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MICRODROPLET BASED BIOASSAY
PLATFORM

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the priority of U.S. Provi-
sional Application No. 62/192,958 filed 15 Jul. 2015 and
entitled “Functional Phenotyping of Cells in Droplet Based
Platforms” and of U.S. Provisional Application No. 62/291,
933, filed 5 Feb. 2016 and entitled “Platforms for Microbial
Detection and Phenotypic Drug Analysis”. The whole of
these provisional applications is hereby incorporated by
reference.

BACKGROUND

[0002] The rapid emergence of antibiotic resistance, and
decline in discovery of new antibiotics, has created a sig-
nificant gap in the effective management of microbial infec-
tions. Additionally, persistent use of antibiotics in agricul-
ture has further increased antibiotic resistant bacteria strains,
thus making antibiotic resistant microbial infections an acute
public health concern. According to the WHO global sur-
veillance report for antimicrobial resistance, very high rates
of resistance have been observed in common bacterial
strains such as Escherichia coli, Klebsiella pneumonia and
Staphylococcus aureus (apps.who.int/iris/bitstream/10665/
112642/1/9789241564748 _eng.pdf?ua=).

[0003] E. coli related urinary tract infections (UTIs) are
among the most frequently encountered bacterial infections
in the United States (1,2) with an annuval incidence of over
8 million. Infection may involve both lower (bladder, cys-
titis) and upper urinary tract (kidney, pyelonephritis) and
lead to significant morbidity, including permanent kidney
damage (chronic pyelonephritis) or life threatening bacterial
sepsis. The cumulative morbidity is profound with over
100,000 hospitalizations per annum. (3)

[0004] Appropriate treatment of UTI is critical for optimal
outcome and requires use of agents that are active against the
infecting pathogen. In the outpatient setting, patients are
often prescribed empiric antibiotic therapy as susceptibility
patterns of uropathogens have, until recently, been generally
predictable. In hospitalized patients, empiric therapy is
given for 48-72 hours until traditional culture results and
susceptibility data are available. However, the rapid emer-
gence of antibiotic resistance in recent years presents a
significant challenge for UTT management.(4-8) In particu-
lar, carbapenem-resistant and extended-spectrum [3-lacta-
mase producing Enterobacteriaceae are an immediate public
health threats, as they express resistance to commonly used
empiric antimicrobial regimens. (9-11) Pathogens amongst
the ESKAPE group are predicted to become resistant to
currently available antibiotics within the next decade.
Alarmingly, these are amongst the most common agents of
UTI seen in hospitalized patients.

[0005] Initiation of active, appropriate antimicrobial
patient therapy is ultimately dependent upon turnaround
time of infection diagnostic methods. (12) Historically, this
testing has relied on routine culture to isolate organisms;
biochemical tests for bacterial identification; and culture
based antibiotic susceptibility testing (AST). (13) However,
using traditional technology, susceptibility results are gen-
erally not available for 48-72 hours. This means that for the
first three days of suspected infection, therapy is largely
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unguided. Therefore, the ability to shrink this window by
rapidly performing AST for bacterial pathogens is urgently
needed. Rapid AST will also decrease emergence of resis-
tance by allowing targeted (antibiotic de-escalation) or dis-
continuation of therapy if bacterial infection is ruled out
(14,1%).

[0006] New technologies have been applied to address this
problem (16). For example, MALDI-TOF mass spectrom-
etry (MS) and nucleic acid amplification tests (NAATs) are
beginning to transform the clinical microbiology laboratory.
These newer platforms offer several benefits over traditional
culture methods; however, they also have significant limi-
tations. MS is generally rapid and can identify a large
database of bacteria. However, lengthy culture pre-amplifi-
cation is still required, since analysis can only be performed
on isolated bacterial colonies. (17) Also, MS-based AST
only marginally decreases the time needed to identify organ-
isms and does not address the need for rapid AST. Lastly,
MS equipment is expensive ($200,000-300,000), bulky,
complex to operate, and requires regular maintenance. (16)
Therefore, MS systems must be placed in a centralized
laboratory, away from the site of patient care, further delay-
ing access to diagnostics.

[0007] Alternatively, NAATs have the capability to iden-
tify specific organisms or resistance genes directly from a
clinical sample within two hours, including sample prepa-
ration. (18-21) However, they fall short in their ability to
vield a comprehensive resistance profile. Specifically, resis-
tance mechanisms are often multifactorial. Therefore, even
highly multiplexed NAATs cannot accurately predict phe-
notypic susceptibility. (22) For example, resistance to a
carbapenem in Gram negative bacilli (GNB) may reflect
contributions from multiple f-lactamases, porins, and efflux
pumps. Indeed, a GNB producing the New Delhi metallo-
f-lactamase 1 (NDM-1) enzyme may carry up to eight
plasmids (5) together encoding scores of resistance elements
that may interact in unexpected ways. (23) Therefore, the
Clinical and Laboratory Standards Institute (CLSI) now
recommends using carbapenem MIC as the sole criterion for
assessing susceptibility, as the mere presence or absence of
a CRE genetic element alone does not predict phenotypic
response.

[0008] Heterogeneity in single cell responses arises from
intrinsic stochasticity in both transcription and translation,
thereby leading to significant variability in quantitative
levels of mRNA and protein within cell populations. This
results in biological noise, which can be further enhanced by
minor differences in environmental stimuli, variations in cell
state and polyfunctional responses. This heterogeneity is an
essential characteristic of cellular systems and must be
assessed by analyzing individual cell behavior. Furthermore,
the dynamic nature of biological processes occurs at varying
time scales, requiring continuous real-time evaluation of
single cell outcomes. This is particularly evident in analysis
of immune responses, which involve a variety of cell types.

[0009] Currently, flow cytometry is the most useful tech-
nique for single cell analysis, due to its high-throughput and
multiplexing capability. However, it cannot provide time-
varying spatiotemporal resolution of signaling dynamics in
the same cell. Other single cell analysis techniques include
laser scanning cytometry, capillary electrophoresis and laser
capture microdissection. Many of these techniques suffer
from limitations of throughput and complicated operation.
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[0010] Microfluidic single cell analysis tools have
emerged as a powerful alternative to conventional cell
culture techniques with respect to throughput, multiplexing,
sensitivity, and robust control of cellular microenvironment.
Single cells have been captured by valve-based methods
(67), dielectrophoretic mechanisms (68,69), and optical
tweezers (70). However, active mechanisms such as dielec-
tric forces can negatively impact cell viability; additionally,
the throughput achieved with these methods is generally
low. Microwells utilize passive gravity-based methods to
allow single cell sedimentation followed by stimulation of
cells (71, 72). However, non-adherent cells could potentially
be lost from their holding sites over time with this technol-
ogy. Another commonly implemented method relies on
manipulating fluid flow or employing hydrodynamic guid-
ing features to direct cells towards traps, thus allowing cells
to be sequestered in variously shaped docking structures
(73-76). Hydrodynamic arrays have been extensively inves-
tigated to achieve optimal capture efficiency and single cell
compartmentalization by assessing various trap structure,
position and distance (77-80). However, a common limiting
feature of most of these microfluidic approaches is the lack
of isolation of a cell from its neighbors, leaving room for
paracrine effects. Thus, there remains a need for new meth-
ods that allow cell function and cell-cell interactions to be
analyzed in isolation.

SUMMARY OF THE INVENTION

[0011] The invention provides a fast, highly sensitive,
direct-from-patient, microfluidic droplet-based bioassay
platform that offers single cell based analysis for efficient
monitoring of bacterial infection and cell function, as well as
for high throughput testing of the susceptibility of single
cells to antibiotics and other pharmaceutical agents. The
methods and devices provided can be used to monitor
bacteria and perform antibiotic susceptibility testing for
urinary tract infection directly from patient samples with no
or minimal pre-processing steps.

[0012] The bioassay platform is based on analysis of an
array of single droplets using a microfluidics device coupled
with a fluorescence microscopy imaging system. Cells are
encapsulated in aqueous microdroplets suspended in an oil
medium and directed, sorted, and arranged by the microflu-
idic device for analysis, which may include identification
and quantification of the cells as well as characterization of
cell phenotype, such as function, gene expression, presence
or absence of biomarkers, or susceptibility to antiibiotics or
other drugs. Various reagents for the analysis can be added
to the droplets at formation or by later merger of droplets.
Such reagents include antibody-conjugated microspheres,
fluorescent detection antibodies, cell viability indicators,
antibiotics or drugs, and other cells for cell-cell interaction
studies. The analysis of single droplets provides high sen-
sitivity and short reaction times. A further advantage is the
use of an on chip docking array, where up to hundreds or
thousands of microdroplets can be maintained stably for
long-term culture, such as to assess time-variant growth
dynamics of encapsulated bacteria at single cell resolution or
to study T-cell mediated killing of tumor cells, for example.
Tracking individual cells such as bacteria over time can
provide critical information on cellular heterogeneity based
on characteristics such as cell division, density, morphology
and antibiotic resistance.
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[0013] The invention provides diagnostic methods for
detecting and quantifying bacterial pathogens, including the
most prevalent and antibiotic-resistant pathogens, without
the need for culture or pre-amplification, and provide auto-
mated phenotypic analysis, including antibiotic susceptibil-
ity, within a few hours, such as 3 hours, of sample acqui-
sition. Bacterial cells present in urine samples are
co-encapsulated with various antibiotics at 1-4 cells in
picoliter-volume droplets for determination of susceptibility
within 1 hour by standard fluorescence microscopy imaging.
The original patient sample concentration can be as low as
50000 CFU/mL. Furthermore, urine also can be analyzed to
assess the state of inflammation in the patient by enumera-
tion of white blood cells and cytokines, which aids in
distinguishing true infection from sample contamination.
1L-6 and 1L-8 are produced by infected urothelial cells based
on recognition of pathogen associated molecular patterns
(24-27), and therefore provide a measure of inflammatory
state, even in highly immunocompromised patients who do
not mount a significant WBC response. (28,29)
[0014] Furthermore, the present microfluidics-based tech-
nology can be deployed with inexpensive portable instru-
mentation and disposables. The portability and low cost of
consumables should permit distribution to sites of patient
care in hospitals, primary care, and resource-limited set-
tings, thereby accelerating personalized therapy and improv-
ing patient outcomes. The same qualities also make the
technology ideal to identify infected patients efficiently for
clinical trial enrollment.

[0015] The invention can be summarized further by the

following list of embodiments:

[0016] 1. A method of detecting bacterial cells, the method
comprising the steps of:

[0017] (a) providing a microfluidic device capable of
forming aqueous microdroplets in oil, the device comprising
a translucent microdroplet array chamber, and providing a
fluorescence imaging microscope;
[0018] (b) preparing a plurality of aqueous microdroplets
in oil using the microfluidic device, each microdroplet
comprising a sample containing or suspected of containing
one or more bacterial cells, one or more microbeads conju-
gated with a capture antibody capable of specifically binding
a selected type of bacterial cell at a first epitope, and a
fluorescently labeled detection antibody capable of specifi-
cally binding the selected type of bacterial cell at a second
epitope;
[0019] (c) directing the plurality of aqueous microdroplets
into the microdroplet array chamber;
[0020] (d) obtaining a fluorescence image of the micro-
droplet array chamber using the fluorescence imaging
microscope; and
[0021] (e) measuring fluorescence emission from the
labeled detection antibody in images of the microbeads,
whereby the presence of the selected type of bacterial cell in
the sample is detected when fluorescence emission from the
labeled detection antibody overlaps with an image of one or
more of said microbeads.

[0022] 2. The method of embodiment 1, wherein in step
(e) an intensity of said fluorescence emission is propor-
tional to the number of bacteria bound to the microbead.

[0023] 3. The method of embodiment 1 or embodiment 2
which is carried out in multiplex format using two or more
types of microbeads, each type of microbeads conjugated
with a capture antibody that specifically binds a different
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type of bacterial cell, and using two or more types of
distinctly fluorescent labeled detection antibodies, and
wherein two or more types of bacteria are detected
simultaneously.

[0024] 4. The method of embodiment 3, wherein each type
of microbeads is labeled with a distinct fluorescent label,
such as a unique concentration of a Europium dye asso-
ciated with each type of microbeads.

[0025] 5.The method of any of the previous embodiments,
wherein one or more reagents are added to the aqueous
microdroplets after their formation using a droplet merg-
ing junction.

[0026] 6. The method of any of the previous embodiments,
wherein aqueous microdroplets are sorted and routed to a
selected fluidic pathway or chamber according to fluo-
rescence detected in the aqueous microdroplets.

[0027] 7. The method of any of the previous embodiments,
wherein one or more aqueous microdroplets are routed
outside the device for collection, further characterization,
and/or culturing of bacterial cells contained therein.

[0028] 8. The method of embodiment 7, wherein further
characterization is performed comprising analyzing one
or more genes or the expression thereof of a collected
bacterial cell.

[0029] 9.The method of any of the previous embodiments,
further comprising analyzing a phenotype of one or more
bacterial cells in an aqueous microdroplet.

[0030] 10. The method of embodiment 9, wherein the
phenotype is antibiotic sensitivity, and wherein the aque-
ous microdroplets comprise an antibiotic suspected of
killing or hindering growth of the selected type of bac-
teria, and bacterial growth and/or viability in the micro-
droplet is assessed.

[0031] 11. The method of any of the previous embodi-
ments, wherein the sample is a patient sample selected
from the group consisting of urine, blood, serum, plasma,
sputum, or a lavage fluid.

[0032] 12. The method of embodiment 11, wherein the
patient sample is urine, and a urinary tract infection is
diagnosed.

[0033] 13. The method of embodiment 11, wherein the
patient sample is blood, serum, or plasma, and sepsis is
diagnosed.

[0034] 14. The method of embodiment 11, wherein the
patient sample is sputum or a lavage fluid, and a pulmo-
nary or gastric infection is diagnosed.

[0035] 15. The method of any of the previous embodi-
ments, wherein the aqueous microdroplets further com-
prise one or more additional types of microbeads, each
type conjugated with a capture antibody capable of spe-
cifically binding an analyte present in or suspected of
being present in the sample, and one or more distinctly
fluorescently labeled detection antibodies capable of spe-
cifically binding the analyte.

[0036] 16. The method of embodiment 15, wherein the
analyte is IL-6 or IL-8.

[0037] 17. The method of any of the previous embodi-
ments, wherein said microbeads are non-magnetic.

[0038] 18. A method of analyzing a cell phenotype, the
method comprising the steps of:

[0039] (a) providing a microfluidic device capable of

forming aqueous microdroplets in oil, the device comprising

a translucent microdroplet array chamber, and providing an

imaging microscope;
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[0040] (b) preparing a plurality of aqueous microdroplets
in oil using the microfluidic device, each microdroplet
comprising a sample containing or suspected of containing
one or more cells and one or more reagents for analyzing a
phenotype of said cells;

[0041] (c) directing the plurality of aqueous microdroplets
into the microdroplet array chamber;

[0042] (d) obtaining an image of the microdroplet array
chamber using the imaging microscope; and

[0043] (e) measuring an optical signal from said reagent,
whereby information regarding the phenotype of said cells is
obtained.

[0044] 19. The method of embodiment 18, wherein the
reagent is an antibody or antibody-conjugated microbead,
a fluorescent dye, cell, nucleic acid, peptide, protein,
vaccine, or pharmaceutical agent.

[0045] 20. The method of embodiment 18 or embodiment
19, wherein the phenotype is cytokine secretion by the
cells, and the reagents comprise a microbead conjugated
capture antibody and a fluorescent labeled detection anti-
body, wherein both antibodies specifically bind to said
cytokine.

[0046] 21.The method of embodiment 18 or embodiment
19, wherein the phenotype is cell viability, and the
reagents comprise a fluorescent indicator of live vs. dead
cells.

[0047] 22. The method of embodiment 18 or embodiment
19, wherein the phenotype is susceptibility to an antitu-
mor agent, the cells comprise tumor cells, and the
reagents comprise the antitumor agent.

[0048] 23. The method of embodiment 18 or embodiment
19, wherein the phenotype is activation of an immune
response, the cells comprise T lymphocytes, and the
reagents comprise antigen presenting cells.

[0049] 24. The method of embodiment 18 or embodiment
19, wherein the phenotype is the presence of a biomarker,
and the reagents comprise a microbead conjugated cap-
ture antibody and a fluorescent labeled detection antibody,
wherein the capture antibody specifically binds to an
epitope on a selected cell type and the detection antibody
specifically binds to said biomarker.

[0050] 25. The method of embodiment 18 or embodiment
19, wherein the phenotype is the action of a pharmaceu-
tical agent on the cells, and the reagents comprise an
optical indicator of an effect of the pharmaceutical agent
on the cells.

[0051] 26. The method of any of embodiments 18-25
which is carried out in multiplex format, and two or more
phenotypes are analyzed simultaneously.

[0052] 27. The method of any of embodiments 18-26,
wherein one or more additional reagents are added to the
aqueous microdroplets after their formation using a drop-
let merging junction.

[0053] 28. The method of any of embodiments 18-27,
wherein aqueous microdroplets are sorted and routed to a
selected fluidic pathway or chamber according to an
optical signal detected in the aqueous microdroplets.

[0054] 29. The method of any of embodiments 18-28,
wherein one or more aqueous microdroplets are routed
outside the device for collection, further characterization,
and/or culturing of cells contained therein.
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[0055] 30. The method of any of embodiments 18-29,
wherein phenotype analysis comprises analyzing one or
more genes or the expression thereof of one or more of
said cells.

BRIEF DESCRIPTION OF THE DRAWINGS

[0056] FIGS. 1A-1D show components of a microfluidic
device for detection and quantification of bacterial cells in a
fluid sample. FIG. 1A shows a microdroplet array (left side)
and a droplet distribution mechanism (right side). FIG. 1B
show a droplet merging junction. FIG. 1C shows a sample
droplet containing fluorescent microbeads detecting bound
bacteria; FIG. 1D is a schematic illustration of the compo-
nents used in the microdroplet based detection of bacteria.
[0057] FIG. 2 shows a schematic illustration for multiplex
detection of bacteria using bead-based immunoassay for
capture of E. coli, Klebsiella pneumoniae, Enterobacter
species, Pseudomonas aeruginosa, and Proteus as well as
for cytokines.

[0058] FIG. 3A shows two fluorescently distinct beads
encoded with different concentration of Eu (0.1M for dim-
mer and 1M for the brighter bead). FIG. 3B shows the
detection of one of the analytes with secondary antibodies
conjugated to FITC captured only on the 1M Eu bead.
[0059] FIGS. 4A-4C show a polydimethylsiloxane
(PDMS) microfluidic chip generated using standard soft
lithography methods, combining functionalities of droplet
generation and an incubation chamber array of 1000 drop-
lets. FIG. 4A presents a schematic illustration of the design.
FIG. 4B shows droplet generation and droplet array of the
device. FIG. 4C shows PDMS/glass chip optics for signal
detection, and PR-PR to facilitate microscopy control and
data acquisition.

[0060] FIG. 5 shows the fluorescence intensity of the
microbead after capturing the analyte. Each spike represents
a bead, and its fluorescence is proportional to the number of
bacteria bound.

[0061] FIG. 6A shows a schematic illustration of the
fluorescence detection and white light alignment system.
Laser-filter combinations are chosen to allow multiplexed
detection of up to 3 distinct fluorochromes. FIG. 6B shows
how droplets can be sorted using dielectrophoresis and
based on the measured fluorescence signal minimal cross-
talk between channels. Beams can be expanded with cylin-
drical lenses and then focused to a slit though a 60x
microscope objective at different positions along the chan-
nel.

[0062] FIGS.7A and 7B show droplet merging technology
incorporation into the microfluidic platform device. FIG. 7C
shows a PDMS glass chip interface that allows creating fast
and reliable fluidic connections to PDMS-on-glass devices
from glass based devices.

[0063] FIG. 8A shows replication of bacteria in droplet
over the course of time. FIG. 8B shows capturing single
bacteria on a bead sensor. Note, in this panel, only one bead
was present in the droplet which allowed single bacteria
capturing to a bead. FIG. 8C shows bacterial intradroplet
growth with and without levofloxacin at 1 mg/L.

[0064] FIG.9Ais a schematic representation of a prior art
device for forming aqueous microdroplets in oil, the micro-
droplets containing a mixture of a liquid sample and a
suspension of microbeads. The microdroplets are distributed
into the droplet array in the lower half of the figure. FIG. 9B
shows a device according to the present invention, in which
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a droplet merging junction 20 for adding a reagent to
preformed microdroplets prior to incubation has been added
between the upper half, after droplet forming junction 10
and before microdroplet array 30.

[0065] FIGS. 10A-10G illustrate cell co-encapsulation in
a droplet microfluidic platform. FIG. 10A shows a schematic
of an integrated three-inlet droplet generation and microar-
ray device. FIG. 10B shows the generation of nanoliter
droplets. FIG. 10C shows droplets loaded in a microarray for
stable docking. FIG. 10D shows co-encapsulation of three
types of cells into droplets. FIG. 10E shows cellular exo-
cytosis observed in a droplet. Inset shows a magnified image
of vesicles secreted by DCs at 4 hours. FIG. 10F shows the
morphology of single DC and T cells in a droplet. Inset
shows a magnified image of a dendrite extension by a DC.
FIG. 10G shows blebbing of cell membrane prior to cell
death. Inset shows a fluorescence image of a cell (labeled
with calcein-AM) membrane deformation. Scale bar: 20 pm.
[0066] FIGS. 11A-11D show dynamic monitoring of inter-
actions between activated DCs and T cells in microfluidic
droplets. FIG. 11A shows DCs that were pulsed with oval-
bumin-FITC (100 pg/mL, 16 hours) and CCL21 (25 ng/mL,
2 hours) and co-encapsulated with untreated T cells in
droplets. OVA-FITC expression on DC surface is indicated
by arrowheads. T cells are labeled with CMTPX tracker,
which is transferred to the DCs over time. Images were
obtained every 5 minutes. Scale bar: 20 um. FIG. 11B shows
analysis of the types of interaction between DC and T cells:
no interaction over a period of 5 hours, continuous interac-
tion due to conjugate formation, and discontinuous interac-
tion defined by short periods of attachment and detachment.
DCs were either activated by pre-treatment with OVA-FITC
and CCL21 (Ag activated) or untreated (Non activated).
FIG. 11C shows cells undergoing discontinuous interaction,
further categorized into transient (<10 minutes of contact)
and stable (>10 minutes) interaction. FIG. 11D shows the
distribution of contact times between DC and T cells (out-
liers are indicated).

[0067] FIGS. 12A-12C show co-encapsulation of tumor-
lysate pulsed DC, T cells, and tumor cells (RPMI-8226
multiple myeloma cell line). FIG. 12A (top panel) illustrates
the various stages of interaction between the immune and
tumor cells below in FIGS. 12B (middle panel) and 12C
(lower panel). Movement of DC and T cells are indicated by
the black arrow while movement of T cells and tumor cells
are indicated by the lighter arrow. Frames (a)-(e) depict
sequential events. (a) Freely motile DC and T cells move
towards each other within droplets. (b) DC-T cell conjugates
are formed. (¢) DC-T cell conjugates dissociate and cells
become motile again. T cells and tumor cells move towards
each other and establish contact. (d) T cells dissociate from
tumor cell. (e) Tumor cells depict morphological changes,
blebbing and membrane rupture. (f) Tumor cell death indi-
cated by uptake of ethidium homodimer. FIG. 12B shows
microscopic images of specific stages of interaction
described in (A) observed in droplets. FIG. 12C shows
magnified images of the corresponding panels shown in
FIG. 12B. Scale bar: 20 pm.

[0068] FIGS. 13A-13D show DC-T cell interaction and
dynamic calcium signaling in droplets. FIG. 13A shows
co-encapsulation of najve T cell and DC stimulated with
OVA-FITC (100 pg/mL). DCs demonstrate morphological
change in droplets over time. FIG. 13B shows the increase
in calcium transient in T cell following contact with DC.



US 2018/0203005 A1l

FIG. 13C show non-contact mediated increase in T cell
calcium level. Insets of FIGS. 13B and 13C show: fluores-
cence images of the corresponding T cells. Scale bar: 50 um.
FIG. 13D shows representative traces of normalized fluo-
rescent intensity (N.F.I) of Fluo-4 in T cells under various
states of conjugation with DC:(a) DC-T cells in contact
throughout experimental duration; (b) Cell contact initiated
at t=2 min, indicated by the square and dissociated at t=12
min, indicated by the triangle; (c,d) No contact observed
between DC and T cells throughout experimental duration.
[0069] FIG. 14 is a schematic illustration of IgE-depen-
dent cellular responses to allergy.

[0070] FIG. 15 is a schematic illustration of an allergen-
driven, dendritic cell mediated maturation process ofa T cell
to a Th2 cell. The figure shows several receptors and
secretion monitoring targets that can be used to follow the
process.

[0071] FIG. 16A is a schematic illustration of IgE-depen-
dent basophil activation process carried out in a microdrop-
let. FIG. 16B shows lipopolysaccharide induced IL-6 secre-
tion from single dendritic cells.

DETAILED DESCRIPTION OF THE
INVENTION

[0072] The microfluidic device of the invention allows for
compartmentalizing a desired volume, up to and including
the total volume, of a biological sample, or a dilution or
concentrate thereof into micro-sized aqueous droplets,
which serve as individual nanoliter reactors. The microdrop-
lets can be used together with bead-based or other detection
assay reagents to generate an incubation array of nanoliter
droplets for analysis (FIG. 1A). The microfluidic device and
its related methods of use for cell detection and analysis in
microfluidic droplets constitute a platform or system for
performing a wide variety of single cell-based bioassays.
Furthermore, the platform also includes controlled delivery
of reagents to cells for analysis; such reagents can include
antimicrobials as well as cell proliferation and/or LIVE-
DEAD assay reagents for susceptibility studies (FIG. 1B).
The platform further allows simultaneous and automated
monitoring of several reactions in the same microfluidic chip
or reactor (i.e., multiplex diagnostic analysis), thus increas-
ing throughput and decreasing time for detection and reagent
use. The platform uses a two-phase system in which a
sample containing live cells and bead-based and/or other
assay reagents is compartmentalized into a series of indi-
vidual aqueous microdroplets (1 pL to 10 nL volume per
microdroplet) surrounded by an oil which is immiscible with
water. (38-45) Advantages of this droplet-based technique
include the physical and chemical isolation of droplets,
eliminating the risk of cross-contamination; the fast and
efficient mixing of reagents and gases that occurs inside
droplets; the ability to digitally manipulate droplets at a very
high throughput rate (up to 1000 droplets/sec); the ability to
incubate stable droplets off-chip and reintroduce them into
the microfluidic environment for further processing and
analysis; and the absence of moving parts on the chip, such
as integrated valves or pumps. (38-45) Further, the nanoliter
microenvironment allows efficient gas exchange which is
necessary to ensure viability of encapsulated cells for use in
susceptibility testing.

[0073] In certain embodiments, antibody-conjugated
microbeads are co-encapsulated with patient samples in
microdroplets to provide an ultrasensitive, specific, and fast
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immunoassay. (46) For example, bacteria can be captured on
a bead surface and then specifically identified through
binding of a fluorescently labeled detection antibody. Thus,
live bacterial cells present in a patient sample are captured
and then detected on a bead surface allowing the detection
resolution of one or more bacterial cells per bead in from
about 5 minutes to about 2 hours, such as in about 10, 20,
30, 40, 50, 60, 90, 100, or 120 minutes. The high throughput
droplet generation is typically at a rate of about 200 pL total
droplet volume per second, and analysis capability by fluo-
rescent imaging is about 500-1000 droplets per second,
allowing screening the total sample volume directly (e.g.,
100 pl sample of urine or BAL fluid) in <1 hour and
determining phenotypic susceptibility results within 3 hours.
The same microbead-based immunoassay technology can be
used simultaneously to quantify cytokines of interest in the
same microdroplets. (47) In addition, the system can operate
as a fluorescence-activated droplet sorting (FADS) system,
interrogating the entire reaction volume and sorting the
resulting droplets based on the results. However, unlike
other forms of droplet sorting, the bacterial cells remain
encapsulated in droplets and can be identified individually
post-sorting. This property allows eflicient pathogen isola-
tion after detection for susceptibility studies.

[0074] Herein, disclosed is a robust, multiplex platform
for rapid microbial diagnostics, antimicrobial susceptibility
testing, and use of inflammatory makers for prognostic
profiling. In particular, an ultra-sensitive assay has been
developed for detection of the most common causes of
multidrug-resistant UTI: Escherichia coli, Klebsiella pneu-
moniae, Enterobacter, Pseudomonas aeruginosa, and Pro-
teus. The generated bead-based sensor can be used to
specifically and sensitively detect a bacterial level of 1000 to
>100000 CFU/ml of urine, consistent with clinically rel-
evant levels found in patients with UTI. Furthermore, the
bead-based assay can be adapted for multiplex analysis of
several pathogens simultaneously. The ability to perform
such multiplex assay experiments facilitates the completion
of patient sample analysis for possible causes of disease as
well as reduce reagent cost and turnaround time. In particu-
lar, different beads have been generated that can be analyzed
simultaneously by encoding each probe-functionalized bead
type via an avidin-biotin bridge with a specific bacterial
capturing antibody. Such beads previously have been func-
tionalized with different antibody probes for simultaneous
analyte detection. (47-51) In addition, the same bead-based
approach is used for analysis of the inflammatory cytokine
profile.

[0075] The devices and method of the present invention
can be used to detect, quantify, and/or characterize a phe-
notype of bacteria or other cellular microbes present in a
wide variety of infections or other pathological conditions.
For example, they can be used in connection with microbes
underlying urinary tract infections, such as Escherichia coli,
Enterococcus faecalis, Proteus mirabilis, Stenotrophomonas
maltophilia, Staphylococcus saprophyticus, Pseudomonas
aeruginosa, Enterobacteriaceae species, Klebsiella species,
and a fungus, Candida albicans. They can be used in
connection with microbes underlying sepsis, including
Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, Streptococcus pneumoniae, Streptococcus pyo-
genes, Staphylococcus aureus, Enterobacter species, Pro-
teus species, and Candida albicans. They can be used in
connection with microbes underlying pulmonary infections,
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such as Pseudomonas aeruginosa, Klebsiela preumoniae,
Streptococcus pneumoniae, Haemophilus species, Staphylo-
coccus aureus and Mycobacterium tuberculosis. They can
be used in connection with microbes underlying gastroin-
testinal infections, such as Helicobacter pylori, Escherichia
coli, Salmonella, Shigella, Campylobacter jejuni, Staphylo-
coccus and Yersinia.

[0076] Also disclosed is integration of the bead assay into
a droplet-based microfluidics device that allows for co-
encapsulation of the biological sample and bead-based bio-
assay reagents for bacterial and cytokine capture and later
detection. Compared to standard bulk immunosorbent
assays, the microfluidic droplet platform presented here
reduces the reagent volume by four orders of magnitude per
reaction, while fast reagent mixing reduces the detection
time from hours to minutes. This platform is a significant
leap forward in diagnostic assay miniaturization. Also con-
templated is the use of droplet merging technology, which
allows delivery of the antibiotics or other reagents into each
droplet that contains previously-captured bacteria for sus-
ceptibility testing. Antibiotic growth inhibition and bacteri-
cidal activity is detected using optical and fluorescence
based data integration.

[0077] Use of the system for detection and susceptibility
testing of pathogens in patient urine samples is disclosed.
Assay readout is optimized to yield qualitative (species) and
quantitative (e.g., CFU/mL) readout. which is sufficient to
establish UTI based on clinical cutoffs used for diagnosis.
Furthermore, the ability of the system to determine suscep-
tibility of isolates against select antimicrobials has been
performed. In addition, the use of multiplex evaluation
inclusive of cytokine measurements allows for predicting
those patients at greatest risk of pyelonephritis, sepsis, and
hospitalization. This patient group can then be targeted for
early aggressive treatment with directed antimicrobial
therapy to mitigate morbidity.

[0078] Characterization of the heterogeneity in immune
reactions requires assessing dynamic single cell responses as
well as interactions between the various subsets of immune
cell subsets. However, there are currently few methods
available that allow dynamic investigation of immune cell
interactions, and other types of interactions among freely
dispersed cells, without physically constraining the non-
adherent cells. However, the microfluidic droplet microarray
platform of the present invention permits rapid functional
analysis of single cell responses and co-encapsulation of
heterotypic cell pairs, thereby making possible the evalua-
tion of the dynamic activation state of primary T cells, and
other cellular functions and phenotypes.

[0079] The microfluidic device and methods of the present
invention, through their ability to isolate and maintain single
cells, pairs of cells, or small groups of three or more cells,
make it possible to analyze various cell phenotypes and
cell-cell interactions. These include, but are not limited to,
cell viability, susceptibility of tumor cells to an antitumor
agent, activation of an immune response (such as activation
of T lymphocytes, B lymphocytes, dendritic cells, or other
immune system cells), the effectiveness of a cellular vaccine
(such as a dendritic cell vaccine), the presence or absence of
a biomarker, and the action of a pharmaceutical agent on a
target cell or non-target cell of interest (i.e., generation of
dose-response curves or the determination of inhibition
constants or binding or dissociation constants, or the obser-
vation of cellular level signal transduction events related to
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the mechanism of action of a drug or a side effect of a drug).
Of particular importance is the ability to study the respon-
siveness of a patient’s own immune cells against a tumor of
the patient. This can be useful to evaluate the effectiveness
of a cellular vaccine. The cancer can be, for example, a solid
tumor, liquid tumor, hematologic tumor, renal cell cancer,
melanoma, breast cancer, prostate cancer, testicular cancer,
bladder cancer, ovarian cancer, cervical cancer, stomach
cancer, esophageal cancer, pancreatic cancer, lung cancer,
neuroblastoma, glioblastoma, retinoblastoma, leukemia,
myeloma, lymphoma, hepatoma, adenoma, sarcoma, carci-
noma, blastoma, or cancer of the colon, lung, kidney, liver,
endometrium, cervix, ovary, thyroid, skin, or central nervous
system. Several specific uses for cell phenotype assays are
summarized in the examples below.

EXAMPLES
Example 1

Microsphere-Based Assay for Simultaneous
Analytical Detection of Common Uropathogens

[0080] Common causative agents for UTI, including
Escherichia coli, Klebsiella pneumoniae, Enterobacter,
Pseudomonas aeruginosa, and Proteus, can be detected in a
multiplex assay. Multiplex bead array assays can be found as
far back as 1977. (50-54) A wide assortment of tests have
been devised for bead-based assays using both immunologi-
cal and molecular ligands. However, a robust bead-based
assay to capture and analyze bacteria has not yet been
developed. Here, a bead-based protocol is disclosed with
ultrahigh detection sensitivity and specificity of antigen-
antibody reactions to identify bacterial presence in urine
samples. The multiplex capabilities of the assay were used
to detect several bacterial pathogens in urine samples simul-
taneously. The developed bead based detection protocol was
validated for specificity and sensitivity as well as calibrated
for determining the bacterial inoculum in the sample.

Preparation of a Bead Sensor for Bacteria and Cytokine
Detection

[0081] So called “bar-coded” microbeads have been used
in bead-based arrays (i.e., in suspension or liquid arrays).
These techniques have several advantages over capturing
bacteria on a flat surface such as an ELISA plate: (1) Beads
can have larger surface areas than planar chips. This means
that more captured bacteria can be immobilized on the bead,
and, thus, bead-based arrays are more likely to detect a wide
range of target pathogens. (2) Detection is faster and sen-
sitivity is equal to or higher than that of ELISAs because the
interaction between beads and target molecules can be
nearly comparable with solution-phase kinetics. (3) Target
molecules can be collected by using flow cytometry such as
fluorescence-activated cell sorting (FACS), such as an auto-
mated plate-based BD FACSArray™ bioanalyzer, BD
FACS™, (4) Large-scale fabrication and surface modifica-
tion is possible, and the prepared beads can be stored. Thus,
customization is possible by selective mixing of antibody-
conjugated microbeads. (5) Beads can be used with a
combination of microfluidic devices to detect trace amounts
of bacteria in an automated manner.

[0082] In the present protocol, the identification of bacte-
ria in a urine sample includes two major steps: 1) the capture
of target bacteria from the sample, and 2) the identification
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of the captured bacteria via association with a bar-coded
microbead. In addition, bead-based detection of inflamma-
tory cytokines such as IL-6 and IL-8 present in urine
samples of infected patients is employed. An example strat-
egy is illustrated in FIG. 2. In this protocol, focus is on
development of bead-based detection for the following
Gram negative bacteria: E. coli, Klebsiella prneumoniae,
Enterobacter species, Pseudomonas aeruginosa, and Pro-
teus, and for IL-6 and IL-8. Capturing antibodies are bioti-
nylated with EZ-Link NHS-PEG4-Biotin (Thermo Scien-
tific, USA) according to the manufacturer’s protocol and are
diluted to a final concentration of 0.5 mg/ml in PBS with
0.005% (v/v) Tween-20 (Sigma, USA). The purified anti-
body is applied to streptavidin conjugated polystyrene
microspheres (Spherotech) at a ratio of 20 pg of IgG per mg
particles. The microcentrifuge tube containing the mixture is
shaken at RT for 90 min. Unbound active sites of the bead
are blocked with BlockAid (B-10710, Invitrogen, USA) for
one hour. Finally, the microspheres are washed in PBS
(Sigma, USA) with 0.5% (w/v) BSA (Sigma, USA), diluted
to a final concentration of 0.5 mg/ml, and stored at 4° C.
Detection antibodies are labeled with Alexa Fluor 488
(Invitrogen, USA) according to the manufacturer’s protocol.

[0083] Commercially available antibodies are available
for each species (and/or can be developed) and may be
investigated as described below for performance character-
istics. For example, for preparation of bead capture of
Klebsiella pneumoniae, avidinylated beads may be conju-
gated to biotinylated anti-K. preumoniae antibodies
(ab20947 Abcam) and detected with FITC-conjugated rabbit
polyclonal antibody to Klebsiella (LS-C103383 LS Bio Inc);
for capture of Enterobacter cloacae, avidinylated beads are
conjugated to biotinylated anti-E. cloacae antibody
(ab36931 Abcam) and detected with FITC-conjugated
mouse monoclonal antibody to Enterobacter cloacae
(GTX41313GeneTex); for Pseudomonas aeruginosa cap-
ture, avidinylated beads are conjugated to biotinylated anti-
Pseudomonas aeruginosa antibodies (PA1-73116 Thermo
Scientific (Pierce Biotech antibody) and detected with FITC-
conjugated rabbit polyclonal antibody to P aeruginosa
(PA1-73117 Thermo Scientific (Pierce Biotech antibody);
etc. Beads for detection of specific bacterial species are
chemically bar-coded for individual identification.

[0084] Previously developed bar-coded multiplex micro-
sphere arrays in which the microspheres are functionalized
with different antibody probes may be employed (FIGS.
3A-3B). Beads are pre-labeled within different Europium
concentrations, allowing them be clearly differentiated via
their fluorescent characteristics. Specifically, in an embodi-
ment, each bead may be created with a distinct spectral
characteristic for each target bacterial species of interest.
Distinct beads can be constructed that allow for simultane-
ously distinguishing >10 analytes by this method. Micro-
spheres may be prepared from 50 pL. (5 mg) aliquots of a 5
pm avidin-functionalized microsphere stock. The aliquots
will be washed in triplicate with 200 uL, of PBS and then be
washed in triplicate with 200 uL. of THF. A 200 pL solution
of 0.1M Europium (Eu) -dye (e.g., EuF,) in THF may then
added, and the microsphere suspension is then shaken in the
dark for 2 h at room temperature (RT). The reaction vessel
may then be centrifuged, and the microsphere pellet washed
six times with 200 ul, of MeOH and then washed six times
with 300 uL of PBS (0.154 M NaCl, 2.7 mM KCl, 10 mM
sodium phosphate, and 1.7 mM potassium phosphate, pH
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7.4). The encoded microspheres may then be suspended in
500 uL of PBS with 0.01% Tween-20 and stored at 4° C. in
the dark. An identical procedure may be followed for
additional sets of microspheres; however, the europium dye
concentration in THF solution may be incrementally
increased up to 1 M. To illustrate, FIG. 3A shows two
fluorescently distinct beads encoded with different concen-
trations of Eu (0.1M for dimer and 1M for the brighter bead).
In turn, each bead is conjugated to different capturing
antibodies, thus allowing different analytes to be distin-
guished, despite using the same conjugated fluorophore
(FITC) on detection antibodies. FIG. 3B demonstrates the
detection with secondary antibodies conjugated to FITC of
one analyte which was captured only on the 1M Eu bead.

[0085] Though the success of bead based immunoassays
depends on the identification of high specificity antibodies to
the multiple pathogens, commercially available antibodies
have demonstrated adequate specificity. Use of distinct
antibodies for capture and detection allows additional tuning
of specificity. Furthermore, if necessary, embodiments may
utilize custom recombinant antibody services to generate
specific panels of pathogen recognition antibodies with
AxioMx services. In addition, an embodiment may be
directed toboth rat and mouse hybridoma development
options for producing custom monoclonal antibodies to
synthesize surface exposed common genus or species anti-
gen epitopes with Thermo Scientific Pierce Custom Anti-
body Services (e.g., Enterobacterial common antigen (55,
56), Klebsiella genus core LPS epitope (57), Pseudomonas
Psl58, etc.

Integration of the Bead-Based Assay and Validation for
Bacterial Detection

[0086] To detect bacteria, microsphere-based assay com-
ponents developed above may be employed. Several lines of
experiments may be used during bead development. Spe-
cifically, the properties of specific antibodies may be exam-
ined for both capture and specific detection of bacteria.
Initial experiments may be performed in liquid solution and
performance characteristics of reagents determined by both
fluorescent microscopy and automated plate-based BD
FACSArray™ bioanalyzer, BD FACS™ readout. Both
methods have been optimal for bead-based assay develop-
ment in the past. (50-54) For microscopy, a Zeiss 200
Axiovert microscope and AxioCAM MRm digital camera
setup already established in a laboratory may be used. Image
processing and analysis may be conducted using Image]
software or the like. Fluorescence emissions may be col-
lected with a set of filters (535-540 nm, 617-673 nm,
710-740 nm; Semrock) and photomultiplier tubes (Hama-
matsu). Fluorescence detection may be driven at 100 kHz by
a custom data-acquisition system (Labview; National Instru-
ments) that also allows signal processing and statistical
analysis.

[0087] Detection of bacteria of interest at various ratios to
beads may be examined in appropriate matrix (urine)
admixed with diluents that will be used during drop forma-
tion to replicate conditions in the device described in
Example 2. Embodiments are designed to consistently and
specifically detect one bacterium per bead, which following
the Poisson distribution, should mean achieving consistent
detection at bacteria to bead ratios of <1:10. The quantitative
aspects of signal (signal per bead x number of beads
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positive) may be assessed through 10-fold dilution series to
establish a linear range of the assay.

[0088] In specificity studies, bead sensors may be tested to
determine whether they cross react with Gram-positive and
Gram-negative organisms that potentially can be found in
urine. If either reactivity or cross reactivity is found wanting,
alternative antibodies, combinations of antibodies, or differ-
ent ratios of antibodies may be examined either for capture
or detection. Furthermore, to improve analytical specificity,
if necessary, a strategy of using different antibodies for
capture and detection may be considered, thereby improving
on the specificity of the two antibodies individually. Speci-
ficity may be in line with other detection methods such as
MALDI-TOF and commercially available biochemical pan-
els where an identification at the species level is generally
acceptable if with >95% confidence, with no tolerance for
error out of the bacterial familial level. A test of a minimum
of 50 isolates for each species may be used to establish
sensitivity/detection and 100 isolates from other diverse
species to establish specificity of each iteration of bead
format. Inter-assay reproducibility goal is >95% at the LOD
and 100x LOD in spiked matrix. The ability to find specific
antibodies that might potentially be problematic for a given
species and significant effort may need to be employed,
mitigated potentially by the fact that treatment and suscep-
tibility cutoffs for all Enterobacteriaceae is essentially the
same. Lastly, co-detection using different ratios of species of
interest may be used.

Example 2

Development of System for Differential Diagnosis
and Antimicrobial Susceptibility Testing

[0089] In this example, disclosed is a fully integrated
droplet based microfluidic device to detect and establish
antimicrobial susceptibility within intact droplets is dis-
closed. The technology developed herein includes: 1) bead
sensors and detection assay reagents as well as urine sample
co-encapsulation to generate droplet based microreactors for
detection, 2) droplet microarray technology to analyze the
captured bacteria and 3) droplet merging technology for
timely delivery of antimicrobials for susceptibility testing,

Microbead-Based Assay Using 11-6 and IL-8 Cytokine
Interrogation

[0090] Two chips disclosed below are designed with varia-
tions on geometry to meet the single bacteria interrogation
and co-encapsulation with assay reagents and antimicrobial
agent requirements. The first design presents a simpler
approach, where the polydimethylsiloxane (PDMS) chip is
generated using standard soft lithography methods, combin-
ing functionalities of droplet generation and an incubation
chamber array of 1000 droplets (FIGS. 4A-4C). The gen-
eration of monodisperse droplets is conducted in a micro-
channel through shearing flow at a flow-focusing zone that
is illustrated in FIGS. 4A-4C. Three perpendicular inlet
channels form a nozzle. The individual syringe pumps are
used to control flow rates of the central stream of the oil
phase and the stream of sera sample and the bioassay
reagents (microsphere sensors and detection antibodies)
(FIG. 5). The channels are coated with Aquapel (PPG
Industries), and the flow rates are controlled by syringe
pumps (Harvard Apparatus). To form droplets, the flow rate
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ratio of water to oil may be adjusted to the Qw/Qo=0.5
(Qw=1 pl/min and Qo=2 pl/min). The generated droplet
volume is ~1.8 nl. corresponding to a spherical droplet
diameter of 150 pum. This chip is ideal for optimizing
conditions for bacterial capture, flow rates, etc. Once initial
functional determinations are made with a system that can
be rapidly re-configured as necessary for optimization and at
relatively low cost, a mechanically more robust PDMS/glass
chip may be used that has the requisite characteristics for
inclusion in a diagnostic device. The chip also may be
composed of both robust glass for droplet generation and gas
permeable PDMS incubation for cell interrogation in drop-
lets. This microdroplet system enables rapid droplet genera-
tion to produce more than 10,000 monodispersed droplets
per second ranging from 5 pm to 250 pm in diameter. The
flow rates in this device may be controlled by Mitos pressure
pumps that provide a pulseless liquid flow which is ideal for
applications where a highly stable flow is required, such as
droplet formation. In this device, bead based sensors and
urine sample are co-encapsulated in droplets that are formed
at a T-junction as described in FIG. 4A. These droplets then
enter the PDMS incubation part of the chip (FIG. 4D). To
generate the PDMS part of the device, the PDMS layer may
be bonded to the glass chip with serpentine geometry for cell
incubation. This PDMS based incubation part of the chip
allows appropriate gas exchange to maintain live co-encap-
sulated bacterial cells in microreactor droplets during inter-
rogation.

[0091] The limit of detection in spiked samples for the
device format may be determined. The device is validated
for detection of clinically-relevant (1000 to >100000 CFU/
ml) levels of organisms found in UTI patients. As it is
possible that low levels of bacteria (<1000 CFU/ml) may be
present in patients without symptomatic infection, or present
as colonizing organisms in patients with other pathogens, the
fluorescence intensity may be specifically calculated to
identify clinically relevant quantities of bacteria (i.e., 1000
CFU/ml). Determinations may be made whether spiked
pathogens of interest can be detected and to what degree
(10-fold serial dilutions) with a goal of detecting 1000 to
100000 CFU/ml within a 30 minute time frame.

[0092] In some embodiments, the analysis performed in
Example 1 may be repeated within the ScanDrop system to
determine LOD, quantitative linear detection range, and
specificity for pathogens of interest, realizing that the com-
partmentalization in nanodrop format might change binding
characteristics of antibody or FISH probes and efficiency of
microscopic readout. Therefore accuracy and especially
sensitivity may need to be re-established in this alternative
format. In some embodiments, quantitative performance
may be optimized via quantitative image analysis (See FIG.
5, bead number positivexsignal strength=quantity of bacte-
ria per volume analyzed), developing robust calibration
curves for each reagent bead assay through serial dilution
studies. In some embodiments, performance characteristics
of bead capture-based cytokine sandwich assays may be
similarly incorporated and examined confirming ability to
specifically detect and quantitate physiological cytokine
concentrations.

Fluorescence Detection and Droplet Sorting Subsystem

[0093] To allow isolation and further manipulation of the
detected bacteria in the droplet for rapid susceptibility
testing, a FADS microfluidic device for droplet sorting can
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be used. The FADS may be fabricated along the incubation
channel of the device described in FIGS. 4A-4D. An addi-
tional inlet channel may be designed to introduce oil into the
end of incubation channel to space the droplets. Thus the
incubation channel will be followed by a sorting-shaped
junction where droplets are actively sorted via dielectropho-
resis (FIG. 6). Droplets may be automatically sorted at the
outlet based on detection of up to 3 distinct fluorescent
markers. These may be exemplified by DAPI (blue), FITC
(green) or CyS (red). which are chemically stable, spectrally
well-separated dyes. The schematic of the reader-sorter
subsystem is shown in FIG. 6. The channel may be illumi-
nated simultaneously with up to 3 laser slits. As droplets
pass single-file through the field-of-view, fluorescent signals
may be detected with a bank of PMTs, and droplets may be
guided into 1 of 4 outlet channels using dielectrophoresis
(i.e. the three fluorophores plus an un-labeled droplet chan-
nel). Major subsystem components are described as follows:
[0094] Excitation Lasers: Up to 3 solid-state diode lasers
(Crystalaser Inc.) may be focused in slits across the micro-
fluidic channel corresponding to the excitation wavelengths
of the three fluorophores (405 nm, 488 nm and 633 nm). In
combination with the fluorescence detection filters, these are
selected to be well spectrally separated to allow multiplexed
detection.

[0095] Photomultiplier Tubes (PMTs): A set of 3 PMTs
may be used to detect the fluorescent signal from labeled
droplets. Fluorescent light may be collected with a second
60x microscope objective, split into 3 detection channels
with 50-50 beam-splitters, and then filtered with appropriate
band-pass filters corresponding to each fluorophore (cen-
tered at: 450 nm, 550 nm, and 680 nm). The output of each
PMT may be pre-amplified and then acquired with a multi-
function data acquisition board (National Instruments) con-
nected to a personal computer. Software running on the PC
allows real-time detection of fluorescent spikes on each of
the 3 detector channels. That the laser and filter combina-
tions can be adjusted to allow flexible operation with other
fluorophores as needed.

[0096] Sorting Junction: After passing through the laser
slits, droplets may be diverted into collection outlets using
dielectrophoresis. A micro-electrode may be deposited next
to the channel at the sorting junction during fabricated and
connected to a high voltage, programmable power supply
(Stanford Research Systems). Software written in Matlab
may be used to control the magnitude of and frequency the
applied AC voltage applied across the electrode on the basis
of droplet fluorescent signature, thereby controlling the
magnitude of deflection and outlet channel. The amplitude
of the AC potential may be selected to be as small as possible
to minimize the possibility of shearing the droplets.

[0097] Alignment Optics: A white-light source and mono-
chrome CCD camera may be employed to allow alignment
of the microfluidic chip on the subsystem, and in particular
to align orthogonal illumination of the flow channel with the
3 laser slits and detection optics.

Use of Droplet Merging Technology for Controlled Delivery
of Antimicrobials for Rapid Antimicrobial Susceptibility
Testing

[0098] Herein, a glass microfluidic chip is disclosed that
facilitates fast and consistent merging of two individual
droplet streams (see FIGS. 7A and 7B), benefiting a wide
range of applications, including delivery of antimicrobials
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and bioassay reagents to perform high throughput suscepti-
bility testing. Unlike other methods that incorporate expen-
sive and bulky high voltage electronics to merge droplets
using electrostatic forces, this chip feature works by simply
“squeezing” droplets together in a carefully designed merg-
ing chamber (FIG. 7B). The merger chip forms droplets with
cells at a T-junction. These droplets then enter the droplet
merging geometry, combining droplet containing cells with
a secondary reagent such as an antimicrobial agent. A
“droplet merger chip” or feature may be is designed for the
merging of droplets in the volume range 400 pL. (90 um) to
900 pL (120 um). Since the example embodiment device is
made out of glass, it has an excellent chemical compatibility
and high visibility (excellent access for optics). It is not toxic
to cells (compared to chemical fusion), does not required
specialized equipment, and is inexpensive (compared to
electrofusion). Importantly, the fused droplets remain con-
fined within the array and can be monitored in fixed posi-
tions during an extended incubation. In addition, the gener-
ated merged droplets can be collected or introduced into
previously described PDMS based array device for interro-
gation.

[0099] The merger chip technology may be employed for
incorporation of antimicrobials for susceptibility testing in
combination with live/dead staining reagents. See FIG. 8.
After capturing bacteria on the bead surface, the merger chip
may be used to test how antimicrobials affect the growth and
viability of captured bacteria. For susceptibility testing,
embodiments may include merging antibiotics dissolved in
Mueller-Hinton broth, and pre-incubation for 2 hours to
allow several doublings to occur, and for antimicrobial
static/cidal effects to manifest. Susceptibility can therefore
be simply measured by counting bacteria and observing
replication inhibition (FIG. 8). However, merging technol-
ogy also allows incorporation of non-toxic, dead-cell fluo-
rescent staining dyes (SYTOX Green, Orange, Blue etc.
(63)), which may increase specificity by providing a separate
growth-independent measure of cell viability. Specifically,
live cells have intact membranes and are impermeable to
dyes such as SYTOX Green, which only leaks into cells with
compromised membranes. Therefore, inclusion of a dead
cell stain provides a rapid and reliable method for discrimi-
nating live and dead bacteria. Importantly, as the system is
dynamic, permitting growth, bactericidal differences
between susceptible and resistant populations may be ampli-
fied during the incubation period.

[0100] Antibiotics of interest may be trialed at multiple
doubling dilutions. Time-growth-kill kinetics may have to
be determined empirically and correlated with MIC data to
determine optimal predictive concentration for each antimi-
crobial of interest for assignment of susceptible, intermedi-
ate, and resistant (CLSI) categorization. Similar correlation
analysis has been applied previously in clinical systems such
as the automated Vitek (Biomerieux) and microscope-based
Accelerate Diagnostics64 susceptibility testing systems to
extrapolate MIC, and standardly for determination of disc
diffusion zone cutoffs. In some embodiments, performance
characteristics may be established for several antibiotics of
importance for treatment of GNB and last lines of therapy
for MDR GNB; specifically nitrofurantoin, fosfomycin,
trimethoprim-sulfamethoxazole (first-line agents); and cip-
rofloxacin, ceftazadime, cefepime, meropenem, piperacillin/
tazobactam, and amikacin (MDR GNB agents).
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[0101] Encapsulation and detection of clinically relevant
concentrations (1000 to >100000 CFU/ml) of green fluo-
rescent protein (GFP) E. coli K-12 directly from urine
matrix have been demonstrated without need for any prior
concentration steps. As it can be seen in FIG. 8A, replication
of bacteria, several doublings of numbers, within single
droplets were demonstrated from t=0 to t=1.5 hrs, enabling
direct assessment of the susceptibility to antibiotics such as
levofloxacin (no replication) based on their growth/replica-
tion inhibitor effects. Bacteria in FIGS. 8 A-8C were treated
in urine. Next, in some embodiments, the capturing of a
single bacterium on a single bead previously functionalized
with capturing anti-bacterial antibodies was monitored. As
can be seen in FIG. 8B, the bacterium attachment was
demonstrated only after 30 min of incubation. Bigger sized
beads (18 pum) may be specifically functionalized with
anti-bacterial antibodies to allow more than one bacterium to
attach to a single bead surface. The droplet based culture
approach allows physical and chemical isolation of droplet
cultures thus eliminating the risk of cross-contamination.
The fast and efficient mixing of reagents and gases that
occurs inside droplets allows capturing and detecting the
bacteria in a fast manner. In addition, demonstrated herein is
the ability to incubate stable droplets in the proposed droplet
array at 37° C. for bacterial replication on a bead. Later, the
droplets which contain the detected bacteria at a very
high-throughput may be sorted and antimicrobials added for
rapid susceptibility testing utilizing droplet merging chip
technology.

Example 3

Diagnostic Validation

[0102] The use of a microfluidic system for bacterial
detection and quantification of select pathogens in patient
clinical samples and associated IL-6/IL-8 cytokine levels is
exemplified.

[0103] Clinical urine culture samples are collected in urine
transport tubes that stabilize uropathogen numbers and
viability, and urine samples are stored at 4° C. immediately
after specimens are cultured and are therefore available for
later analysis. Retrieved urine samples may be tested and
correlated with clinical reports and parallel determination of
CFU/mL of specific organisms. Clinically, urine cultures are
plated using calibrated loops and results reported out quan-
titatively in log10 concentration. More specifically, for clini-
cal reporting, urine culture results are divided into four
quantitative categories: no growth, <10,000, 10-100.000,and
>100,000 CFU/ml. Isolates are also speciated by the Vitek 2
(Biomerieux) automated identification system. Biotype
numbers (a numerical summary of biochemical reactions)
are determined for each isolate and identify potentially
unique strain subtypes.

Example 4

Killing of Tumor Cells by Dendritic Cell-Activated
T Cells

[0104] The functional responses of activated effector
immune cells were investigated by utilizing the microfluidic
droplet generation and docking array platform of the present
invention. Anti-tumor immune responses of NK cells and T
lymphocytes stimulated by interaction with mature dendritic
cells (DCs) were investigated. While NK cells are known to
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target cancer cells non-specifically (i.e., without previous
antigenic exposure), T cells require maturation signals from
cognate DCs prior to target cell killing. By co-encapsulating
individual mature DCs, naive T cells and cancer cells within
a droplet, efficiency of DC-based vaccines against cancer
cells can be tested.

[0105] Immunological synapse formation was investi-
gated between T cells and DCs pre-exposed to cancer cell
lysate. The activated T cells then mediated the death of
co-encapsulated cancer cells. The rapid reaction kinetics in
droplet microfluidics facilitated cell-cell interaction and
delivery of cytotoxic hits to cancer cells within two hours in
this integrated platform. The microfluidic droplets also
allowed determination of strong heterogeneity during
immune synapse formation with respect to transient vs.
stable interactions and the duration of T-DC conjugate
formation. Serial brief encounters were observed between
the same DC-T cell pair, which would not be possible with
microwells or hydrodynamic cell traps. Further detected
were contact dependent cancer cell lysis by NK cells, and
quantified heterogeneous profiles of cell conjugation, deliv-
ery of lytic hits and target death. It was observed showed that
a single NK cell resulted in multiple cell deaths, sometimes
interacting with up to four target cells simultaneously.
NK-mediated target cell lysis in the presence of anti-PD-L1
blocking antibody was also characterized, as the PD-1/PD-
L1 axis is involved in promoting immune escape in a
number of solid and liquid tumors. Humanized antibodies
against PD-1 and PD-L1 are presently utilized in clinical
trials and have shown great promise in antitumor immuno-
therapeutic treatments. In droplets, 50% single target cell
lysis was observed in significantly shorter duration com-
pared to control. Taken together, the data suggest that this
integrated droplet-based microfluidic platform provides an
important tool for dynamic real time analysis of synaptic
communications and downstream effector functions of
immune cells.

[0106] The microfluidic device was similar to that
described above. The droplet generation junction was fol-
lowed by a large docking array consisting of 1000 trapping
sites where the droplets were stably arrested. Consistent
droplet sizes of ~100 um diameter (i.e., 520 pL volume)
were obtained by optimization of the flow rates of the two
phases (FIG. 10C). The cell encapsulated droplets were
maintained for up to 48 hours in a CO,-rich and humidified
atmosphere, and minimal droplet shrinkage was observed.
By coordinating individual inlet flow rates and optimizing
initial cell density, large numbers of droplets were routinely
obtained with co-encapsulation of all three types of indi-
vidual cells (FIG. 10D).

[0107] Several types of cell co-encapsulation were per-
formed using this approach: T-DC interaction, TDC-cancer
cell interaction and NK-cancer cell interaction. unstimulated
T cells derived from the non-adherent fraction of peripheral
blood mononuclear cells, and mature DCs generated from
adherent mononuclear cells cultured with cytokines were
added through separate inlets to ensure that cell pairing and
subsequent activation occurred only in the droplets. Like-
wise, NK cells and cancer cells (RPMI-8226 cells, a mul-
tiple myeloma line) were co-encapsulated in droplets by
flowing through separate fluid inlets, thus allowing the
investigators to monitor the early signaling events and
synapse formation in this platform. For these studies with
two cell types, the third inlet was used to perfuse media only.
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Since droplets provide a culture platform highly compatible
with non-adherent cells, it was possible to observe a number
of morphological features of the encapsulated cells, includ-
ing secretory vesicle formation (FIG. 10E), dendrite exten-
sion by DCs (FIG. 10F), and membrane blebbing prior to
cell death (FIG. 10G). The results showed both continuous
and intermittent interactions between cell pairs, leading to
quantitative analysis of dynamic parameters corresponding
to these interactions (FIG. 11). In addition, all cellular
secretions remained undiluted within the droplets, leading to
noncontact-mediated activation of co-encapsulated cells
while minimizing stimulation of neighboring cells.

[0108] Mature DCs that had not specifically been loaded
with Ag demonstrated relatively low interaction with non-
stimulated T cells. Among the DC-T cell pairs co-encapsu-
lated, 11% cells showed short periods of interaction while
most did not interact at all (FIG. 11B). The duration of these
interactions were either less than 10 minutes (50%), or 10-20
minutes (33%) (FIG. 11D). No interaction lasted longer than
35 minutes.

[0109] Next the dynamic interactions of chemokine-
treated (CCL21), Ag-loaded DCs and naive T cells was
investigated at single cell resolution. DCs were exposed to
FITC-conjugated OVA (323-329) peptides overnight, fol-
lowed by treatment with CCL21 before co-encapsulation in
droplets with naive T cells (FIG. 11A). The presence of
lymphoid chemokines such as CCR7 ligands CCL19 and
CCL21 in the lymph node is known to regulate immune cell
migration, maturation and effector functions. A marked
increase in the extent of DC-T cell interaction was observed
upon activation compared to control conditions (FIG. 11B).
The dynamic single cell analysis also revealed strong het-
erogeneity in cellular interactions with respect to DC-T cell
conjugate formation. While 34% of the T cells monitored
showed no interaction with DCs, 16% remained conjugated
throughout the duration of the experiment (5 hours). The
conjugated cells showed lateral movement, in that the
respective positions of the T cells on the surface of the DCs
changed with time (FIG. 11A, right panel). The OVA-FITC
peptide was observed expressed on the DC surface. Initially
the T cell and the DC formed a synapse away from the site
bearing the OVA-FITC peptide, but the contact site altered
over time and eventually settled at the site of the Ag at 50
minutes. This motility of T cells was observed in almost all
T-DC conjugates; however, the time required to reach the
Ag-bearing site varied widely between cells.

[0110] A large proportion of the T cells observed (50%)
interacted discontinuously and asynchronously with the co-
encapsulated DCs, forming short term contacts and disas-
sociating repeatedly (FIG. 11B). Here, transient interaction
was defined by <10 minutes of cell complex retention.
Longer interactions were considered stable. As indicated in
FIG. 11C, 58% of the T cells undergoing discontinuous
interaction depicted periods of stable contacts. While the
duration of the contacts varied from cell to cell, the majority
of the contacts lasted <40 minutes (FIG. 11D).

[0111] In addition to DCs activated with non-clinical trig-
gering signals, the efficacy of DCs expressing tumor antigen
in priming of T cell effector responses against a MM cell line
was investigated in microdroplets. Dendritic cell (DC)-
based vaccines are being pursued as therapeutic agents in an
effort to induce clinically meaningful anti-tumor immunity.
Hybridomas generated by fusion of patient-derived
myeloma cells and autologous DCs present a broad array of
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tumor associated antigens in the context of DC mediated
co-stimulation. In a clinical trial of patients undergoing
autologous transplantation, vaccination with DC/MM
fusions post-transplant resulted in the dramatic expansion of
myeloma specific T cells and the conversion of partial to
complete response in a subset of patients. In this study, DC
vaccine cells activated with tumor lysate were utilized,
together with DC/MM fusion cells. DCs matured by expo-
sure to RPMI-8226 cell lysates were co-encapsulated with
unprimed T cells and RPMI-8226 cells in droplets (FIG.
12A-12C). All three cells were initially separated and freely
motile, as illustrated schematically in FIG. 12A and dem-
onstrated in droplets in FIGS. 12B and 12C. Sequential
interaction of the cell types occurred in the droplets, with
DCs interacting with T cells first (FIGS. 12A-C(b)), fol-
lowed by T-cancer cell interaction (FIGS. 12A-C(c)),
thereby recapitulating the succession of events observed
physiologically. Three distinct time phases were observed in
the droplets. Firstly, the DCs loaded with tumor antigens
demonstrated transient physical contact with T cells in the
order of =10-20 minutes. Then the DC and T cell separated
and a variable period of segregation was observed where all
three cell types remained unattached. In the third phase, T
cells formed conjugates with the RPMI-8226 cell for a
period of ~20-30 minutes, which ended with cancer cell
death (FIGS. 12A-C(e), ()). These interactions took place
over a total time period of 2 hours, although the duration of
DC-T interaction and T-cancer interaction was heteroge-
neous between droplets. Furthermore, cancer cell death
occurred in two ways, either in conjugation with the T cell
or following separation of the cancer-T cell complex. Cancer
cell death was most commonly observed by cell blebbing
and membrane rupture, as well as uptake of ethidium
homodimer (FIGS. 12A-C(f)). These results demonstrate
that presentation of whole tumor derived antigen as lysate or
DC/tumor hybridoma results in the productive interaction
between DC and T cells resulting in T cell activation. While
T cell activation appeared to be dependent on the presence
of antigen, killing in this model was directed against allo-
geneic myeloma cell lines.

Example 5

Measurement of T Cell Activation by Dendritic
Cells

[0112] The inventors tested whether the microfluidic drop-
let platform was suitable for monitoring calcium signaling in
T cells following interaction with DCs. DCs were stimulated
with 100 pg/mL ovalbumin (OVA (323-329)) peptide con-
jugated with FITC (Anaspec, Fremont, Calif.). The overall
peptide sequence was FITC-LC-IS QAV HAA HAE INE
AGR-OH. The DCs were treated overnight so as to promote
antigen presentation on Major Histocompatibility Complex
I (MHC-II). The DCs were washed twice to remove the
suspended OVA-FITC in solution prior to encapsulation
within droplets. The stimulated dendritic cells and T cells
pre-loaded with the calcium indicator Fluo-4 were intro-
duced from different inlets. Monitoring of cell-cell contact
and intracellular calcium signaling began immediately after
droplet generation and stable docking in the trapping array.
[0113] In the lymph node, DCs are known to scan T cell
populations in an attempt to locate T cells of appropriate
antigenic specificity. DCs form both transient and stable
contact with T cells during antigen presentation, promoting
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T cell maturation, signaling and proliferation. Immune syn-
apse formation between DCs and antigen presenting cells
(APC) has been replicated in vitro; however, given that T
cells are non-adherent, it is difficult to follow dynamic cell
interaction of the same cell pair over prolonged periods
without constraining cell motility through adhesion proteins
or antibodies. Microfluidic droplets can circumvent this
problem by co-encapsulating DCs and T cells within nano-
liter volumes, thereby reducing cellular diffusion times
while permitting directed and random motility, cell conju-
gation and dissociation as well as the possibility of repeated
interaction between each cell pair.

[0114] DCs were stimulated with FITC-conjugated oval-
bumin (referred to as OVA-DC) peptide, a commonly used
antigen that is ingested by DCs and presented to naive T
cells in a major histocompatibility complex II-bound man-
ner. Co-encapsulation of DCs with T cells in the microfluidic
droplet array resulted in long-lasting (=90 minutes) as well
as transient interaction of the two cell types (FIG. 13A).
Within droplets, DCs depicted remarkable morphological
changes and frequently extended dendrites, implying that
DCs were able to function adequately in this microenviron-
ment. An increase in cytosolic calcium transients was
observed in the T cell following interaction of the two types
of cell (FIG. 13B). This increase was extremely rapid and
diminished over time even when the DC-T conjugate pet-
sisted, suggesting the end of early activation phase follow-
ing initial contact (FIG. 13D(a)). Of note, the trends of the
transient calcium increase in the T cells stimulated by
OVA-DC were remarkably different compared to that
observed in ionomycin-stimulated T cells. Here fluorescence
intensity was observed to increase in narrow peaks, suggest-
ing calcium spikes rather than broad fluctuations or consis-
tent increase/decrease.

[0115] Interestingly, T cells showed a non-contact medi-
ated increase in calcium signaling (FIG. 13D(cd)). This was
observed at later time points compared to the OVA-DC-
contact mediated increase in calcium levels, starting after
approximately 30 minutes post-encapsulation. The duration
and peak of the increased calcium levels differed from cell
to cell. The mature DCs and T cells were sequestered in
minute volumes in the droplets, which serve as nanoliter
bioreactors and prevents dilution of cell-secreted products. It
is feasible that the DCs activated T cells despite the lack of
the contact via paracrine signaling.

Example 6

IgE-Dependent Manifestations of Allergy in
Immune Cells.

[0116] Immediate hypersensitivity (allergy) to foods is
dependent upon allergen-specific IgE with exceptions for
less common forms of food allergy such as eosinophilic
esophagitis and other gastrointestinal conditions. Immune
responses that regulate the allergen-specific IgE, IgG, and
IgA repertoire—all of which likely contribute to clinical
heterogeneity—depend upon cell-cell interactions such as
those between dendritic cells and CD4 T cell subsets (see
FIG. 14). In addition, IL-4, IL-5, and IL-13, produced by
allergen-specific CD4 Th2 cells, play a major role in driving
Th2 differentiation and induces IgE production by allergen-
specific B cells (FIG. 14). Therefore, characterization of
differences in DC responses and DC-T cell interactions
between human food-allergic and non-allergic subjects is
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necessary to gain a better insight into the role of DCs in
sensitization and tolerance to food allergens.

[0117] Basophils express the high affinity receptor for IgE
(FceRI) and represent a significant population of antigen-
specific cells in IgE-sensitized individuals that are capable
of releasing histamine, leukotrienes, cytokines and other
mediators. As such, basophils are both relevant tiomarkers’
of IgE-mediated hypersensitivity and potential targets of
immunomodulatory interventions. In fact, assays of IgE-
dependent cellular responses, such as the basophil activation
test (BAT), have already been shown to be more informative
than assays simply detecting the presence of IgE but because
they are less feasible, they have been less studied and not
broadly pursued for clinical application. Furthermore dis-
tinct phenotypes of basophils with potential relation to
clinical allergy and therapeutic potential of targeting baso-
phils in preventing or alleviating the development and
progression of allergic inflammation have been proposed.
Thus it is important to study the effects of immunotherapy
on basophil to better understand mechanisms of immuno-
therapy and evaluate basophil suppression as a biomarker
for immunotherapy.

[0118] The use of the microfluidic devices and microdrop-
let-based encapsulation of the present invention is used to
encapsulate and analyze individually specific functional
phenotypes of cells relevant to allergy, such as food allergy.
In addition, to cell surface studies, this approach is used to
collect data on secreted molecules of single live cells or
during DC-T synapse formation utilizing microsphere based
fluorescence assays which are co-encapsulated in the micro-
fluidic reaction droplets along with interrogated cells.
Secreted molecules from single cells compartmentalized in
the nanoliter droplet bioreactors quickly reach detectable
concentrations because of the small droplet volume which
allows rapid detection of live cellular secretion. Thus live
cell secretion and surface monitoring are obtained simulta-
neously in a distinet microenvironment between two inter-
acting cells, which previously was possible using compli-
cated and multi-step in vitro and in vivo live-cell
microscopy, together with immunological studies of the
outcome secretion of cellular interactions. In addition, a
fluorescence activated droplet sorting (FADS) system is
used to collect subpopulations of immune cells having
selected phenotypes.

[0119] The expression of CD86 can be followed in co-
encapsulated T cells and DC, as a reflection of the co-
stimulatory signals necessary for T cell activation (see FIG.
15). The interaction between CD40 on DC and its T cell
ligand (CD40L) also can be followed to establish efficient
activation of Th2 cell phenotype in droplets during immu-
nological synapse formation. The co-encapsulation of T cell
and DC in micro-reaction droplets is accompanied by bio-
assay reagents including fluorescently labeled anti-CD86
antibodies Cyanine 5(Cy5 red) and anti-CD40L antibodies
Fluorescein isothiocyanate (FITC green). The maturation
phenotype of the DC also can be followed by measuring
1L-6, a cytokine that plays an important role in lymphocyte
activation, as well as 1L-4, IL-13, and IL-5 cytokines,
secreted by Th2 cells (FIG. 15). For these cytokine secretion
measurements during DC-T cell interactions, the cells are
co-encapsulated along with fluorescently labeled detection
antibodies (anti-IL-6 FITC, anti-IL-4 Cy3, anti-IL-5 CyS,
anti-IL-15 APC antibodies) and four microsphere sensors—
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SPHERO™ Avidin Coated Particles (0.9 um) conjugated
with 40 pg biotinylated IL-6, 1L.-4, IL-13, and IL-5 antibod-
ies (FIG. 15).

[0120] Three assays that have been applied recently to
food allergens are based on IgE-dependent basophil activa-
tion: the histamine release test, the CD63-based basophil-
test, and the CD203c-activation assay. The co-encapsulation
chip technology can be used for co-encapsulation of previ-
ously IgE sensitized basophils with crude peanut extract, in
micro-reaction droplets along with bioassay reagents which
are fluorescently labeled detection anti-CD63 antibodies
(Cy5), anti-CD203¢ antibodies (FITC), as well as anti-
histamine antibodies Cy3 (see FIG. 16A). The increase in
CD63 and CD203c markers in response to an allergen as an
increase in fluorescence over time also can be studied. In
addition, allergen-induced (IgE-mediated) histamine release
can be measured in a dose-dependent microdroplet reaction.
Specific phenotypes of basophils could be obtained off chip
using FADS technology.

[0121] The activation and monitoring of live single cells
for secretion and cell surface markers have been measured
simultaneously. In particular, droplet based technology can
be applied to simultaneously stimulate mouse DC matura-
tion with an immunological adjuvant, lipopolysaccharide
(LPS), and to monitor two phenotypic markers of DCs. The
maturation phenotype of the live DC was followed by
measuring CD86 expression and IL-6 secretion. DC were
co-encapsulated with LPS and bioassay reagents (micro-
sphere sensors and antibodies). This method made it pos-
sible to distinguish the responses of individual cells to LPS
stimulation in the confined volume of droplets. In addition
to CD86, LPS induced IL-6 secretion could be monitored
from the same encapsulated single DCs (FIG. 16B). The
signal was detected in droplets after 10 min in the array.
Droplets with LPS stimulation contained IL-6 levels that
were significantly higher than droplets with no LPS, which
showed negligible IL.-6 levels.
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[0202] As used herein, “consisting essentially of” allows
the inclusion of materials or steps that do not materially
affect the basic and novel characteristics of the claim. Any
recitation herein of the term “comprising”, particularly in a
description of components of a composition or in a descrip-
tion of elements of a device, can be exchanged with “con-
sisting essentially of” or “consisting of”.
[0203] While the present invention has been described in
conjunction with certain preferred embodiments, one of
ordinary skill, after reading the foregoing specification, will
be able to effect various changes, substitutions of equiva-
lents, and other alterations to the compositions and methods
set forth herein.

1. A method of detecting bacterial cells, the method

comprising the steps of:

(a) providing a microfluidic device capable of forming
aqueous microdroplets in oil, the device comprising a
translucent microdroplet array chamber, and providing
a fluorescence imaging microscope;

(b) preparing a plurality of aqueous microdroplets in oil
using the microfluidic device, each microdroplet com-
prising a sample containing or suspected of containing
one or more bacterial cells, one or more microbeads
conjugated with a capture antibody capable of specifi-
cally binding a selected type of bacterial cell at a first
epitope, and a fluorescently labeled detection antibody
capable of specifically binding the selected type of
bacterial cell at a second epitope;

(¢) directing the plurality of aqueous microdroplets into
the microdroplet array chamber;

(d) obtaining a fluorescence image of the microdroplet
array chamber using the fluorescence imaging micro-
scope; and

(e) measuring fluorescence emission from the labeled
detection antibody in images of the microbeads,
whereby the presence of the selected type of bacterial
cell in the sample is detected when fluorescence emis-
sion from the labeled detection antibody overlaps with
an image of one or more of said microbeads.

2. The method of claim 1 which is carried out in multiplex

format using two or more types of microbeads, each type of

microbeads conjugated with a capture antibody that specifi-
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cally binds a different type of bacterial cell, and using two
or more types of distinctly fluorescent labeled detection
antibodies, and wherein two or more types of bacteria are
detected simultaneously.

3. The method of claim 1, wherein one or more reagents
are added to the aqueous microdroplets after their formation
using a droplet merging junction.

4. The method of claim 1, wherein aqueous microdroplets
are sorted and routed to a selected fluidic pathway, chamber,
or off-device location, according to fluorescence detected in
the aqueous microdroplets.

5. The method of claim 1, further comprising analyzing a
phenotype of one or more bacterial cells in an aqueous
microdroplet.

6. The method of claim 5, wherein the phenotype is
antibiotic sensitivity, and wherein the aqueous microdroplets
comprise an antibiotic suspected of killing or hindering
growth of the selected type of bacteria, and bacterial growth
and/or viability in the microdroplet is assessed.

7. The method of claim 1, wherein the sample is a patient
sample selected from the group consisting of urine, blood,
serum, plasma, sputum, or a lavage fluid.

8. The method of claim 7, wherein the patient sample is
urine, and a urinary tract infection is diagnosed.

9. The method of claim 7, wherein the patient sample is
blood, serum, or plasma, and sepsis is diagnosed.

10. The method of claim 7, wherein the patient sample is
sputum or a lavage fluid, and a pulmonary or gastric
infection is diagnosed.

11. The method of claim 1, wherein the aqueous micro-
droplets further comprise one or more additional types of
microbeads, each type conjugated with a capture antibody
capable of specifically binding an analyte present in or
suspected of being present in the sample, and one or more
distinctly fluorescently labeled detection antibodies capable
of specifically binding the analyte.

12. A method of analyzing a cell phenotype, the method
comprising the steps of:

(a) providing a microfluidic device capable of forming
aqueous microdroplets in oil, the device comprising a
translucent microdroplet array chamber, and providing
an imaging microscope;

(b) preparing a plurality of aqueous microdroplets in oil
using the microfluidic device, each microdroplet com-
prising a sample containing or suspected of containing
one or more cells and one or more reagents for ana-
lyzing a phenotype of said cells;

(c) directing the plurality of aqueous microdroplets into
the microdroplet array chamber;

(d) obtaining an image of the microdroplet array chamber
using the imaging microscope; and

(e) measuring an optical signal from said reagent,
whereby information regarding the phenotype of said
cells is obtained.

13. The method of claim 12, wherein the phenotype is
cytokine secretion by the cells, and the reagents comprise a
microbead conjugated capture antibody and a fluorescent
labeled detection antibody, wherein both antibodies specifi-
cally bind to said cytokine.

14. The method of claim 12, wherein the phenotype is cell
viability, and the reagents comprise a fluorescent indicator of
live vs. dead cells.
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15. The method of claim 12, wherein the phenotype is
susceptibility to an antitumor agent, the cells comprise
tumor cells, and the reagents comprise the antitumor agent.

16. The method of claim 12, wherein the phenotype is
activation of an immune response, the cells comprise T
lymphocytes, and the reagents comprise antigen presenting
cells.

17. The method of claim 12, wherein the phenotype is the
presence of a biomarker, and the reagents comprise a micro-
bead conjugated capture antibody and a fluorescent labeled
detection antibody, wherein the capture antibody specifically
binds to an epitope on a selected cell type and the detection
antibody specifically binds to said biomarker.

18. The method of claim 12, wherein the phenotype is the
action of a pharmaceutical agent on the cells, and the
reagents comprise an optical indicator of an effect of the
pharmaceutical agent on the cells.

19. The method of claim 12, wherein one or more
additional reagents are added to the aqueous microdroplets
after their formation using a droplet merging junction.

20. The method of claim 12, wherein aqueous microdrop-
lets are sorted and routed to a selected fluidic pathway,
chamber, or off device location, according to an optical
signal detected in the aqueous microdroplets.
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