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Tumor cells are hypothesized to use proteolytic enzymes to
facilitate invasion. Whether circulating tumor cells (CTCs) secrete
these enzymes to aid metastasis is unknown. A quantitative and
high-throughput approach to assay CTC secretion is needed to
address this question. We developed an integrated microfluidic
system that concentrates rare cancer cells >100,000-fold from 1 mL
of whole blood into ~50,000 2-nL drops composed of assay re-
agents within 15 min. The system isolates CTCs by size, exchanges
fluid around CTCs to remove contaminants, introduces a matrix
metalloprotease (MMP) substrate, and encapsulates CTCs into
microdroplets. We found CTCs from prostate cancer patients pos-
sessed above baseline levels of MMP activity (1.7- to 200-fold).
Activity of CTCs was generally higher than leukocytes from the
same patient (average CTC/leukocyte MMP activity ratio, 2.6 +
1.5). Higher MMP activity of CTCs suggests active proteolytic pro-
cesses that may facilitate invasion or immune evasion and be rel-
evant phenotypic biomarkers enabling companion diagnostics for
anti-MMP therapies.

protease | circulating tumor cells | cell secretion | microfluidics |
liquid biopsy

he presence of circulating tumor cells (CTCs) has been cor-
related with the aggressive spread of a tumor and negative
prognosis in breast, colon, and prostate cancer. However, current
methods to identify CTC number based on immunofluorescence
(IF) staining have led to mixed success in predicting treatment
effectiveness and assisting in clinical treatment decisions (1-4).
For example, high levels of surface marker used to identify CTCs
following an initial therapy used as impetus to switch therapy
early, did not lead to an increase in overall survival (5). Het-
erogeneity in CTC phenotype is likely one contributing factor in
the discrepancies between CTC counts and prognosis. Not all
CTCs are expected to possess a phenotype optimized for extrav-
asation and spread, which is hypothesized to include the following:
high motility, deformability needed to squeeze through cell and
extracellular matrix (ECM) layers, periods of low cell adhesive-
ness followed by adhesion in a new metastatic site, and/or high
protease secretion needed to degrade ECM barriers (6, 7).
Cell-secreted proteolytic enzymes, such as matrix metallo-
proteases (MMPs), that cleave ECM proteins are implicated in
cancer invasion of neighboring tissues and metastasis. For ex-
ample, immunohistochemistry (IHC) of invasive tumors has
shown high levels of MMP2, MMP9, MMP13, and MT-1 (8, 9).
Although these studies document the presence of MMPs, IHC
does not provide information on functional state. MMPs initially
exist in an inactive form. The interaction of several types of
proteases leads to MMP activation and ECM degradation. An
understanding of the functional state of MMPs produced by
tumor cells, neighboring stromal cells, tumor-associated leuko-
cytes, and cells that escape the tumors would lead to a better
understanding of cooperative interactions involved in metastasis.
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CTCs may also employ MMPs to assist in forming new met-
astatic sites. CTCs initially dislodge from a tumor site, traverse
across the ECM of the basement membrane, before squeezing
between endothelial cells to enter the bloodstream or lymphatic
vessels. These CTCs can then invade new sites and organs
through the reverse process of extravasation. Analysis of meta-
static tumors and patient blood serum has shown significantly
higher levels of MMPs, suggesting that the level of MMPs pro-
duced by CTCs could serve as a functional marker of cells that
have metastasis-enabling properties (10).

In addition, the measurement of MMPs or other proteases
secreted by CTCs can potentially improve prognosis of cancer
aggressiveness and help determine the relative importance of
CTC protease secretion in extravasation, immune evasion, and
metastasis. CTCs that are secreting active proteases are expected
to be executing cellular processes required for viability and may
be primed for tissue invasion or immune suppression, while those
cells that are not actively secreting may have lost viability or have
adopted a quiescent state. Understanding the activity of MMPs
and other proteases secreted by CTCs may also provide new,
more selective, targets for antimetastatic therapies, or new
therapies being developed to prevent proteolytic shedding of
immune activating cell surface proteins (e.g., MICA and MICB)

Significance

The current paradigm in liquid biopsies focuses on circulating
tumor cell (CTC) count and genomics to provide clinically ac-
tionable information. We push beyond current capabilities to
introduce a functional assay that quantifies protease secretion
from live CTCs with single-cell resolution. In this assay, an in-
tegrated microfluidic device captures CTCs from blood and
washes and encapsulates them into nanoliter-scale droplets
with fluorogenic substrates within minutes, maintaining physi-
ologic conditions. Our data support the presence of outlier CTCs
with high protease activity that may drive metastasis or im-
mune evasion. We reveal an intriguing correlation between
CTC protease activity and metastatic progression. Such func-
tional liquid biopsy approaches provide avenues to understand
the metastatic process and potential for companion diagnostics.
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by cancer cells (11), whereby the measurement approaches de-
scribed could serve in a companion diagnostic role to indicate
when targeted treatment is warranted.

Measuring the secretions of individual CTCs is extremely
challenging given the rarity of CTCs, the large background of
proteases in body fluid samples, and the significant dilution of
the few secreted molecules from single cells when isolated into a
large volume of solution. Techniques to increase the concen-
tration of single-cell secretions enhance sensitivity by confining
cells into a small volume of surrounding fluid using micro-
channels, microwells, or droplet microfluidics (12-16). However,
microwell and drop-generating systems are generally not in-
tegrated with purification or solution exchange operations. In-
tegrated sample preparation is critical to reduce background and
cell-to-cell cross-contamination, reduce operation time to main-
tain physiological cell state, and prevent significant cell loss in
transfer steps (12, 13, 17, 18). Jing et al. (13) highlight the im-
portance of washing out background proteases in media or plasma
around cells to obtain a cell-specific signal without substantial
background fluorescence; however, due to the continuous gener-
ation of droplets, a large number of empty droplets are made
during the entire sample-processing time, which is not suited for
rare cell analysis. An integrated system that can isolate CTCs from
blood, wash away contaminating blood cells and plasma, introduce
new reagents, and encapsulate them into droplets without manual
transfer steps would enable the study of protease activity of CTCs.

We have developed size-based purification and encapsulation
of cells (SPEC), a technique that integrates functions of isolation,
reagent exchange, and encapsulation for single-cell secretion
analysis of rare cells. The integrated device performs vortex
trapping of large rare CTCs, followed by single-cell encapsulation
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in a pristine fluorogenic reporter solution using an extreme
throughput droplet generator to measure proteases secreted by
individual cells. Integration enables a process from whole-blood
sample to isolated CTCs in under 15 min, better preserving the
physiologic state of analyzed cells. We characterized the sensitivity
of the system to collagenase enzymes and found sensitivity down
to ~7 molecules per droplet. We evaluated the differences in
MMP secretion across a range of cancer cell lines and other cir-
culating cells as well as demonstrated sensitivity sufficient to
identify pharmacological interference of MMP secretion. Finally,
we evaluated the secretions of CTCs and other circulating cells
from late-stage prostate cancer patients. Although heterogeneous,
some CTCs from cancer patients actively secrete MMPs over a 3-h
time period after isolation, and on average CTCs are associated
with more MMP activity compared with leukocytes in the same
patient (2.6 + 1.5, average ratio of CTC/leukocyte intensity).
These results indicate that CTCs may secrete higher levels of
these enzymes than normal circulating cells in situ and open up
the capability to study secretions from these unique cells.

Results

Cell Trapping and Subsequent Encapsulation into Droplets. The CTC
isolation component of our device consists of a series of channels
that expand and contract to form reservoirs, within which stable
laminar vortices develop under flow. Larger cells, such as CTCs, are
stably trapped within the microvortices that form in the reservoirs,
while smaller red and white blood cells enter but do not form stable
limit cycles or orbits (19). The performance of this vortex system has
been described extensively in other reports (6, 20). We then ex-
change solutions while under continuous flow to wash out plasma
proteins and leave pure cells within a continuously exchanging
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Size-based purification and encapsulation of cells (SPEC) followed by fluorescence analysis of enzyme secretion (1). Large cells are trapped in

microvortices, while smaller cells and molecules are washed away with a wash buffer (2). An MMP-cleavable peptide substrate solution is introduced through
another fluid exchange (3). We dissipate the vortices by lowering the flow rates and release captured cells into the substrate solution. A pinch valve is opened
to the droplet generator in synchrony with vortex dissipation (4). The droplets float away from the generation region due to buoyancy differences with the oil
(5). The cells can then be incubated and imaged in the large reservoir section of the droplet generator. An imaging cytometer can also be used to image the

droplets and contained cells in flow (6 and 7).
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reaction buffer (fluorogenic broad spectrum MMP-cleavable
peptide substrate), minimizing any nonspecific signals (Movie
S1). The trapped cells are released along with the solution of
MMP-cleavable substrate into an inline connected droplet genera-
tor where they are encapsulated into uniform microdroplets without
any manual transfer steps (Fig. 1 and Movie S2). The entire process,
from cells starting in whole blood to encapsulation in droplets along
with MMP detection reagent, is complete in less than 15 min.

Due to the seamless transition of fluid and cells, we have
minimal loss of cells through all steps of the process (Fig. 2C). The
initial concentration step in microvortices dominates the yield of
cells with an efficiency of >40% for spiked cancer cells. Further
concentration is achieved through single-cell encapsulation, in
which the overall efficiency is decreased slightly but remains
>35%. Through this series of automated steps on chip, we transfer
rare cells from 20 mL of diluted blood volume (1 mL of whole
blood) into individual droplets with a volume of ~2 nL, and thus
increase the concentration of trapped cells and their secreted
molecules by six orders of magnitude. Importantly, the first vortex-
based concentration step achieves an initial enrichment of the
diluted sample, such that a small number of droplets (<50,000)
contains the captured cells, thus reducing analysis time.

We developed a droplet generator design that operates in a
highly parallel manner, with low flow rate sensitivity and without
any oil coflow, to be compatible with the variable flow rates during
release of cells from the vortex device. The flow rate decays ex-
ponentially at the exit channel over time as the vortices dissipate,
indicating that the operating conditions should span an order of
magnitude in flow rates from ~0.03 to 0.3 mL/min (Fig. 24). The
droplet generator stably produces relatively monodisperse droplets
(coefficient of variation, 4%) in the flow rate range from 0.001 to
0.002 mL/min per channel with dimensions of 50-pm height and
30-pm width (Fig. 2B). The droplet generator included 100 chan-
nels, to generate drops over the release flow rates while maintaining
uniform size. Note that this device shares features with the design
concurrently reported by Stolovicki et al. (21), such as the use of
buoyancy of drops to drive their flow away from the junctions where
drops are generated, avoiding coalescence without an oil flow.

Cell-secreted proteases and the fluorescent reaction products
accumulate in the 2-nL droplets during an incubation period in
an on-chip reservoir that minimizes the motion of drops (Movie
S3). No detectable cross talk of the fluorescent reaction products
is observed over a 3-h incubation period (SI Appendix, Fig. S1),
suggesting the signal is dominated by individual cell secretions.
We observe individual cells, because Poisson encapsulation sta-
tistics govern occupancy when we consider 10-1,000 captured
cells are released into ~50,000 droplets. The encapsulation rate
and low cross talk ensure a low background intensity of the empty
drops and provide a sensitive and proportional metric for what

each cell is secreting. The cells settle to the bottom of the droplets
during incubation, allowing facile imaging of both cells and ac-
cumulated fluorescent product with a fluorescent microscope.

Assay Characterization. To characterize our protease secretion
assay in droplets, we first used purified collagenase (MMP1)
introduced with the FRET-based MMP-cleavable peptide sub-
strate in droplets. We evaluated the time course of enzyme ac-
tivity, detection limits, and repeatability of the assay using known
concentrations of collagenase. Over the course of 37 h, droplets
loaded with an average of 700 collagenase molecules and 0.5%
diluted MMP substrate reveal that enzyme activity saturates after
3 h (Fig. 3). The plateau in response of the collagenase mole-
cules between 3 and 7 h below the maximum possible signal from
higher concentrations of collagenase suggests the collagenase
becomes inactivated over time, potentially through a self-digestion
process (22). As concentration of collagenase increases, the signal
is distinct from ~7 molecules to ~3 x 10° collagenase molecules
per drop, and saturates beyond this point. These results indicate
that the substrate is in excess when less than ~3 x 10° enzymes are
used in the reaction. For our subsequent studies, we assume single
cells release levels of proteases within this detection regime. The
linear correlation between intensity and number of molecules per
droplet suggests that the fluorescence intensity of each droplet is a
good proxy for the time-averaged number of molecules secreted
or presented on the surface of single cells (Fig. 3B).

Detection of Single-Cell Protease Secretion. We initially tested the
system using cancer cell lines and endothelial cells, which both can
be present in circulation and express MMPs (23, 24). Following
vortex capture, solution exchange, and encapsulation, cells main-
tained membrane integrity as indicated by the positive intracellular
calcein signal. Because of the highly effective washing process
immediately before encapsulation, empty droplets in a cell en-
capsulation experiment are truly negative with minimal variation
in intensity (138,400 + 27,700), similar to measuring empty
droplets including substrate alone (156,400 + 24,500) (SI Appen-
dix, Fig. S2). This result indicated that we could use empty drops as
an internal negative control to normalize the intensity of each cell-
containing droplet, which could account for variations from the
optical system or autofluorescence of the device. Droplets with
intensities above the normalized baseline value of 1, have a posi-
tive signal above background. The variation in baseline causes
some nonsecreting cells to have a lower than 1 normalized value.

The fluorescence intensity of droplets encapsulating single cells
possess a nonnormal distribution with variation in the distribution
shape depending on cell line. The gini index was used to quantify the
heterogeneity in intensity in drops that represents the time-averaged
level of MMP secretion in the cell populations (25). Cancer cell lines
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Fig. 2. Vortex-based cell release and step emulsification. (A) The flow rate decays quickly when the pressure is released to dissipate the vortices. Beads
tracked in the exit region of the vortex were used to calculate the decay. (B) Droplet generation remains stable and monodisperse at flow rates from 0.001 to
0.002 mL/min per channel but becomes polydisperse beyond these flow rates. (C) There is minimal loss between the cells captured in the vortex device and the

cells in the droplets, because of the continuous flow integrated system.
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Fig. 3. MMP assay performance. (A) We test the detection limits of the assay
using serial dilutions of known concentrations of collagenase. A linear correla-
tion exists between droplet intensity and number of molecules reacted for
greater than 700 molecules per droplet up to 300,000 molecules per droplet,
indicating a large dynamic range for detection. These correlations can be used to
estimate the time-averaged number of molecules secreted by single cells. (B) The
signal becomes saturated for concentrations of greater than 300,000 molecules
per droplet, and there is little time dependence of the signal beyond 3 h.

were generally observed to have high heterogeneity in MMP activity,
with a gini index ranging from 0.7 to 1 with a number of high-
secreting outlier cells (normalized median intensity, 28 + 53, and
outliers up to two orders of magnitude higher than the median) (Fig.
44). Cell size variations in a sample do not appear to explain these
larger changes in MMP activity. When analyzing the relationship
between cell size and MMP secretion, we found no correlation (S7
Appendix, Fig. S3). The distribution and median values of MMP
activity for cell lines remains comparable over different passages.
A549 normalized median intensity remained around 2 + 1 across
passages and batches of MMP substrates with intensity distribu-
tions possessing gini indices between 0.7 and 0.8 (SI Appendix, Fig.
S4). Additionally, we have found that vortex processing yielded no
significant effect on MMP activity levels compared with standard
cellular processing with centrifugations and washes when nor-
malized on a per-cell basis (SI Appendix, Fig. S5).

Cell secretions and signal accumulates in droplets over time;
however, a shorter time window ensures a cellular phenotype closer
to the initial in situ or in vitro surface-attached conditions and avoids
signal saturation. The activity of the highest secreting cells in Fig. 44
(LnCaP cells) appears saturated in agreement with intensity levels of
~200-fold background associated with saturation for collagenase
activity (Fig. 3B). For LnCaP cells, which have the highest MMP
activity, 6% secrete enough MMPs to reach saturation. Following a
20-h incubation time, fluorescence intensity of drops increases
slightly (approximately fourfold) compared with 3 h; however, the
background fluorescence also increases, potentially due to peptide
hydrolysis or a degree of fluorescent molecule leakage out of the

Dhar et al.

droplets. Considering these factors, results of all subsequent studies
were collected within the shorter 3-h incubation window.

Detecting Modulation of Single-Cell MMP Secretion. We conducted
a series of experiments to up- and down-regulate MMP secretion
and determined the ability to capture these phenotypes with our
single-cell assay. MMP up-regulation can be achieved through
the exposure of endothelial cells to histamine. Histamine inter-
acts with the H2 receptor on the endothelial cell surface and has
been found to trigger MMP secretion (26). Our assay shows a
58% increase in normalized signal for cells treated with 10 pM
histamine (SI Appendix, Fig. S6A4). Up-regulation of the tran-
scription factor SNAIL has also been shown to modulate MMP-9
and MMP-2 secretion and transition cells toward a mesenchymal
phenotype (27). We observed that MMP-9 secretion from SNAIL-
overexpressing cells are either up-regulated or remain the same in
this single-cell assay (SI Appendix, Fig. S7). Cell cycle synchronization
did not affect the heterogeneity of MMP secretion; however, serum
starvation led to decreased heterogeneity (SI Appendix, Fig. S8).

We also characterized cells subjected to pharmacological in-
hibition of MMP secretion and observed a significant decrease in
intensity in our assay (SI Appendix, Fig. S6B). The expected ef-
fect of secretion inhibitors monensin and brefeldin is down-
regulation of MMP secretion. Prostate cancer cells, PC3, that
were encapsulated into droplets containing the drug mixture
show significant decrease in fluorescence intensity within drop-
lets. We observe a 40% decrease in the median intensity in drug-
treated cells compared with vehicle-treated cells.

CTCs from Prostate Cancer Patients Secrete MMPs. We processed
samples from seven metastatic castration-resistant prostate cancer
patients. Six out of seven patient samples contained CTCs, and
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87% of these CTCs secreted MMPs, leading to fluorescence sig-
nals above baseline (Fig. 5). One sample, which contained no
CTCs, corresponded with clinical results of no new metastases
(patient 1). Patients with lower levels of prostate-specific antigen
(PSA) (patients 2 and 4) and in a state of response to treatment
(patient 3) had CTCs that generally were found to secrete lower
levels of MMPs and had a lower CTC-to-WBC activity ratio.
Samples from patients with radiographic progression to the bone
and lymph node correlated with a higher proportion of CTCs
secreting one order of magnitude above baseline levels (patients 6
and 7). These patients also had the highest levels of blood PSA (S
Appendix, Table S1).

In addition to secretion from CTCs, leukocytes and clusters
of RBCs and nonnucleated components obtained from blood of
cancer patients were found to secrete comparable amounts of
MMPs to CTCs (SI Appendix, Fig. S9). CTC population level
behavior appears to be dominated by a few high-secreting cells.
We also see a positive correlation between the highest levels of
MMPs secreted by CTCs and the MMPs secreted by the same
patient’s WBCs and endothelial cells (ECs). This may indicate
that there are patient-dependent baseline differences in MMP
secretion levels, or overall inflammation is increased in highly
metastatic patients, leading to higher levels of leukocyte MMP
secretion. When normalizing median intensity from MMPs se-
creted by CTCs by the same metrics for leukocytes for each pa-
tient, we find that CTC levels were on average 2.6-fold higher than
leukocytes. When segmenting patients by progression, a 4.1-fold
increase on average is seen in patients with signs of metastatic
progression, while a 1.9-fold increase is seen in other patients.

Out of all of the CTCs analyzed, 56% were found to exhibit
one order of magnitude above baseline level MMP activity, sug-
gesting viable cells were isolated that continued to actively secrete
during incubation. To test this hypothesis, we conducted in vitro
experiments in which vortex-trapped cancer cells were exposed to
radioimmunoprecipitation assay buffer that permeabilized the cell
membrane and removed proteins on the cell surface and internal
to the cell. When analyzed with our assay, the cell “ghosts”
trapped in the vortices had MMP activity signals 10-fold below

background levels (SI Appendix, Fig. S10). While we cannot rule
out signal below this level in live CTCs, signal above this level
should indicate a live cell using active cellular processes. The 44%
of low or nonsecreting CTCs may be nonviable or in a quiescent
state. Additionally, 12.5% of the CTCs are outliers yielding MMP
activity levels 100-fold greater than background. Our findings that
population-level behaviors are dominated by high-secreting out-
liers is also found during single-cell secretion measurements using
other platforms, such as nanowells (28). Understanding the exis-
tence of outlier cells is important for accurate diagnosis, which
would avoid using conventional bulk or cross talk-prone methods
that average out these outlier effects. Such high MMP-secreting
outlier cells would be of interest to select and better understand
transcriptomic and phenotypic differences in future studies of
metastasis and cancer immunology.

Discussion

The SPEC platform has the ability to purify cancer cells from
large volumes of blood in a high-throughput manner, wash these
captured cells, exchange solutions around them, and encapsulate
them into microdroplets, all in one integrated device. This proof-
of-concept device enables a single-cell resolution assay for MMPs
secreted by live CTCs and other circulating cells from prostate
cancer patient samples. CTCs, leukocytes, and cancer cell lines
were all found to have a wide range of MMP activity levels, with
high secreting outlier cells. Activated leukocytes secrete MMPs at
the sites of tissue inflammation, such as a tumor, and may be
released into circulation in cancer patients (29). This may explain
why some subsets of WBCs and ECs from patient samples had
high MMP activity levels compared with WBCs and ECs from
healthy samples. The range of WBC levels across patients indi-
cates a characteristic baseline secretion level may exist and vary
among patients. The median CTC MMP activity from six of seven
patients with detectable CTCs was found to be 2.6 + 1.5 times
higher than for the WBCs and ECs from the same patients. The
patients with high levels of PSA (patients 2, 5, 6, and 7) had CTCs
possessing an even higher ratio of the CTC to WBC MMP activity
level than this average, except for patient 2 who was responding to
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Fig. 5. CTCs were collected into microdroplets from seven prostate cancer patients and four healthy volunteers. (A) Cells that were negative for CD31, CD66c,
and CD45 and positive for prostate-specific membrane antigen or had a large nucleus were classified as CTCs. Six out of seven patient samples were observed
to have CTCs with above-background levels of MMP secretion. (B) The ratios of CTC to leukocyte MMP activity levels were higher in patients with progressive

disease and correlated with higher PSA levels.
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treatment. Obtaining increased numbers of CTCs will be valuable
in increasing the accuracy of these phenotypic measurements and
can be easily achieved by processing larger volumes (15 mL is
easily accessible compared with 5 mL used here) with higher-
throughput and higher-efficiency vortex chips (6, 30). Neverthe-
less, by random sampling of cells from patient 7, we found that
even a small number of CTCs (>5) can provide useful metrics
(coefficient of variation less than 50% of the population mean) (S/
Appendix, Fig. S11). Although this is a small study with variations
in the patient population treatment regimen, these results suggest
that the relative increase in MMP activity of CTCs normalized to a
WBC baseline can indicate the presence of active malignant
processes, which could inform prognosis.

Besides CTCs, nucleated cells and platelets isolated from
blood secrete MMPs (SI Appendix, Fig. S9). A large majority of
platelets from clinical samples secrete more MMPs than healthy
samples, which may also be related to an increased number of
activated platelets in circulation for vascularization of growing
tumors (31). These results indicate that cellular components of
blood other than CTCs may also be of interest in studying the
mechanism of metastasis.

Moving beyond the broad-spectrum MMP substrate we use in
this study and applying this technology to study subcategories of
cancer-specific proteases, such as Cathepsin D and MMP9, may
allow better elucidation of proteolytic pathways linked to ag-
gressive or patient-specific disease. These factors would allow
higher precision or individualized antiprotease therapy. Cur-
rently, we are limited by the number of FRET peptide probes
commercially available. However, new approaches for optimiz-
ing cleavable peptides with higher specificity will enable even
better understanding of the metastatic process and development of
antimetastasis drugs (32, 33). Ultimately, phenotypic liquid biopsies,
such as those assaying protease secretions or cell deformability, can
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provide more detailed clinical information and directly inform the
use of antimetastatic and antiimmune evasion therapies targeting
hallmarks of invasive tumor phenotypes.

Materials and Methods

A detailed description of materials and methods can be found in S/ Appendix.
All blood samples were obtained following University of California, Los
Angeles, IRB-approved protocol IRB#11-001798 and deidentified.

Vortex-Droplet Generator Device Operation. We dilute blood 20 times and
process it through the VortexHE device to trap CTCs. After cell trapping, we
wash out background molecules and use solution exchange to introduce a
FRET peptide-based broad-spectrum MMP substrate. We divert captured cells
to the second outlet of the pinch valve leading to a droplet generator for cell
encapsulation. The reaction between protease and substrate occurs inside the
droplets for 3 h. Following incubation, we analyze the fluorescent intensity in
each droplet using a fluorescent microscope or an imaging flow cytometer.

Cell Line Experiments and Immunostaining. All cell lines were grown using
American Type Culture Collection-recommended methods. Cells were counted
with a hemocytometer and diluted to 100 cells per mL in PBS, and 5 mL of this
cell solution was processed for spiking experiments.

Device Fabrication. Standard photolithography and soft lithography tech-
niques were used to fabricate device molds and polydimethylsiloxane casting.
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