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We constructed a mesh-grid integrated microwell array which

enables easy trapping and consistent addition of droplets. The grid

acts as a microchannel structure to guide droplets into the micro-

wells underneath, and also provides open access for additional

manipulation in a high-throughput manner. Each droplet in the

array forms a stable environment of pico-litre volume to implement

a single-cell-based assay.
To study genuine responses or secretions from single cells or cell-to-

cell communications while excluding the effects of neighboring cells,

each cell has to be isolated in a small volume.Conventional tools such

as microplates usually handle aminimum volume of�10 mLwhich is

still large comparedwith a single-cell volume of�1 pL; thus repetitive

and inefficient dilution processes in multiple wells are required. To

induce proper cell behaviors with low cell numbers, controlling the

number of cells per unit confinement is important, and micro-

fabrication and microfluidic tools can help control spatial proximity

of cells and the isolation process.1–3Microfabricated well arrays allow

for a large number of wells per unit area and confinement of single

cell compatible sizes.4–6 There are still challenges in the controlled

isolation of microbes such as Escherichia coli (E. coli) into single-cell

units due to their small sizes and irregular shapes. There are also

difficulties in accessing individual wells for different treatments and

recovery of cells.

An alternative method to create cell microconfinements is the

formation of microdroplets from two-phase fluids. Microdroplets of

pico- to nanolitre volumes are capable of enclosing various biological

matter.7,8 Unlike solid wells, they are a more active system, and can

move or stop, split ormerge with others, and select different paths for

sorting at timed intervals.9–11 As illustrated in Fig. 1, to conduct

a biological assay, multiple droplet manipulation steps are required,

including droplet generation with single cells, stable storage, and
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merging with additional droplets to activate the reaction or supple-

ment medium. It is also desirable to be able to perform further

processes such as changing the continuous oil phase of different

constituents or recovery of droplets to recollect the selected cells for

further analysis. Although each method of droplet manipulation has

been successfully demonstrated, difficulty in integrating these

steps into a whole system has limited the applicability of droplet

technology for complete biological assays.

The integration of an array structure in a closed microchannel in

order to stably store droplets has been accomplished,12–15 but a tech-

nique for the repetitive addition of droplets or the selection of specific

droplets in a closed channel by inspection has not yet been developed.

There is a method for transferring droplets to and from each func-

tional module with the help of a surfactant;16 however, without

physical boundaries for trapping droplets, it is difficult to keep them

in fixed positions during an extended time for tracking and inspec-

tion. To apply physical boundaries, a sophisticated design is
Fig. 1 Schematic representation of the manipulation of microdroplets in

the microarray. The process includes: (i) droplet generation from an

independent microchannel for single-cell encapsulation. The scale bar in

the microscopic image is 50 mm; (ii) transfer of droplets onto the mesh-

integrated microwell array; (iii) migration of droplets into the wells and

removal of untrapped droplets with oil flow; (iv) trapping of the second

droplets; (v) oil change to induce droplet merging.
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necessary to account for the behavior of droplets, which are highly

sensitive to small perturbations such as pressure, flow rate, and the

number of droplets. This hinders combinations of functioning

modules and droplet manipulation. Practically, capturing droplets at

sizes of tens of micrometres for containing single cells is especially

difficult, because it requires more energy to deform and trap small

droplets. The removal of unwanted droplets trapped in the array is

also problematic.

Our research focuses on the development of a microstructure for

stably inserting droplets into microwells with high efficiency that still

provides an open system allowing easy access to the contents and

integration with other microfluidic modules. A microwell array

system should be applicable for screening microbial cells by incuba-

tion and inspection for several hours. After single-cell droplets of

10–15 pL volume (�30 mm in diameter) are generated, they could be

transferred to fixed positions for merging with additional droplets

and for inspection (Fig. 1).

Prior to creating a droplet array, single-cell droplets are generated

from an independent device. With a conventional droplet-generating

method, the proportion of single-cell containing droplets is usually

less than 30%.7,16–18 The chance of two different cells co-localizing in

one droplet for reaction by droplet-merging is even lower. To

enhance the single-cell encapsulation efficiency, we used a pinched-

flow channel for the secondary breakup of droplets (Fig. 1 and see

ESI, Fig. S1†), thereby reducing stochastic loading of the cells.19 The

large droplets first generated from the T-channel are compactly

loaded with a high concentration of cells; these droplets then break

for a second time at the pinched-flow channel, creating smaller

droplets 30 mm in diameter, which is compatible to containing one

microbial cell (initially in a medium with 1 � 108 to 2 � 108 cells

per mL). By initially loading a high concentration of cells into

large droplets, the problems of uneven distribution of cells in

a microchannel and cell adhesion to the wall are greatly reduced.
Fig. 2 Operation of the mesh-integrated microwell array. (a) The mesh struc

view of the mesh-integrated microwell array, which guides the droplet path a

showing the fraction of wells according to the number of occupying droplets

comparable to the droplet diameter. (d–f) Microscopic images of the mesh-int

the second droplets (colored with red dye) (see ESI, Video S1†), and (f) select

S2†). All scale bars are 100 mm.

This journal is ª The Royal Society of Chemistry 2012
With this design, approximately 50% of droplets collected at the

outlet would be expected to contain a single E. coli cell.

Structurally, the array consists of a flat metal grid aligned above

the poly(dimethylsiloxane) (PDMS) microwells separated by spacers

(see ESI, Fig. S2† and Fig. 2a). The grid structure allows the free flow

of oil to pass through, as it draws and guides droplets into the wells

aligned beneath (Fig. 2b). Without the grid, droplets in the oil would

follow the bulk flow outside of the microwells and would not enter

the narrow wells. The vertical velocity (see w in Fig. 2b) toward the

wells is almost zero near the surface opening of the wells, and air will

start to fill the wells as the oil permeates into PDMS or evaporates.

However, the mesh-grid above the microwells acts as a microchannel

structure to hold a thin film of oil, instead of bulk flow, in the space

(see s in Fig. 2b) between the grid and the PDMS array. When

droplets fall through the grid following the oil stream, they will move

directly into the wells because the space between the grid and the

PDMS array is set to be smaller than the droplets. They tend to stay

in the wells, where their shape deformation can be minimized, thus

reducing the surface energy. After droplets are settled in the wells,

residual droplets can be flushed out with additional oil flow. The oil

phase used throughout the whole process is mineral oil, with a density

of 0.84 g mL�1 (Sigma-Aldrich, St. Louis, MO, USA).

As droplets for single-cell encapsulation are 30 mm in diameter,

a mesh grid (Electron Microscopy Science, PA, USA) with a hole

width of 43 mm and a wire dimension of 20 mm was chosen to allow

free passage of the droplets and oil. Each microwell in the array was

designed to have a width and depth of 40 mm each, and wells were

spaced 23 mm apart. The number of well arrays is limited only by the

size of the microgrid. Here, we used 900 wells on a 2 mm � 2 mm

microgrid. The height of the spacers, s, between the grid and the array

was 25 mm. Droplets of 40 mm diameter filled approximately 95% of

the microwell array, and droplets of 30 mm diameter resulted in

approximately 80% single-droplet occupancy (Fig. 2c and d).
ture is aligned over the microwell array and separated by spacers. (b) Side

nd allows easy oil change and removal of untrapped droplets. (c) Graph

. More than 98% of the wells trapped one droplet when the well size was

egrated microwell showing (d) trapping of single droplets, (e) addition of

ive removal of three droplets using a glass capillary tube (see ESI, Video

Lab Chip, 2012, 12, 1594–1597 | 1595

http://dx.doi.org/10.1039/c2lc21266h


Fig. 3 Mesh-integrated array with cell-containing droplets. (a) First, trapping of droplets with green fluorescent cells. (b) Second, addition of droplets

with red fluorescent cells to demonstrate co-existence of different cells from separate droplets. (c) Application of droplets for single-cell-based assays by

encapsulating enzyme-producing cells and the reporter cells. White arrows indicate green fluorescence appearing from the reporter cells in the presence

of the enzyme activity, with the white dashed line showing the enlarged image of the reacted droplet. (d) Fraction of reacted droplets in the array when

the numbers of both enzyme-producing cells and the reporter cells per droplet were controlled to be multiple (5–10 cells) or single. All scale bars are

50 mm. The mesh grid was removed in (b) and (c) for better inspection of cells.
Inmost applications, droplets are stabilized by a high percentage of

surfactant, which hinders droplet-merging; coincidence of the time

and location of droplets alone is not sufficient.11 Because the mesh

grid provides an open structure to the microwells, merging events of

additional droplets could easily be performed using the chemical

demulsification method, instead of integrating complex hydrody-

namicmerging channels or active components such as electrodes. The

presence of a chemical additive known to shift the equilibrium of the

two-phase system can merge droplets in the confinement.20 In this

work, we used 40% (v/v) octanol in mineral oil due to its insolubility

in water. A 1 : 1 merging of droplets occurred in 83% of the wells

(Fig. 2e). The open structure of the mesh grid also allows selective

recovery of droplets from the array using a glass capillary tube

(Fig. 2f).

Fig. 3a shows the first trap of droplets transferred from the second

breakup channel to the array, filling 48%of themicrowells with single

cells (see green fluorescence inside droplets). Fig. 3b is the result of the

addition and merging of the second droplets containing red fluores-

cent cells, demonstrating that the array can be used to co-encapsulate

two different cells. The green and red fluorescent cells were E. coli

expressing green fluorescent protein (EGFP) and red fluorescent

protein (DsRed2), respectively. The top of the droplet array was

covered with mineral oil to prevent evaporation, and supplementary

medium droplets were added to the array at 1 h intervals throughout

the events. By removing a droplet from the array and transferring it

to a solid agar plate, we could recover the target cell and grow it into

a colony (see ESI, Fig. S3†).

We examined the applicability of the mesh-integrated array for

single-cell-based reactions by merging droplets containing specific

enzyme (tyrosine phenol-lyase)-producing E. coli with the second

droplets of reporter cells. The reporter cells are E. coli genetically

modified to emit green fluorescence in the presence of the enzyme

product (phenol), which is released from the enzyme-producing cells

(see ESI, Fig. S4 and S5†). Thus, when two droplets merge, green

fluorescence is produced, indicative of the enzyme reaction (Fig. 3c).

When the numbers of both enzyme-producing cells and reporter cells

per droplet are as many as 5–10, those multiple cells will produce

more enzyme and product within the same confinement, resulting in

a greater fraction of reacted droplets in the array (Fig. 3d). Less than

10% of the microwells showed reactions in the single-cell droplet
1596 | Lab Chip, 2012, 12, 1594–1597
array, in which the numbers of both enzyme-producing cells and

reporter cells were controlled to be single in each droplet. In this

confinement, at least 3 h of incubation was required for sufficient

accumulation of product and detection of reporter cells at the single-

cell level. With the small scale of the droplet confinement, designed

for instant analysis of single-cell units, a period of 5 hwas adequate to

monitor fluorescence intensity from cell-to-cell reactions. Longer

incubation times increase the proportion of droplet loss from

evaporation.

The mesh-integrated droplet array provides a microfluidic plat-

form for simple storage and on-demand merging of droplets. The

openness of the system allows easy access to individual droplets and

variable integrationwith other functional modules. By integrating the

single-cell droplet-generating channel, the mesh-integrated micro-

array allows immediate confinement of single cells and total isolation

of each chamber throughout the entire droplet manipulation process.

With further development of cell-friendlier conditions and automa-

tion for parallel handling of droplets, this device may provide a novel

screening platform, especially for various microbes directly harvested

from a natural environment.
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