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We describe a highly efficient microfluidic fluorescence-activated droplet sorter (FADS) combining

many of the advantages of microtitre-plate screening and traditional fluorescence-activated cell sorting

(FACS). Single cells are compartmentalized in emulsion droplets, which can be sorted using

dielectrophoresis in a fluorescence-activated manner (as in FACS) at rates up to 2000 droplets s�1. To

validate the system, mixtures of E. coli cells, expressing either the reporter enzyme b-galactosidase or an

inactive variant, were compartmentalized with a fluorogenic substrate and sorted at rates of �300

droplets s�1. The false positive error rate of the sorter at this throughput was <1 in 104 droplets.

Analysis of the sorted cells revealed that the primary limit to enrichment was the co-encapsulation of

E. coli cells, not sorting errors: a theoretical model based on the Poisson distribution accurately

predicted the observed enrichment values using the starting cell density (cells per droplet) and the ratio

of active to inactive cells. When the cells were encapsulated at low density (�1 cell for every 50

droplets), sorting was very efficient and all of the recovered cells were the active strain. In addition,

single active droplets were sorted and cells were successfully recovered.
Introduction

The compartmentalization of assays in wells makes microtitre-

plates the most flexible and most widely used screening platform

in use today. However, reducing assay volumes to below 1–2 ml is

problematic1 and the maximum throughput, even when using

sophisticated (and expensive) robotic handling, is little more than

1 s�1. In contrast, fluorescence-activated cell sorting (FACS) is

capable of analyzing and sorting cells at a rate of up to 7 � 104

cells s�1.2 However, during FACS, cell fluorescence is detected in

a continuous aqueous stream3 and the absence of compartmen-

talization limits the range of activities that can be screened: the

fluorescent marker(s) must remain either inside or on the surface

of the cells to be sorted. This makes detection of secreted

enzymes using fluorogenic substrates impossible. Additionally, if

the enzyme is intracellular, then the cell may be impermeable to

the substrate or the product may freely diffuse out of the cell.

Conventional FACS machines also require typically more than

105 cells in the starting population,3 are very expensive and

generate aerosols with serious biosafety ramifications.4

Microfluidic flow sorting systems have the potential to offer

solutions to these problems, enabling the handling of small
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numbers of cells in inexpensive, sterile, aerosol-free, disposable

devices.2,5 Several approaches have already been demonstrated,

including devices that sort cells by dielectrophoretic actuation,

electrokinetic actuation, hydrodynamic flow-switching and

optical forces (listed by Perroud et al.).6 However, as with

conventional FACS, the absence of assay compartmentalization

limits their flexibility.

The versatility of conventional FACS can be increased by

in vitro compartmentalization (IVC)7 of assays in emulsion

droplets, allowing selection for enzymatic activity.8,9 However,

the technique has three main limitations: complex double emul-

sions structures must be generated; the emulsions are highly

polydisperse, limiting quantitative analysis; and the capacity to

modify the contents of droplets after encapsulation is restricted.10

These limitations can, however, be overcome by using droplet-

based microfluidic systems, which allow the generation of highly

monodisperse emulsions11 and the fusion12–14 and splitting12,15,16

of droplets. It has even been possible to separate or sort droplets

by charging them and steering them with an electric field17 or by

exploiting dielectrophoresis,18 electrocoalescence,19 localized

heating,20 or Rayleigh–Plateau instabilities.21 It has not, however,

been possible to selectively enrich specific subpopulations of

droplets according to their fluorescence until now.

This manuscript describes a highly efficient droplet-based

microfluidic FACS, optimized to sort picolitre-range droplets by

dielectrophoresis.17,18 This fluorescence-activated droplet sorting

(FADS) system combines many of the advantages of microtitre-

plate screening and fluorescence-activated cell sorting (FACS):

assays are compartmentalized in emulsion droplets, which are the

functional equivalent of microtitre-plate wells, but can be

analyzed and sorted at high speed (as in FACS). Although several

techniques for monitoring fluorescent reactions22,23 and
This journal is ª The Royal Society of Chemistry 2009



fluorescent cells24 in droplets have already been described, we

report the first system capable of actually sorting droplets

according to their fluorescence. This microfluidic system is also

the first to be capable of sorting cells according to enzymatic

activity. This latter application involves the following steps: (i)

encapsulating a mixed population of cells in the droplets of

a biocompatible emulsion; (ii) storing the emulsion to allow time

for the fluorogenic substrate in each droplet to be turned-over by

a cellular enzyme (if present); (iii) sorting the droplets according

to fluorescence intensity (substrate turn-over) in a microfluidic

sorting device; and (iv) recovering the cells from the sorted

droplets. Such facile enrichment of specific cells according to

enzymatic activity should provide a boon to fields such as directed

evolution, where large libraries are functionally screened.
Fig. 2 Schematic representation of the optical setup. Laser light

(488 nm) was emitted from the laser (LAS), shaped into a laser line (LL)

and transmitted through a multi-edge dichroic beam splitter (DBS) to the

microscope. Inside the microscope the laser light passed through a beam

splitter (BS) and was reflected up into the objective by a conventional

mirror (M). The shaped laser beam was focused to a�10� �150 mm line

across the sorting channel in the microfluidic chip (CHIP) where it excited

droplets one at a time as they flowed past. The fluorescent emission from

each droplet passed back along the path of the laser beam, but was

reflected by the dichroic beam splitter (DBS) to the sensor of the pho-

tomultiplier tube (PMT) via a bandpass filter (F2). Filtered light from the

microscope’s halogen lamp (LAMP) illuminated the channels and

droplets, allowing the trajectories of droplets to be monitored by the

high-speed camera (CAM). The filter F3 removed wavelengths of light

that were detected by the PMT to avoid a high background signal.
Results and discussion

Factors affecting sorting

12 pl monodisperse droplets containing 250 mM fluorescein were

generated by the microfluidic flow-focusing of an aqueous stream

by twin streams of fluorinated oil containing a surfactant11

(Fig. 1a and Movie S1 in the ESI).† The surfactant-stabilized

droplets were collected in a reservoir (Fig. 1b) and subsequently

injected into the microfluidic sorting device where they were

spaced-out (Fig. 1c and Movie S2 in the ESI)† and sorted at an

asymmetric Y-shaped junction (Fig. 1d). The fluorescence of

each droplet was measured with a photomultiplier tube (PMT) as

it passed through a 488 nm laser line (Fig. 2). Droplets flowed

down the wider ‘negative’ arm of the sorting junction by default

due to its lower hydraulic resistance (Fig. 1d). If a particular

droplet was chosen for sorting then a pulse of high-voltage

alternating current (AC) was applied across the electrodes

adjacent to the sorting junction. The resulting electric field

deflected the droplet of interest into the narrower ‘positive’ arm

of the junction by dielectrophoresis (Fig. 1d).

The frequency of droplet reinjection was found to correlate

with the flow rate of reinjection in a linear fashion, as expected
Fig. 1 Generating and sorting droplets triggered on droplet fluorescence. (a) Generation of a monodisperse emulsion by a microfluidic droplet

production device. 12 pl aqueous droplets were generated in fluorinated oil containing surfactant by flow-focusing (Movie S1, ESI).†(b) Droplets being

incubated in a Pasteur pipette. The droplets have floated up to the interface between the fluorinated oil and a layer of LB above. (c) Reinjection of

a monodisperse emulsion into the sorting device (Movie S2, ESI).† The inset image shows the emulsion droplets being spaced-out with surfactant-free

fluorinated oil. (d) Trajectories of droplets stream through the sorting junction. When an AC electric field was applied across the electrodes (1–1.4 kVp-p),

the droplets were deflected into the positive arm (Movie S3).† In the absence of a field, the droplets flowed into the negative arm owing to the lower

hydraulic resistance (inset). The length of the scale-bar in each photograph is 100 mm, except in (b) where it is 1 mm.

This journal is ª The Royal Society of Chemistry 2009 Lab Chip, 2009, 9, 1850–1858 | 1851



Fig. 3 Limits to the reinjection of 12 pl droplets. (a) The frequency of

droplet reinjection was determined solely by the flow rate of the emulsion

and was independent of the flow rate of the fluorinated oil. Open circles

indicate data points where droplet-breakup was observed. (b) False

positive error rate. The flow rate of the fluorinated oil determined the

false positive error rate when the droplet reinjection rate was fixed. The

lowest error rates were observed when the flow rate of the fluorinated oil

was in the range 1–1.25 ml h�1, with no errors at all observed over 1 min

at a reinjection rate of �500 droplets s�1 (inset). The black circles

correspond to an emulsion reinjection rate of 30 ml h�1 (�500 droplets

s�1), the red squares to 60 ml h�1 (�1000 droplets s�1), the green diamonds

to 90 ml h�1 (�1500 droplets s�1) and the blue triangle to 120 ml h�1 (�2000

droplets s�1). The fluorinated oil flow rate controlled the spacing of the

droplets and sufficient droplet spacing (>200 mm) minimized the false

positive error rate (main graph; the dashed line is a guide for the eye; data

for all four reinjection rates are combined, excluding cases where droplet-

breakup was observed).
(Fig. 3a). The maximum reinjection rate achieved was 2000

droplets s�1: higher reinjection rates resulted in shearing of the

droplets into smaller fragments.

The flow rate of the fluorinated oil did not influence the droplet

reinjection frequency, but only the distance between two

successive droplets with higher flow rates yielding a greater

droplet spacing. Flow rates greater than 1.5 ml h�1 caused the

breakup of 12 pl droplets at the reinjection nozzle, creating pairs

of droplets of different sizes. The spacing between droplets was

found to be an important factor affecting sorting efficiency.
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When too close, successive droplets impacted at the sorting

junction, causing droplets to flow down the positive arm of the

sorting junction in the absence of an electric field (‘false positive

errors’). False positive error rates were estimated by focusing the

laser over the positive arm, counting the number of fluorescent

droplets that passed along it over a period of 1 minute and

dividing this figure by the number of droplets reinjected per

minute. At a given droplet reinjection rate, the false positive error

rate was observed to first decrease and then increase again with

increasing fluorinated oil flow rate (Fig. 3b). The initial decrease

was linked to the increase in droplet spacing, which reduced

droplet impacts and favored the correct functioning of the sorter.

When correctly spaced, the false positive error rate decreased to

below 1 in 104 droplets (1–1.25 ml h�1 for the fluorinated oil flow

rate and <60 ml h�1 or <1000 droplets s�1 for the emulsion

reinjection rate). Increasing the fluorinated oil flow rate further

resulted in an increase in the false positive error rate due to

droplet breakup and, hence, emulsion polydispersity. However,

it is worth noting that the false positive error rate was always less

than 1 in 100 droplets under all conditions studied, even at

a reinjection rate of 2000 droplets s�1.

We were able to use electric actuation to deflect single droplets

at throughputs up to 2000 droplets s�1. Above this rate, it was not

possible to reliably deflect every droplet. Two parameters were

found to affect the deflection of droplets by dielectrophoresis: the

intensity of the electric field and the time over which it was

applied. We found that the field needed to be applied for at least

0.5 ms to successfully pull the droplet into the positive arm of the

junction. This fact placed an upper limit on the rate of sorting of

2000 droplets s�1 (1 s/0.5 ms ¼ 2000). This limit could not be

overridden by increasing the voltage across the electrodes;

indeed, increasing the voltage above 1.8 kVp-p caused tip-

streaming of the droplets, resulting in depolarization and a much

lower sorting efficiency. The optimum was found to be in the

range 1.4–1.6 kVp-p, which was effective at deflecting droplets at

a reinjection rate of 2000 droplets s�1 and at all rates below.
Measurement of sorting efficiency

The false positive and false negative error rates of the asymmetric

sorting device (Fig. 1d) were accurately determined by image

analysis of droplet trajectories during the sorting of a binary

emulsion. False positive errors were defined as negative droplets

wrongly entering the positive channel, while false negative errors

were defined as positive droplets wrongly entering the negative

channel.

A ‘dual-emulsifier’ device (Fig. S1b and Movie S4, ESI)† was

used to generate two types of 12 pl droplet in parallel containing

fluorescein at either 25 or 100 mM concentration. The binary

emulsion was collected and then injected into the sorting device.

Two distinct populations of droplets were observed differing in

fluorescence by a factor of four, as expected (Fig. 4a and 4b). A

minimum threshold for sorting was set between these two pop-

ulations and the emulsion was sorted for several hours. High-

speed movies recorded during this process were analyzed to

determine the error rates of the device (Fig. 4c and 4d and Movie

S3 in the ESI).† The false positive and false negative error rates

while sorting at 300 droplets s�1 were found to be <1 in 104

droplets and �1 in 1000 droplets, respectively.
This journal is ª The Royal Society of Chemistry 2009



Fig. 4 Measurement of the sorting efficiency. (a) Time sequences of the PMT signal (U; volts) and the AC pulses applied in response to sorting decisions

(Usort; volts). The field was applied on the falling edge of fluorescent peaks that exceeded the threshold voltage (in gray). U0 was a reference voltage (1 V).

(b) Histograms of the fluorescent signals in a mixed emulsion containing droplets of 25 and 100 mM sodium fluorescein. The two populations of droplets

were clearly separated, with the sorting gate (in gray) selecting only the high-fluorescence droplets. (c) Individual frames from the high-speed camera

during sorting of the mixed emulsion, processed by MATLAB. In the first frame, the arrival of a highly fluorescent droplet (100 mM fluorescein) at the

junction was observed and its fluorescence was determined (blue box). The trajectory of this droplet through the junction was monitored by examining

pixel changes in the two arms (second frame). In this case, the droplet was correctly sorted into the positive arm (green box). In the third frame, a low

fluorescence droplet (25 mM fluorescein) arrived at the junction and was registered (blue box). The droplet did not trigger the sorting mechanism and

correctly flowed down the negative arm of the junction (red box in fourth frame). (d) A plot of the pixel intensity (fluorescence) at the junction entrance

over a period of 20 ms (1000 camera frames collected at a frequency of 5 kHz). To verify sorting events, droplets were classified as containing either 25 or

100 mM fluorescein by virtue of their fluorescence at the mouth of the sorting junction. The subsequent trajectory of each droplet through the junction

was tracked: droplets ending up in the positive and negative arms of the junction are depicted in the plot with green and red markers, respectively.

Comparing the identity of each droplet with its subsequent trajectory allowed the false positive and the false negative error rates for the sorting device to

be determined. In total, 1.3 � 105 images (40 gigabytes) were analyzed, corresponding to 104 droplets.
Sorting cells in droplets based on enzymatic activity

To determine the efficiency of the sorting device when sorting

cells, we used two strains of E. coli: one strain expressing the

classic reporter gene lacZ (encoding b-galactosidase) and the

other expressing an inactive, frameshifted variant, DlacZ.

Mixtures of these cells were emulsified with a fluorogenic

b-galactosidase substrate (fluorescein-di-b-D-galactopyranoside;

FDG) in 12 pl droplets using a microfluidic device. The emul-

sions were incubated at 20 �C for 14 hours (Fig. 1b) to allow time

for cell growth and substrate hydrolysis by the enzyme.

Following incubation, droplets containing lacZ cells were 100-

fold more fluorescent than either empty droplets or those
This journal is ª The Royal Society of Chemistry 2009
containing DlacZ cells (Fig. 5). We sorted the high fluorescence

droplets from each emulsion at a rate of 300 droplets s�1 (Movie

S5, ESI)† and recovered and grew the cells to determine

enrichment values.

FACS of live E. coli cells is normally precluded by their

impermeability to FDG: the integrity of their membranes needs

to be compromised for the substrate to come into contact with

the cytoplasmic b-galactosidase.25 However, when E. coli cells

are compartmentalized in droplets, as here, they can be lyzed in

situ, for example using polymyxin B.26 The released b-galacto-

sidase and the fluorescent product (fluorescein) remain in the

droplet, allowing identification and, potentially, sorting (Fig. S2,

ESI).† Such an approach, however, prevents the recovery of
Lab Chip, 2009, 9, 1850–1858 | 1853



Fig. 5 Detection of b-galactosidase activity in cells in droplets. (a) Time

sequence of the fluorescence analysis. Droplets could be analyzed at very

high-throughput: up to 104 per second. (b) Histograms of the fluorescent

signals of droplets in an emulsion containing both lacZ and DlacZ

bacteria: 30 was 0.1 and l was either 0.016 (upper graph), 0.16 (middle

graph) or 1.6 (lower graph). In each case the two populations of droplets

were separated, with the sorting gate (in gray) selecting only the high-

fluorescence (lacZ) droplets. U was the signal from the PMT (volts) and

U0 was a reference voltage (1 V). (c) Fluorescence micrograph of droplets

containing lacZ bacteria in the channel of a microfluidic device. Each

droplet functioned as an independent microreactor with 10%–20% of the

occupied droplets converting the non-fluorescent substrate FDG to

fluorescent fluorescein.
viable cells after sorting and necessitates DNA amplification and

retransformation steps. To avoid these steps and, thus, simplify

the characterization of the sorting device, we used an alternative

strategy. We observed, while examining emulsions containing

only lacZ bacteria, that even in the absence of a lytic agent 10–

20% of the occupied droplets were fluorescent (Fig. 5c and

Fig. S2a in the ESI),† indicating the presence of one or more

lyzed cells in each fluorescent droplet. This allowed us to sort

viable E. coli based on b-galactosidase activity in a similar
1854 | Lab Chip, 2009, 9, 1850–1858
manner to Nir et al., who used FACS to sort small colonies of

E. coli in agarose microbeads in which only a fraction of the cells

were lyzed to catalyze FDG cleavage.25 In both cases, it was the

presence of a small clonal population of bacteria in each droplet/

microbead that allowed sorting of viable cells: a minority of the

population lyzed to expose b-galactosidase activity and the

majority remained intact, facilitating recovery (Movie S6, ESI).†

Approximately 50 viable cells were recovered per droplet,

regardless of the fluorescence.

With the low error rate of the sorting device, the main factor

expected to affect enrichment was the co-compartmentalization

of DlacZ cells with lacZ cells. We expected the distribution of

cells between droplets during encapsulation to follow the Poisson

distribution.22,27,28 A model for enrichment was developed based

upon the Poisson distribution (ESI).† In summary, the theoret-

ical enrichment (hm) is given by the equation:

hm ¼
1

1� e30l=ð1þ30Þ

where 30 is the initial ratio of active to inactive cells and l is the

initial mean number of cells per droplet. The enrichment (h) is

defined as the ratio of 3 after sorting (31) to 3 before sorting (30)

(ESI).†

The derivation of this model is fully described in the ESI† and

a plot of hm as a function of 30 and l is shown in Fig. 6c. The

observed value of h (hexp) was predicted to match hm and,

therefore, increase with decreasing 30 or decreasing l. It was not

expected that hexp would be significantly affected by sorting

errors when hm was less than 104 because of the low false positive

error rate of the sorting device (<1 in 104 droplets).

To test the model, we performed a series of sorts with mixed

populations of lacZ and DlacZ cells, where we varied both 30

(0.01–1) and l (0.016–1.6). For each sort, 30 was verified and 31

was determined by plating-out cell suspensions on agar medium

containing X-gal and counting blue (lacZ) and white (DlacZ)

colonies (Fig. 6a and Table S1, ESI).† Bright-field microscopy

was used to measure the proportion of droplets occupied by

bacterial colonies and, by extension, l. The results of the sorts are

shown in Fig. 6b and compared to the theoretical enrichments in

Fig. 6c. As predicted, hexp was observed to increase with

decreasing 30 or decreasing l. At low l (0.021 and 0.016), all the

recovered cells were positive (lacZ). hexp was found to be always

within 5-fold of the predicted hm value, suggesting that the model

was accurate and that the Poisson distribution was indeed the

dominant factor in determining enrichment. It is noteworthy that

we also succeeded in recovering cells from a single sorted droplet

(Fig. S3, ESI).†
Conclusions

We have demonstrated a highly efficient microfluidic sorting

system that actively sorts droplets based on their fluorescence

and used it to sort cells according to the presence or absence of an

enzymatic activity. To allow more precise ‘binning’ of bacteria

with specific activities, it would be necessary to eliminate

membrane impermeability as a factor. For intracellular enzymes,

such as b-galactosidase, this could be achieved by lyzing the cells

while they are compartmentalized (Fig. S2, ESI);† alternatively,

the enzyme could be secreted or displayed on the cell surface.
This journal is ª The Royal Society of Chemistry 2009



Fig. 6 Enrichment of cells by FADS based on b-galactosidase activity.

(a) Photographs of E. coli colonies before (left photograph) and after

sorting (right photograph) a 30 z 0.1, l z 0.01 emulsion. The colonies

grew on LB agar containing ampicillin, IPTG and X-gal for blue/white

screening. The lacZ bacteria (blue colonies) were completely purified

from the DlacZ bacteria (white colonies) during sorting, resulting in

only lacZ colonies growing on the agar. (b) Predicted (hm) and experi-

mentally obtained (hexp) enrichment values after one round of sorting as

a function of l and the starting ratio of active (lacZ) to inactive (DlacZ)

cells (30). For 7 combinations of l and 30, sorts were performed and

highly fluorescent (lacZ) droplets were collected. The initial (30) and

final (31) values for 3 were determined by blue/white colony screening. (c)

A plot of the same data. A split box with a pointed projection at the

relevant coordinates is shown for each combination of l and 30. The

relevant experimental value for h is shown (upper value; white back-

ground) along with the value predicted using the model (lower value;

black background).

This journal is ª The Royal Society of Chemistry 2009
Indeed, FADS has already been used to sort Bacillus subtilis

according to the activity of a secreted enzyme (Samuels et al.,

unpublished) and to sort libraries of horseradish peroxidase

displayed on Sacharomyces cerevisiae (Agresti et al., unpub-

lished). Beyond bacterial or yeast cells, FADS could be used to

sort mammalian cells (which survive in droplets),22,28 viruses or

even single genes expressed in vitro.23

FADS has several other merits: setup time is short (<10

minutes per sample), reagent volumes are minimal (12 ml of

aqueous phase generates 106 droplets), aerosols are not generated

and very small numbers of cells ($3000) can be handled (Fig. S3,

ESI).† The inverse correlation observed between error rate and

throughput suggests that the system can be operated in different

modes (as in FACS). When a high l is used, co-compartmen-

talization events are frequent (26.4% when l ¼ 1), so a false

positive error rate of 1 in 100 droplets is acceptable and high

throughputs can be used (�2000 droplets s�1 or �2000 cells s�1):

sorting errors would not significantly affect enrichment until 30 #

0.01, at which point enrichment would plateau at �100-fold

(Fig. 6c). In contrast to this ‘enrichment’ mode, FADS can also

be performed in ‘purification’ mode by using lower l values and

lower throughputs, thereby reducing error rates and allowing

cells to be sorted to high purities. Theoretically, enrichment

values at any speed could be improved by rejecting droplets

containing co-compartmentalized negative cells while sorting (as

in FACS) or by exploiting self-organizational behavior of cells

during compartmentalization to eliminate the Poisson distribu-

tion itself.29

It is worth noting that by integrating the sorting device with

modules for droplet splitting12,15,16 and/or fusion12–14 within the

same chip, it should be possible to perform sophisticated assays

involving high-speed manipulations that are currently impossible

with existing technologies. Such tools would be enormously

useful to fields such as directed evolution and proteomics.

Experimental

Materials

All materials were obtained from Sigma-Aldrich Co. unless

otherwise stated.

Microfluidic devices

Each microfluidic device was prepared from poly-

(dimethylsiloxane) (PDMS) by standard soft-lithography tech-

niques.30 A mould of SU-8 resist (MicroChem Corp.) was

fabricated on a silicon wafer (Siltronix) by UV exposure (MJB3

contact mask aligner; SUSS MicroTec) through a photolithog-

raphy mask (Fig. S1; Selba SA) and subsequent development

(SU-8 developer; MicroChem Corp.). A curing agent was added

to the PDMS base (Sylgard 184 silicone elastomer kit; Dow

Corning Corporation) to a final concentration of 10% (w/w),

mixed and poured over the mould to a depth of 5 mm. Following

degassing for several minutes and cross-linking at 65 �C for

several hours, the PDMS was peeled off the mould and the input

and output ports were punched with a 0.75 mm-diameter Harris

Uni-Core biopsy punch (Electron Microscopy Sciences). Parti-

cles of PDMS were cleared from the ports using pressurized

nitrogen gas. The structured side of the PDMS slab was bonded
Lab Chip, 2009, 9, 1850–1858 | 1855



to a 76 � 26 � 1 mm glass microscope slide (Paul Marienfeld

GmbH & Co. KG) by exposing both parts to an oxygen plasma

(PlasmaPrep 2 plasma oven; GaLa Instrumente GmbH) and

pressing them together. Finally, an additional hydrophobic

surface coating was applied to the microfluidic channel walls by

injecting the completed device with Aquapel glass treatment

(PPG Industries) and then purging the liquid with nitrogen gas.

If necessary, electrodes were included in the microfluidic device

as additional microfluidic channels, which were filled with metal:

the device was heated to 85 �C and a 51In/32.5Bi/16.5Sn low-

temperature solder (Indium Corporation) was melted inside the

electrode channels.31 Electrical connections with the solder

electrodes were made with short pieces of electrical wire

(Radiospares).

The FADS system itself was composed of several modules.

Firstly, an emulsification device was used to generate the droplets

by flow-focusing an aqueous stream with two streams of fluori-

nated oil containing a surfactant11 (Fig. 1a). Emulsification

devices for generating a single type of droplet (‘single emulsi-

fiers’) (Fig. S1a, ESI)† were fabricated with a channel depth of

25 mm microns and devices for generating two emulsions simul-

taneously (‘dual emulsifiers’) (Fig. S1b, ESI)† were fabricated

with a channel depth of 21 mm. Single emulsifiers were used to

emulsify bacterial cells while dual emulsifiers were used to

generate mixed emulsions for analyzing sorting efficiency. The

second device was a droplet reservoir consisting of either

a syringe (no gas-exchange) or an open-topped Pasteur pipette

(for gas exchange) (Fig. 1b). The final module was a sorting

device (Fig. S1c, ESI)† in which droplets were reloaded, spaced-

out with fluorinated oil at a flow-focusing junction (Fig. 1c) and

finally sorted at a Y-junction, triggering on droplet fluorescence

(Fig. 1d). Sorting devices were fabricated with a channel depth of

21 mm.
Optical setup, data acquisition and control system

The optical setup (Fig. 2) consisted of an Axiovert 200 inverted

microscope (Carl Zeiss SAS) mounted on a vibration-dampening

platform (Thorlabs GmbH). A 20 mW, 488 nm solid-state laser

(LAS; Newport-Spectraphysics) was mounted on the platform

via a heatsink (Newport-Spectraphysics). The laser beam was

shaped into a�10��150 mm line by a combination of a 25 mm-

diameter cylindrical lens (effective focal length: �50 mm; Thor-

labs GmbH) and a 25 mm-diameter plano-convex lens (effective

focal length: 25 mm; Thorlabs GmbH) with a 5 cm distance

between them (LL). The shaped beam was guided to the side

camera port of the microscope via a series of periscope assemblies

(Thorlabs GmbH). Inside the microscope, the laser light was

reflected up into a LD Plan Neofluar 40�/0.6 microscope

objective (OBJ; Carl Zeiss SAS) and focused across a channel

within the microfluidic device (CHIP). A Phantom v4.2 high-

speed digital camera (CAM; Vision Research) was mounted on

the top camera port of the microscope to capture digital images

during droplet production and sorting. A 488 nm notch filter (F1;

Semrock Inc.) positioned in front of the camera protected the

camera’s sensor from reflected laser light. Light emitted from

fluorescing droplets was captured by the objective and channeled

back along the path of the laser into the system of periscope

assemblies. The emitted light was separated from the laser beam
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by a 488/532/638 nm-wavelength transmitting dichroic beam

splitter (DBS; Semrock Inc.), passed through a 510 nm bandpass

filter (F2; 20 nm bandwidth; Semrock Inc.) and collected in an

H5784-20 photomultiplier tube (PMT; Hamamatsu Photonics

KK). Data acquisition (DAQ) and control was performed by

a PCI-7831R Multifunction Intelligent DAQ card (National

Instruments Corporation) executing a program written in

LabView 8.2 (National Instruments Corporation). The data

acquisition rate for the system was 100 kHz. To sort a particular

droplet, the DAQ card provided a signal to a Model 623B high-

voltage amplifier (Trek Inc.), connected to the electrodes of the

microfluidic device. Liquids were pumped into the microfluidic

device using standard-pressure infusion-only PHD 22/2000

syringe pumps (Harvard Apparatus Inc.). Syringes were con-

nected to the microfluidic device using 0.6 � 25 mm Neolus

needles (Terumo Corporation) and PTFE tubing with an internal

diameter of 0.56 mm and an external diameter of 1.07 mm

(Fisher Bioblock Scientific).
Factors affecting sorting

A solution of 250 mM sodium fluorescein was prepared in a

50 mM Tris-HCl buffer pH 7. The solution was loaded into an

Omnifix-F 1 ml disposable syringe (B. Braun Medical AG) and

pumped into a single-emulsifier microfluidic device (Fig. S1a,

ESI)† at a rate of 200 ml h�1. The fluorinated oil FC-40 (3M),

containing 2.5% (w/w) Krytox-DMP surfactant,22 was pumped

into the device from a 5 ml Injekt disposable syringe (B. Braun

Medical AG) at a rate of 1 ml h�1. The stream of fluorescein was

flow-focused between two streams of fluorinated oil/surfactant

mixture, yielding droplets of 12 pl (28 mm in diameter when

spherical) at a rate of �4000 droplets s�1 (Movie S1, ESI).†

Approximately 500 ml of emulsion were collected in an Omnifix-

F 1 ml syringe with its plunger in place.

Next, the collected droplets were injected into the sorting

device (Fig. S1c, ESI),† spaced-out with surfactant-free fluori-

nated oil (Movie S2, ESI)† and analyzed by the optical setup as

they flowed into the sorting junction. Individual droplets were

sorted by applying a square-wave pulse to the high-voltage

amplifier, which amplified the voltage 1000-fold.

The following factors were observed to affect sorting: Qem, the

flow rate of the reinjected emulsion; Qflu, the flow rate of the

fluorinated oil for spacing-out the droplets; tsort, the duration of

the sorting pulse; and Usort, the peak-to-peak voltage applied

across the electrodes.
Measurement of sorting efficiency

Image analysis was used to accurately define the error rates of the

device when sorting droplets at the throughput chosen for sorting

cells (300 droplets s�1).

Two solutions of sodium fluorescein were prepared in a 50 mM

Tris-HCl buffer pH 7: 25 and 100 mM. 12 pl droplets of each

solution were generated simultaneously using a dual-emulsifier

microfluidic device (Fig. S1b, ESI).†

The droplets in the mixed emulsion were injected into the

device (300 droplet s�1) and sorted as a function of fluorescence

to select only those droplets containing 100 mM sodium fluo-

rescein. The parameters for sorting were: Qem ¼ 15–50 ml h�1,
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Qflu ¼ 0.8–1.2 ml h�1, F (the frequency of the sorting pulse) ¼ 30

kHz, tsort ¼ 0.4–1 ms and Usort ¼ 1–1.4 kVp-p. These parameters

were fine-tuned before each sort to ensure that droplets were

correctly sorted and that no droplets flowed down the ‘positive’

arm of the sorting junction when the electric field was not

applied. This fine-tuning was required because of slight varia-

tions in channel depth between devices, the distance of the elec-

trodes from the sorting channel, the average droplet volume in

the emulsion and unintended variations in the pumping rates

from the syringe pumps.

The high-speed camera was triggered after sorting each droplet,

allowing the operator to ensure that sorted droplets were being

directed down the correct arm of the sorting junction. Dtcam, the

delay between the falling edge of the peak in fluorescence and the

trigger pulse sent to the high-speed camera, was �800 ms.

To determine the efficiency of sorting a MATLAB script (The

MathWorks Inc.) was used to analyze individual frames from the

high-speed camera. The principle of the analysis was to first

determine the light intensity of the laser line as a droplet flowed

past: this intensity correlated with the concentration of fluores-

cein in the droplet. Subsequent frames followed the trajectory of

the droplet through the sorting junction as it was either sorted or

not. By measuring the pixel intensities in each arm of the sorter, it

was possible to determine whether the droplet ended up in the

correct arm of the sorter. This method enabled us to analyze the

sorting of �104 droplets.
E. coli strains and preparation of cell suspensions

Standard molecular biology protocols were used to transform

E. coli T7 Express cells (New England Biolabs Inc.) with the

plasmids pIVEX2.2EM-lacZ (encoding b-galactosidase) and

pIVEX2.2EM-DlacZ (encoding a frameshifted, inactive mutant

of b-galactosidase).9 5 ml aliquots of LB containing 100 mg ml�1

ampicillin were inoculated with single colonies of the resulting

strains. These aliquots were grown for 14 hours at 37 �C with

a 230 rpm shaking. The following day, fresh 5 ml aliquots of LB

containing ampicillin were inoculated with 50 ml of each over-

night culture and grown under the same conditions to mid-log

phase (an OD600 of 0.3–0.4). The growing cultures were rediluted

100-fold into LB containing ampicillin and 1 mM isopropyl

b-D-1-thiogalactopyranoside (IPTG) to induce expression of

either b-galactosidase or the inactive variant. After 3 hours, the

cells in each induction culture were harvested (at an OD600 of

0.5–0.6) by centrifuging at 3000 � g for 5 minutes at 4 �C. The

supernatant was removed and the cell pellet was resuspended

with 5 ml of ice-cold LB containing ampicillin. This washing step

was repeated two further times to remove free enzyme from the

cultures and, thus, lower the amount of background activity. The

optical density of each resuspended culture was adjusted to an

OD600 of 0.45. The cell suspensions were mixed together in the

appropriate ratio for each experiment and diluted if necessary.

The ratio was confirmed for each experiment by diluting an

aliquot of the suspension to an OD600 of 4.5 � 10�5 and plating

50–100 ml on an imMedia Blue Amp agar plate (Invitrogen

Corporation), containing ampicillin, IPTG and 5-bromo-4-

chloro-3-indolyl-b-D-galactopyranoside (X-gal). Plates were

incubated at 37 �C for 14 hours, 4 �C for 24 hours (to develop the

color of the blue colonies) and digitally imaged.
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Emulsification of cell suspensions on-chip

Each cell suspension was emulsified in HFE-7500 fluorinated oil

(3M, St. Paul, Minnesota, USA) containing 2% (w/w) EA

surfactant (RainDance Technologies, Lexington, MA, USA),

which is a PEG–PFPE amphiphilic block copolymer.32 The cell

suspension was loaded into a 250 ml gas-tight syringe (Hamilton

Company) and pumped into the emulsification device (Fig. S1a,

ESI)† at a rate of 100 ml h�1. A solution of LB containing

ampicillin, 100 mM FDG (Euromedex) and 1 mM sodium fluo-

rescein, was loaded into another syringe and pumped in at the

same rate. These streams combined just before the nozzle of the

device and were flow-focused by two streams of the fluorinated

oil/surfactant mixture flowing at 1–1.15 ml h�1 from a 1 ml gas-

tight syringe. The aqueous stream broke up into a series of 12 pl

droplets at a rate of �4600 droplets s�1. The generated emulsion

flowed off-chip through a 20 cm-length of Intramedic

poly(ethylene terephthalate) (PET) PE 20 tubing (Becton,

Dickinson and Company) to a glass Pasteur pipette containing

100 ml of LB with ampicillin (Fig. 1b). The emulsion was

collected underneath the less-dense LB for 12 minutes, yielding

a total volume of 40 ml. The PET tubing was sealed and the

pipette was incubated at 20 �C for 12 hours. The layer of LB

above the emulsion was necessary to prevent evaporation and

coalescence, but still allow gas exchange with the atmosphere.

Gas exchange was essential for the proliferation of cells in each

droplet and the subsequent detection of b-galactosidase activity.

l was determined for each emulsion following incubation by

bright-field microscopy. The cells inside occupied droplets prolif-

erated into small clonal populations (‘colonies’) overnight, which

could be counted (Movie S6, ESI).† l was found using the equation:

l ¼ �ln(1 � k)

where k is the fraction of droplets occupied by colonies.

Sorting cells in droplets based on enzymatic activity

Excess fluorinated oil beneath the emulsion was drained and

discarded. A 40 cm-length of Intramedic PET tubing was con-

nected with a 0.4 � 16 mm Neolus needle (Terumo Corporation)

to a Omnifix-F 1 ml syringe previously filled with ddH2O. The

tubing was primed with the ddH2O and connected to the Pasteur

pipette using a PDMS connector block. A standard-pressure

infuse/withdraw PHD 22/2000 syringe pump (Harvard Appa-

ratus Inc.) was used to displace the plunger in the syringe and

load the emulsion into the tubing at a rate of 200 ml h�1. After

loading, the direction of flow was reversed and adjusted to 100 ml

h�1. The tubing was connected to the sorting device (Fig. S1c,

ESI).† Surfactant-free fluorinated oil was pumped into the device

at a rate of 1 ml h�1 to space out the droplets in the sorting

channel. When the system had stabilized, the flow rate of the

reinjected emulsion was reduced to 20 ml h�1. The droplets were

analyzed by the optical setup and highly fluorescent droplets

were sorted (Movie S5, ESI).†Sorted droplets were collected in

a ‘collection loop’ consisting of a coiled 25 cm length of PTFE

tubing. Owing to the lower density of the droplets compared to

the surrounding fluorinated oil, the droplets accumulated at the

highest point in the loop. It was possible to trap even single

droplets by this approach (Fig. S3, ESI).†
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Recovery of cells from sorted droplets

Following a sort, droplets were recovered from the collection

loop by sealing the end of the loop, severing it at about 2 cm

distance from the chip and draining it into a 1.5 ml micro-

centrifuge tube (Axygen Inc.). To dislodge any droplets remain-

ing in the loop, it was flushed with a 30 ml plug of Droplet

Destabilizer (RainDance Technologies, Lexington, MA, USA)

followed by 200 ml of LB containing ampicillin (using a syringe).

The emulsion was completely broken by vortexing the micro-

centrifuge tube in a vigorous manner for 30 s. The broken

emulsion was then briefly centrifuged (1000� g for 3 s) and 150 ml

of the supernatant—consisting of LB and E. coli cells in

suspension—were transferred to a new microcentrifuge tube. A

fraction of this suspension was plated on imMedia Amp Blue

agar plates, equivalent to 10 droplets (resulting in�500 colonies).

This procedure was not modified when recovering single droplets.
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