 2015, 212, 1345–1360. [CrossRef]
9.  Voss, K.; Hong, H.S.; Bader, J.E.; Sugiura, A.; Lyssiotis, C.A.; Rathmell, J.C. A  Guide to Interrogating Immunometabolism. Nat.

Rev. Immunol. 2021, 21, 637–652. [CrossRef]
10. Kouidhi, S.; Elgaaied, A.B.; Chouaib, S. Impact of Metabolism on T-Cell Differentiation and Function and Cross Talk with Tumor

Microenvironment. Front. Immunol. 2017, 8, 270. [CrossRef]
11.  Shipkova, M.; Wieland, E. Surface Markers of Lymphocyte Activation and Markers of Cell  Proliferation. Clin. Chim. Acta 2012,

413, 1338–1349. [CrossRef]

https://www.mdpi.com/article/10.3390/mi13091442/s1
https://www.mdpi.com/article/10.3390/mi13091442/s1
http://doi.org/10.1016/j.jaci.2009.12.980
http://www.ncbi.nlm.nih.gov/pubmed/20176265
http://doi.org/10.1164/ajrccm.162.supplement_3.15tac5
http://www.ncbi.nlm.nih.gov/pubmed/11029388
http://doi.org/10.1016/S0022-1759(03)00010-3
http://doi.org/10.1038/s12276-020-0435-8
http://doi.org/10.4049/jimmunol.0901459
http://doi.org/10.1016/j.celrep.2018.01.040
http://doi.org/10.1084/jem.20151159
http://doi.org/10.1038/s41577-021-00529-8
http://doi.org/10.3389/fimmu.2017.00270
http://doi.org/10.1016/j.cca.2011.11.006


Micromachines 2022, 13, 1442 11 of 12

12. Caruso, A.; Licenziati, S.; Corulli, M.; Canaris, A.D.; de Francesco, M.A.; Fiorentini, S.; Peroni, L.; Fallacara, F.; Dima, F.;
Balsari, A.; et al. Flow Cytometric Analysis of Activation Markers on Stimulated T  Cells and Their Correlation with Cell Proliferation.
Cytometry 1997, 27, 71–76. [CrossRef]

13. Sojka, D.K.; Bruniquel, D.; Schwartz, R.H.; Singh, N.J. IL-2 Secretion by CD4 + T  Cells In Vivo Is Rapid, Transient, and Influenced
by TCR-Specific Competition. J. Immunol. 2004, 172, 6136–6143. [CrossRef]

14. Goel, G.; Tye-Din, J.A.; Qiao, S.W.; Russell, A.K.; Mayassi, T.; Ciszewski, C.; Sarna, V.K.; Wang, S.; Goldstein, K.E.; Dzuris, J.L.; et al.
Cytokine Release and Gastrointestinal Symptoms after Gluten Challenge in Celiac Disease. Sci. Adv. 2019, 5, eaaw7756. [CrossRef]

15.  Schmidt, T.; Sester, M. Detection of Antigen-Specific T  Cells Based on Intracellular Cytokine Staining Using Flow-Cytometry. In
Virus-Host Interactions: Methods and Protocols; Bailer, S.M., Lieber, D., Eds.; Humana Press: Totowa, NJ, USA, 2013; pp. 267–274.
ISBN 978-1-62703-601-6.

16.  Konry, T.; Dominguez-Villar, M.; Baecher-Allan, C.; Hafler, D.A.; Yarmush, M.L. Droplet-Based Microfluidic Platforms for Single
T  Cell Secretion Analysis of IL-10 Cytokine. Biosens. Bioelectron. 2011, 26, 2707–2710. [CrossRef]

17. Chokkalingam, V.; Tel, J.; Wimmers, F.; Liu, X.; Semenov, S.; Thiele, J.; Figdor, C.G.; Huck, W.T.S. Probing Cellular Heterogeneity
in Cytokine-Secreting Immune Cells Using Droplet-Based Microfluidics. Lab Chip 2013, 13, 4740–4744. [CrossRef]

18. Segaliny, A.I.; Li ,  G.; Kong, L.; Ren, C.; Chen, X.; Wang, J.K.; Baltimore, D.; Wu, G.; Zhao, W. Functional T C R  T  Cell  Screening
Using Single-Cell Droplet Microfluidics. Lab Chip 2018, 18, 3733–3749. [CrossRef]

19. Dimatteo, R.; di Carlo, D. IL-2 Secretion-Based Sorting of Single T  Cells Using High-Throughput Microfluidic on-Cell Cy-
tokine Capture. Lab Chip 2022, 22, 1576–1583. [CrossRef]

20. Phetsouphanh, C.; Zaunders, J.J.; Kelleher, A.D.  Detecting Antigen-Specific T  Cell  Responses: From Bulk Populations to
Single Cells. Int. J. Mol. Sci. 2015, 16, 18878–18893. [CrossRef]

21. Palmer, C.S.; Ostrowski, M.; Balderson, B.; Christian, N.; Crowe, S.M. Glucose Metabolism Regulates T  Cell Activation, Differenti-
ation, and Functions. Front. Immunol. 2015, 6, 1. [CrossRef]

22.      Gubser, P.M.; Bantug, G.R.; Razik, L.; Fischer, M.; Dimeloe, S.; Hoenger, G.; Durovic, B.; Jauch, A.; Hess, C.  Rapid Effector
Function of Memory CD8+ T  Cells Requires an Immediate-Early Glycolytic Switch. Nat. Immunol. 2013, 14, 1064–1072. [CrossRef]

23.  Chapman, N.M.; Boothby, M.R.; Chi, H .  Metabolic Coordination of T  Cell  Quiescence and Activation. Nat. Rev. Immunol. 2020,
20, 55–70. [CrossRef] [PubMed]

24. MacIver, N.J.; Michalek, R.D.; Rathmell, J.C. Metabolic Regulation of T  Lymphocytes. Annu. Rev. Immunol. 2013, 31, 259–283.
[CrossRef] [PubMed]

25. Yong, C.S.; Moussa, D.A.; Cretenet, G.; Kinet, S.; Dardalhon, V.; Taylor, N.  Metabolic Orchestration of T  Lineage Differentiation
and Function. FEBS Lett. 2017, 591, 3104–3118. [CrossRef] [PubMed]

26. Warburg, O. On the Origin of Cancer Cells. Science 1956, 123, 309–314. [CrossRef]
27. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144, 646–674. [CrossRef]
28. Schornack, P.A.; Gillies, R.J. Contributions of Cell  Metabolism and H +  Diffusion to the Acidic PH of Tumors. Neoplasia 2014,

5, 135–145. [CrossRef]
29. Argüello, R.J.; Combes, A.J.; Char, R.; Gigan, J.P.; Baaziz, A.I.; Bousiquot, E.; Camosseto, V.; Samad, B.; Tsui, J.; Yan, P.; et al.

SCENITH:  A  Flow Cytometry-Based Method to Functionally Profile Energy Metabolism with Single-Cell Resolution. Cell Metab.
2020, 32, 1063–1075. [CrossRef]

30. Han, Q.; Bagheri, N.; Bradshaw, E.M.; Hafler, D.A.; Lauffenburger, D.A.; Love, J.C. Polyfunctional Responses by Human T  Cells
Result from Sequential Release of Cytokines. Proc. Natl. Acad. Sci. U S A  2012, 109, 1607–1612. [CrossRef]

31. Junkin, M.; Kaestli, A.J.; Cheng, Z.; Jordi, C.; Albayrak, C.; Hoffmann, A.; Tay, S. High-Content Quantification of Single-Cell
Immune Dynamics. Cell Rep. 2016, 15, 411–422. [CrossRef]

32. Bounab, Y.; Eyer, K.; Dixneuf, S.; Rybczynska, M.; Chauvel, C.; Mistretta, M.; Tran, T.; Aymerich, N.; Chenon, G.; Llitjos, J.F.; et al.
Dynamic Single-Cell Phenotyping of Immune Cells Using the Microfluidic Platform DropMap. Nat. Protoc. 2020, 15, 2920–2955.
[CrossRef]

33. Eyer, K.; Doineau, R.C.L.; Castrillon, C.E.; Briseño-Roa, L.; Menrath, V.; Mottet, G.; England, P.; Godina, A.; Brient-Litzler, E.;
Nizak, C.; et al. Single-Cell Deep Phenotyping of IgG-Secreting Cells for High-Resolution Immune Monitoring. Nat. Biotechnol.
2017, 35, 977–982. [CrossRef]

34. Sarkar, S.; Sabhachandani, P.; Stroopinsky, D.; Palmer, K.; Cohen, N.; Rosenblatt, J.; Avigan, D.; Konry, T. Dynamic Analysis of
Immune and Cancer Cell Interactions at Single Cell Level in Microfluidic Droplets. Biomicrofluidics 2016, 10, 054115. [CrossRef]

35.      Dura, B.; Servo, M.M.; Barry, R.M.; Ploeghf, H.L.; Dougand, S.K.; Voldman, J. Longitudinal Multiparameter Assay of Lymphocyte
Interactions from Onset by Microfluidic Cell Pairing and Culture. Proc. Natl. Acad. Sci. U S A  2016, 113, E3599–E3608. [CrossRef]

36. Baret, J.-C.; Miller, O.J.; Taly, V.; Ryckelynck, M.; El-Harrak, A.; Frenz, L.; Rick, C.; Samuels, M.L.; Hutchison, J.B.; Agresti, J.J.; et al.
Fluorescence-Activated Droplet Sorting (FADS): Efficient Microfluidic Cell Sorting Based on Enzymatic Activity. Lab Chip 2009, 9,
1850–1858. [CrossRef]

37. del Ben, F.; Turetta, M.; Celetti, G.; Piruska, A.; Bulfoni, M.; Cesselli, D.; Huck, W.T.S.; Scoles, G. A  Method for Detecting
Circulating Tumor Cells Based on the Measurement of Single-Cell Metabolism in Droplet-Based Microfluidics. Angew. Chem. Int.
Ed. 2016, 55, 8581–8584. [CrossRef]

38. Rivello, F.; Matuła, K.; Piruska, A.; Smits, M.; Mehra, N.; Huck, W.T.S. Probing Single-Cell Metabolism Reveals Prognostic Value
of Highly Metabolically Active Circulating Stromal Cells in Prostate Cancer. Sci. Adv. 2020, 6, eaaz3849. [CrossRef]

http://doi.org/10.1002/(SICI)1097-0320(19970101)27:1&lt;71::AID-CYTO9&gt;3.0.CO;2-O
http://doi.org/10.4049/jimmunol.172.10.6136
http://doi.org/10.1126/sciadv.aaw7756
http://doi.org/10.1016/j.bios.2010.09.006
http://doi.org/10.1039/c3lc50945a
http://doi.org/10.1039/C8LC00818C
http://doi.org/10.1039/D1LC01098K
http://doi.org/10.3390/ijms160818878
http://doi.org/10.3389/fimmu.2015.00001
http://doi.org/10.1038/ni.2687
http://doi.org/10.1038/s41577-019-0203-y
http://www.ncbi.nlm.nih.gov/pubmed/31406325
http://doi.org/10.1146/annurev-immunol-032712-095956
http://www.ncbi.nlm.nih.gov/pubmed/23298210
http://doi.org/10.1002/1873-3468.12849
http://www.ncbi.nlm.nih.gov/pubmed/28901530
http://doi.org/10.1126/science.123.3191.309
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1016/S1476-5586(03)80005-2
http://doi.org/10.1016/j.cmet.2020.11.007
http://doi.org/10.1073/pnas.1117194109
http://doi.org/10.1016/j.celrep.2016.03.033
http://doi.org/10.1038/s41596-020-0354-0
http://doi.org/10.1038/nbt.3964
http://doi.org/10.1063/1.4964716
http://doi.org/10.1073/pnas.1515364113
http://doi.org/10.1039/b902504a
http://doi.org/10.1002/anie.201602328
http://doi.org/10.1126/sciadv.aaz3849


Micromachines 2022, 13, 1442 12 of 12

39. Pan, C.W.; Horvath, D.G.; Braza, S.; Moore, T.; Lynch, A.; Feit, C.; Abbyad, P. Sorting by Interfacial Tension (SIFT): Label-Free
Selection of Live Cells Based on Single-Cell Metabolism. Lab Chip 2019, 19, 1344–1351. [CrossRef]

40. Horvath, D.G.; Braza, S.; Moore, T.; Pan, C.W.; Zhu, L.; Pak, O.S.; Abbyad, P. Sorting by Interfacial Tension (SIFT): Label-Free
Enzyme Sorting Using Droplet Microfluidics. Anal. Chim. Acta 2019, 1089, 108–114. [CrossRef]

41.  Dobson, C.; Zielke, C.; Pan, C.; Feit, C.; Abbyad, P. Method for Passive Droplet Sorting after Photo-Tagging. Micromachines 2020,
11, 964. [CrossRef]

42. Zielke, C.; Pan, C.W.; Ramirez, A.J.G.; Feit, C.; Dobson, C.; Davidson, C.; Sandel, B.; Abbyad, P. Microfluidic Platform for the
Isolation of Cancer-Cell Subpopulations Based on Single-Cell Glycolysis. Anal. Chem. 2020, 92, 6949–6957. [CrossRef]

43. Iv, C.W.S.; Reyes, C.D.; López, G.P. Microfluidic Cell Sorting: A  Review of the Advances in the Separation of Cells from Debulking
to Rare Cell Isolation. Lab Chip 2015, 15, 1230–1249. [CrossRef]

44. Joensson, H.N.; Svahn, H.A.  Droplet Microfluidics-A Tool for Single-Cell Analysis. Angew. Chem. Int. Ed. 2012, 51, 12176–12192.
[CrossRef]

45. Frenz, L.; Blank, K.; Brouzes, E.; Griffiths, A.D. Reliable Microfluidic On-Chip Incubation of Droplets in Delay-Lines. Lab Chip
2009, 9, 1344–1348. [CrossRef]

46. Abramoff, M.D.; Magalhaes, P.J.; Ram, S.J. Image Processing with ImageJ. Biophotonics Int. 2004, 11, 36–43.
47. Agresti, J.J.; Antipov, E.; Abate, A.R.; Ahn, K.; Rowat, A.C.; Baret, J.-C.; Marquez, M.; Klibanov, A.M.; Griffiths, A.D.; Weitz, D.A.

Ultrahigh-Throughput Screening in Drop-Based Microfluidics for Directed Evolution. Proc. Natl. Acad. Sci. USA 2010, 107, 4004–4009.
[CrossRef]

48. E l  Debs, B.; Utharala, R.; Balyasnikova, I.V.; Griffiths, A.D.; Merten, C.A.  Functional Single-Cell Hybridoma Screening Using
Droplet-Based Microfluidics. Proc. Natl. Acad. Sci. U S A  2012, 109, 11570–11575. [CrossRef]

49.  Abbyad, P.; Dangla, R.; Alexandrou, A.; Baroud, C.N.  Rails and Anchors: Guiding and Trapping Droplet Microreactors in
Two Dimensions. Lab Chip 2011, 11, 813–821. [CrossRef]

50. Akartuna, I.; Aubrecht, D.M.; Kodger, T.E.; Weitz, D.A. Chemically Induced Coalescence in Droplet-Based Microfluidics. Lab Chip
2015, 15, 1140–1144. [CrossRef] [PubMed]

51.  Tullis, J.; Park, C.L.; Abbyad, P. Selective Fusion of Anchored Droplets via Changes in Surfactant Concentration. Lab Chip 2014,
14, 3285–3289. [CrossRef] [PubMed]

52.  Karbaschi, M.; Shahi, P.; Abate, A.R. Rapid, Chemical-Free Breaking of Microfluidic Emulsions with a Hand-Held Antistatic Gun.
Biomicrofluidics 2017, 11, 044107. [CrossRef] [PubMed]

53. Clausell-Tormos, J.; Lieber, D.; Baret, J.C.; El-Harrak, A.; Miller, O.J.; Frenz, L.; Blouwolff, J.; Humphry, K.J.; Köster, S.;
Duan, H.; et al. Droplet-Based Microfluidic Platforms for the Encapsulation and Screening of Mammalian Cells and Multi-
cellular Organisms. Chem. Biol. 2008, 15, 427–437. [CrossRef]

54. Patsoukis, N.; Bardhan, K.; Chatterjee, P.; Sari, D.; Liu, B.; Bell, L.N.; Karoly, E.D.; Freeman, G.J.; Petkova, V.; Seth, P.; et al. PD-
1 Alters T-Cell Metabolic Reprogramming by Inhibiting Glycolysis and Promoting Lipolysis and Fatty Acid Oxidation. Nat.
Commun. 2015, 6, 6692. [CrossRef]

http://doi.org/10.1039/C8LC01328D
http://doi.org/10.1016/j.aca.2019.08.025
http://doi.org/10.3390/mi11110964
http://doi.org/10.1021/acs.analchem.9b05738
http://doi.org/10.1039/c4lc01246a
http://doi.org/10.1002/anie.201200460
http://doi.org/10.1039/B816049J
http://doi.org/10.1073/pnas.0910781107
http://doi.org/10.1073/pnas.1204514109
http://doi.org/10.1039/C0LC00104J
http://doi.org/10.1039/C4LC01285B
http://www.ncbi.nlm.nih.gov/pubmed/25537080
http://doi.org/10.1039/C4LC00558A
http://www.ncbi.nlm.nih.gov/pubmed/24988062
http://doi.org/10.1063/1.4995479
http://www.ncbi.nlm.nih.gov/pubmed/28794817
http://doi.org/10.1016/j.chembiol.2008.04.004
http://doi.org/10.1038/ncomms7692

