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We describe a one-step passive strategy to create concentration
gradients in static droplet arrays. The technique exploits controlled
exchange of materials between moving plugs and stationary drops.
The concentration of soluble reagents can be varied from drop-to-
drop in the presence of other soluble reagents or insoluble materials
(e.g. cells) at well-defined time points.

Demand for high-throughput screening (HTS) is pervasive in
applications related to chemistry, biology, medicine and biomate-
rials." Droplet-based microfluidics®° is emerging as a powerful and
inexpensive alternative to conventional multi-well-plate-based
screening, offering significant opportunities to compartmentalize
reactions in very small volumes with flexible control of composition.
Current methods to manipulate reagent concentration in drops fall
under two broad categories - mobile droplet arrays (MDAs) and
static droplet arrays (SDAs).!® In mobile droplet arrays (MDAs),
drops are continuously produced using microfluidic methods and
flow past a detector. The drop composition is tuned by either adding
reagents prior to drop production'*'” or by coalescing reagent-
loaded drops downstream using external fields (e.g. fluid pressure or
electric fields)."*2° However, some of the MDA methods suffer from
either narrow concentration range (typically two orders of magni-
tude or less),"”** or lack the ability to directly produce concentration
gradients in drops containing larger insoluble materials such as living
cells,”>*® limiting their applicability to cell-based assays. More
importantly, MDA methods have difficulties with indexing drop
position or acquiring time-lapse data for assays of long duration.
Unlike MDA, two-dimensional SDAs mimic multi-well plates
with the distinction that nanolitre to picolitre-scale drops are stored
at predefined locations.? This method allows simultaneous
monitoring of many individual reactions in drops over a wide range
of timescales. Sample evaporation is also reduced significantly in an
enclosed substrate. Moreover, the drop position is indexed if further
manipulation is needed. However, current SDAs are largely limited
to generating arrays of drops containing a target sample (e.g.
enzymes, DNA, bacteria, small animals) in the presence of only
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single concentration of a soluble reagent,?2¢ precluding their

application to HTS. By coupling permeation-driven transport across
membranes,**3!' additional flexibility has been achieved in tuning
drop content, however, these systems require complex multilayer
devices and are limited to reagents that permeate through the
membrane. Thus, there is a tremendous need for low-cost and simple
approaches to (i) vary the concentration of reagents in a tunable
manner from drop-to-drop in an array, and (ii) add or remove
soluble reagents from a SDA at well defined time-points to execute
multi-step assays. If these capabilities are realized, the power of
SDAs can be expanded to HTS and other lab-on-chip technologies.
Here we describe a method that delivers these capabilities.

The basic idea of our method involves exchange of materials
between stationary drops and moving plugs. In Fig. 1 weillustrate our
method with a representative dilution experiment. To perform dilu-
tion, we built a reagent-loaded cartridge® (Fig. 1a, left) containing
‘sample’ (dye in our experiments) plug and water as diluting plug,
separated by an oil phase. The plugs from the cartridge are delivered
into the microfluidic device that is prefilled with oil (see Fig. 1a,
center). The device contains a microchannel network with a repeated
sequence of loops (Fig. 1b). Each loop contains a bypass channel
having lower hydrodynamic resistance than the branch containing
the fluidic trap®**** (see inset, Fig. 1b). Details of the geometry
dimensions are provided in Supplementary Information (Section 1).

The principle of generating a droplet array with a sample plug in
this network has been described previously.?* Briefly, the sample plug
moves into the bypass channel, enhancing the hydrodynamic resis-
tance of the bypass, which allows a portion of the sample plug to fill
the fluidic trap. Further movement of the plug in the trap is restricted
by the capillary pressure at the geometric constriction. As the plug
continues to traverse other loops, eventually the tail of the plug
reaches the junction of each loop, undergoes break-up and generates
immobilized droplets of uniform composition. Fig. 1b shows the
time-sequence of this process (also see Supplementary Movie S1).

The key novelty of this work lies in combining the above process
of generating droplet arrays with the capability of adding reagents by
using a cartridge. Concentration gradients in the array are produced
via a unique mechanism of coalescence, mixing and break-up of
additional plugs with the preformed array of homogeneous
composition (see Supplementary Movie S2). Basic description of the
dilution process is as follows. When the water plug arrives into the
network, it proceeds into the bypass channel as shown in Fig. lc.
However, after the head of the plug advances into the bypass
channel, the thin film of oil between the stationary drop and the
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Fig. 1 Principle of generation of static droplet arrays with tuneable composition. (a) Schematic illustration of (left) cartridge preparation by aspiration
and (center) introduction of plugs into the microfluidic device for droplet trapping with subsequent dilution, (right) a droplet gradient array generated by
trapping fluorescent droplets (10~* M sodium-derivative of fluorescein) followed by dilution with a 2.2-pL-water plug at flow rate of 0.5 L. min~"'. (b)
Images illustrating the motion of the sample (black food dye) in the fluidic network. The inset of (b) shows the loop design with the bypass channel (blue
line) and the fluidic trap (red line). (c) Time-sequence snapshots of the dynamics of gradient generation by the diluting plug in the fluidic network. The
time stamps are shown in the top right corner of each image. (d) Time-sequence snapshots of the dynamics of diluting water plug coalescence with the
sample droplet. The arrows in the images identify the location of the front and end of the diluting plug. The trapped droplet contains a fluorescent dye
(10 M sodium-derivative of fluorescein) and dilution was performed by a 0.8-uL-water plug at flow rate of 0.5 uL. min~'. Continuous phase is 0.1%
(w/v) Span 80 in mineral oil. Scale bars in (a—c) are 1 mm; scale bars in inset of (b) and (d) is 200 um.

moving plug ruptures allowing exchange of materials between the
drop and the plug. This exchange dynamics is shown in Fig. 1d (also
see Supplementary Movie S3). Material is exchanged at every loop-
junction as the water plug travels through the network causing
a gradient of soluble material in the water plug (Fig. 1c¢). Because the
first drop gets diluted with water and the successive drops get diluted
with increasing amounts of soluble material, we observe concen-
tration gradient in the array. The method offers the flexibility of
either increasing or decreasing the concentration of the soluble
material from drop-to-drop in the array, by simply changing the
initial composition of the moving plug. Fig. la (right) shows
a representative droplet gradient array resulting from this process.
The factors affecting the fluidic-trapping and gradient-generation
processes include the network geometry, fluid properties (viscosity
ratio and surfactant concentration) and carrier fluid flow rate.
Specifically: (i) At a given carrier fluid flow rate, the flow resistance
ratio of the branches in the loop coupled with the hydrodynamic
resistance of the plug affect the formation of immobilized arrays. The
carrier fluid flow rate needs to be optimized to retain the drops in the
traps, as discussed in our earlier work® (ii) Surfactant concentration
controls the coalescence ability (see Supplementary Information,
Section 5). It also modifies the hydrodynamic resistance of the
moving plug, affecting the trapping process* (iii) For a given network

geometry, the fluid properties coupled with the flow conditions
determine the final gradient in the SDA as these factors influence the
time allowed for continuous advection of the material from
stationary drops and the extent of recirculation-induced mixing in the
moving plug. For the network geometry investigated in this work,
a flow resistance ratio of = 1.5-3, surfactant (Span 80) concentration
of 0-0.5% and carrier fluid flow rate of 0.2-2 uL min~! was found to
be optimal for the dilution mechanism to operate.

Several control parameters are available to tune the concentra-
tion gradient and range in the array, lending flexibility to the
approach. Importantly, small variations in concentration from
drop-to-drop can be accessed either across a narrow or large range.
In particular, lower flow rates yield a wider range and steeper
gradient because of the increased duration for dilution (Fig. 2a). In
addition, plug volume (Fig. 2b) or the number of diluting plugs
(Fig. 2c¢) can be varied to manipulate reagent concentration in drops.
We find the gradients to be reproducible as three independent
measurements at the condition of 1.0 pL min~! in Fig. 1a, yielded
a standard deviation of less than 4%. Because of the ability to deliver
multiple plugs at well-defined time points, spatial concentration
gradients can be generated in a time varying manner. This unique
aspect could be particularly useful to interrogate the response of
living systems to temporal variations in soluble signals.?"**
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Fig. 2 Control of concentration gradients by varying system parame-
ters. In (a—c), we define Cy as the initial concentration of black dye in the
trapped drops before the dilution and C, as the concentration of dye in
each drop after the dilution (n = 1-60). The dye concentration was
estimated from the grey-scale intensity values. To generate this data
a solution of black dye was used as the sample plug and water was used as
the diluting plug. (a) The diluting plug volume (2.2-uL) was fixed and
flow rate was varied. (b) The flow rate was fixed (0.5 pL min~') and the
diluting plug volume varied. (¢) The flow rate (0.5 uL min~') and diluting
volume (1.5-uL) were fixed but the number of dilutions varied. (d)
Variation in concentration of fluorescent dye in the first droplet in an
array as a function of number of dilutions. The starting concentration of
the drop was 10> M of fluorescein (sodium derivative) and dilutions were
performed sequentially by using four 2.2-ul-water plugs at a flow rate of
0.5 uL min~". Continuous phase is 0.1% (w/v) Span 80 in mineral oil.

Our method is capable of delivering a wide concentration range
that is only limited by the detection method. This remarkable ability
is because of continuous sample removal from the first drop and not
so much from the last drop in the array. To quantify a practical
bound on dilution, we generated an array containing a uniform
composition of a fluorescent dye, diluted it with 4 water plugs of the
same volume and monitored the reduction in fluorescence of the first
droplet in the array (See Supplementary Information Section 6). As
shown in Fig. 2d, we detect nearly 100,000-fold dilution of the first
droplet. This orders of magnitude concentration variation illustrates
the power of the method for screening applications.

Because of the ability to add or remove materials from a drop, our
technique is also conducive to producing multi-component arrays,
which is a key aspect of HTS applications. To demonstrate this feature,
we constructed a 3-plug cartridge containing a water plug flanked by
two reagent plugs (blue and yellow dyes). In Fig. 3a we show an SDA
with a uniform composition of blue dye, which was subsequently
diluted with water (Fig. 3b). Adding a yellow reagent plug produces
a decreasing concentration of yellow and an increasing concentration
of blue in the array, yielding gradients in both the reagents (Fig. 3c). In
fact, the approach can be extended to any number of reagent gradients
by introducing additional plugs in the cartridge. This ease of gener-
ating arrays with multi-component gradients comes at the cost of
reduced independent control over the composition of each reagent.

Numerous high throughput applications handle more complex
materials than soluble reagents. For example, in drug screening,
a population of cells is exposed to a wide range of drug concentrations
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Fig. 3 Static droplet arrays of multi-component mixtures. (a) SDA
containing blue dye. (b) The SDA in (a) is diluted with a 2.2-uL. water
plug to generate a concentration gradient of blue dye. (c) The SDA in (b)
is diluted with a 2.2-uL yellow dye plug to generate concentration
gradients in both blue and yellow dyes. Flow rates in (a), (b) and (c) are 1
pL min~', I pL min~', and 0.5 pL min~! respectively. Continuous phase is
0.1% (w/v) Span 80 in mineral oil. Scale bar: 1 mm.

to identify the optimal dosage. In Fig. 4, we illustrate that our method
is capable of creating gradients of a soluble reagent in drops containing
insoluble materials (see Fig. 4). In one experiment, we injected first the
soluble reagent plug, followed by 0.2 pum and 1 pm colloidal plugs. The
results indicate a gradient of soluble material (red dye) in a drop
containing a uniform dispersion of 1 pm and 0.2 pm particles (Fig. 4a).
We also tested this approach with cell suspensions by encapsulating
amixture of leukemia cells and trypan blue dye in individual drops and
capturing them in an array. Subsequently, the array was diluted with
a phosphate buffer saline plug to produce a gradient of trypan blue
(Fig. 4b). Despite the initial concentration of cells being low (average of
8 cells/drop) compared to particle experiments, the dilution step did
not remove cells from all the drops. We find 90% of the drops to
contain one or more cells. This unexpected finding implies different
rates of transport for soluble and larger insoluble materials, motivating
future investigation of the complex hydrodynamics involved.

An important aspect dictating the suitability of our method to
specific applications is the time-scale of gradient development, since
reactions may initiate when the sample and dilute plugs contact each
other. We find in our device, concentration gradients for each drop
are established in 1-5 mins (see Fig. 1c,d). Although this time-scale is
inappropriate for assays involving very fast kinetics, the mixing time-
scales in our method suffice for a broad range of applications
including cytotoxicity assays, protein crystallization and DNA
binding assays. For such assays, the format of our device allows
detection based on both camera-based as well as photodiode-based
systems, in which the signals could come from readouts such as
fluorescence or luminescence.

In summary, we developed a new method that is capable of
modulating reagent concentration by 5 orders of magnitude in SDA
and also producing multi-component mixtures. Implementation of
the technique is straightforward and requires minimal resources - the
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Fig.4 Static droplet gradient arrays with colloidal particles and cells. (a) The experiment consisted of creating a SDA with uniform composition of red
dye, with subsequent dilution with 0.2 um (blue fluorescent) and 1 pm (green fluorescent) colloids sequentially at the flow rate of 1 pL min~"'. The top
frame shows the bright field image of the final composition of the array showing the visible gradient in red dye (colloids are not visible). The bottom
frames show fluorescent images of selected drops in the array highlighting the presence of both the blue and green colored colloids. (b) The top frame
shows the SDA containing leukemia cells with a gradient in dye (trypan blue). The bottom frames show the selected droplets containing cells (marked by
circles). In (a) and (b) the selected droplets are highlighted by boxes. Continuous phase is 0.1% (w/v) Span 80 in mineral oil. Scale bars in upper and lower

images in (a) and (b) are | mm and 100 um.

microfluidic device, a reagent-cartridge and a pump. In this work, we
demonstrated a throughput of nearly 60 different concentrations (in
30 nL drops) in about 10 min using only 2 pL of sample volume. We
believe our approach is scalable beyond 60 drops to 10° drops by
increasing the device footprint and multiplexing. These next genera-
tion devices could serve as an inexpensive alternative to robot-aided
fluid dilution benefitting a wide range of HTS applications.
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