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Automatically Synchronized Droplet Pairing and Merging
Han Zhang, 1‡ Adrian Guzman, 1‡ Jose Wippold, 2 Yuwen Li, 1 Jing Dai, 1 Can Huang, 1 Arum Han, 1, 

2*

Droplet microfluidics systems hold great promise in their ability to conduct high-throughput assays for a broad range of life 
science applications. Despite their promise in the field and capability to conduct complex liquid handling steps, currently, 
most droplet microfluidic systems used for real assays utilize only a few droplet manipulation steps connected in series, and 
are often not integrated together on a single chip or platform. This is due to the fact that linking multiple sequential droplet 
functions within a single chip to operate at high efficiency over long periods of time remains technically challenging. 
Considering sequential manipulation is often required to conduct high-throughput screening assays on large cellular and 
molecular libraries, advancements in sequential operation and integration are required to advance the field. This current 
limitation greatly reduces the type of assays that can be realized in a high-throughput droplet format and becomes more 
prevalent in large library screening applications. Here we present an integrated multi-layer droplet microfluidic platform 
that can handle large numbers of droplets with high efficiency and minimum error. The platform combines two-photon 
photolithography-fabricated curved microstructures that allow high-efficiency (99.9%) re-flow of droplets and a unique 
droplet cleaving that automatically synchronizes paired droplets enabling high-efficiency (99.9%) downstream merging. We 
demonstrate that this method is applicable to a broad range of droplet sizes, including relatively large droplet sizes 
(hundreds of micrometers in diameter) that are typically more difficult to manipulate with high efficiency, yet are required 
in many cell assay applications requiring large organisms or multiple incubation steps. The utility of this highly efficient 
integrated droplet microfluidic platform was demonstrated by conducting a mock antibiotic screening assay against a 
bacterial pathogen. The approach and system presented here provide new avenues for the realization of ultra-high-
efficiency multi-step droplet microfluidic systems with minimal error.

1. Introduction
Droplet microfluidic systems utilize a high-throughput 
emulsification process to produce monodispersed water-in-oil 
emulsion droplets that function as individual pico-liter-volume 
bioreactors. These droplets, which can encapsulate various 
target materials such as reagents, cells, and microbeads, can be 
handled and manipulated at extremely high throughputs. The 
advantages of high-throughput, small-volume, and single-
cell/single-bead manipulation inherent to this technology 
provides substantial advantages over conventional robotic 
liquid handling or other continuous flow microfluidic-based 
approaches.1-6 Almost all liquid handling steps can be now 
performed in droplet format, such as droplet generation, 
droplet merging, droplet splitting, droplet detection, droplet 
sorting, and in-droplet cell/bead manipulation, to name a few. 

These functions and systems have now been extensively 
developed and utilized in a broad range of life science 
applications, both for cell-based and cell-free assays. 

However, three major challenges remain that prevent droplet 
microfluidic systems from being adopted for a broader range of 
applications and more complex multi-step assays. First, many 
biological assays require multiple liquid-handling steps to be 
conducted in a sequential manner. Despite the fact that droplet 
microfluidics technology can conduct almost all liquid handling 
steps in droplet format, linking more than a few droplet 
manipulation steps in series, especially on a single chip, remains 
a major challenge. This is because any error in an assay step 
adds to the overall system error (e.g., sequentially linking just 
two steps, each having 5% error rate, results in an overall 
system error rate of 9.75%), thus the overall system efficiency 
becomes exponentially lower as the error rates compound. This 
is especially problematic in high-throughput library screening 
applications where droplet microfluidic systems can be 
extremely powerful, since high error rates would mean that a 
very large number of potential “hits” have to be re-tested (false-
positive case) or a large number of potential “hits” would be lost 
(false-negative case). Thus, minimizing the error rate in every 
droplet manipulation step becomes critical. Amongst the many 
droplet manipulation steps, droplet merging remains a critical 
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bottleneck in this regard. Second, having to process large 
libraries for assays requiring several hours of cultivation, which 
is the case in many biological assays, means that the system has 
to operate with high efficiency for long periods of time (e.g., 
tens of hours). Many droplet microfluidics systems developed 
thus far, especially those that link more than just a few droplet 
manipulation steps in series, typically cannot run stably for long 
periods of time. Limitations in such long-term stability often 
stem from unstable reflow of droplets. Differences in droplet-
to-droplet distances and loosely packed droplets that are being 
re-flown all have a direct negative impact on the efficiency of 
downstream droplet handling steps, such as droplet 
synchronization and merging. Third, many cell-based assays 
require cultivation and/or incubation steps of several hours 
(sometimes even tens of hours), and thus to avoid nutrient 
limitation, a sufficient droplet volume or replenishment is 
needed. However, the smaller the droplet sizes are, the more 
stable the droplets are, and thus enable faster and more 
efficient droplet operation. As the droplet size increases to 
beyond 50 – 100 µm in diameter, droplets become more 
unstable especially when manipulating the droplets at high 
speeds, often resulting in unexpected droplet shearing, droplet 
splitting, and droplet merging. Taken together, significant 
advances in various droplet manipulation techniques and serial 
operations are still needed to harness the full potential of 
droplet microfluidic approaches. 

Two aspects that can overcome many of the above-
mentioned challenges are related to merging two different 
liquid samples, mainly in the form of droplet reflow and droplet 
merging steps. Many droplet pairing and merging techniques 
have been developed so far,7-11 but linking more than a few 
droplet manipulation steps in series in an integrated chip 
format remains a major challenge.12 When two droplets have to 
be merged one-to-one into a single droplet, first pairing them 
one-to-one before merging is the most critical step to ensure all 
droplets are merged at a one-to-one ratio with high efficiency 
(i.e., no unmerged droplets or no three or more droplets 
merged into a single droplet). Various pressure-equilibrating 
structures such as micropillar arrays, railroad-like microfluidic 
channel structures, and pressure oscillators/regulators have 
been employed to improve the pairing efficiency so that two 
trains of droplets to be merged are first paired with each 
other,8-10 However, droplets do not always enter such 
synchronization region in an orderly manner, often resulting in 
low pairing efficiency (less than 90%).8-10 Other methods such 
as utilizing two different sizes of droplets so that one droplet 
catches up to the other droplet can also increase the pairing 
efficiency,11 but the efficiency still relies on how consistent the 
incoming droplet flow can be maintained. Overall, in almost all 
of these methods, the droplet merging efficiency remains in the 
range of 80 - 95%, especially when looking at the long-term 
efficiency (e.g., for hours). Considering an optimum scenario of 
95% pairing/merging efficiency, when linking two such merging 
schemes in series, the overall system efficiency drops to 
approximately 90%, meaning that when processing a library of 
1 million cells, 100,000 droplets will potentially be false 
positives and/or false negatives. If the merging efficiency is 

99%, this still means that about 10,000 cells will be false 
positives/false negatives, a very large number to be re-tested 
and re-confirmed.

Second, regardless of the method used, stable and consistent 
flow of droplets are critical in maintaining high droplet pairing 
and merging efficiencies. However, this is non-trivial, as any 
sudden changes in droplet flow direction in the microfluidic 
system or droplets moving from a chip to tubing and/or vice 
versa can cause inconsistent droplet reflow and introduction 
into the merging region.13 In these cases, variations in droplet-
to-droplet distances, droplet shearing, droplet splitting, and 
droplet merging at interfacial junctions are often observed, 
resulting in low droplet pairing and merging efficiencies. 
Integrating all droplet functions onto the same chip can 
minimize issues stemming from device-to-tubing interfaces, but 
due to inherent sharp corners often present in conventional 
microfluidic channel structures, abrupt changes in the droplet 
flow speed/direction cause high shear stress conditions that 
lead to low efficiency operation.14 For example, re-flowing 
droplets from a densely packed vertical droplet culture 
reservoir into a channel15 requires droplets to make a sudden 
change in flow direction while they also undergo movement 
from a large channel to a small channel. Thus, a system that can 
provide the means to re-flow droplets highly consistently under 
very stable flow conditions so that all droplets flow into the 
droplet pairing/merging region at the same flow speed and with 
the same droplet-to-droplet distance is critical in having high-
efficiency droplet pairing and merging. 

Alternative to such droplet synchronization and merging 
method, another method that allows combining two different 
liquid samples into a single droplet is the “pico-injection” 
technology.16, 17 This method utilizes a pressurized aqueous flow 
channel positioned perpendicular to the droplet flow channel 
to inject a controlled volume of reagent directly into each 
droplet that is passing by the injection orifice using an electric 
field. This eliminates the need for first generating a droplet to 
be merged and then having to pair them to the incoming 
droplets before they are merged together. Because two steps 
are combined into a single step, the simplicity of this method 
and the elimination of the need for droplet synchronization is a 
major advantage. However, there are also several limitations to 
this method, where the volume of solution that can be injected 
into the solution is typically only a fraction of the incoming 
volume and thus a larger volume cannot be injected, whereas 
such operation is needed in many biological assays.18-21 Since 
the injection orifice has to be relatively narrow (5 – 20 µm 
range22-28), adding large objects such as microbeads and cells 
are difficult. Also, imperfect injection can lead to cross-
contamination issues at the injection orifice,26, 27, 29 and the 
occasional injection of solution into the main channel as small 
droplets can cause false positive/negative signals during the 
downstream droplet detection step. In general, this method 
also relies on the droplets being reflowed very consistently to 
achieve high efficiency.

Here, we describe the development of a droplet manipulation 
process entailing droplet generation, large-volume first-in-first-
out droplet cultivation, controllable droplet reflow, on-the-fly 
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droplet cleaving to generate a pair of droplets that are 
automatically paired and do not require an additional 
synchronization step, and droplet merging, all at an ultra-high 
efficiency. Two fundamental innovations are enabling this: the 
use of curved microstructures (in both planar and vertical 
directions) that allow droplet reflow to be consistent without 
any sudden change in flow characteristics, and a new droplet 
cleaving scheme where water-in-oil emulsion droplets flow into 
a continuous aqueous-phase flow and cleave the flow into 
another set of water-in-oil emulsion droplets so that the two 
droplets are automatically paired with each other. Here, the 
curved microstructures are produced by two-photon 
photolithography (2PP) microfabrication. Such structures are 
not achievable using conventional lithography steps. Using the 
proposed scheme, a consistent droplet pairing and merging 
efficiency of 99.9% was obtained, and the same efficiency was 
also achieved for the overall integrated droplet microfluidic 
system developed. The approach developed herein offers the 
ability to conduct large-scale multi-step droplet processing at an 
unprecedented efficiency and with a corresponding low error 
rate, and entails a novel technique that can be broadly applied 
to pair two (or more) droplets at varying sizes and ratios, all at 
an extremely high efficiency.

2. Materials and Methods
2.1 Device design and operating principle

The two main innovations driving the presented droplet 
microfluidics system are: the use of both planar- and vertical-
direction curved microstructures to minimize abrupt changes in 
droplet flow directions to minimize droplet shear stress, 
enabling consistent droplet reflow; and a method where a 
water-in-oil emulsion droplet is cleaving an aqueous solution 
flow to generate a second water-in-oil emulsion droplet that is 
accurately and automatically paired (in one-to-one ratio) and 
synchronized. Fig. 1a shows a cross-section view where droplets 
packed in a vertical droplet cultivation chamber are reflowed 
and smoothly transition to a planar droplet reflow channel 
while all droplets remain tightly packed, thus providing a 
method for consistent droplet reflow with constant droplet-to-
droplet distances and droplet flow speed. These vertically 
curved microstructures were fabricated using a 2PP technique, 
described in detail in section 2.2. Fig. 1b shows the droplet 
cleaving and auto-pairing/synchronization scheme, where a 
train of water-in-oil emulsion droplets flow into an aqueous 
solution flow stream, allowing the carrier oil surrounding the 
first droplet train to cleave the aqueous solution and generates 
a second water-in-oil emulsion droplet from the aqueous 
solution. This results in the first droplet and the newly cleaved 
droplet to be paired and remains in close proximity to one 
another, making downstream droplet merging highly efficient. 
If the droplet-to-droplet distance of the first droplet train is 
within a certain range (various conditions described in more 
detail in the results section), this always generates only a single 
cleaved droplet, allowing close to 100% one-to-one ratio 
droplet generation and pairing. In addition, as long as the first 

droplet train flows in with minimum variation in droplet-to-
droplet distances (enabled by the above-described droplet 
reflow scheme), consistent droplet pairing can be achieved. 
These paired droplets can then be flown through a meandering 
droplet merging channel where two parallel 3D electrodes are 
used to merge the paired droplets through the induction of an 
electric field (Fig. 1c).

Fig. 1 Schematic of the (a) curved microstructure-enabled droplet transition junction, (b) 
droplet cleaving and auto-synchronization structure, and (c) electrocoalescence-based 
droplet merging zone using a pair of 3D electrodes.

These two innovations are incorporated into a droplet 
microfluidic system designed to perform a typical co-cultivation 
based high-throughput screening assay, such as the 
investigation of polymicrobial interactions of cells or drug 
screening applications typically comprising large library 
screening endeavours (Fig. 2). Fig. 2a shows the overall 
workflow of such an  assay, where droplets encapsulate cells or 
molecules of interest from a large library to create a droplet 
library, in some cases these droplets are incubated first for 
several hours (e.g., microbe-encapsulated droplets producing 
biochemicals of interest that needs to be screened), another 
train of droplets encapsulating target cells are generated, these 
two droplets are then merged and cells are co-cultivated, 
followed by an analysis of changes to the target cells, and 
sorting of the droplets of interest (if needed). A requirement to 
enable all of these steps in a single integrated format is the 
integration of a relatively large droplet cultivation chamber 
(typically at least several millimetres in scale), since the target 
applications typically require processing large libraries, where a 
planar droplet cultivation chamber cannot accommodate such 
large number of droplets. With these constraints in mind, a 
platform that consists of 5 layers integrated into a single system 
was designed. The working principle of the entire system, 
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including droplet generation, reflow, cleaving, merging, and co-
cultivation is shown in Fig. 2b. Since the main focus of this work 
is to demonstrate the advantages that the novel high-efficiency 
droplet reflow and merging scheme can bring to droplet 
microfluidic systems, this version of the platform did not include 
a droplet sorting function. 

Fig. 2c, d and e show the exploded 3D view of each layer of 
the system, the aerial view, and the top view of the system, 
respectively. The blue color structures indicate the fluidic 
channels and the gold color structures indicate the 3D 
electrodes (width: 250 μm). 3D electrodes were used here to 
provide a more uniform and stronger electrical field while 
supplying a lower voltage when compared with conventional 
two-dimensional electrodes.30 On each side of the 3D 
electrodes, four shielding electrodes (width: 250 μm) are 
positioned to prevent the electric field from radiating to other 
parts of the system and causing unwanted droplet merging.

From bottom to top, the heights of the microfluidic channels 
and droplet cultivation chambers embedded in each layer are: 
50 µm for the bottom droplet generator layer (L1 in Fig. 2c), 6 
mm for the droplet culture chamber layer (L2 in Fig. 2c), 200 µm 
for the curved droplet transition channel layer (L3 in Fig. 2c), 50 
µm for the droplet cleaving/auto-synchronization/merging 
channel layer (L4 in Fig. 2c), and 50 µm for the valve layer (L5 in 
Fig. 2c) controlling the droplet reflow. The bottom-most layer 
(L1) contains the first droplet generation microstructure 
utilizing a cross-junction shaped droplet generator having 

channel dimensions of 50 μm × 50 μm. The second layer from 
the bottom (L2 in Fig. 2c) is a vertical chamber with an 
approximate volume of 0.052 ml for droplet storage and 
incubation. Additionally, the design and operating scheme offer 
first-in first-out droplet reflow where the inlet is located at the 
bottom and outlet is located at the top so that droplets float 
upwards due to the density difference between the aqueous 
solution (1 kg/L) and carrier oil (Novec oil 7500 3M™, Saint Paul, 
MN, USA; 1.614 kg/L). This allows all droplets to undergo equal 
incubation times, as reported previously15. The cone shape of 
this droplet cultivation chamber (bottom radius: 3 mm, top 
radius: 0.5 mm) was designed to prevent an abrupt change in 
the droplet flow and to minimize the dead volume. After 
collection of the droplets in this vertical droplet incubation 
chamber and tightly packing them within the chamber, the 
normally closed pneumatic valve on the fifth layer (L5, Fig. 2f) is 
opened so that the collected droplets can reflow through the 
curved droplet transition microstructure (L3 and part of L4) to 
the fourth layer (L4) by flowing carrier oil from the inlets in the 
first layer (L1). Here, the third layer (L3) contains a vertically 
curved chamber-to-channel transition structure to allow 
smooth droplet transition. The radius of curvature (bottom 
right curve) is 200 µm (Fig. 1a). In the fourth layer (L4), as the 
droplets are spaced and accelerated by the introduction of a 
spacing oil flow (Novec oil 7500 without surfactant), the 
reflowed droplets cleave a second aqueous flow at the cleaving 
junction (Fig. 1b) to automatically create paired droplets from 

Fig. 2 Schematic and image of the fabricated droplet microfluidic system that can achieve high-efficiency droplet merging utilizing a curved-transition for droplets and auto-
synchronized droplet cleaving and merging. (a) The overall workflow of a typical droplet-based assay being realized here. (b) Working principle of the integrated high-efficiency 
droplet merging platform. (c) Exploded view of each layer of the device. L1: droplet generation; L2: vertical droplet incubation and storage chamber; L3: curved droplet transition 
structure; L4: curved droplet transition, cleaving, and merging; L5: pneumatic control. (d) 3D illustration of the entire assembly. (e) Top view of the assembly with colored boxes 
indicating the droplet transition, cleaving, and merging zones. (f) Photographic image (3D view) of the fabricated device, where fluidic channels are filled with blue color dye and 
pneumatic actual channels are filled with red color dye for easy visualization. (g) Photographic image (top view) of the fabricated device.  
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this aqueous solution. Then, the one-to-one paired droplets 
travel to the downstream droplet merging zone (Fig. 1c) and are 
subsequently merged by an electric field applied by a 3D 
electrode pair. 

2.2 Device fabrication

The device was fabricated by assembling multiple layers of 
polydimethylsiloxane (PDMS, Sylgard 184 Dow Corning, MI, 
USA) structures made through a conventional soft lithography 
fabrication process.31-34 The master molds for PDMS replication 
for Layers #1 and #5 were fabricated by conventional 
photolithography (SU-8 2050TM, MicroChem®, Westborugh, 
MA, USA). The master mold for Layer #2 was fabricated using a 
3D stereolithography printer (Perfactory Mini, EnvisionTEC), 
creating a high aspect ratio structure (8 mm in height, 5mm in 
diameter) where a resolution of several tens of micrometer was 
sufficient. The master molds for Layers #3 and #4 were 
fabricated using a 2PP system (Nanoscribe 3D Photonics Pro GT, 
Nanoscribe GmbH, Germany) to create the curved structure (in 
Z-direction) that is needed for the smooth droplet transition 
scheme developed here. It is to be noted that the additional 
fabrication processes to produce a curved structure using this 
instrument does not add significant cost when compared to 
conventional photolithography processing. The details of the 
2PP-based master mold fabrication process are described in 
more detail in the Electronic Supplementary Information (ESI). 

For all PDMS layers (except for Layer #4), the Sylgard 184 base 
and curing agent were mixed at an 8:1 ratio, stirred vigorously 
for 5 min, poured onto the master mold, degassed for 30 min 
under vacuum to remove all air bubbles, and cured at 85 °C for 
2 h. The top fluidic channel layer (L4) was spin-coated at 1000 
RPM with 2.5 g of PDMS (10:1 ratio of PDMS base vs curing 
agent) and baked at 85°C for 2 h, resulting in a 200 µm thin 
layer. The PDMS valve layer (L5) was replicated and placed on 
top of the PDMS spin-coated channel layer (L4) using methanol-
based alignment and bonding. After 2 h baking at 85°C, the 
normally closed valve was vacuum-actuated using a syringe to 
keep it open to prevent unexpected bonding of the valve to the 
PDMS surface, aligned, bonded to the curved chamber outlet 
layer (L3), and baked overnight at 85°C. This fabrication process 
results in a normally closed microvalve structure that can be 
actuated closed/open using pressure/vacuum, respectively. All 
layers were treated using oxygen plasma at 18 W for 120 s 
(Harrick Plasma PDC-001-HP) before bonding. The 3D electrode 
was fabricated by filling the microfluidic electrode channels 
with Roto 144F Low Melt Fusible Ingot Alloy (Roto Metals, CA, 
USA) at 85°C, producing 3D electrodes with no additional 
fabrication steps.30 

2.3 Experimental setup for evaluating the droplet transition 
structure

Before the full droplet microfluidic assay system was built, the 
curved structure-based droplet transition design was first 
tested, followed by testing the droplet 
cleaving/pairing/merging scheme. First, for the curved 
structure-based droplet transition scheme, two identical 

devices with the only difference being the curved transition 
zone (conventional step vs. curved) were tested and directly 
compared (ESI Fig. S1 shows the zoomed-out view of the overall 
test structure). Both devices consist of two microfluidic layers 
with identical layer thickness but different microfluidic channel 
height (200 µm high microchannels in the bottom layer (L3) and 
50 µm high microchannels in the top layer (L4)).

Fluorinated oil (Novec 7500, 3M) containing 2 % (wt/wt) 
surfactant (Pico-Surf™ 2, Sphere Fluidics, Cambridge, UK) was 
prepared to generate the first water-in-oil emulsion droplets. 
Color dyes were added to the aqueous solutions for better 
visualization and analysis of droplet phenomena. Droplets of 
approximately 60 μm diameter were generated using a T-
junction droplet generator (cross-section 50 μm × 50 μm) at a 
flow rate of 500 μl/h for the oil phase and 100 μl/h for the 
aqueous phase. The droplets were then flown into a cylindrical-
cone shaped droplet cultivation chamber (ESI Fig. S2) similar to 
that reported in a previous publication15. Here, droplets flow 
from the bottom inlet of this chamber and become tightly 
packed, since the droplets float up and accumulate in the 
chamber, while carrier oil flows out through the bottom oil 
outlet channel. Droplets then reflow out of this chamber 
through the outlet positioned at the top of this chamber 
through the droplet transition junction (step-junction vs. curved 
junction), and then into the top droplet cleaving/merging 
channel layer. As the packed droplets flow out of the chamber, 
a spacing oil flow separates the packed droplets to create 
identical droplet-to-droplet distances. The droplet reflow rate 
was 20 µl/h, with the spacing oil flow rate being 50 µl/h, 
resulting in droplets to reflow at a rate of 20 droplets per 
second. 

In this experiment, microscopic images were recorded 
through a Nikon upright microscope (Eclipse LV 100) equipped 
with a high-speed CMOS camera (C11440, Hamamatsu) at an 
image capture rate of 500 frames per second (fps). The time-
points at which droplets pass a measurement mark next to the 
microfluidic channel (Fig. S1) were used for calculating the 
droplet flow rate. The droplet-to-droplet distance and 
corresponding time interval were selected as the main 
investigative criteria since they are affected by both flow speed 
and droplet size, providing an indication of the stability of the 
proposed method. In addition, the intactness of the droplets 
(i.e., no droplet shearing and no unintentional droplet merging) 
was also measured through microscopic imaging. OriginPro 
2018 (v. b9.5.1.195, OriginLab, Northampton, MA, USA) was 
used for data analysis and plotting. 

2.4 Experimental setup for evaluating the integrated droplet 
cleaving auto-pairing, auto-synchronization and merging method

Droplets generated through the T-junction droplet generator 
were reflown from the top cone-shaped end of the droplet 
cultivation chamber, spaced using a spacer oil flow, and then 
flown into an aqueous flow at an angle of 45˚ (Fig. 1b). This 
results in the carrier oil of the first droplet train to physically 
cleave the aqueous stream, creating another set of droplets out 
of this aqueous solution. Due to the cleaving and generation of 
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these second sets of droplets by the reflowed droplets, the two 
droplets are automatically paired one-to-one at an extremely 
high efficiency. The width of the reflow channel and continuous 
aqueous phase channel are designed to be 50 µm and 100 µm, 
respectively, with the height of both channels being 50 µm. The 
flow rates for the droplet reflow, spacer oil, and aqueous 
stream were set to 15-20 µl/h, 55-60 µl/h, and 30-35 µl/h, 
respectively. The overall throughput can be adjusted readily by 
proportionally adjusting the flow rates. Syringe pumps (Fusion 
400, Chemyx Inc.) were used to control volumetric flow rates of 
all input streams. The images and videos were captured through 
a microscope using a CMOS camera (C11440, Hamamatsu) for 
lower frame rates (<1,000 FPS) and a VEO710 ultra-high-speed 
camera (Phantom, NJ, USA) for higher frame rates (>1,000 FPS). 
A function generator (DG4102, Rigol) and a high-voltage power 
amplifier (Model 2210-CE, TREK) were used to applying an 
electrical field for droplet merging. In most cases, a 120 V 20 
kHz square wave was used for generating the electric field for 
droplet merging.

2.5 Cell and reagents reparation for the mock drug screening 
application demonstration using the integrated droplet 
microfluidics system

In a large-library drug screening application, a library of droplets 
each containing unique molecules of potential interest would 
be generated, reflowed and merged with a target organism- 
droplet, and the effect of the molecules on the target organism 
monitored. Here, such molecules of interest could come from 
environmental microbial libraries whereby microbes are 
producing molecules of potential interest, synthetic small 
molecule libraries, or phage libraries, for example. Mimicking 
such a process here to demonstrate the proposed device 
function, droplets that contain antibiotics (gentamicin) were 
generated, reflowed to cleave an aqueous stream containing a 
target organism (GFP-Salmonella)-producing droplet pairs, 
merged, incubated, and the resulting droplets analyzed. 
Salmonella Typhimurium was chosen as a model organism for 
demonstrating the developed system. Salmonella 
Typhimurium (strain ATCC 14028S) engineered with a GFP 
plasmid (pCM 18) was inoculated in a culture tube containing 3 
ml Lysogeny broth (LB) media (Sigma-Aldrich, St Louis, MO, 
USA) and 50 µg/mL erythromycin, followed by incubation at 
37°C overnight. The bacteria culture (OD >1) was then diluted 
(to OD between 0.2 - 0.25) with LB media before putting into 
the device as the continuous aqueous flow to be cleaved. Two 
conditions of water-in-oil emulsion droplets (diameter: 55-60 
µm) were prepared, the negative control condition being 
droplets with LB media only and the treatment condition being 
droplets containing antibiotics and fluorescent bead 
(PolyFluor® 407) indicators (for easy visualization). Gentamicin 
(Sigma-Aldrich, St Louis, MO, USA) was used to serve as a 
surrogate for an unknown antibiotic that can inhibit bacterial 
growth, and was diluted with LB media to a final concentration 
of 1 mg/ml. After droplet merging, this gentamicin 
concentration is diluted by approximately 3-4 times (depending 
on the size ratio between the reflowed and cleaved droplets). 

Approximately 50 µl of 1 µm fluorescent (DAPI) beads (2.5% 
aqueous suspension, emission max = 407 nm, Polysciences, Inc., 
PA, USA) were added to the prepared gentamicin solution as the 
fluorescent indicator of antibiotic. The two droplet populations 
were mixed at two different ratios: 1 (treatment) to 1 (negative 
control), and 1 (treatment) to 100 (negative control). A Zeiss® 
Colibri 7 (Carl Zeiss AG, Germany) microscope with an 
incubation enclosure was used for conducting 8 h long time-
lapse imaging of the final co-incubated droplets and subsequent 
image analysis. The workflow of the experiment is illustrated in 
Fig. 3. 

Fig. 3 The assay workflow to conduct a mock antibiotic drug screening application using 
the high efficiency and high-throughput droplet microfluidic platform developed here.

3. Results and discussion
3.1 Droplet transition through a vertically curved microstructure

Droplets transitioning through the vertically curved microstructures 
were compared to those transitioning through a step-shaped corner 
to see whether the curved structure indeed enables a more 
consistent droplet reflow and minimum droplet disruption (e.g., 
droplet shearing, droplet splitting and droplet merging). Fig. 4 
compares how droplets transition through the vertically curved 
transition structure in comparison to the conventional step-shaped 
transition structure. Fig. 4 a – d show the top and side view of the 
two types of droplet transition junctions that were compared. As is 
shown in Fig. 4a, the microfluidic channel height gradually changes 
from 250 µm to 50 µm over a length of 200 µm, creating a curved 
slope structure. In contrast, Fig. 4b shows a conventional step-
shaped transition region where the channel height changes abruptly 
in a stepwise fashion. In addition, in an effort to minimize the dead 
volume and eliminate any sharp curves, where such zones can 
contribute to unwanted droplet merging during droplet transition 
and cause variations in droplet-to-droplet distances, the top left and 
bottom right corners were made into curved corners (Fig. 4c, also 
using a 2PP-fabricated PDMS master mold). The velocity profiles 
within the droplet transition zones were simulated using the 
COMSOL Multiphysics® simulation software. The simulation 
parameters are described in the ESI. The simulated velocity profiles 
within the droplet transition zones show that the curved transition 
structure has a more stable flow, smoother flow transition, and less 
dead volume (ESI Fig. S3 a & b). Also, the velocity profile is more 
evenly distributed in the curved transition junction (ESI Fig. S3c), 
compared to that of the traditional step-shaped transition junction 
(ESI Fig. S3d) where the velocity near the wall is much higher than 
other places. This higher velocity profile in the step-shaped transition 
junction indicates that in those regions’ droplets will experience 
higher shear stress, which often contributes to a higher probability 
of droplet merging or splitting (ESI Video S1). 
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Fig. 4 Micrograph images comparing the vertically curved droplet transition junction to 
the conventional step-shaped transition junction. Top view of (a) the 2PP-printed 
vertically curved transition junction and (b) the conventional step-shaped transition 
junction. Cross-sectional view from the side of the (c) curved transition junction and (d) 
step-shaped transition junction. Top view of droplets reflowing through the (e) curved 
transition junction and (f) step-shaped transition junction. In the step-shaped transition 
junction, some droplet merging occurring can be observed (red circled area of “f”). (g) 
An example of good droplets reflow out from the droplet incubation chamber and into 
the straight channel, with spacer oil flow from lower left channel creating distances 
between the reflowed droplets. No droplet shearing or merging is observed. (f) An 
example of poor outflow of droplets from the conventional step-shaped junction 
structure, where droplet-to-droplet distances are inconsistent, and in some cases where 
merged droplets are seen (red circled area).

Experimentally, both junction structures were evaluated by 
reflowing droplets (approximately 60 µm in diameter) through 
the transition zones. The intactness of the droplets (i.e., no 
unwanted droplet shearing or droplet merging) and droplet-to-
droplet distances were examined to compare droplet transition 
through these two structures. Fig. 4e & f and ESI Video S1 show 
a direct comparison of droplets reflowing through the entrance 
part of the droplet transition zones. It can be seen that in the 
curved transition structure (Fig. 4e), droplets continue to be 
tightly packed and seen orderly transitioning into the 
downstream flow channel (from left to right), while in the 
conventional step-shaped transition structure occasional 
droplet merging occurs (an example of droplet merging can be 
observed in the red circled area of Fig. 4f, where such merging 
occurred at the transition region). Furthermore, it can also be 
seen that the droplets in the conventional step-shaped 
transition structure are less tightly packed (indicated by more 
spacing between droplets observed and less deformed droplet 
shapes), which results in inconsistent droplet reflow into the 
downstream flow channel. Ideal and non-ideal examples of 
droplet reflow downstream are seen in Fig. 4g (from curved 
transition microstructure) and Fig. 4h (from step-shaped 
transition microstructure), respectively.

To quantitatively analyze the droplet reflow characteristics in 
the two different droplet transition structures, the time 
intervals between droplets passing by a measurement mark 
were measured and summarized in Table 1. The droplet flow 
rate was approximately 20 droplets/second. This analysis shows 
that the relative standard deviation (RSD) of the droplet reflow 
time interval in the curved transition structure is 7.10%, which 

is much smaller than the case of the conventional step-shaped 
transition structure (16.21%). One-way ANOVA test shows that 
there is a significant statistical difference (p = 0). The higher RSD 
seen in the step-shaped droplet transition zone can be 
contributed to the abrupt changes in flow direction/speed as 
droplets compete to enter the microchannel or the appearance 
of large/small droplets from undesired droplets merging and/or 
splitting. Undesired droplet merging and/or splitting ratios were 
zero out of 500 droplets measured (curved transition, 0%) and 
9 out of 500 droplets (curved transition, 1.8%).

Table 1 Time interval between each droplet passing the measurement mark (frame 
rate: 500 fps)

3.2 High-efficiency droplet cleaving and auto-pairing/auto-
synchronization

Droplet pairing plays a vital role in achieving high-efficiency 
droplet merging. Fig. 5a shows micrographs of packed droplets 
reflowing with the addition of a spacer oil flow to create a set 
of distances between the droplets depending on the flow rates. 
This train of droplets was then flown into the aqueous flow 
channel at a 45˚ angle and cleaved the aqueous-phase flow to 
form automatically paired and synchronized droplets (Fig. 5b). 
Here, a cyan color droplet surrounded by carrier oil physically 
pinches the brown-color aqueous flow and cleaves the aqueous 
solution to form a droplet, which is automatically paired and 
synchronized with the cyan-color droplet. Higher flow rates of 
the spacer oil lead to larger distances between the cleaving 
droplets, higher droplet flow speed, and higher momentum for 
cleaving. 

Fig. 5 Micrographs showing high-efficiency droplet pairing using the on-the-fly auto-
synchronizing droplet cleaving system. (a) Oil spacer flow adding oil between the 
reflowed droplets so that the droplets have a fixed droplet-to-droplet distances. (b) One-
to-one droplet cleaving and auto-synchronized pairing of droplets. 

Fig. 6 shows the effects of changing the aqueous phase flow 
speed or channel width on the size of the resulting cleaved 
droplets. The initial flow rates were set to 20 µl/h (droplet 

Transition type Counted 
droplets

Flow rate 
(µl/h)

Mean time
Interval (s)

RSD (%)

Step shape
(conventional) 500 20 0.0547 16.21

Curved shape
(this design) 500 20 0.0470 7.10
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reflow, 2.24 mm/sec), 60 µl/h (spacer oil flow, 6.72mm/sec), 
and 35 µl/h (aqueous phase flow, 2.59 mm/sec). It can be seen 
that the cleaved droplet size (i.e., droplet volume) can be easily 
adjusted as desired by controlling the droplet reflow rate, 
droplet spacing oil flow rate, aqueous flow rate, and aqueous 
flow channel width. The aqueous flow rate and cleaved droplet 
size are shown to be linearly correlated (Fig. 6a, R2 = 0.98). If the 
flow rate of the aqueous flow remains the same and the 
aqueous channel width is varied from 50 µm to 100 µm, the 
cleaved droplet size increases non-linearly and the two 
variables fit a polynomial model (Fig. 6b). Adjusting the various 
conditions as stated above allowed the droplet pairing volume 
to be adjusted between 100 µm to about 250 µm in terms of 
droplet length. Additional details regarding the impact of flow 
rate and channel width on the cleaved droplet length can be 
found in ESI Fig. S4. 

In summary, this demonstrates that a sample that is more 
than two times smaller or four times larger than the original 
droplet volume can be easily paired for downstream merging, 
providing droplet merging at broad ranges of volume ratios. 
This is a major improvement over other droplet merging 
techniques where the droplet merging efficiencies are highly 
dependent on the droplet volume ratio10, 17, 35-37 or pico-
injection where typically only a smaller volume can be added to 
the incoming droplet. 22-28

Fig. 6 Graphs showing the effect of the (a) flow rate and (b) channel width on the size of 
the cleaved droplets using the auto-synchronizing droplet cleaving system (n = 5).

Next, droplet cleaving was tested at four different 
throughputs (from low to high, 4 droplets/sec, 13 droplets/sec 
(ESI Video S2), 142 droplets/sec, and 1,182 droplets/sec (ESI 
Video S2)). Frame-by-frame micrograph images showing the 
entire process of cleaving are shown in Fig. 7. The cleaving and 
pairing efficiencies were 100%, 98.5%, 100% and 100% (n = 300) 
for the above four throughputs tested, respectively (ESI Fig. S5). 
Here, missed one-to-one droplet pairing and incorrect ratio 
pairing (pairing ratio not being one-to-one) are all counted as 
failed pairing events. An example of a cleaving event error using 
a conventional step-shaped transition structure is shown in ESI 
Fig. S6. These results clearly demonstrate that the curved 
droplet transition junction developed here, together with the 
new droplet cleaving and auto-synchronization mechanisms, is 
capable of extremely high-efficiency droplet pairing and 
merging, providing a practical solution for both low and high 
flow rate droplet microfluidics applications (throughput ranges 
from 10 to 1000 events per second). 

Fig. 7 Frame-by-frame micrograph images of droplet cleaving at different throughputs 
(13, 142 and 1,182 droplets/sec, respectively) using the curved droplet transition 
structure with auto-synchronizing droplet cleaving system.
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In addition to the reflow rate-dependent cleaving volume 
control as shown in Fig. 6, in some droplet microfluidics 
applications, different ratios of droplet pairing, serial pairing, 
and multi-emulsion pairing may be needed or beneficial, as such 
capability can provide further flexibility in the biological assays 
that can be performed in a droplet format. For example, the 
pairing of different ratios of droplets can be utilized to generate 
concentration gradients of solutions or cells for dose-response 
or similar assays. In that regard, Fig. 8 a – d shows that using the 
developed droplet cleaving scheme, pairing and merging 
droplets at 1:2, 2:1 (ESI Video 3), 1:3, and 3:1 ratios, beyond just 
the basic 1:1 ratio, are also possible. Such droplet cleaving 
methods enable the merging of more than 2 droplets, which can 
significantly simplify the operation by replacing conventional 
multiple merging steps into a single cascading merging step, 
allowing for the realization of complex high-efficiency multi-
merging assays. In addition, Fig. 8e shows a serial cleaving 
scheme that enables droplets containing multiple types of cells 
or solutions to be paired and merging into one mixed droplet. 

In many droplet microfluidic applications, adding objects such 
as microbeads and cells to the first droplets are also commonly 
needed38-40. Fig. 8f shows the developed droplet cleaving 
method operating successfully even when the aqueous flow 
contains relatively large microbeads (29 µm in diameter 
polystyrene beads). This demonstrates that the developed 
droplet cleaving method can be broadly utilized even if the 
aqueous phase contains physical objects such as beads, 
bacterial cells, and mammalian cells, for example. Taken 
together, the developed method can be utilized for an 
extremely broad range of droplet merging scenarios.

Fig. 8 Micrographs of various high-efficiency droplet cleaving and auto-pairing scheme. 
(a-b) Different ratios (1 vs 2 (a) and (1 vs 3) (b)) droplet cleaving and pairing by adjusting 
the droplet reflow, spacer oil, and aqueous flow rates. (c-d) Inverse different ratios (2 vs 
1 (c) and (3 vs 1) (d)) droplet cleaving and pairing by adjusting the channel width as well 
as droplet reflow, spacer oil, and aqueous flow rates. (e) Serial cleaving for pairing 
multiple droplets. (f) Droplet cleaving and pairing when the aqueous flow contains 
polystyrene microbeads (diameter = 29 µm).

3.3 Electrical field-based droplet merging of the paired droplets

Automatically paired and synchronized droplets then flowed 
into the downstream droplet merging region where they were 
merged by applying an electrical field. Fig. 9 shows the paired 
droplets in the merging region without and with the application 
of an electrical field (AC square wave at 120 Volts and 20 kHz 

applied), respectively. Complete one-to-one droplet merging 
was observed at the merging region (Fig. 9b) and the resulting 
merged droplets are shown in Fig. 9d. Here, a meandering 
channel design was utilized to allow for the droplet dipole 
moments to be aligned with the electric field multiple times, 
leading to a greater chance for droplet merging, ensuring that 
every single pair of droplets are merged before exiting the 
merging region. These droplet merging tests were conducted at 
several different flow rates. A final merging efficiency of up to 
99.9% was achieved (ESI Video S4), even at the maximum 
throughput tested of approximately 200 droplets/seconds (ESI 
Fig. S5). Based on the experimental results, as expected the 
entire system performs better at higher droplet speed. The 
possible reason for this is that droplet reflow is slightly less 
stable at lower flow rate, which also affects the droplet merging 
efficiency at lower flow speed.  

Fig. 9 Micrographs of (a) non-merged droplets and (b) merged droplets in the merging 
region between the two three-dimensional electrodes (top and bottom black lines) 
generating an electrical field (120V, 20KHz) and resulting (c) non-merged and (d) merged 
droplets shown in the downstream observation chamber.

3.4 High-throughput cellular assay example using the developed 
system

To demonstrate the utility of the developed droplet reflow and 
droplet merging methods, we have integrated the components 
into a single comprehensive ultra-high-throughput droplet 
microfluidic system, as shown in Fig. 2. Fig. 2e and g show the 
3D and top views of the integrated platform, where 
microchannels were filled with color dye for better visualization 
of the various parts. Using this system, a mock antibiotic drug 
screening experiment was conducted, following the assay 
sequence shown in Fig. 3. Fig. 10b shows the final merged 
droplets, after the droplet generation, reflow, cleaving, and 
merging processes, collected and cultured in a monolayer 
basket-like droplet trapping chamber (Fig. 10a) 41 for easy 
droplet observation and analysis. As can be seen, GFP-
Salmonella grew to confluency in the negative control condition 
(having only LB media), where the GFP fluorescence in the 
droplets increased significantly over the 8 h culture period (Fig. 
10b second row). On the contrary, the growth of GFP-
Salmonella was inhibited under the antibiotic condition where 
no visible increase in GFP signal was observed (Fig.10b first 
row). 
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Next, droplets containing only LB media and droplets 
containing antibiotics were mixed at 1:1 ratio and then at 1:100 
ratio to conduct a mock screening assay simulating an antibiotic 
discovery functional assay. Microscopic images shown in Fig. 
10b third and fourth row demonstrate that for both ratios 
tested (1:1 and 1:100), all the DAPI-positive droplets (i.e., 
indicate the existence of antibiotic in that particular droplet) 
showed no increase in GFP intensity, meaning that the 
antibiotic successfully suppressed the growth of GFP-
Salmonella, while all the DAPI-negative droplets showed high 
GFP intensity after the 8 h culture. The droplet GFP intensity of 
the control and treatment groups were clearly distinct (ESI 
Table S1). Statistically, the Z score was calculated42 to be 0.214 
(1:1 droplet mixing ratio, n = 50) and 0.201 (1:100 droplet 
mixing ratio, n = 50). The data variability bands can be separated 
at a 99.73% confidence limit, which indicates that the assay is 
statistically sound for screening applications.42 Microscopic 
images of this experiment using the developed droplet 
microfluidic system are shown in ESI Fig. S7, Table S1 and Video 
S4.

Fig. 10 Proof of concept demonstration of the droplet microfluidic system in conducting 
a mock screening assay. (a) A microscopic image of the pillar-based basket droplet 
trapping and incubation chamber for monolayer droplet observation. The device filled 
with blue color dye-encapsulated droplets (left). Bright-field image showing a packed 
monolayer of droplets in the basket-shaped droplet trapping chamber (right). (b) 
Droplets before and after the 8 h  incubation step. DAPI channel for identifying antibiotic-
containing droplets, where strong blue color indicates the presence of antibiotics in the 
droplet since DAPI beads were co-encapsulated with antibiotics. GFP filter for visualizing 
the number of cells in the droplets. First and second row: Micrographs of merged 
droplets where antibiotic-containing droplets show no growth of GFP-Salmonella (row 
one) and LB-containing droplets show extensive growth of GFP-Salmonella (row two). 
Third and fourth row: Antibiotic- and LB-containing droplets mixed at 1: 1 and 1: 100 
ratios, respectively (row 3, row 4). It can be clearly seen that in the DAPI-positive droplets 
minimum growth of GFP-Salmonella is observed, while DAPI-negative droplets show 
exponential growth of GFP-Salmonella. 

The overall system-level efficiency achieved using the 
integrated droplet microfluidics platform was 99.9% (less than 
0.1% error rate in droplet operation). In a scenario where a 
library containing 1 million cells have to be screened at a single-
cell resolution, a 0.1% error rate means that there will be only 
1,000 unmerged/miss-merged droplets. In contrast, a platform 
that runs at 90% efficiency will result in 100,000 - 200,000 
unmerged/miss-merged droplets, which can severely impact 
the downstream processes such as droplet sorting by causing 
numerous false positives and false negative cases. In the case of 
a platform that runs at 99% efficiency, such operations will 
produce 10,000 - 20,000 unmerged/miss-merged droplets, 
which is still a very large number considering most assays 
require time consuming post-processing plate-based 
confirmation assays. In summary, our novel microfluidic system 
comprises a fully integrated platform capable of high-efficiency 
processing for large volume droplet assays with a significantly 
reduced number of false negatives and false positives.

4. Conclusion

    The work herein describes a novel droplet reflow, pairing, and 
merging method that allows highly efficient and error-resistant 
automatic droplet synchronization and merging, which was 
then integrated into a droplet microfluidic screening system 
and demonstrated through a mock screening assay. A curved 
two-photon photolithography fabricated vertical curved 
transition layer was integrated to allow for a smooth transition 
of droplets between adjacent layers. This vertically curved 
droplet transition junction was validated to show highly 
consistent droplet reflow, outperforming conventional 
photolithography-based fabricated step-shaped droplet 
transition structures under identical experimental conditions. In 
addition, a novel droplet cleaving approach where reflowed 
droplets physically cleave a secondary aqueous flow stream at 
an acute-angled Y-junction led to the automatic pairing of 
droplets at an ultra-high efficiency. The developed droplet 
reflow and droplet cleaving/auto-synchronization method were 
combined with a three-dimensional electrode-based droplet 
electrocoalescence design, and resulted in a one-to-one droplet 
merging efficiency of 99.9%. Simply changing various operating 
conditions and microstructure dimensions allowed the droplet 

merging ratios and cleaved droplet sizes to be controlled in a 
desired manner. The method could also be applied to cleave 
and merge microbead or large cell-containing aqueous streams. 
Linking two droplet cleaving structures in series also enabled 
more complex droplet merging operations. Integrating these 
methods into a droplet microfluidic screening platform, a proof 
of concept mock drug screening assay was successfully 
conducted using Salmonella as the target cell. Up until now the 
development of integrated droplet microfluidic-based 
platforms has been hindered by the difficulty in conducting 
sequential on-chip manipulation of droplets with high-
efficiency. We expect that the presented technology can lead to 
enabling wide ranges of complex multi-step droplet assays to be 
performed. The extremely simple microstructure and method 
allow this new technology to be integrated into broad ranges of 
droplet microfluidics-based screening applications especially 
when multiple sequential assay steps are required and where a 
relatively large library has to be screened, and thus can have 
broad implications on the field of droplet microfluidics.
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