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We present a droplet-based microfluidic system for performing bioassays requiring
controlled analyte encapsulation by employing highly flexible on-demand droplet
generation. On-demand droplet generation and encapsulation are achieved
pneumatically using a microdispensing pump connected to a constant pressure
source. The system generates single droplets to the collection route only when the
pump is actuated with a designated pressure level and produces two-phase parallel
flow to the waste route during the stand-by state. We analyzed the effect of
actuation pressure on the stability and size of droplets and optimized conditions for
generation of stable droplets over a wide pressure range. By increasing the duration
of pump actuation, we could either trigger a short train of identical size droplets or
generate a single larger droplet. We also investigated the methodology to control
droplet contents by fine-tuning flow rates or implementing a resistance bridge
between the pump and main channels. We demonstrated the integrated chip for
on-demand mixing between two aqueous phases in droplets and on-demand
encapsulation of Escherichia coli cells. Our unique on-demand feature for selective
encapsulation is particularly appropriate for bioassays with extremely dilute
samples, such as pathogens in a clinical sample, since it can significantly reduce
the number of empty droplets that impede droplet collection and subsequent data
analysis. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874715]

. INTRODUCTION

For the past decade, droplet-based microfluidic systems have been widely investigated as
high throughput platforms for biological and chemical analyses.' Nanoliter (or smaller) drop-
lets serve as tiny reaction vessels and their small sample volume ensures enhanced mass and
heat transfer>* as well as reduced background.” Moreover, the small volume in a droplet enables
analysis of single molecules (e.g., DNA) or single cells because effective concentrations are
significantly increased.® Physically and chemically isolated droplets minimize the risk of cross-
contamination between reaction vessels and reduce non-specific adsorption onto solid surfaces.’
Applications that have been demonstrated include polymerase chain reaction (PCR),*® crystalli-
zation of proteins,'® drug screening,” nanoparticle synthesis,'' and enzyme assays.'*

Droplet generation in microchannels is generally performed in T-junctions'>'* or flow-
focusing channels.'” Despite its simple form, the droplet generation system poses challenging
fluid dynamic issues that arise from two-phase non-linearity of deformable droplet interfaces
and the subtle balance between the interfacial tension and the shear stress of multiple flows.'®
Because of this complexity, even a slight variation in the fluidic, geometric, or surface chemis-
try conditions can lead to dramatic changes in droplet generation—varying the droplet size
abruptly or producing a stable jet flow.'® Moreover, it is almost impossible to vary one of these
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parameters without affecting the others and hence, a long equilibration and stabilization period
is required to achieve stable droplet generation.'” The underlying mechanisms of microfluidic
droplet formation and the non-linear instability have been extensively studied and described
previously.'*'%19

Although droplet microfluidics has shown promising results, there still exist considerable
limitations for implementing complex bioassays that require step-by-step processing (pseudo-
batch mode) in droplet microfluidic chips.*® Most droplet systems are designed to generate a
train of droplets at a defined speed passively and are not able to generate a single droplet (or
droplets) on demand. This presents a challenge for precisely timed initiation of a chemical reac-
tion in a droplet. Since geometric and fluidic parameters together determine the delay time
between droplets, the velocity of droplets, and the mixing ratios, it is difficult to maintain an
optimum flow balance without separating droplet generation modules from chemical reaction
modules.'” For extremely dilute samples, the majority of droplets produced by passive droplet
generation systems are empty with no analyte in them. These empty droplets usually remain
unsorted during the collection process and often hinder retrieving meaningful information from
active droplets containing the sample. Therefore, there is a need for a versatile yet robust
technique to generate droplets on demand and manipulate the single droplets for subsequent
step-by-step bioassays.

Several microfluidic platforms for on-demand generation have been reported to overcome
the complications of passive droplet stream generation, including pneumatic microvalve-
integrated systems,”'**> microinjecting syringe pump system,”> a piezoelectric actuation sys-
tem,”* and laser-forced droplet generation.”® Although these systems have adopted different
actuation methods, they have similar operational functions where the dispersed flow is pushed
into the continuous phase upon actuation. The size of droplets and their rate of production can
be tuned by varying the strength or duration of actuation. However, the aqueous sample phase
for these systems is stationary without actuation and is encapsulated in a droplet only when the
actuation is triggered. Consequently, the systems still result in random encapsulation of sample
into droplets and generation of a large number of empty droplets for dilute samples. A laser-
driven droplet generation for on-demand production was recently introduced where a droplet
would be generated by laser perturbation of the aqueous sample flow through a nozzle into the
parallel continuous oil flow.*' This system enables selective encapsulation for dilute samples,
but requires a complex arrangement of multiple lasers for actuation and optical detection.

We present a microfluidic on-demand droplet processor for versatile droplet generation and
controlled analyte encapsulation. A pressure-driven micro-dispensing pump actuates on-demand
generation of droplets with a desired diameter which can be controlled for every single droplet.
Unlike previous stationary on-demand systems that are incapable of selective encapsulation, our
system relies on a continuous aqueous flow where it can selectively capture sample analyte in
droplets while the rest of the aqueous phase is continually removed without forming empty
droplets. This unique on-demand feature for selective encapsulation is particularly appropriate
for bioassays with an extremely dilute sample (e.g., pathogens in a clinical sample), since it
can significantly reduce the number of empty droplets that impede droplet collection and subse-
quent data analysis. When coupled with optical detection, our on demand droplet generation
technique will eliminate the need for sorting undesired droplets for analysis of dilute samples.

II. METHODS
A. Device fabrication

The microfluidic on-demand droplet processors were built with two common microfabrica-
tion materials: glass and poly(dimethylsiloxane) (PDMS), respectively. Figure 1(a) illustrates a
schematic of the processors. The glass device for generating droplets was made using standard
photolithography and chemical etching by Caliper Life Sciences (Mountain View, CA). Flow
channels were designed with a line-width of 10 um on the photomask so that their maximum
width after etching would be 70 um and their depth would be 30 um. The PDMS droplet
processors were fabricated by conventional soft lithography method.”> SU-8 25 photoresist
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FIG. 1. (a) A schematic of an on-demand droplet processor. The on-demand droplet generation system consists of four dif-
ferent aqueous phase inlets, one continuous oil phase inlet, one waste outlet, and one droplet collection outlet (not shown).
Detailed structures’ channel intersection with a droplet-forming nozzle is shown in the zoomed-in inset (not to scale). (b) A
simplified electrical circuit analogous model. Fluidic channels and tubing constitutes 1 variable resistance for Ryymp and 6
constant resistances for the others. Resistances in sheath flows are combined into a single sample resistance. During opera-
tion, 3 input pressures are controlled and internal pressures at 3 different locations (Py, P,, P3) determines the size of drop-
lets generated, flow rates of droplets, and droplet contents.

(MicroChem) was spin-coated onto silicon wafers and patterned by UV exposure (Karl Suss
MA/BA-6 aligner) using a transparency photomask. The wafers then were immersed in SU-8
developer (MicroChem) for designated time and dried. The master molds were put in a vacuum
desiccator with a drop of (tridecafluoro-1,1,2,2-tetranydrooctyl)-1-trichlorosilane (UCT) for
15 min for silanization. Then a 10:1 (w/w) mixture of RTV615A (Momentive) and curing agent,
degassed under vacuum, was poured onto the master mold and cured at 75°C for 2 h. After
obtaining the PDMS replica, inlets/outlets holes were punched using a 0.75 mm-diameter Uni-
Core biopsy punch. The PDMS channels were irreversibly bonded with a glass slide by a con-
ventional oxygen plasma bonding method followed by overnight curing at 75°C to enhance
bonding strength. Finally, the flow channels were treated with a commercial surface coating
agent (PicoGlide®, Dolomite) to ensure fluorophilic channel surfaces and subsequently flushed
with nitrogen. The final dimensions of the PDMS channels were 70 um in width and 30 ym in
depth.

B. Device operation

For the continuous phase, fluorinated oil (FC-40, 3M) containing 0.8% (w/w) surfactant
(PicoSurf® , Dolomite) was used. Its interfacial tension with water was estimated to be
~5mN/m for calculations.”® Droplet formation in our device worked well for a wide range of
surfactant concentrations (0.3—5 wt. %) in oil. The working range of water/oil interfacial tension
typically ranged from 2 to 20 mN/m. The aqueous and oil phases were injected into the micro-
fluidic channels via polytetrafluoroethylene [PTFE] tubing (1/32” OD). For glass devices, cus-
tom designed fittings and a custom designed Delrin holder were used for air-tight mounting.
All aqueous and oil phases were driven by pressurizing off-chip reservoirs with nitrogen using
0-15 psi scalable pressure modulators (Pneutronics) and the typical range of operation was 2-5
psi. All the inputs were independently controlled for (i) aqueous sample flow, (ii) carrier oil,
(iii) pumping fluid, and (iv) injection fluid. The on-demand pumping fluid was connected to a
microdispensing valve (Lee Company), controlled by a PC with a custom program for
LabVIEW software. For imaging experiments, commercial food dyes in different colors were
diluted for use. Microscopic observations were made using an Olympus IX71 inverted micro-
scope with Andor Clara interline CCD camera.

For particle detection, laser-induced fluorescence and forward scatter were detected using
photomultiplier tubes (PMTs) and a LabView program controlled the microdispensing pump.
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However, demonstration of on-demand triggering of the micro-dispensing pump was done with-
out the PMT signals. The LabView controller simulated actuation of the pump at predetermined
times (randomly chosen or periodic). To determine the recovery time (minimal temporal gap
between actuation) of the pump, LabView actuated the pump periodically at clock cycles of
0.5-10Hz.

C. Escherichia coli encapsulation

Recombinant Green Fluorescent Protein (GFP)-expressing E. coli cells were incubated in
Luria-Bertani (LB) medium at 37 °C. After incubation, the medium was completely removed by
multiple centrifugation steps and the pelleted E. coli cells were re-suspended in nuclease-free
water to form the aqueous phase.

lll. RESULTS

The on-demand droplet generation process in our device is shown in Figure 2. In the
stand-by state, the aqueous sample flow is driven down to the waste collection outlet, and no
droplets are produced. A small portion of oil phase may enter into the waste route, with a
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FIG. 2. On-demand droplet generator. (a) In the stand-by state, the aqueous phase containing a focused dye stream flows
down to waste outlet while most of the oil phase flows into the main channel. Two immiscible phases form a vertical inter-
face and no droplets are generated at the interface. (B) Upon an actuation of the microdispensing pump, pressurized dis-
pensing fluid pushes and forcibly reroutes the dye stream into adjacent oil stream through a small nozzle, producing a
droplet due to instability. The droplet is then delivered to injection area. Scale bars represent 100 um. (Multimedia view)
[URL: http://dx.doi.org/10.1063/1.4874715.1]
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well-defined (stratified) interface. The rest of the oil phase is directed to the main processing
channel but carries no droplets (Figure 2(a)). Upon a successful detection of a target particle to
be encapsulated in a droplet (or at predetermined times), the computer control program triggers
the microdispensing pump connected to the sample reservoir. In the actuated state, the sample
flow channel is rapidly pressurized with the dispensing fluid (incompressible liquid from micro-
dispensing pump), forcing the sample flow to intrude into the adjacent oil phase flow through a
narrow nozzle. Due to the Rayleigh instability of aqueous phase in the oil phase, a droplet
forms and is carried into the main processing channel (Figure 2(b)). Note that regardless of the
actuation strength, the flow rate of the oil phase must be balanced with that of the sample flow
to achieve a stable stand-by state where the two-phase interface is formed near the nozzle.
When the balance is disrupted, either no droplets will be formed on actuation (oil flow rate too
high) or the system becomes a regular T-channel passive droplet generator (oil flow rate too
low). Figures 3(a)-3(d) show the image sequence of droplet production from stand-by state
through actuation back to stand-by. Once the sample flow is pressurized with dispensing fluid,
a hemidroplet begins to grow at the narrow opening (Figure 3(b)). This interfacial movement
then causes a sudden increase of Laplace pressure at the hemidroplet interface as its effective
curvature radius (r) decreases, where APy = 2y/r and y is the interfacial tension between
the two phases. When the dispensing pressure is not high enough to overcome the Laplace pres-
sure, the hemidroplet interface is retracted without making a droplet to the stand-by state. With
sufficiently high pumping pressure, the sample fluid elongates into the oil phase with the effec-
tive radius increased (Figure 3(c)). Because of the increased radius, the Laplace pressure at the
interface is reduced. Consequently, the elongated hemidroplet loses its potential to be retracted
to the aqueous phase and instead stays in the oil phase. When a sufficient amount of the aque-
ous fluid intrudes into the oil phase, the hemidroplet loses its tail to reduce its interfacial ten-
sion and becomes a fully separated droplet. When the hemidroplet remains unseparated due to
insufficient volume of aqueous fluid, droplets still can be produced upon closing pump actua-
tion. The pumping pressure is then quickly withdrawn, resulting in sudden necking of the hemi-
droplet, which leads to another Laplace pressure build-up in the opposite direction (against
droplet retraction). Finally, the shear stress on the elongated hemidroplet by the continuous oil
phase causes the final breakoff of the droplet by pinching off the neck (Figure 3(d)). This drop-
let generation can be controlled by varying pumping pressure and actuation duration, which in

FIG. 3. Droplet generation and cell encapsulation. Image sequence ((a)-(d)) of on-demand droplet production from stand-
by state through actuation back to stand-by. (a) Stand-by state: aqueous phase and oil phase flow in parallel and form a sta-
ble interface. (b) Actuation state Initiation: due to the pressurized aqueous phase, the aqueous phase is directed into the oil
phase. (c) Actuation state maturity: a hemidroplet grows at the narrow nozzle and elongates with a narrow neck developing.
(d) Actuation state termination: the hemidroplet loses its potential to be retracted, causing the neck to be pinched off. The
liberated droplet flows in the oil phase. (¢) GFP-expressing E. coli cells are being encapsulated in aqueous droplets. (f)
Droplets each containing a single E. coli cell flow down the channel for subsequent reagent injection. (g) Collection of
droplets containing a single E. coli cell. Scale bars represent 100 um.
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combination affect the size of droplets and recovery time back to stable stand-by state for sub-
sequent actuations. For higher pumping pressure and longer actuation duration, the system
requires more recovery time. In typical conditions, glass devices tend to have recovery time of
up to 100ms while PDMS devices with the same geometry recover within 250 ms, enabling
droplet generation at rates of 4—10Hz. Longer recovery time for PDMS devices may be attrib-
uted to the more elastic substrate acting as a fluidic capacitor. To obtain PDMS devices with
shorter recovery time, the substrate can be cured using higher amount of crosslinker than the
standard protocol to yield a stiffer device (data not shown). Successive generation of droplets
during the recovery time is still possible, but residual pressure from the prior actuation may
affect the controllability, yielding a larger droplet or a train of multiple droplets. This droplet
generation rate at 4-10Hz is not comparable to that of high-throughput passive droplet genera-
tion systems that typically produce hundreds to thousands of droplets per second, but the on-
demand nature of our system has an inherent limitation of speed due to the need for recovery
time. However, on-demand generation enables more versatile controls in the course of droplet
processing, since a single droplet can be treated individually and independently for sufficient
time without interference from the subsequent droplets. Rare cell encapsulation on demand is
demonstrated in Figures 3(e) and 3(f) using GFP expressing E. coli cells in the aqueous flow.
Over a wide range of operational pressures for the aqueous/oil phases and the dispensing
fluid, this platform generates droplets of fairly uniform sizes for both glass and PDMS devices,
unless the dimensions of the channels significantly change. As previously reported,”® the size of
the droplets can be adjusted by changing the ratio of flow rates of the aqueous phase and carrier
oil phase. Unlike regular passive T-channel systems, however, our system employs an active
actuator that aperiodically changes internal pressures and their corresponding flow rates every-
where. Figure 1(b) shows an electrical circuit that is analogous to our fluidic system. Geometric
dimensions of the channel define their constant fluidic resistances, except for 1 variable resist-
ance for the channel connecting to the on-demand dispensing pump. When the system is at
stand-by state, the valve is closed and R,.n, becomes infinite. When the valve is open for
actuation, R,ump recovers its geometrically defined constant value. This sudden decrease of
resistance tends to cause overshot flows momentarily, but the system quickly returns to its
steady state. This variable resistance model also can be represented by a resistance/switch
model, yet a switch model requires two different sets of equations to solve for ON and OFF
switch states, respectively. At normal operation conditions where Pgympe is comparable with
P, oil streams partially intrude into the waste route because of its lower flow resistance.
When Pgympie is much higher than P,;, aqueous streams overflow across the nozzle into the
main channel. In such cases, the system becomes a passive droplet generator that can produce
hundreds of droplets per second continuously. When Py, gets even higher, the aqueous
stream and the oil stream form parallel flows with a horizontal interface at the middle of the
channel width. When Pg,mpie increases further, it eventually stops the oil stream or makes it
reflux to the oil inlet. Once the three input pressures are set for operation, internal pressures at
three different locations (Py, P,, P3) can be calculated and they determine flow rates for droplet
generation at the nozzle as well as injection capability. Specifically, the pressure difference
over the nozzle (AP,,,,;, = P — P3) is proportional to the flow rate of sample flow through the
nozzle, which corresponds to the aqueous flow rate for regular passive T-channel systems.
Figure 4 illustrates the dependence of the size of generated droplets on this nozzle pressure dif-
ference, for a pumping duration of 1 ms for every actuation. Depending on the nozzle pressure,
there are clearly four distinct regimes for droplet generation, which are unique for our
on-demand droplet generation. In the first regime where the normalized pressure difference
AP? . < 0.1, the flow rate of sample through the nozzle becomes very slow compared to that
of the oil phase. Because a hemidroplet grows extremely slowly during the actuation, it never
reaches a stable spherical shape until the actuation ends, and thus will be retracted to the aque-
ous phase due to the backward Laplace pressure at the interface. By increasing the duration of
actuation, it is possible to produce small droplets in this regime. The second regime exists
when 0.1 < AP < 1. The slightly increased pressure difference enables a higher flow rate

nozzle
of sample during the actuation, which leads to the development of bigger hemidroplets,
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FIG. 4. Measured lengths of on-demand generated droplets in devices in two different materials: glass (empty diamonds)
and PDMS (solid squares), respectively. The channel widths at the droplet generation junction are identically 70 um for
both devices. The duration of on-demand actuation is set constant at 1 ms for all data points. Four different regimes of oper-
ations depending on AP; . are denoted with Roman numbers: no droplets (I), premature droplets (II), mature droplets
(III), and overmature droplets (IV).

However, this inflow of aqueous fluid into the hemidroplets is still too slow to completely fill
the droplet to reach the most stable size of droplets. As a result, a portion of a hemidroplet that
has not returned to the aqueous phase upon stopping actuation remains in the oil phase, forming
a partially stable small droplet (premature droplet). Within this “premature” regime, the size of
droplet increases as AP}, increases. For the third regime (AP}, _, ~ 1), the rate of filling the
hemidroplets becomes well balanced with the rate of squeezing off the droplets. Once the grow-
ing droplet fills the cross-section of the channel, it becomes a mature droplet and its neck is
quickly pinched off. The extra fluid in hemidroplets is retracted to the aqueous phase. The size
of droplets in this “mature” regime is fairly uniform over a wide range of pressure differential.
In the fourth regime where AP}, > 1, significantly increased pressure difference causes much
higher droplet filling rate compared to the shearing oil phase. Accordingly, due to the rapidly
increasing amount of aqueous fluid in hemidroplets, the retraction of extra fluid is prevented,
resulting in a proportional increase in the size of droplets (overmature droplets). These droplet
generation behaviors for the last two regimes are in good agreement with the previous reports
on passive T-channel systems,”’ except that our system enables production of more uniform
size of droplets over a wider range of operation because our system is more tolerant of extra
fluid in growing hemidroplets. Although our on-demand system functions very similarly to pas-
sive T-channel systems during the actuated state, the on-demand nature contributes to the first
two unique regimes, mainly because the existence of the low resistance waste route for the
aqueous phase significantly affects the droplet formation process.

Droplet generation is also highly dependent on the duration of pump actuation. When the
actuation is maintained for very short time (<1ms), the pumping pressure vanishes quickly
without changing the nozzle pressure at all. In this case, there is insufficient aqueous fluid sup-
plied to the oil phase, and no droplet is formed. Depending on applied pressures and channel
geometry, there exist critical thresholds for actuation time to produce a droplet. Actuation lon-
ger than these thresholds apparently directs more aqueous fluid into the oil phase. Infinitely,
long actuation (no stand-by state) allows permanent redirection of the aqueous phase into the
oil phase and thus transforms the on-demand system into a passive T-channel droplet generator.
In general, influences of the longer actuation on droplet generation are subject to the material
of devices. For glass devices, internal pressure development only depends on the compressibil-
ity of fluid inside, since both glass and tubing are almost inelastic. Thus, the pressure changes
originated from actuation almost instantaneously adjust internal pressures and the adjusted
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pressures are well maintained during the entire course of actuation. In this case, AP, is inde-
pendent of the duration of actuation and the size of droplets does not change. The more fluid
coming to the oil phase then results in a train of uniformly sized droplets just like for a short-
term operation of a passive T-channel system (Figure 5(a)).”® Note that the first generated drop-
let in a train is often larger than the following droplets, and this may result from the momentary
flow overshoot upon actuation. More interestingly, the last one or two droplets in a train may
become smaller, since it is likely that gradual pressure decrease at the end of actuation or dur-
ing recovery time can cause premature release of one or two droplets. For sufficiently long du-
ration of actuation (>100ms), the number of droplets generated in a train each actuation is in
direct proportion to the amount of intruded aqueous fluid for the actuation time. For a fixed
pressure, the number of droplets is then linearly proportionate to the duration of actuation (inset
plot in Figure 5(b)). However, if the actuation lasts shorter than typical internal pressure recov-
ery time (~100ms) in glass devices, the duration of actuation will have less effect on the num-
ber of droplets produced per actuation, showing less steep increase for time less than 100 ms
(main plot in Figure 5(b)). In more elastic PDMS devices, however, much longer actuation
time is required to produce multiple droplets in a single actuation. If actuation takes longer
time, there can be internal pressure buildup in the channel because of the high elasticity of
PDMS. This built-up pressure then increases AP, tentatively for quite a long time, which
rather leads to increases on the size of single droplets that corresponds to the fourth
“overmature” regime in Figure 4.

Contents of an aqueous droplet can be fine-tuned by including a gap between the
on-demand pumping channel and the droplet generation nozzle or simply by controlling the
flow rates of the aqueous solutions. Our current device design is capable of mixing four differ-
ent aqueous fluids in a single droplet at different ratios. Figures 6(a)-6(d) show how we set dif-
ferent aqueous streams for simultaneous encapsulation into a droplet. Three vertical dye streams
with distinct concentrations enter a droplet on actuation and undergo rapid convection-aided
mixing in a flowing droplet. Since the pumping direct the fluids horizontally toward the nozzle,
all three vertical streams are squeezed into a droplet with the nearest stream encapsulated most.
Thus, it is possible to fine-tune contents simply by changing the order of vertical streams or by
adjusting their flow rates. The fourth fluid available for mixing in a droplet with our design is
the pump dispensing fluid. Although the primary purpose of this fluid is to provide a horizontal
thrust to sample streams, it can be also partially incorporated into a droplet when the pumping
causes a pressure overshoot or when high pump pressures are maintained for actuation. For
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FIG. 5. Prolonged actuation for generation of multiple droplets in a train per actuation. (a) Once actuated, multiple droplets
are produced until the pump actuation stops. Note that the last droplet in the train is smaller than the others. Oil phase chan-
nels in the images were guided with dashed lines. (b) Number of droplets generated per actuation as a function of the actua-
tion duration. The experimental data were plotted in the logarithmic x-scale (main) and in the normal x-scale (inset).
Overall linear regression shows high linearity (2 =0.9739). Scale bars represent 100 um. (Multimedia view) [URL:
http://dx.doi.org/10.1063/1.4874715.2]
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FIG. 6. Manipulation of droplet contents. (a)-(d) Produced droplets have different concentrations (color density) by adjust-
ing the order and/or flow rates of aqueous streams. (e) and (f) When weak pressures are applied to the pump, the dispensing
fluid horizontally pushes aqueous streams into the nozzle without entering a droplet. (g) and (h) Pump dispensing fluid
becomes incorporated in a droplet when higher pressure is applied to the pump. Figures 6(e)—6(h) are listed in the order of
pumping pressure increasing, 4, 5, 6, and 7 psi, respectively). Scale bars represent 100 yum. (Multimedia view) [URL:
http://dx.doi.org/10.1063/1.4874715.3] [URL: http://dx.doi.org/10.1063/1.4874715.4]

weak pumping pressures (Figures 6(e) and 6(f)), the dispensing fluid provides only a horizontal
push without entering a droplet. At higher pumping pressures (Figures 6(g) and 6(h)), the fluid
begins intrusion. While the sample and sheath streams keep being removed to the waste route
without actuation, the dispensing fluid is not removed during the stand-by state. Rather, it
participates in droplet formation only when there is an active actuation, which implies that this
method of encapsulation can be advantageous for expensive samples, hazardous reagents, or
already concentrated analytes. However, it should be noted that sometimes this dispensing fluid
must be avoided in a droplet because it can dilute the samples, lowering their effective concen-
tration. More importantly, the dispensing fluid can be a source of contamination for biological
applications. In such cases, since contamination may occur with an extremely small amount of
contaminants transferred to the sample fluid either before or after droplet formation, there is a
need to completely (spatially or physicochemically) separate the dispensing fluid from sample
streams. One simple method to achieve this separation is to use oil as the dispensing fluid.?®
Naturally forming oil-water interface will essentially prevent contaminants from contacting
aqueous streams. This oil pumping method is particularly suitable for those applications where
no mixing within droplets is required yet complete sample isolation is desirable. However, to
use an aqueous phase in the dispensing fluid instead, there must be a special structure to pre-
vent it from merging into droplets on actuation. By employing a reverse-direction bridge
between the dispensing channel and the droplet generation nozzle, it is possible to impose an
extra flow resistance (Ryrigge; see Figure 1(b)) and a spatial and temporal gap between the dis-
pensing fluid and droplets. This bridge structure can minimize the effect of overshoots on actua-
tion, preventing the dispensing fluid from merging with sample streams within moderate opera-
tional conditions. Figure 7 shows the pressure variations around the bridge estimated by flow
resistance analysis for stand-by and actuation states, depending on the bridge length. The pres-
sure difference (AP iqq.) Over the bridge between the droplet formation nozzle (P;) and the dis-
pensing channel (P3) was calculated for various operational conditions, which are represented
by relative pressure (4 =P;/P3), the ratio of pressures applied to the sample flow and to the
dispensing pump. For low A values, the strength of the dispensing pump becomes greater,
whereas the pumping strength decreases as / increases. During the stand-by state, APpqee
remains positive, which indicates forward (downward) flow over the bridge. Upon actuation by
a strong pump (low 1), APp.q, may become negative, exhibiting reverse backward (upward)
flow over the bridge. This reverse flow then causes partial inclusion of the dispensing fluid into
a newly forming droplet. Figure 7 shows huge differences in APy, 4 between the stand-by and
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FIG. 7. Estimated variations of pressure difference over the bridge (APy,iqq.) between the droplet formation nozzle (P,)
and the dispensing channel (P5), depending on the bridge length. Solid markers represent data points for the actuation state,
whereas empty markers indicate the stand-by state. Positive pressure differences show forward (downward) flow and nega-
tive pressure differences exhibit reverse backward (upward) flow over the bridge. Relative pressure (/) is the ratio of pres-
sures applied to the sample flow and to the dispensing pump. The shaded region indicates the optimal operational range
(0.4 < 2 <0.8) where no dispensing fluid may enter on-demand generated droplets. Insets show how to facilitate or prevent
intrusion of the dispensing fluid into the droplets. At a strong pumping pressure (4= 0.3, left inset), the dispensing fluid
reverses the flow over the bridge and intrudes into the droplet. At a weak pumping pressure (4 = 0.8, right inset), the pres-
sure pulse propagates upstream triggering droplet formation, without the dispensing fluid entering the nozzle. Scale bars
represent 100 um. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4874715.5]

the actuation state for low 4 (<0.4), which indicates that the actuation of the pump with a high
pressure is actively involved in droplet formation process. For a short period of actuation time,
residual sample flow that has occupied the bridge during the stand-by state will be pushed back
up to the nozzle, participating in droplet formation. Prolonged actuation will eventually cause
partial incorporation of the dispensing pump fluid into a developing droplet, which must be
avoided for contamination control; otherwise, intrusion of the dispensing fluid can be intended
for mixing simply by increasing the pumping pressure. On actuation, the dispensing fluid will
reverse the flow and partially enter the droplet along with sample streams (Figure 7, left inset).
Note that APjize does not change much from stand-by to actuation state for high A (>1),
mainly because the weak pumping pressure hardly contributes to pressurization of the bridge.
Such weak actuation thus may not be able to initiate formation of a hemidroplet into the oil
phase. The shaded region in Figure 7 represents the optimal operational range (0.4 < 4 < 0.8) of
applied pressures for stable on-demand droplet generation, when the pressure applied to oil
phase (P,;) is comparable to the sample pressure (Pgympie). Within this range of operation, the
system shows sufficiently high actuation strength to drive droplet generation with good controll-
ability of the size and number of droplets, yet at the same time, it can minimize the adverse
overshoot effects to prevent possible contamination and uncontrollable burst of droplets (Figure
7, right inset). This optimal range of the relative pressure (1) may be shifted when the bridge
length is significantly different.

Droplet generation with dilute samples often yields overwhelmingly large number of empty
droplets and only a small number of positive droplets. Despite the high frequency of droplet
generation of regular T-junction system, its effective frequency for positive droplets may
become significantly lower, depending on the concentration in the original sample. For samples
of a concentration less than 0.01 copies per droplet volume, our device will thus have higher
throughput than regular T-junction followed by sorting (post-sorting). The other advantage of
our system is the requirement for a simpler detection scheme—detecting a particle before its
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encapsulation required in our device is easier than detecting it in a droplet for the post-sorting
detection. Particles in a large droplet rapidly circulate inside the droplet, such that detection at
a single focused spot is inefficient. A tailored geometry to minimize circulation or force par-
ticles to traverse a detection volume can improve the likelihood of detection, but this increases
flow resistance, adversely affecting sorting performance. Our proposed system performs detec-
tion (and sorting) prior to droplet generation and takes advantage of hydrodynamic focusing to
narrow down detection area without sacrificing flow resistance. Another complication of a typi-
cal droplet sorting may occur due to the flow of large number of droplets in a short time in the
waste route. Too many droplets may cause congestion and increase flow resistance in the waste
outlet, resulting in redirection of negative droplets into the positive outlet. Finally, current post-
sorting systems must be built on a separate chip, because of the complicated droplet route (gen-
eration, spacing, bifurcation). For multi-step analysis where droplet merging or injection is
required, a third chip may be required. On the other hand, droplets in our system flow along a
single route, which enables incorporation of other droplet processing units on the same chip.

IV. CONCLUSIONS

We have presented an on-demand droplet generation system on a single chip for multiple
steps of bioassays that enables versatile droplet generation on demand with fine-tunable control.
On-demand droplet generation is based on the actuation of a microdispensing pump connected
to a pressure source. The system is normally under a stand-by state but will be actuated only
when there is an immediate need for droplet generation such as detection of particles of interest
to be encapsulated for reaction. The actuation is entirely automated by computer software.
These droplet generation devices have been constructed in glass and PDMS, which are the
most frequently used materials for microfabrication, and we have proven that both materials are
well suited for on-demand control, although they behave differently at prolonged actuation. The
throughput of the devices presented is appropriate for many multi-step bioassay applications
that require a high level of control for individual steps and where there is a need to increase
the concentration of extremely dilute samples like individual cells or microbes. We have also
demonstrated versatile methods to control contents of an aqueous droplet. Our current device
can mix four different aqueous fluids in a single droplet at different ratios. In combination with
optical detection, our on-demand droplet generation technique will facilitate the development of
various droplet-based microfluidic systems for multiple purposes including high throughput
screening, enzymatic assays and uncultivated cell studies, and genomic assays.
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