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Abstract

Spatially defined arrays of droplets differ from bulk emulsions in that
droplets in arrays can be indexed on the basis of one or more spatial
variables to enable identification, monitoring, and addressability of indi-
vidual droplets. Spatial indexing is critical in experiments with hundreds to
millions of unique compartmentalized microscale processes—for example,
in applications such as digital measurements of rare events in a large
sample, high-throughput time-lapse studies of the contents of individual
droplets, and controlled droplet-droplet interactions. This review describes
approaches for spatially organizing and manipulating droplets in one-, two-,
and three-dimensional structured arrays, including aspiration, laminar flow,
droplet traps, the SlipChip, self-assembly, and optical or electrical fields.
"This review also presents techniques to analyze droplets in arrays and appli-
cations of spatially defined arrays, including time-lapse studies of chemical,
enzymatic, and cellular processes, as well as further opportunities in chem-
ical, biological, and engineering sciences, including perturbation/response
experiments and personal and point-of-care diagnostics.
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Droplet: a
small-volume
(submicroliter and
less) unit of fluid that
is surrounded by an
immiscible fluid and
typically does not wet
the walls of the
container

Droplet array: a set
of droplets whose
identity is indexed by
one or more spatial
variables

Stochastic
confinement:
isolation and
concentration of
individual particles
from a bulk solution by
compartmentalization
into sufficient small
volumes that mostly
contain either one or
zero particles,
according to a random
probability
distribution

PCR: polymerase
chain reaction

RfOEG:
triethyleneglycol
mono(1H,1H-
perfluorooctyl) ether, a
fluorous surfactant
with an oligoethylene
glycol head group
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1. INTRODUCTION: MICROFLUIDIC COMPARTMENTALIZATION

This review describes the microfluidic generation and manipulation of droplets in spatially de-
fined arrays to simplify and enable high-throughput and multiplexed experiments for a variety
of applications. By focusing on arrays of droplets, this review aims to complement a number of
excellent reviews on formation, manipulation, and applications of droplets (1-8).

Microfluidics is frequently used to compartmentalize fluids, solutions, or suspensions of par-
ticles such as beads or cells. General advantages of compartmentalization (3, 4) include high-
throughput processing of many small volumes, isolation of interfering species into separate com-
partments, and raising of the local density of dilute compounds or particles. Pico- or nanoliter
volumes facilitate high-throughput work with precious or hazardous samples for applications such
as protein crystallization (9) and analysis of blood (10, 11), tissue homogenate (12), or cerebrospinal
fluid (13); submicrometer volumes may also be used for work with pharmaceutical or nuclear reac-
tors or waste processing. Compartmentalizing a bulk solution into many small volumes to isolate
and concentrate rare particles of interest is referred to as stochastic confinement (14); this tech-
nique enables detection and analysis of single cells or molecules (15, 16). Compartmentalization
can be achieved via multiple methods, including by concentration of analytes in a section of
a continuous fluid, such as with capillary electrophoresis and electrophoretic focusing (17-20),
or by segmentation of fluids, such as with valves or physical barriers (21) or droplet formation

(1-5).

1.1. Compartmentalization in Droplets

Droplets are a simple way to achieve rapid and robust compartmentalization of fluids and their
contents. For the purposes of this review, we define droplets as small-volume units of fluid that
are surrounded by another immiscible fluid, such as an oil, that typically do not wet the walls of
their container. Droplets provide all of the general advantages of compartmentalization discussed
above and provide several additional advantages. Droplet formation (1-5) and dynamics (22) are
well characterized and robust over a range of fluid viscosities and surface tensions (23, 24). The
rate of mixing of reagents compartmentalized inside droplets is well controlled and reproducible,
which facilitates the study of time-resolved reactions (25). Droplets also offer the flexibility to
choose a carrier fluid that complements the system. Droplets of aqueous or organic solution can
be protected with immiscible and inert fluorinated fluids (e.g., 3M’s Fluorinert™), and droplets
containing polymerase chain reaction (PCR) reagents can be surrounded with mineral oil to match
standard operating conditions. Surrounding the droplet with carrier fluid mitigates problems of
dispersion in the fluid and adsorption onto surfaces, allows the surface chemistry to be controlled
at a liquid-liquid interface instead of at a liquid-solid interface (13, 26-32), reduces evaporation,
and can regulate gas supply for oxygen-sensitive reactions or anaerobic cultivation. Droplets are
naturally suited to studies of interfacial and two-phase interactions, including (#) fluid extrac-
tion and gas-liquid equilibria for catalysis (33) and (b) protein crystallization by vapor diffusion
(9, 34-36).

Although the creation of an additional interface is fundamental to the use of droplets, it does
carry potential disadvantages. For example, molecules can potentially be lost by partitioning into
the surrounding fluid, or they can be lost to the interface itself. These disadvantages can be
minimized by using inert carrier fluids, compatible surfactants, and/or preequilibration. Aqueous
droplets in fluorocarbon are a rare example of a truly immiscible system with negligible solubility
between phases (37); other systems usually allow some exchange of solvent and/or solute (38).
Fluorinated surfactants such as RFOEG and related molecules can reduce or prevent loss of com-
pounds such as proteins to the interface (30-32, 39). The straightforward synthesis of RFOEG
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was described in Reference 30. Finally, the carrier fluid (14) or the droplets themselves (33) can
be preequilibrated with a desired gaseous atmosphere or aqueous solution to control exchange of
gases and small molecules. Another potential disadvantage is that droplets may coalesce if they
contact one another. This problem can be avoided by stabilizing the interface with surfactants
(32) or by preempting contact between droplets by using spacers of a different phase (40) or
ordered arrays. Finally, small volumes can be problematic if chemical reactions inadvertently be-
come substrate limited or if the metabolism of living cells depletes the oxygen or nutrients before
the experiment is complete (41, 42). To avoid such issues, droplet volumes should be carefully
chosen; alternatively, fresh solution may be merged with the droplets to refresh them. The pros
and cons of droplets and their many chemical and biological applications have been covered in
several excellent reviews (2-4, 43).

1.2. Bulk Emulsions and Arrays of Droplets

Droplet-based compartmentalization can involve spatial organization as in an array, or not, as in
a bulk emulsion. Bulk emulsions are simpler to produce than arrays; thousands of droplets can be
quickly produced by mechanical disruption or by extrusion through a filter. Bulk emulsions are well
suited for high-throughput analysis of initially equivalent droplets to obtain statistical data, such as
for directed molecular evolution (44, 45), screening for cellular behaviors by fluorescence-activated
droplet sorting (46), or emulsion-based PCR (8, 47, 48). For multiplexed experiments involving
droplets of different compositions, such as large-scale screening of reaction conditions, indexing is
required. Bulk emulsions can be indexed by using chemistry or beads to identify each droplet; this
approach has been employed to analyze single-cell responses to different concentrations of one or
more drugs (49-51) and to classify single cells by using surface biomarkers (52). The generation
and application of bulk emulsions have been carefully reviewed elsewhere (3, 7, 8) and so are not
discussed here.

In an array, droplets are indexed by their spatial layout. Spatial indexing is convenient when a
large number of discrete conditions must be distinguished. Furthermore, spatially defined arrays
are ideal when individual droplets need to be monitored over time, physically or chemically
addressed, retrieved, or reproduced. Arrays also provide a means of controlling physical or chemical
interactions between multiple droplets in a highly parallel fashion. These advantages were first
utilized in one-dimensional (1D) arrays and then, more recently, in two-dimensional (2D) and
three-dimensional (3D) arrays. Here, we review available methods to generate spatially defined
arrays of each type, and we discuss current and potential applications of these arrays in the chemical,
biological, and engineering sciences.

Table 1 briefly summarizes operations to manipulate droplets in arrays (nicely reviewed for
droplets in general in Reference 1), and the sidebar summarizes methods to analyze droplets.
These methods are generally applicable to arrays in all three dimensions.

2. ONE-DIMENSIONAL DROPLET ARRAYS

Droplets in 1D arrays can be indexed by one variable. For example, droplets in a straight or
winding channel, a piece of tubing, or a line of wells can be indexed by distance or by droplet
count from the beginning point of that sequence of droplets.

2.1. Generation of One-Dimensional Droplet Arrays

Methods to generate droplets that are uniform in composition have been intensively reviewed
(1-5). The two classic methods to form a series of droplets from a single solution are the merging

www.annualreviews.org o Microfluidics Using Arrays of Droplets

Bulk emulsion: an
emulsion (i.e. an
assembly of droplets)
without a specific
spatial organization
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Table 1 Droplet array operations

Droplet operation

Representative schematics Analog to array operations References

Identify and index: index or A={12 3 4} 37,57, 95,

retrieve/delete the droplets
in the array; measure the size

of the array

Count=4;A2=2 120, 148

Divide array

{1234—02}+34

N
w
EN

Rearrange: alter sequence; {1234 —{1432} 68,93
code/decode by m
rearrangement or changing
spacing
Sort: select droplets by size, N >2 46, 149-151
density, viscosity, or contents m 4123 43
Split: fragment individual In series: 37 (in series);
droplets into smaller daughter _[: m {1234 — 78,81, 87,88
droplets either in series or m {11223344} (in parallel)
in parallel In parallel (shown):
1234
023a—{ 23]
Change dimension: capture a 12 78, 81
one-dimensional array of seeT — o0 1234~ {3 4
droplets into a two-dimensional . Q
array, etc.
Merge a chemical with +1 10,58,93
allcroples swww - - mwww | 0T P
Perform pairwise merging of {1234+{0123}— 120
arrays of droplets {1357}
S~ X X~ Xeu)

T junction: a
microfluidic junction
used to generate
droplets from one fluid
stream by introducing
itinto a flowing
cross-stream of
immiscible fluid

of fluids in a T junction (53) and flow-focusing (54). Both of these techniques generate droplets
in a continuous stream. Another method to generate an array of uniform droplets is to induce
spontaneous breakup of a fluid stream by using the geometric constraints of the device, such
as narrow necks (55) or side chambers (56, 57) along the channel. When taking advantage of
stochastic confinement, droplets generated via these methods vary in the number of captured
particles, although they are generated from a single solution or fluid.

Methods to generate 1D arrays of droplets that are nonuniform in composition (i.e., from mul-
tiple solutions or fluids) include laminar flow and aspiration. When many different combinations
of a few solutions are needed, laminar flow is an attractive method. Laminar flow can generate
droplets with controlled and variable compositions by varying the relative flow rates of incoming
solutions (25) with any type of junction. For example, a multi-inlet junction coupled with a T junc-
tion can generate an array of droplets containing solutions with a gradient in concentration when
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EXAMPLES OF ANALYSIS METHODS FOR DROPLET CONTENTS

Droplets can be analyzed by any method that is adaptable to submicroliter volumes. Imaging of droplets and their
contents by bright-field, phase-contrast, differential interference contrast, chemiluminescence, or fluorescence
microscopy is especially convenient and has been widely used. Examples include monitoring the growth of crystals
(9), protein aggregation, (13) or liquid-liquid extraction (146); assays for live cells and microorganisms (93, 103,
106) or enzymes (98, 133, 134); and so on. Fluorescence spectroscopy—including laser-induced fluorescence (135),
fluorescence correlation spectroscopy (78, 136), Forster resonance energy transfer (137), and cylindrical illumination
confocal spectroscopy (138)—has also been employed.

Chemical identification is facilitated by methods such as mass spectrometry, which includes electrospray ioniza-
tion mass spectrometry (142, 143) and matrix-assisted laser desorption/ionization mass spectrometry (65). Other
spectrometric techniques include Raman spectroscopy (57), surface-enhanced Raman scattering (139), nuclear mag-
netic resonance (140), and X-ray crystallography (9, 34, 35, 58, 59, 95-97, 141). Capillary electrophoresis methods
have also been employed in continuous-flow droplet microfluidic systems (144) and digital microfluidic systems
(121), as have electrochemical analysis methods including amperometry (71) and chronoamperometry (145).

Standard biological analysis methods are compatible with droplets. Heterogeneous immunoassays on a mi-
crochannel surface (62) and on beads within the droplet (98) have been established, as have PCR (45, 99, 100) and
related methods for nucleic acid amplification.

Finally, imaging by cell-phone camera has been demonstrated with paper-based array colorimetric analyses
(147), and it may also be applicable to the analysis of 2D droplet arrays in resource-poor conditions.

the flow rates are varied at each inlet for individual components (Figure 1) (58). A cross-junction
can generate alternating droplets of specified compositions with optimal capillary number and
water fraction (Figure 15) (59). Integrating valves with T junctions can more arbitrarily control
the size and the composition of the droplets in the generated array (Figure 1¢) (60, 61). When a
large number of different solutions or fluids is needed, aspiration is appropriate. Aspirating each
droplet sequentially in a drop-on-demand mode (62) is a straightforward way to generate an array
of droplets with an arbitrary sequence in terms of composition and size of droplets (Figure 1d).
Robotics and miniaturized aspirating tips have been used to precisely program complex 1D ar-
rays of picoliter- to nanoliter-volume droplets with flexible and controllable sizes, combinations
of reagents, and sequences (63). Cartridges of many different reagents preloaded in an array of
droplets can be made by this method and used for a range of applications (64).

2.2. Characteristics and Applications of One-Dimensional Droplet Arrays

The main difference between spatially organized droplets and bulk emulsions is that the droplets
in an array can be indexed by spatial position, which facilitates the identification, monitoring, and

manipulation of individual droplets. Many different components can be screened by linking their ~ Flow-focusing: a
method to generate
droplets from one fluid
stream by pinching it
screen conditions for protein crystallization (34) and to test or evolve catalysts (33, 65). Aspiration  off using two

of droplets in carrier fluid has been automated with a robotic platform and used to generate an  converging streams of

identity to the index, and droplets of interest can be identified and recovered.
Cartridges preloaded with a 1D array of droplets containing varying reagents have been used to

array of microliter-sized droplets to screen for cells with tumor markers via high-throughput immimb_le_ ﬂ}lid ata
microfluidic junction,

usually with a narrow
neck

PCR (66, 67). A microfluidic hybrid method was developed to increase the number of parameters
that could be tracked by spatial indexing. A microdevice was used to combine a cartridge of larger
droplets with additional solutions of reagents from side channels using varying injection rates,
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Figure 1

Methods to generate one-dimensional arrays of droplets with varying composition or size. (#) An array of droplets with varying
composition was formed on a microfluidic chip through variation of the flow rates of individual input streams. The flow rate of the
NaCl stream (blue) was decreased over time, and the flow rate of the buffer stream (white) was increased, which formed a gradient of
NaCl concentration between droplets. Abbreviation: PEG, polyethylene glycol. Reprinted with permission from Reference 58.
Copyright 2003, American Chemical Society. (b) An array of droplets with alternating composition was formed through the use of a
microfluidic cross-junction. Reprinted with permission from Reference 59. Copyright 2004, American Chemical Society. (c) Droplet
arrays with arbitrary composition were produced by sequentially switching on and off the microvalves corresponding to each solution.
Reproduced with permission from the Royal Society of Chemistry (61). (4) Arbitrary arrays of droplets were generated in cartridges by
aspiration. Droplets of reagent were aspirated into the cartridges sequentially by dipping the ends of the cartridges into the appropriate
reagents. Reprinted with permission from Reference 62. Copyright 2005, American Chemical Society.

while simultaneously separating each large droplet into a series of smaller droplets. In the initial
array, the index represented only the identity of the reagents, whereas in the outgoing array the
index represented both the identity and the concentration. The hybrid method was validated by
screening and optimizing membrane protein crystallization (Figure 24) (37) and by screening the
antibiotic sensitivity of methicillin-resistant Staphylococcus aureus (14). When the index of droplets
ina 1D array is based on their spatial position, codes can be encrypted into the array through these
spatial patterns. For example, the relative spatial position of droplets in a 1D array was transmitted
into a particular pattern through the use of a microchannel network (Figure 25) (68). Relative
position was also utilized to generate a microdroplet-based shift register, which groups droplets
to generate interfaces between them and updates serially as droplets flow through the register
(69).

Although the index of a 1D array is normally coded by its spatial position, the spatial index is
easily converted to a temporal value if the droplets are formed in a continuously flowing stream
with known velocity. In this case, assuming that droplets are moving at the average velocity of
the flow, then # = d/U, where # (in seconds) is the time point, 4 (in millimeters) is the distance
traveled, and U (in millimeters per second) is the constant flow velocity. The zero time point is set
by combining reagents at a defined position in the device, and droplets are analyzed downstream
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Figure 2

Methods based on indexing of a one-dimensional droplet array. (#) Schematic illustration of the microfluidic
hybrid approach. A preformed cartridge of ~140-nl reagent droplets (plugs) separated by spacers was flowed
into a microfluidic channel and combined with streams of buffer and substrate. The combined solutions were
flowed into a stream of a fluorinated carrier fluid, generating ~50 smaller (10-15-nl) plugs for each reagent
plug. The flow rates were varied to generate droplets with different concentrations of the reagent, and
indexing was sustained by correlating the size of the plug with concentration. Reprinted with permission
from Reference 37. Copyright 2006, National Academy of Sciences. (/) A microfluidic network used to
pattern the relative spatial position of an array of droplets. (Top) A generalized schematic diagram of the
microchannel network. Droplets generated at a T junction proceeded to a loop, where they took one of two
paths. (Bottom left) An optical micrograph of the loop showing one droplet in the lower branch and one
droplet in the outlet channel. (Bottom right) Plots of droplets being detected as they moved through the “In”
and “Out” windows shown in the lower left panel; the spike indicates the presence of a droplet. The upper
plot shows uniform time intervals (i1 = 7Tin2) between droplets as they reached the loop. The lower plot
depicts the two different time intervals (Toue,1 # Tour,2) that separated the droplets as they emerged from the
loop. From Reference 68. Reprinted with permission from the American Association for the Advancement of
Science.

from this point. Thus, droplets analyzed according to their spatial position can provide temporal
information on the progress of a reaction or event (70). This approach has been used to measure
kinetics, including enzymatic kinetics (70, 71), coagulation (10, 11, 72), autocatalytic amplification
(73), cell-based enzyme assays (74), streptavidin-biotin binding kinetics (75), DNA hybridization
(76), and fluidic mixing (77).

The chemistrode, a microfluidic platform based on 1D droplet arrays, combines the two afore-
mentioned characteristics of 1D droplet arrays: () the ability to preload indexed cartridges and
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Figure 3

The chemistrode delivers and records multiple molecular signals with high temporal and spatial resolution
for off-line analysis by multiple analytical methods in parallel. () A conceptual schematic drawing of the
stimulation, recording, droplet-splitting, and analysis steps. (b)) Schematic of the chemistrode brought into
contact with a hydrophilic substrate, demonstrating how chemical signals are collected into response plugs.
Reprinted with permission from Reference 78. Copyright 2008, National Academy of Sciences.

(&) the ability to encode and record a temporal sequence (78-81). By controlling the flow rate
of a cartridge of droplets that is preloaded with a designed spatial sequence, one can use the
chemistrode to deliver a sequence of stimuli with a desired temporal pattern to a stationary sub-
strate. As the array of droplets passes the substrate, the droplets can both stimulate the substrate
and collect chemicals that result from this stimulation to record the temporal response of the sub-
strate in its spatial sequence. Analysis of the recovered array of droplets reveals the time-resolved
stimulus-response profile of the substrate (Figure 3). This approach was validated in conjunction
with the chemistrode by recording the stimulus-response profile for murine islets of Langerhans in
response to glucose (78). Compartmentalization of a continuous effluent stream into a sequence of
droplets has also been used to record the results of other assays, including capillary electrophoresis
separation (82) and microdialysis (83-86).

Splitting a 1D array of droplets into multiple parallel daughter 1D arrays (Table 1) maintains
the indexing such that each daughter array is identical to the original array (87, 88). This feature
enables parallel independent analyses (potentially with different methods) for multiple analytes
from the original array (see the sidebar for analysis methods) (78, 81). Data from the analysis of
each daughter array can be aligned together according to the identical indices to provide a more
complete kinetic picture (Figure 3). This approach was used to conduct four separate assays to
identify various microbial strains that had been stochastically confined in droplets (81).

3. TWO-DIMENSIONAL DROPLET ARRAYS

Droplets in 2D arrays can be indexed by two variables, such as by channel number and axial
position for an array of channels or tubing or by x and y position for a planar array of wells or
traps.

Pompano et al.
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Examples of generation of two-dimensional (2D) droplet arrays. (#) Preformed droplets were loaded sequentially into microwells,
thereby preserving indexing order. (7op) Photograph of droplet generation by flow-focusing on a microfluidic chip. (Bottorm)
Photographs and simplified schematics of droplets spontaneously moving into the first empty well they encounter in a downstream
microwell array, driven by a reduction in interfacial energy as they enter the well. The timing of the images is shown to the left of the
photographs. Adapted from Reference 105. Copyright 2007, American Chemical Society. (/) Hundreds of droplets were formed in situ
in a 2D array on a SlipChip. (Lef?) Schematic of a SlipChip. (Center, right) Photographs of a SlipChip. (7op) Fluid (red) was loaded into
channels formed by overlapping elliptical wells in opposite plates of the chip (e/ipses). (Bottom) The top plate (dotted blue outline) was
slipped upward in the plane of the image, thereby isolating each elliptical well and overlapping it with a circular well in the opposite
plate to generate hundreds of droplets in a regular array. Reproduced with permission from the Royal Society of Chemistry (100).

3.1. Generation of Two-Dimensional Droplet Arrays

Droplets can be arranged in 2D arrays by several methods. One approach is to build on 1D
arrays; examples include forming a set of parallel 1D arrays by aspiration (Figure 1d) (62) or
routing droplets into a series of parallel channels by controlling the pressure drop with valves or
by pinching outlet tubing (89). As discussed above, each droplet of a 1D array can be () split
into multiple identical daughter droplets for 2D storage (87, 88) or (b) combined with droplets
from another 1D array to form a 2D array of distinct droplets. Another approach is to capture
preformed droplets in a 2D array of fluidic traps, either with random placement (90, 91) or with
indexing preserved from the inflowing line of droplets (Figure 4«) (82, 92-94). 2D arrays can also
be formed in situ, concurrently with droplet formation, by breaking off droplets from the bulk
solution at desired locations (56, 94).

A recent example of in situ droplet array formation is the SlipChip, a microfluidic chip made of
two layers prepatterned with wells and ducts that are separated by an immiscible carrier fluid such
as oil (95). The two layers are initially positioned to form channels by continuously overlapping
these wells and ducts. Aqueous solution is then loaded into these channels. When the layers are
“slipped” relative to one another, the wells and ducts separate, and the aqueous stream is broken
into an array of droplets. This method has been used to form arrays of hundreds or thousands of
droplets in a single step (Figure 45) (95-101).

Microwell and surface arrays are alternative methods of generating 2D arrays of aqueous
solution that do not require an immiscible immersion phase. Microwells can be loaded passively
(102, 103) or actively by dispensing, and arrays of droplets can be generated on open surfaces
by microarray printing. Microwell and surface arrays differ from most droplet arrays in that the
solution can wet the substrate. As a consequence, chemicals or cells in the well or surface droplet
can interact easily with the surface. Several excellent recent reviews (3, 16, 104) further discuss the
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Figure 5

Two-dimensional arrays facilitate high-throughput time-lapse imaging and analysis. (#) Photograph of
high-throughput single-animal experiments that were performed over long time periods through the use of
an array of droplets containing zero or one Caenorhabditis elegans worm per droplet. Worms (in droplets
marked with white arrows) were imaged in droplets over a 2-h period to determine mobility in response to a
drug. On the right is a magnified view of individual worms in droplets. Reproduced with permission from the
Royal Society of Chemistry (93). (b)) Photograph of subsecond nucleation events that were simultaneously
imaged in hundreds of arrayed droplets during solidification of supercooled glycerol solutions. On the right
are time-lapse images of nucleation in a selected droplet in a separate device at (fromz top to bottom) 0, 123,
246, and 369 ps. Reproduced with permission from the Royal Society of Chemistry (107).

use and applications of microwell and surface arrays, including high-throughput immunoassays
and compartmentalization of cellular samples.

3.2. Characteristics and Applications of Two-Dimensional Droplet Arrays

2D arrays are naturally capable of higher density than are 1D arrays, in part for physical reasons:
The space required to store an array of z droplets usually scales with 7 in 1D and only /7 in 2D,
and imaging a planar array of droplets is often simpler than imaging a linear array of droplets
in a tube or channel. Furthermore, unlike in 1D droplet arrays, in 2D arrays, droplets can be
switched or reorganized easily (analogous to passing cars) without the risk of coalescence, even in
the absence of stabilizing surfactants.

Droplets docked in high-density indexed arrays enable high-throughput time-lapse imaging
of slow or fast processes. For example, 2D arrays of droplets have been used to monitor the
behavior of many individual organisms over minutes or hours. Individual Caenorbhabditis elegans
worms were encapsulated with a neurotoxin metabolite, and an array containing 180 of these
droplets was monitored for more than 2 h to quantify the worms’ motile response (Figure 54)
(93). Escherichia coli cells bearing plasmids for proteins of interest were confined in 239 arrayed
droplets to quantify protein expression and enzyme activity for over 20 h (105). Enzyme levels
were also monitored in reporter yeast cells by isolating single cells in thousands of droplets on
a Dropspots device and monitoring the cleavage of a fluorogenic substrate (106). The 2D array
format also lends itself to high-throughput monitoring of protein crystallization, as has been
performed on SlipChip (9, 95-97). Droplets that form crystals of interest can be identified by
their index and reproduced on a larger scale for analysis by X-ray crystallography. 2D arrays also
enable high-throughput measurement of rapid kinetics. For example, subsecond nucleation events
were simultaneously monitored in more than 100 droplets during solidification of supercooled
glycerol solutions (Figure 5b) (107). In all of the above examples, the droplets were stationary
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Applications of two-dimensional (2D) arrays of droplets. () A 2D array was used to read out a concentration-temperature phase
diagram on a chip. (Top) Photograph of a microfluidic chip with a 2D array of droplets containing colored dye, with a concentration
gradient from top to bottom. (Bottonz) Result of a phase diagram experiment that used droplets of adipic acid with simultaneous
concentration and temperature gradients. Crystals of adipic acid appear white, and uncrystallized droplets are not visible. The dotted
line gives an estimation of the solubility limit. Reprinted with permission from the Royal Society of Chemistry (89). (4) SlipChip was
used to perform a multistep heterogeneous immunoassay on each droplet in an array simultaneously. (70p) Schematic drawing of the
immunoassay (cross-sectional view). (i) Solution containing the immunoassay target (red dots) was loaded into the bottom well, then
(i) slipped right to bring the sample into contact with an assay mixture of beads (b/ack) and conjugated antibodies (green). (i, iv)
Additional slips moved the conjugated beads through several wells of washing bufter (ye/low). (v) A final slip brought the beads into
contact with a reporter solution (blue) in order to quantify the concentration of analyte. (Bottonz) A photograph of the device (top view),
with each row of wells filled with colored solution to match the schematic above. Reprinted with permission from Reference 98.
Copyright 2010, American Chemical Society. (¢) Pairs of droplets were trapped in an array in order to investigate diffusion across
surfactant bilayers. Droplets were generated and then flowed into the array to be captured. Diffusion of fluorescent small molecules
across the interface between the droplets was monitored over time. (Top) Schematic of trapped droplets. (Bottor) Bright-field
microphotograph of trapped droplets in the device. Reproduced with permission from the Royal Society of Chemistry (91).

over time. To image rapidly moving droplets, a microfabricated zone-plate array was recently
developed for high-throughput confocal fluorescence imaging of droplets flowing through an
array of microfluidic channels. Images were collected at a maximum rate of 184,000 droplets per
second (108).

2D arrays make the design and analysis of experiments with two independent variables straight-
forward. For example, 2D droplet arrays were utilized to construct phase diagrams of the solubility
of organic compounds in water. Chemical composition (concentration, C) was varied between rows
of droplets, and temperature, 7, was varied along the rows. The solubility diagram, C versus 7,
was read out directly from the droplet array (Figure 64) (89). Similar phase diagrams have been
constructed for protein crystallization (60) and for saline-polymer mixtures using the Phase Chip
92).
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Another advantage of 2D arrays is that droplets can be manipulated in parallel instead of in
linear sequence. This facilitates multistep analysis procedures. For example, the SlipChip can
perform multistep and multiplexed analyses on tens to thousands of droplets simultaneously. The
SlipChip was used to perform a six-step heterogeneous immunoassay for insulin on 48 independent
nanoliter-volume droplets simultaneously (Figure 6b) (98). In another example, the SlipChip
was used to generate 384 droplets of a sample containing microbial cells, move the droplets
into wells containing 20 different primer pairs, and perform thermal cycling for PCR to identify
which microbial strains were present in the sample (99). Researchers have also achieved real-time
PCR with 2D arrays by (#) fixing emulsion droplets in place in a microfluidic channel (109) or
() printing nonwetting droplets onto a Petri dish surface under oil (110) so that they can be
spatially indexed for imaging over time.

In 2D arrays, the relative position of individual droplets can be utilized to control the inter-
actions between droplets. For example, two droplets of differing compositions were trapped after
being loaded from both ends of a channel to generate a controlled interface between droplets.
These pairs of droplets were used to investigate the diffusion of small molecules across the interface
in the presence of different surfactants and carrier fluids (Figure 6c) (91). The formation of lipid
bilayers has also been studied at interfaces in an array of droplets (111). For droplets that are not
brought into direct contact with one another, bridges between droplets have been used to control
communication. For example, a slender neck was used to connect droplets containing protein
with droplets containing precipitant on a SlipChip to perform crystallization by nanoliter-scale
free-interface diffusion (97). Future work may produce 2D or 3D arrays that control interactions
between more than two droplets for complex applications such as intercellular signaling.

Optical trapping, such as that by tweezer arrays and holographic arrays, provides an additional
means of controlling the spatial position and interactions between droplets. Although this tech-
nology has generally been used to trap particles such as beads (112, 113), it has recently been
used to control the position of arrays of droplets such as aerosols. Optical tweezers were used to
manipulate, transport, and fuse individual femtoliter-volume aqueous droplets on demand (114).
In research leading to manipulation of arrays, aerosol droplets were captured and held in 2D
holographic arrays (115), rotated around a carousel for imaging in one position, and coalesced
with one another in a controlled manner (116). In the future, this technology may develop into a
powerful tool for complex manipulations of 2D or 3D arrays of droplets.

4. THREE-DIMENSIONAL DROPLET ARRAYS

Droplets in 3D arrays are spatially structured or manipulated in space with three variables.
Compared with 1D and 2D droplet arrays, 3D arrays are not as well developed. Here, we
divide 3D droplet arrays into two categories on the basis of the method of assembly.

4.1. Generation of Self-Assembled Three-Dimensional Droplet Arrays

Self-assembled 3D droplet arrays require no microfabricated structure to support the array.
Instead, droplets are tightly packed in 3D arrangements, and surfactants are used to prevent
coalescence (Figure 7). Usually, such arrays consist of droplets of identical composition, and the
spatial arrangement is variable and depends on droplet sizes and oil-to-droplet volume ratios (117).
Packing has also been controlled by varying the ratio of chamber height to droplet diameter; in an
array designed with two overlapping layers, one million individual droplets were imaged and ana-
lyzed for high-throughput analysis of digital PCR (118). So far, there have been no reports about
indexing 3D self-assembled dropletarrays, but once methods for arranging and addressing specific
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Figure 7

Self-assembled three-dimensional (3D) droplet arrays. (#) Schematic of the channel structure used to
generate self-organized droplets in 3D arrays. Aqueous droplets suspended in oil are formed at the T
junction and flow to a deep microchannel for packing into an organized 3D array. (b) Self-organized (lef?)
square and (right) hexagonal arrangements of homogeneous 3D arrays of droplets observed at the plane
adjacent to the channel wall. (¢) Schematic of the face-centered cubic (fcc) 3D structure, where the square
and hexagonal patterns correspond to fcc {100} and {111} planes, respectively. Reproduced with permission
from the Royal Society of Chemistry (118).

droplets in such high-density arrays are developed, it may be possible to utilize them for many
applications, including stochastic confinement, single-cell analysis, or synthesis of self-organizing
colloid materials with specific optical or physical properties.

4.2. Generation of Constructed Three-Dimensional Droplet Arrays

Constructed 3D dropletarrays use specific 3D microstructures such as microwell plates or physical
mechanisms such as optical or electrical energies to confine and control the movement and interac-
tion of droplets in 3D space. 3D microfabricated channels have been developed and used for single-
phase flow (119); in the future, such methods could be extended to control the flow of droplets from
one plane to another. For droplet manipulation without flow, separate microwell plates containing
stationary 2D droplet arrays were stacked vertically to combine or separate droplets between the
layers, thereby converting multiple 2D arrays into a quasi-3D array (Figure 84) (120).

The SlipChip also can manipulate multiple 2D droplet arrays in parallel planes. A typical
SlipChip contains microstructural features in each plate, and two plates slip relative to one another
(95) to vary the microstructure over time (Figure 85). This motion allows control of simultaneous
high-throughput interactions between layered 2D droplet arrays, including mixing, transfer, dif-
fusion, and separation, as well as on-demand rearrangement of the 3D interactions. As discussed
above, the SlipChip has been used for applications in protein crystallization (95-97), digital PCR
(100), multiplex PCR (99), and nanoliter immunoassays (98). Future development of SlipChip
may enable the simultaneous or sequential manipulation of 3D droplet arrays in more than two
separate planes, which will allow the programming of more complex multistep interactions and
reactions.
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Constructed three-dimensional droplet arrays. () Two two-dimensional (2D) droplet arrays in microwell plates were assembled under
oil to initiate mixing between the arrays. (70p) Schematic of the two plates being brought together. (Bortonz) A micrograph of a 6 x 6
array of microwells containing Fe(SCN),>** solutions with a concentration gradient. Reprinted with permission from Reference 120.
Copyright 2007, American Chemical Society. (b)) Two 2D arrays were moved relative to one another by the SlipChip. (7op)
Step-by-step operation of a SlipChip consisting of two parallel plates. (7) The sample (white) was loaded into a series of connected wells
and ducts. (i7) The plates were slipped to generate individual droplets in the sample wells and combine them with preloaded reagent
droplets. (i7i) The samples mixed with the reagents; the reaction was observed. (Bottonz) Photographs of an experimental demonstration
of mixing between droplet arrays in the SlipChip using food dyes. (Lef?) The bottom plate was preloaded with 48 droplets of blue,
yellow, and red dyes. The top plate was loaded with green dye. (Right) After slipping, the green-dye droplet array mixed with the
preloaded droplet array. Reproduced with permission from the Royal Society of Chemistry (95).

Other methods have been developed to manipulate individual droplets in 3D; these may even-
tually allow the manipulation of 3D arrays. For example, digital microfluidics driven by electrowet-
ting has been used in a technique termed all-terrain droplet actuation (121). This method enables
the manipulation of droplets on nonflat surfaces, including inclined, declined, vertical, twisted,
and upside-down geometries (Figure 94); however, so far the surface can be indexed with only
two dimensions. Electrostatic force has also been used to lift an electrically charged droplet verti-
cally between two parallel planar electrode arrays (Figure 95) (122). Other potential methods to
manipulate 3D droplet arrays include optical tweezers (114), magnetic force (123), acoustic trap-
ping (124), ultrasonic—electrostatic hybrid levitation (125), and optically induced dielectrophoresis
(126).

3D droplet arrays greatly increase the storage and processing capacity of microfluidic devices
and offer the possibility of manipulating droplets in parallel. This area is open to further investiga-
tion, and future work will establish the trade-offs between increased performance and complexity
and identify applications that will truly benefit from 3D arrays.

5. OUTLOOK

In this review, we discuss the generation and manipulation of droplets in spatially defined arrays
in one, two, and three dimensions; we also describe the many novel analyses these arrays have
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enabled, including time-lapse studies of molecular, enzymatic, and cellular processes. In addition
to the applications described in this review, spatially defined arrays of droplets will probably offer
many as-yet-untapped opportunities.

When droplets are organized into arrays, they can be perturbed in series or in parallel, and
the responses can be easily monitored. Perturbation and response experiments have been fruitful
outside of droplets for the elucidation and quantification of cellular phenotypes, such as T and
B cell signaling in lymphomas (127, 128), as well as for an enhanced understanding of kinetic
mechanisms in chemistry and systems biology (129). Arrays of droplets may provide an excellent
tool for high-throughput perturbation and response experiments, especially because droplets also
allow for precise control of the timing of mixing and reaction between reagents, thus allowing
kinetic measurements to be performed with millisecond resolution (70). Furthermore, controlling
the interactions between droplets in arrays may enable the investigation of complex systems such
as intercellular signaling.

Preloaded arrays and multistep manipulations may become valuable tools for personal and
point-of-care diagnostics. Many diagnostic and personalized medicine applications require multi-
step processes, and although multistep processes such as immunoassays (62, 98) and PCR (99, 100,
109, 110) have been demonstrated with spatially defined arrays, further research will be required
to make these and other diagnostic techniques widely available to clinicians and patients. Another
exciting opportunity is for diagnostics based on pattern recognition rather than on analysis of a
single biomarker. The importance of testing a panel of multiple biomarkers is particularly rele-
vant to cancer treatment because of the heterogeneity and complexity of cancer (130), but it is
also relevant to drug development (131) and treatment of other complex diseases, such as chronic
inflammation and autoimmune conditions (132). The advantages of spatially defined arrays of
droplets, including indexing, high-throughput analysis, and small sample-volume requirements,
are especially pertinent for the analysis and monitoring of multiple biomarkers. We are optimistic
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that, as this field develops, droplet arrays will become the basis for novel biomedical devices or in-
novative tools used to engineer fluid interactions, study chemical kinetics, discover novel catalysts,
and improve health care.

SUMMARY POINTS

1. Compartmentalization of a bulk solution into droplets has unique advantages that allow
for experiments that cannot be easily performed in the bulk solution.

2. Spatially organized arrays of droplets allow individual droplets to be monitored over time
or to be physically or chemically addressed. Droplets of interest can then be retrieved
or reproduced. Spatially defined arrays are also a good means of controlling physical or
chemical interactions between pairs or multiples of droplets in a highly parallel fashion.

3. 1D arrays of droplets have been used to generate, store, and manipulate cartridges of
reagents for screening many reaction conditions; they have also been used to perform
time-resolved measurements by converting the spatial order of the droplets to a temporal
sequence.

4. Techniques to generate and use 2D arrays of droplets have been widely developed.
2D arrays can manipulate organized droplets at higher throughput than can 1D arrays,
and they can easily perform experiments with two independent variables, such as phase
diagrams. Droplets in 2D arrays can be manipulated to introduce interaction between
droplets.

5. Several methods demonstrate the generation and control of 3D arrays of droplets, but
this is still an emerging field. Further improvements to the technology will lead to unique
applications.

FUTURE ISSUES
1. Better analytical methods to analyze chemical contents of droplets are needed.
2. Existing methods to access individual droplets of interest in an array should be improved.

3. A simpler and more robust way to generate preloaded 2D or 3D cartridges should be
developed.

4. 3D droplet arrays with more than two indexed layers should be developed; indexing with
existing multilayer arrays should be integrated.

5. It will be necessary to control communication between more than two droplets at a time
so as to study complex interactions between chemical reactions or biological processes.

6. The ability to rearrange droplets in 2D and 3D arrays will be needed for fluidic, physical,
and optical trapping mechanisms of array formation.

7. 2D and 3D arrays should be applied to real-world problems, including biomedical de-
vices for multiplexed diagnostics, high-throughput screening of chemical or biological
processes for laboratory or industrial use, and detection of rare or stochastic events via
compartmentalized samples.
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