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Quorum sensing (QS) is a type of cell-cell communication using signal molecules that are 

released and detected by cells, which respond to changes in their population density. A few 

studies explain that QS may operate in a density-dependent manner; however, due to 

experimental challenges, this fundamental hypothesis has never been investigated. Here, we 

present a microfluidic static droplet array (SDA) that combines a droplet generator with 

hydrodynamic traps to independently generate a bacterial population gradient into a parallel 

series of droplets under complete chemical and physical isolation. The SDA independently 

manipulates both a chemical concentration gradient and bacterial population density. In 

addition, the bacterial population gradient in the SDA can be tuned by a simple change in the 

number of sample plug loading. Finally, the method allows the direct analysis of complicated 

biological events in an addressable droplet to enable the characterization of bacterial 

communication in response to the ratio of two microbial populations, including two genetically 

engineered QS circuits, such as the signal sender for arcyl-homoserine lactone (AHL) 

production and the signal receiver bacteria for green fluorescence protein (GFP) expression 

induced by AHL. For the first time, we found that the population ratio of the signal sender and 

receiver indicates a significant and potentially interesting partnership between microbial 

communities. Therefore, we envision that this simple SDA could be a useful platform in 

various research fields, including analytical chemistry, combinatorial chemistry, synthetic 

biology, microbiology, and molecular biology. 

Introduction  

Cell-cell communication is a fundamental activity performed 

by most cells. Bacteria often use cell-cell communication to 

assess their population density in a process called quorum 

sensing (QS).1-3 From single species to multispecies, they can 

secrete and sense the same signal molecules that accumulate in 

the growth medium as cells grow to a high population density. 

The QS allows populations of cells to control a variety of traits, 

including virulence factors, nutrient scavenging molecules, and 

growth compounds.4-8 For instance, QS-regulated antibiotics 

are produced to kill or impair emulative species that protect the 

viability and function of pathogenic bacteria.9 Certain 

communities of soil microorganisms have beneficial 

interactions that are coordinated among multiple species under 

nutrient-poor conditions.10 Although the mechanisms 

underlying production, uptake, and response to these signal 

molecules are understood, relatively little is known about how 

QS operation corresponds to the density difference between 

signal senders and receivers.11-14 Because understanding these 

positive or negative interactions in microbial communities is an 

important scientific issue in biology, an effective analytical tool 

is essential to evaluate cell-cell interactions and to monitor the 

response of the compartmentalized cell environment to different 

population ratios of the signal sender and receiver. 

 The demand for a biological screening assay motivates the 

development of microfluidic devices as an emerging powerful, 

inexpensive alternative to conventional multi-well plate 

systems, providing a significant benefit by compartmentalizing 

distinct reactions in very small volumes with various 

combinatorial compositions.15-19 Currently, the most promising 

microfluidic methods to control reagent concentration, rapid 

mixing of fluids, and dimensional scaling benefits are droplet-

based array systems.20-22 These systems’ capabilities have made 

them an attractive platform for biological assays and screening. 

However, there are few reports on performing cell-cell 

interaction assays with controlled population cell density pairs 

due to technical challenges. Currently, there are two approaches 

to producing concentration gradients, the mobile droplet array 

(MDA) and the static droplet array (SDA).23-32 In the case of 

the MDA, the composition of the droplet is manipulated by 

adding and diluting the reagent using coalescing droplets under 

an external force, such as an electrical field or fluid pressure via 

pico-injector.33-34 However, the MDA method is limited in its 
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ability to produce concentration gradients in droplets that 

contain living cells. Moreover, it is hard to index a droplet 

based on position and perform a long-term monitoring assay. 

The SDA is a format of miniature multi-well plates with 

picoliter scale droplets stored at predefined locations.24-30 It 

provides the ability to perform simultaneous reactions or assays 

in droplets with a wide range of concentrations and time-scales. 

We can easily index or code each individual droplet’s position. 

Although pioneering works show promising results for the 

concentration gradients of chemicals, particle, and red blood 

cells using fluid mixing and sedimentation effect in the SDA, 

they are still limited in generating droplet arrays containing 

single bacteria or two different species. 24-30, 35-36 Therefore, 

there is a great needs for simple SDA format to control bacteria 

concentration in a tunable manner from droplet to droplet and 

to add a second type of bacteria to a well-defined parallel 

droplet position. 

 Here, we present a microfluidic SDA that combines a 

droplet generator with a droplet array to independently generate 

a bacterial population gradient into a parallel series of droplets 

under complete chemical and physical isolation. The basic 

principle of generating the gradient is that a long moving plug 

containing one bacterial species sequentially exchanges and 

extracts from the on-array droplet containing another bacterial 

species, allowing partial mixing of the two species inside the 

long plug. Thus, the number of bacteria in the droplet array is 

tunable through the sequential merging and mixing of the 

moving plug with the trapped droplets. We successfully 

demonstrate the function of the SDA with a reverse gradient of 

two bacterial populations and investigate the effect of 

population ratio on cell-cell interactions between the signal 

sender (production of signal molecules) and receiver bacteria 

(signal molecule receiver). This study reveals critical roles of 

the population ratios between sender and receiver bacteria in 

bacterial QS. 

 

Experimental 

Escherichia coli strains and culture 

 

As listed in Table S1, for the bacterial concentration gradient 

and communication experiments, four different plasmids were 

transformed into competent E. coli MG1655. All of the 

plasmids conferred ampicillin resistance. First, two transformed 

mutants of E. coli MG1655 constitutively express either green 

fluorescent protein (GFP) or red fluorescent protein (RFP) 

(JBEI, USA). Second, two plasmids were transferred from the 

Registry of Standard Biological Parts (www.partsregistry.org) 

and transformed into competent E. coli MG1655.37-38 In this 

work, we refer to plasmid pTKU1-11S as the “sender” because 

this plasmid constitutively produces LuxI, which is converted 

into acyl-homoserine lactones (AHLs); its MW is 213.23 as 

purchased from Sigma–Aldrich, and the diffusion coefficient is 

assumed to be DAHL = 0.8 × 10−9 m2/s. Similarly, we refer to 

plasmid pTKU1-12R as the “receiver” because the AHLs 

produced by the “sender” cells (SCs) diffuse to the neighboring 

“receiver” cells (RCs). In other words, the RCs are activated to 

express GFP by the AHL produced from SCs. 

 To culture these bacteria, each E. coli culture was grown 

overnight on M9 solid agar medium plates with 100 µg/ml 

ampicillin at 32 °C. A single colony was used to inoculate 5 ml 

of M9 media with both antibiotic (100 µg/ml ampicillin) and 10 

mg/ml (1%) glucose. The cultures were then grown overnight 

(16 h) with vigorous aeration (200 rpm in a rotary shaker), 

resulting in an OD600 (optical density at 600 nm) of 3.0. The 

bacteria were centrifuged at 5000 rpm (Eppendorf 5424, 

Hamburg, Germany) for 5 min, and the pellets were 

resuspended with fresh M9 media to yield bacterial suspensions 

with the desired bacterial densities. 

 

Microfluidic device fabrication 

 

The microfluidic device was fabricated by soft lithography to 

integrate microvalves using polydimethylsiloxane (PDMS) 

(Sylgard 184, Dow Corning, USA). Two different master molds 

were fabricated by photolithography to create the fluidic and 

microvalve channels. The fluidic layer master was prepared on 

a silicon wafer by spinning SU-8 3025 negative photoresist 

(Microchem Corp, Newton, MA) at a thickness of 20 µm and 

patterned by photolithography. The valve layer master was 

patterned in a same way and the thickness was 20 µm. The 

PDMS prepolymer and its curing agent (10 : 1 ratio) were 

poured onto the master mold for the fluidic layer, cured in a 65 

ºC oven for 60 min, and peeled off from the master mold; 

injection holes were then punched into the fluidic layer. The 

bottom pneumatic microvalve layer was formed on the master 

mold by spin-coating the PDMS mixture (20 : 1 ratio of 

prepolymer and curing agent) at 3000 rpm for 1 min and curing 

at 65 ºC for 45 min. Then, the fluidic layer was aligned over the 

microvalve layer and cured in a 65 ºC oven for overnight. The 

PDMS chip with the fluidic and microvalve layers was peeled 

off from the master mold, and holes were introduced to connect 

the inlet ports to the microvalve channels. Finally, the PDMS 

chip was bonded to a glass slide by plasma treatment for 1 min 

and then kept in a 65 ºC oven for 2 hours to improve the 

bonding strength. 

 

Device operation 

 

Importantly, simple soaking of the SDA into sterilized water for 

3 days can dramatically reduce droplet evaporation. And then, 

the SDA is soaked into sterilized water while performing 

bacterial communication experiment. The microfluidic device 

was operated using homemade solenoid valve manifolds and a 

controller (Stanford Microfluidics Foundry, USA). A USB 

controller board mounted in the computer controlled the 

switching of each channel of the manifolds. The individual 

microvalves were operated using a custom-built LabVIEW 

(National Instruments Co., Austin, TX) program. Nitrogen gas 

was used to inject the reagents into the microchannels and 

microvalves. Prior to starting the experiment, we filled the 

microvalve with sterilized water. FC-40 oil with 20% 

1H,1H,2H,2H-perfluorooctanol as the continuous phase and 

aqueous solutions for the dispersed phase were injected into a 

microchannel. 

 

Generation of bacterial concentration gradient 

 

RCs and SCs (OD600 = 3.0) suspended in M9 media were 

introduced into each inlet port with closed microvalves to 

prevent cross-contamination. In the state in which the 

microvalves of the array chamber (0.3 MPa) were closed, a 

long droplet plug (7 nL) containing RCs was generated to trap 

droplets in the array chamber. Then, the droplet plug of SCs (2 

nL) was generated to merge and mix with the SDA containing 

RCs. The bacteria were monitored using a fluorescence 

microscope (TE-2000, Nikon, Japan) equipped with a high-

resolution CCD camera (Coolsnap, Roper Science, USA). 
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ImagePro (Media Cybernetics, MD, USA) software was used 

for the fluorescence analysis of each image. 

 

Bacterial growth curves and glucose assay 

 

All growth curves and a glucose assay were simultaneously 

performed using SCs, RCs, and RCs in the presence of 10 µM 

AHL, as appropriate. During cultivation at an initial OD600 = 

0.5, the culture medium was collected to measure the growth 

rate and glucose concentrations using a glucose assay kit 

(Sigma) and a UV spectrometer (UV-VIS 300, Thermo 

Scientific, USA).39-40 

  

Results and discussion 

Principle of droplet trapping in a microfluidic device 

 

A schematic diagram and images of the SDA integrated with 

microvalves are shown in Fig. 1. The SDA fabricated with 

PDMS by multilayer soft-lithography consists of two functional 

parts: a plug generation part and a droplet array part. In the plug 

generation part, we design T-junction structures to produce 

multiple plugs and integrate with a pneumatic microvalve in the 

aqueous flow channel to control the flow of the aqueous phase 

on demand in real time. When the microvalve is switched off, 

the aqueous solution flows out of the T-junction and is 

surrounded by immiscible oil. When the microvalve is switched 

on, the flow of the aqueous solution is cut off, and a plug forms 

instantly. By alternately switching on and off, plugs are reliably 

produced, and the size of the plug can be tuned precisely by the 

duration of the off-status of the microvalve. Different samples 

with a desired plug composition can be separated without 

contamination of each droplet in a single device (Fig. 1A). The 

plug generated from the plug generation part is transported into 

the droplet array part. The droplet array part contains a 

microfluidic network with a repeated sequence bypass loop that 

has lower hydrodynamic resistance and a hydrodynamic trap 

array integrated with trap valves (Fig. 1B). The detailed 

geometry and the cross section of the hydrodynamic trap are 

shown in the supplementary information (Fig. S1). Briefly, the 

hydrodynamic trap with its narrow entrance (40 µm) and 

circular chamber structure (100 µm diameter) provides stable 

hydrodynamic trapping of the droplets. The trap valve is also 

integrated at the exit position of the trap and controls the flow 

resistance (R1), which manipulates the direction of the fluid 

flux toward the trap or bypass loop (Fig. S1). Although we 

adopt the basic principle of formation of the droplet array by 

the previously reported method,25, 30, 41 there is still great need 

for the capture of a flexible and elastic droplet in a highly 

controllable manner. Here, we construct a novel SDA by 

integrating a microvalve into the trap and designing the trap 

with geometrical constriction.  

When sample plug generated from plug generation part moves 

into droplet array part, the plug is sequentially trapped and 

formed droplet array in hydrodynamic traps. The basic 

principle of forming SDA follows hydrodynamic trapping 

previously reported by pioneering groups. 25, 30, 41-43 As shown 

in Fig. 1B, a SDA consists of a series of bypass loop channels 

superimposed onto a straight hydrodynamic trap. The SDA has 

two volumetric flows such as individual trap (Q1) and bypass 

loop channel (Q2); there is hydrodynamic competition between 

individual trap (Q1) and bypass loop channel (Q2). Hydrodynamic 

trapping utilizes the hydrodynamic competition of those two 

volumetric flow rates at the hydrodynamic trap. When an individual 

trap is empty, Q1/Q2 is larger than 1 and the head part of plug is 

introduced into individual trap because the individual trap has a 

lower flow resistance than that of the bypass loop channel. As a 

result, the plug is not able to enter bypass loop channel and fills the 

individual trap because bypass loop channel act as a capillary valve. 

Reversely, after filling the individual trap, Q1 is decreased and then 

Q1/Q2 is decreased below 1. Thus, relatively high volumetric flow 

rate of bypass loop channel (Q2) results in moving of plug along 

bypass loop channel and flows into the next hydrodynamic trap. 

The strong advantage of SDA device integrated with valves is 

 
Fig. 1 Design of SDA integrated with microvalves and 

hydrodynamic trap array. (A) Schematic design and optical images 
for plug generation and droplet array parts. The red and blue lines 

indicate microfluid channels and microvalves, respectively. (B) 

Detailed diagram of microfluidic network and hydrodynamic trap. 
There are two main flows (Q1: trapping flow and Q2: bypassing 

flow). The microvalve elegantly provides hydrodynamic resistance 

in the trap.  
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precisely to control hydrodynamic flow of Q1/Q2 by simple 

operation of trap valve. The trap valve can be pneumatically 

actuated to open or close microfluidic channel in individual 

hydrodynamic trap. When the trap valve is given a command to 

open at a certain point (so we called “off”), the horizontally laid 

microchannels in the hydrodynamic trap are opened; Q1/Q2 is 

equals to 20.5 based on mathematical calculation, which means 

that Q1 is extremely higher than Q2 (see Supplementary 

Information). Thus, the sample plug is flowing through 

individual trap without hydrodynamic trapping. When trap 

valve is switched on, it partially closes horizontal fluidic 

microchannel in hydrodynamic trap. Thus, small cavities are 

generated at the edge of rectangular microchannel (Fig. S1B). 

Those small cavities and side channel provide an appropriate 

fluidic flow of Q1 to trap sample plug; Q1/Q2 is equal to about 

3.19. Therefore, in this regime of Q1/Q2, we can successfully 

perform hydrodynamic trapping of sample plug into empty trap 

and generate well-defined droplet array in series hydrodynamic 

traps without any releasing and splitting problem because three 

residual flows exist in individual trap and the increase in 

volumetric flow of the bypass loop (Q2) allows a portion of the 

sample plug to fill the trap. 

 

 

 

 

Generation of gradient droplet array and release 

 

The basic principle of generating a droplet array generates the 

SDA in a simple manner. The representative time-lapse images 

show the continuous sequence of the generation of an SDA 

(Fig. 2). When we turn the microvalve on, a sample plug moves 

into the hydrodynamic trap, and the head of the plug fills the 

entrance of the trap as expected (Fig. 2A). The capillary 

pressure at the geometrical constriction of the trap limits further 

movement. As the plug continues to traverse other bypass 

loops, this plug sequentially fills each trap and then moves into 

the bypass loop channel to fill next trap due to the difference in 

flow resistance (Fig. 2). In accordance with this basic principle, 

we can produce an SDA of uniform composition and size (180 

± 2.23 pL). Then, we introduce a second plug into the SDA, 

and the entire process is shown in Fig. 2B. While the head of 

the second plug goes forward into the array, the thin film of oil 

between the stationary droplet and the moving plug ruptures, 

allowing exchange of materials at the entrance of the trap (Fig. 

2B, Fig. S2). Fig. S2 shows a detailed sequence of images of 

the exchange dynamics. The exchange of materials occurs at 

every trap as the secondary plug travels through the whole trap, 

which is the main driving force to produce the concentration 

gradient series in the array (Fig. 2B). The first droplet at the 

first trap inter-mixes with the second plug, and the successive 

droplets are diluted with increasing amounts of materials from 

 
Fig. 2 Principle of generation of chemical concentration in an SDA. (A) Sequential images showing the consecutive process of droplet array formation. The 

plug generation (left), generation of droplet array (middle), and final droplet array (right). (B) Optical images of sequential dilution by the secondary moving 

plug. We can obtain two reverse gradients of chemical concentration. (C) Release of all droplets from the SDA. The SDA can be reused by a simple switch-off 
operation until the adsorption of materials occurs. In our experiments, there was no significant adsorption for 30 uses. 
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the first one. Finally, we generate two types of concentration 

gradients, increasing and decreasing gradients in the first 

(yellow) and second (green) droplet arrays, respectively. The 

approach clearly indicates that simply changing the 

composition of the first and second plug in the plug generator 

flexibly manipulates the increasing or decreasing concentration 

of the soluble materials from droplet to droplet in the array. 

These results confirm the generation of a chemical in an SDA 

via simple production, transportation, storage, and mixing of 

droplets. Furthermore, the advantage of this approach is that 

simply switching off the microvalves easily releases all droplets 

from the SDA (Fig. 2D and Movie S1). The released droplets 

move downstream along the array microchannels. After 

releasing all droplets from the SDA, we can reuse the SDA by 

reloading the sample plugs. 

 

Characterization of bacterial population gradient 

 

Most biological applications require complex, non-soluble 

materials, such as cells, rather than soluble materials. In 

particular, cell-based screening handles a population of cells 

along with numerous drugs at various concentrations.44-45 

Several studies report that the population gradient 

quantitatively or qualitatively regulates cell-cell interactions 

and determines many biological or physical connections that a 

single cell is able to establish with surrounding cells, which in 

turn regulate cell behavior by influencing the intracellular 

signal transduction pathway.46-47 In addition, spatial 

variations in cell density may lead to the development of 

another biochemical gradient, as a result of which cell 

migration, proliferation, and differentiation can be affected.11, 

48-50 The ability to generate a controllable population gradient is 

critical to the recreation of functionality for many types of 

biological events.51-52 In a sense, the ability to generate a 

population gradient is essential for the fundamental study of 

cell-cell interaction.53-55 

We want to expand our method to create a bacterial population 

gradient for cell-based assays (Fig. 3A). To demonstrate this 

feasibility, we sequentially loaded two plugs, a buffer plug 

followed by a bacterial plug. To create a clear visual image and 

precisely quantify the number of bacteria in each droplet, we 

used bacteria expressing green fluorescence protein (GFP) as a 

proof of concept. As expected, bacteria in the second plug were 

transported to the preloaded phosphate buffer array, and a 

decreasing bacterial population gradient was obtained in the 

SDA (Fig. 3A). The time-lapse fluorescence images clearly 

indicate the serial dilution of bacteria in the SDA. The initial 

bacteria plug with a high density (OD600 = 3.0) was sequentially 

transported to each trap to achieve a decreasing concentration 

gradient; thus, the first droplet in the SDA contains a high 

concentration of bacteria, and the moving bacteria plug is 

continuously diluted as it sequentially merges with pre-trapped 

droplets while traversing the bypass loop network. The 

dynamics of bacterial exchange between immobilized droplet 

and moving plug is shown in Fig. S3. When moving plug 

contacts with immobilized droplet, transportation of bacteria 

from moving plug to trapped droplet is triggered from rupturing 

and coalescence of oil-water interface, which results in rapidly 

forming a convective flow from plug into droplet. Thus, 

bacteria in moving plug are transported along with trap wall. 

Bacteria at middle region of moving plug cannot penetrate into 

immobilized droplet while passing through the trap. When 

moving plug’s tail arrives at trap, strong convective flow occurs 

within immobilized droplet because of biased shear force of 

plug streaming driven by gradual increase of volumetric flow 

rate toward bypass loop channel (Q2). After that, the plug and 

immobilized droplet are segregated. We consider that the 

 
Fig. 3 Gradient of bacterial population in the SDA. (A) Time-lapse 

fluorescence images of the bacteria dilution procedure. (B) Fluorescence 

images for GFP-expressing bacteria in each droplet with increasing 
loading time of the moving plug. (C) Quantitative linearity of the 

population gradient of bacteria. Dashed lines indicate linear regression. 

All lines show high fidelity in controlling the bacterial population.   

Page 5 of 10 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Lab on a Chip 

6 | Lab on a Chip, 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014 

convective flow within droplet is attributed from viscous-drag 

force from the shearing of oil fluid toward bypass loop channel 

(Q2). To induce high drag force in droplet and increase average 

flow rate at oil-water interface, we have designed tear shaped 

hydrodynamic trap combined with three residual flows (Fig. 1 

and Fig. S1). Based on the principle, we finally obtain strong 

convective flow within the immobilized droplet. 

 We investigated whether the SDA is able to make a serial 

dilution of bacteria soup and control the slope of a 

concentration gradient in consecutive droplets because most 

biological screening assays address complex insoluble 

materials, such as bacteria (Fig. 3). To simply evaluate its 

capacity for the serial dilution of bacteria, we used bacteria 

expressing GFP because the number of bacteria is easily 

measured by simply counting the number of fluorescence spots 

using fluorescence microscopy. According to previously 

established procedures, we successfully produced a droplet 

array containing thirty sequential buffer droplets. Then, a 

bacterial plug sequentially traversed and interacted with each 

droplet. As expected, a population gradient of bacteria in the 

SDA was successfully developed (Fig. 3B). The fluorescence 

images of the 1st, 15th, and 30th droplets clearly showed the 

gradual decrease in the number of bacteria in each droplet (Fig. 

3B). Increasing the loading time increases the bacterial 

concentration at the same droplet position and the steepness of 

the bacterial population gradient (Fig. 3C). Because the high-

population bacterial plug is preferentially merged with 

upstream droplets and is continuously diluted, the upstream 

droplets exhibit a huge increase in bacterial population, while 

the downstream droplets exhibit a small increase (Fig. 3C).  All 

linear regressions provide a close fit to the experimental data, 

indicating that the bacteria population is linearly controlled by 

the position of the droplet. The linear relationship between the 

number of loading times of the moving plug and the bacteria 

population supports the capability of the SDA. These results 

confirm that the slope of the bacterial population gradient can 

also be simply adjusted by repeating the loading of the bacteria 

plug. Importantly, we can readily achieve an elaborate dilution 

of bacteria with small changes between adjacent droplets, 

allowing precise understanding of the behaviors involved in 

cell-cell interactions, such as whether the quantitative data 

follow a linear or non-linear relationship. Thus, the 

experimental flexibility of our device could be very practical 

for interrogating the alterations of living cell behaviors, such as 

antibiotic susceptibility, chemotaxis, and QS, in response to 

external stimuli. 

The advancements and novelty of this work are as follows: 1. 

The microfluidic SDA integrated with a microvalve system 

consists of both plug generation part and droplet array part. We 

can perfectly solve cross-contamination of reagents from the 

 
Fig. 4 Generation of a reverse gradient of two bacteria population. (A) Schematic principle for generating a reverse gradient in an SDA. (B) Fluorescence 
images of GFP- and RFP-expressing bacteria in an SDA. The enlarged images at both the first and last droplets indicate distinct changes in the two bacteria 

populations. (C) Linearity of the reverse gradient of the bacteria population. Generation of reverse gradient is performed with 2 nL plug of bacteria solution at 

flow rate of 2.1 mm/s for three times.  
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initial droplet generation step using separate reagent channels 

and microvalves. In addition, the SDA integrated with 

microvalves can freely control the volume and composition of 

droplet regardless of spatio-temporal restriction. 2. In contrast 

to conventional droplet arrays, this SDA can be perfectly reused 

for several times. This robust release system provides 

capability to perform high-throughput screening (HTS) in a re-

usable single chip without contamination and destroying the 

SDA. 3. To our knowledge, it is first report to demonstrate a 

bacteria population gradient with single and two specices in 

droplet array format although several methods have previously 

shown concentration gradients of soluble materials, 

microparticles, and animal cells. The principle of concentration 

gradients of insoluble materials such as bacteria in the SDA 

follows simple hydrodynamic mechanisms of coalescence, 

mixing, and consecutive trapping and traversing. By adjusting 

number of loading of plug into the droplet array part, various 

gradient patterns can be easily produced in a controllable and 

reproducible fashion. In addition, reverse gradient of different 

cell types can also be produced on the same droplet array by 

taking advantage of sequential loading processes. 

 

Reverse population gradient for cell-cell interactions 
 

 Furthermore, we extended our approach to produce a 

reverse population gradient of two bacteria using the ability to 

add and remove materials from trapped droplets, as multi-

component droplet arrays are an essential characteristic of 

screening assays. Figure 4 illustrates that our method is capable 

of creating a reverse population gradient of two bacteria. First, 

we sequentially loaded RFP-expressing bacteria and GFP-

expressing bacteria plugs because the basic principle of a 

population gradient is driven by the exchange of two types of 

bacteria between the moving plug and trapped droplets (Fig. 

4A). In accordance with previously established protocol, plugs 

containing GFP-expressing bacteria are trapped into 

consecutive hydrodynamic traps, and then a moving plug 

containing RFP-expressing bacteria transverses along the 

microfluidic network. As expected, RFP-expressing bacteria in 

the moving plug are sequentially transferred to the trapped 

droplets, and GFP-expressing bacteria in the trapped droplets 

are also transferred into the moving droplet plug. Finally, we 

generated a reverse gradient of two bacteria populations (Fig. 

4B). In the enlarged images of single droplets (first and thirtieth 

droplets), the first droplet shows a higher population of RFP-

expressing bacteria, while the last droplet has a higher 

population of GFP-expressing bacteria. This simple regression 

also serves to underline the fact that the SDA can produce a 

highly desired gradient in two bacteria populations with high 

linearity (R2 > 0.99), allowing the prediction of gradients 

without the use of GFP or RFP-expressing bacteria (Fig. 4C). 

Although the reverse gradient shows positive and negative 

linear slopes, the dilution rate is different between the two. This 

result indicates a discrepancy of dilution efficiencies between 

the moving plug and trapped droplets despite using two types of 

bacteria with the same population. 

 

The possibility of population dependent cell-cell interaction 

 

 Next, we investigated cell-cell interactions in a population-

dependent manner with a reverse population gradient. Two 

genetically engineered bacteria containing quorum-sensing 

circuits, a signal sender and receiver, were examined because 

QS is an important and complex mechanism of cell-cell 

communication that enables the coordination of group-based 

behavior based on population density. In general, the SCs can 

release signaling molecules including AHL, the most common 

class of autoinducer and product of the LuxI protein in Gram-

negative bacteria.14, 56 Signal molecules (AHL) freely diffuse 

into the extracellular environment. Upon reaching a threshold 

concentration of signal molecules in the extracellular 

environment, they diffuse into RCs and bind LuxR proteins to 

mediate transcriptional activation (Fig. S4). Although the 

mechanism of QS is well understood, and a dynamic control 

widely distributed in nature allows for whole-population 

coordination of gene expression, population-dependent 

behavior and nutrient-sensitive QS remain controversial and 

intriguing scientific issues.57-58 

In particular, to our knowledge, there has been no experimental 

report on the effect of a population gradient on QS by precise 

control of the populations of signal sender and receiver 

bacteria. Thus, we expect that the utilization of SDA will pose a 

great challenge to current biological studies. First, a reverse 

population gradient was generated in SDA using two different 

plugs containing RCs or SCs. AHL produced from the SCs was 

transferred to RCs in confined droplet. Then, we measured the 

GFP expression level of RCs that responded to the 

concentration of AHL produced, as the analysis of fluorescence 

expressed from RCs clearly reflects communication between 

bacteria (Fig. 5). The SDA provided quantitative dynamic 

results estimated from each bacterium. QS enables coordination 

of the behavior of bacterial populations and is often controlled 

by extracellular environmental substances as nutrients or signal 

molecules from neighboring bacteria.13, 14 As proof, an 

inducible gene expression system was chosen to investigate the 

effect of nutrient availability on QS. Under the nutrient-

controlled condition (0.5X M9 medium), GFP expression from 

the RCs continuously increased in all droplets for 4 hours, and 

the RCs started to express GFP in response to AHL, while their 

individual expression levels varied (Fig. 5A). Interestingly, a 

high proportion of RCs resulted in an increase in the GFP 

signal from the 1st (RC: SC = 1 : 5.5) to the 30th droplet (RC: 

SC = 3.1 : 1). Namely, the quantification of the average 

fluorescence intensity of each droplet indicated a clear 

difference from the first to thirtieth droplet, meaning that there 

is population-dependent bacterial communication under the 

nutrient-limiting condition; the RCs express GFP at different 

levels in accordance with various population ratios between the 

RCs and SCs in 0.5X M9 medium (Fig. 5B and Fig. S5A). In 

addition, GFP expression is strongly associated with incubation 

time because AHL produced from SCs requires time to be 

synthesized (Fig. 5A). We also examined the quantitative 

change in GFP expression with various ratios of signal SCs to 

RCs in rich medium (1X M9 medium) (Fig. 5A and Fig. S5B). 

Noticeably, even the first droplet with a low proportion of RCs 

(RC: SC = 1 : 5.5) was able to achieve similar GFP expression 

to the 30th droplet. This result indicates that the population ratio 

does not influence bacterial communication in the nutrient-rich 

condition. This phenomenon confirms that the different 

population ratio does not influence the production of AHL, 

which is thus sufficient to perform QS in the rich media. To 

confirm the effect of nutrients on population-dependent cell-

cell communication, we have examined the GFP expression of 

RCs as a function of nutrient concentration at a larger scale 

(500 ml flask culture) (Fig. S6). RCs were cultured at three 

nutrient concentrations (0.1X, 0.5X, and 1X M9 media) with 

the addition of 10 µM AHL. There was a dramatic decrease in 

GFP expression in RCs under severe starvation conditions 
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(0.1X M9 media), although a sufficient concentration of AHL 

molecules was added in each case (Fig. S6). Thus, it is 

reasonable to assume that a decreasing nutrient supply down-

regulates signal production activity; however, nutrient 

deficiency promotes signal production activity, at least within a 

certain range. All these results imply that the bacteria do not 

perform pure QS and integrate information about their 

individual demands into the communication signal. In the case 

of slight nutrient depletion, relatively starving bacteria may 

increase the production of signal molecules as an emergency 

call, demanding coordinated behavior. Consequently, these 

sequential processes reduce the number of SCs required to 

produce sufficient signal molecules to reach the induction 

threshold of GFP expression in RCs. If the population of RCs is 

very small, an emergency call will not have a strong effect, 

even if there is an increase in the production of signal 

molecules from a high population of SCs. The result obtained 

from SDA suggests that remarkable social behavior likely 

enables adaptive lifestyle optimization of coordinated cell-cell 

communication with respect to fitness and meaningful 

decisions in a specific environment. Additionally, we examined 

the consumption rate of glucose as a sole carbon source and the 

growth rate between RCs and SCs (Fig. S7). In the case of pure 

cultures of RCs and SCs, the rates of glucose consumption and 

growth are almost identical (Fig. S7A). The addition of AHL 

clearly decreases the rate of glucose consumption from 36 

mg/l·hour to 25 mg/l·hour (Fig. S7A), while pure RCs and SCs 

exhibit no significant change. Interestingly, we found that the 

addition of signal molecules (AHL) to the culture medium for 

RCs significantly improved the growth yield compared to the 

yield in the absence of AHL (Fig. S7B). Commonly, QS 

involves the coordination of beneficial behaviors between 

bacteria through the production and secretion of diverse exo-

products that result from the regulation of gene expression by 

the signal molecules.14, 59 The beneficial behaviors in QS 

clearly occur in the transition state from the exponential to the 

stationary growth phase.13 The improved growth yield implies 

that the RCs use AHL molecules not only for GFP expression 

but also to provide a beneficial effect to each other in large 

populations. In addition, the results of the glucose assay suggest 

that changes in gene expression via QS minimize the 

consumption rate of nutrients compared to the rate in normal 

conditions without signal molecules. In contrast, the presence 

of more RCs than SCs might lead to a stable QS system 

because of the slow nutrient consumption rate; furthermore, this 

population ratio might allow direct transportation of beneficial 

extracellular products to adjacent RCs because of the 

diminished interception of extracellular products, resulting in 

high GFP expression of RCs. 

 Our findings provide an example of SDA serving as a novel 

biological assay platform in a precise, quantitative manner. To 

our knowledge, although the presented results need further 

investigation in combination with molecular biology 

experiments, this method provides mechanistic insight into the 

nonlinear relation between nutrient conditions and QS via 

transferring signal molecules and assists in understanding the 

ecological purpose of signaling and coordinated social 

behavior. 

 

Conclusion 

 

In summary, we demonstrate a simple and robust 

microfluidic SDA for generating and controlling concentration 

gradients of various materials, including bacteria. In this SDA, 

the first droplet is positioned into an array format based on 

hydrodynamics, and a concentration gradient is created by 

mixing the two components between the moving plug and 

droplet, while the second moving plug transverses the bypass 

channel. By adjusting the initial concentration and multiple 

sequential loading of the moving plug, various gradient patterns 

can be easily produced in a controllable and reproducible 

fashion. Furthermore, a reverse gradient of different types of 

bacteria can also be generated on the same SDA by taking 

advantage of the simple individual loading process and 

 

Fig. 5 Population-dependent cell-cell interaction. Quantitative data on GFP expression from RCs in relatively nutrient-poor (0.5X M9 media) and nutrient-rich 

conditions (1X M9 media). 
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exchange of two bacterial populations. Here we find, for the 

first time, that QS may be influenced by the population ratio of 

the RCs and SCs. SDA is a useful biological assay platform to 

prove the existence of interesting sociobiological behaviors in 

population-dependent cell-cell interactions. Our finding 

suggests that the bacteria do not perform pure QS by integrating 

information about their individual demands into the 

communication signal and responding to it; instead, signal 

molecules rapidly saturate a certain threshold of signal 

receptors of RCs in the QS system. We envision that the 

controllable population gradient will enable a myriad of other 

biological applications, including enzyme or whole biochemical 

reactions, the optimization of biological assays, and biological 

screening. 
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